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Abstract	
The	safety	and	potential	risks	of	many	medications	used	in	treating	pregnant	

women	and	newborn	children	are	not	well	defined.	This	is,	in	part,	due	to	limited	

knowledge	of	how	readily	drugs	transfer	into	integral	organs	such	as	the	brain	

early	in	development.	The	present	Thesis	investigated	the	expression,	regulation	

and	function	of	ATP-binding	cassette	(ABC)	efflux	transporters	at	brain,	

cerebrospinal	fluid	(CSF)	and	placental	interfaces	of	the	Sprague	Dawley	rat,	

highlighting	age-dependent	differences.	The	expression	of	eight	main	ABC	efflux	

transporters	(abcb1a/b,	abcg2,	abcc1-5)	was	described	in	the	rat	brain,	choroid	

plexus	and	placenta,	revealing	distinct	developmental	profiles.	Immunostaining	

of	the	interface	between	the	ventricular	CSF	and	the	brain	identified	PGP	and	

BCRP	transporters	at	this	interface	in	the	newborn	rat	but	not	in	the	adult.	Drugs	

(rhodamine-123,	digoxin,	cimetidine,	paracetamol)	entered	the	developing	brain	

more	than	the	adult	brain.	Chronic	drug	exposure	(diallyl	sulfide,	digoxin,	

paracetamol)	caused	an	up-regulation	of	efflux	transporter	expression	and	

functional	capacity	at	brain	barriers	in	adult	but	not	fetal	(E19)	or	newborn	(P4)	

rats.	Fetal	rats	exposed	chronically	to	paracetamol	via	the	dam	had	increased	

transfer	into	the	brain	compared	to	acute	treatment,	with	this	result	being	dose-

dependent.	Transcriptomic	analysis	revealed	that	chronic	paracetamol	exposure	

caused	a	large	inflammatory	profile	in	the	placenta,	indicating	potential	toxicity	

of	paracetamol	use	in	pregnancy	over	extended	periods.		The	results	in	this	

Thesis	suggest	that	drug	transport	into	the	rat	brain	is	higher	during	

development	for	acute	and	chronic	conditions	and	indicate	aspects	of	a	

treatment	regime	that	may	need	to	be	considered	differently	for	the	safe	

prescription	of	medications	to	patients	of	different	ages. 



	
	
	 ii	

Declaration 
 
I, Liam Matthew Koehn, declare that the following Thesis entitled “Developmental 
differences in the regulation and functional capacity of ABC efflux transporters at 
brain barrier interfaces” and the work contained within it are my own. 
 
This declaration certifies that 
 

• The Thesis comprises my own original work undertaken towards the 
completion of the PhD, except where indicated in the Acknowledgements 

• Due acknowledgements have been made in the text to all other materials used, 
including reagents and references 

• This Thesis is fewer than 100,000 words in length 
 

	

________________________________		
Liam	Matthew	Koehn	

	

	

	

	

	

	

	

	

	



	
	
	 iii	

Preface	

This	Thesis	contains	original	work	that	was	undertaken	as	defined	in	the	

declaration.	Collaborations	and	mentored	assistance	in	experimentation	are	

detailed	in	the	following	‘Publications	and	presentations’	and	

‘Acknowledgements’	sections.	No	aspects	of	tis	work	were	carried	out	prior	to	

enrolment	in	the	degree.	

	

No	Chapters	within	this	Thesis	have	been	directly	accepted	for	publication.	

Aspects	of	these	projects	that	have	been	published	are	referenced	in	text	and	can	

be	found	in	the	Appendices	of	this	Thesis.	Author	contributions	are	defined	

within	these	publications	and	within	the	Acknowledgement	section	of	this	

Thesis.	

	

The	CASS	Foundation	Project	067509	funded	the	research	described	within	this	

Thesis.	An	Australian	Government	Research	Training	Program	Scholarship	also	

supported	the	completion	of	this	work.	

	

	

	

	

	



	
	
	 iv	

Publications	and	presentations	

Parts	of	this	Thesis	have	been	previously	disclosed	in	peer-reviewed	

publications,	public	newsletters,	conference	presentations	or	invited	seminar	

presentations.	Copies	of	all	publications	have	been	included	in	the	Appendices	

section.		

	

Conference	Abstracts	

Koehn	LM,	Dziegielewska	KM,	Stralielle	N,	Ghersi-Egea	JF,	Saudrais	E,	Saunders	

NR	&	Habgood	MD	(2017).	The	age-dependent	regulation	of	efflux	transporters	

at	the	blood-brain	and	placental	barriers.	In:	Cerebral	Vascular	Biology	Meeting.	

Melbourne,	Australia.		

	

Koehn	LM,	Huang	Y,	Dziegielewska	K,	Habgood	MD	&	Saudners	NR	(2018).	Drugs	

used	in	pregnancy	and	neonatal	medicine:	how	likely	are	they	to	access	the	

developing	brain?.	In:	Australian	Society	of	Clinical	and	Experimental	

Pharmacologists	and	Toxicologists	Conference.	Adelaide,	Australia.	

	

Koehn	LM,	Huang	Y,	Dziegielewska	K,	Habgood	MD,	Saunders	NR,	Ghersi-Egea	J-

F,	Strazielle	N,	Saudrais	E	&	Banati	R	(2019).	How	drug	transport	across	blood-

brain	interfaces	changes	during	differs	over	development.	In:	Cold	Spring	Harbor	

Conference	on	Blood-Brain	Barrier.	New	York,	USA.	

	

	

	



	
	
	 v	

Public	Newsletters	

Koehn	LM	(2017).	Scholarship	AINSE/ANSTO	French	Embassy	(SAAFE).	In:	AINSE	

annual	report	2017.	

	

Invited	Seminar	Presentations	

Koehn	LM	(2017).	Scholarship	AINSE/ANSTO	French	Embassy	2017.	In:	AINSE	

AGM	2017.	Lucus	Heights,	Australia.	

	

Peer	Reviewed	Journal	Articles	

Koehn	LM,	Dziegielewska	KM,	Møllgård	K,	Saudrais	E,	Strazielle	N,	Ghersi-Egea	

JF,	Saunders	NR	&	Habgood	MD	(2019).	Developmental	differences	in	the	

expression	of	ABC	transporters	at	rat	brain	barrier	interfaces	following	chronic	

exposure	to	diallyl	sulfide.	Scientific	reports	9(1):	5998.	

	

Koehn	LM,	Habgood	MD,	Huang	Y,	Dziegielewska	KM	&	Saunders	NR	(2019).	

Determinants	of	drug	entry	into	the	developing	brain.	F1000Research	8(1372):	

1372.	

	

Koehn	LM	(2019).	ABC	efflux	transporters	at	blood-CNS	barriers	and	their	

implications	for	the	treatment	of	patients	with	spinal	cord	disorders.	Neural	

regeneration	research.	Accepted	for	publication.	

	

 

 

 



	
	
	 vi	

Acknowledgements	

I	would	like	to	extend	a	large	thank-you	to	everyone	who	supported	me	

throughout	my	PhD	both	in	a	scientific	and	personal	sense.	Firstly	to	Norman,	

thank	you	for	taking	a	chance	on	me	as	a	second	year	undergraduate	student.	

Your	support	in	all	aspects	of	my	scientific	career	has	been	incredible,	and	the	

introduction	to	sailing	has	been	fun	and	fulfilling.	To	Mark,	thank	you	for	your	

patience	and	assistance	over	the	years.	You	are	one	of	the	best	hands-on	

teachers	I	have	ever	met	and	your	ability	to	put	others	first	is	unique.	Kate	not	

only	has	your	scientific	expertise	been	invaluable	for	me,	your	enthusiasm	about	

science	has	shaped	my	love	for	the	work.	To	Yifan	and	Shene,	your	assistance	

with	experimentation	made	this	Thesis	possible	and	your	enthusiasm	in	the	lab	

has	made	it	a	fun	place	to	be.	I	would	like	to	additionally	acknowledge	Yifan’s	

contribution	to	the	high	dose	paracetamol	liquid	scintillation	counting	presented	

in	this	Thesis	that	was	previously	described	in	her	honours	Thesis.	

	

To	everyone	who	has	contributed	to	the	scientific	output	of	this	Thesis	I	

sincerely	thank	you.	To	Jean-Francois	and	Nathalie,	the	experience	you	gave	me	

in	an	international	lab	has	been	so	valuable	to	my	development	and	I	owe	you	a	

lot.	Kjeld	your	scientific	knowledge	and	assistance	with	immunohistochemical	

staining	was	a	fantastic	resource.	Shuai	and	An,	your	investment	of	time	in	

myself	and	the	UPLC-MS/MS	and	autoradiography	aspects	of	this	project	have	

been	sincerely	appreciated.	To	everyone	else	in	the	department	of	Pharmacology	

and	beyond	who	I	have	annoyed	in	their	labs	using	equipment	and	asking	for	

assistance	I	thank	you	as	well.	

	

To	my	family	and	friends,	both	within	the	department	and	outside,	thank	you	for	

being	there	for	me	personally	throughout	the	good	and	bad	times	of	the	process.	

Without	the	love	and	support	of	all	of	you	I	would	never	have	been	able	to	

complete	this	piece	of	work	that	I	am	very	proud	of.	



	
	
	 vii	

Table of contents 
 

Abstract	..............................................................................................................................	 i	
Declaration	.......................................................................................................................	 ii	
Preface	................................................................................................................................	 iii	
Publications	and	presentations	.................................................................................	 iv	
Acknowledgements	.........................................................................................................	vi	
Table	of	contents	.............................................................................................................	vii	
Figures		................................................................................................................................	xii	
Tables		.................................................................................................................................	 xiv	
Abbreviations	list		...........................................................................................................	 xv	
	

Chapter	1:	General	Introduction	

							

						Background	..............................................................................................................	2	
						Barrier	systems	......................................................................................................	6	
												Blood-brain	barrier	...........................................................................................	8	
												Cerebrospinal	fluid	related	barriers	.........................................................	11	
																		Blood-CSF	barrier	.......................................................................................	11	
																		CSF-brain	barrier	........................................................................................	12	
																		Meningeal	barrier	.......................................................................................	13	
												Maternal-fetal	blood	barrier	........................................................................	 13	
												Species	specific	differences	..........................................................................	 14	
						Molecular	transfer	across	barriers	............................................................	 15	
												ABC	efflux	transporters	..................................................................................	16	
												Molecular	binding	within	the	lipid-bilayer	............................................	17	
																		P-Glycoprotein	(PGP)	................................................................................	17	
																								Overview	..................................................................................................	17	
																								Barrier	localization	..............................................................................	18	
																								Implications	for	drug	delivery	........................................................	20	
												Intracellular	molecular	binding	..................................................................	21	
																		Breast-cancer	resistance	protein	(BCRP)	........................................	 22	
																								Overview	..................................................................................................	22	
																								Barrier	localization	..............................................................................	22	
																								Implications	for	drug	delivery	........................................................	24	
																		Multidrug	resistance-associated	protein	(MRP)	...........................	25	
																								Overview	..................................................................................................	25	
																								Barrier	localization	..............................................................................	26	
																								Implications	for	drug	delivery	........................................................	28	
						Drug	resistance	of	efflux	transporters	.....................................................	28	
												Evidence	for	acquired	drug	resistance	....................................................	29	
												Mechanisms	of	efflux	transporter	up-regulation	................................	31	
												Substrates	and	inducers	.................................................................................	33	
						Drugs	............................................................................................................................	35	
												Diallyl	sulfide	......................................................................................................	 35	
												Rhodamine	123	..................................................................................................	37	
												Digoxin	...................................................................................................................	38	
												Cimetidine	............................................................................................................	39	
												Paracetamol	.........................................................................................................	41	
												Passive	markers	.................................................................................................	43	



	
	
	 viii	

						Outline	of	the	present	Thesis	.........................................................................	45	
	
Chapter	2:	General	Methods		
	

						Animal	experimentation	..................................................................................	 49	
												Animal	model:	Rattus	norvegicus	...............................................................	49	
												Drugs	......................................................................................................................	 50	
												Injection	protocol	..............................................................................................	50	
																		Acute	exposure	............................................................................................	 53	
																		Chronic	(prolonged)	exposure	..............................................................	53	
												Anaesthesia	and	sample	collection	...........................................................	 54	
																		Non-pregnant	experiment	anaesthesia	............................................	 54	
																		Pregnancy	experiment	anaesthesia	....................................................	54	
																		Blood	sampling	............................................................................................	55	
																		CSF	sampling	................................................................................................	 55	
																		Tissue	sampling	...........................................................................................	56	
						Primary	astrocyte	cell	culture	......................................................................	 58	
												Treatment	protocols	........................................................................................	58	
						Transcriptomic	analysis	...................................................................................	59	
												Tissue	collection	................................................................................................	59	
												RNA	extraction	...................................................................................................	59	
																		Liver	and	cortical	samples	......................................................................	60	
																		Choroid	plexus	and	fetal	cortical	samples	.......................................	60	
												Real-time	quantitative	polymerase	chain	reaction	............................	61	
																		Nanodrop	measurements	.......................................................................	 61	
																		cDNA	conversion	.........................................................................................	62	
																		Selection	and	validation	of	primers	....................................................	62	
																		RT-qPCR	..........................................................................................................	63	
												RNA	sequencing	(RNAseq)	...........................................................................	 68	
																		Illumina	sequencing	..................................................................................	 68	
																		Data	analysis	.................................................................................................	68	
						GST	activity	...............................................................................................................	70	
												Spectrofluorimetry/spectrophotometry	................................................	70	
						Histology	....................................................................................................................	71	
												Tissue	collection	................................................................................................	71	
												Immunohistochemistry	..................................................................................	72	
												Autoradiography	...............................................................................................	 74	
						Radio-label	liquid	scintillation	counting	................................................	 74	
												Radioactivity	counting	theory	.....................................................................	74	
												Liquid	scintillation	counting	........................................................................	 75	
						Ultra	performance	liquid	chromatography	coupled	with		
								tandem	mass	spectrometry	(UPLC-MS/MS)	........................................	78	
						Rhodamine	123	(R123)	in	vivo	assay	.......................................................	 81	
						Statistical	analysis	................................................................................................	83	
	
Chapter	3:	Efflux	Transporter	Expression	at	Brain	Barrier	
Interfaces	During	Development		
	

						Abstract	......................................................................................................................	 85	



	
	
	 ix	

						Introduction	.............................................................................................................	86	
						Experimental	protocol	.......................................................................................	89	
												RT-qPCR	................................................................................................................	89	
												Immunohistochemistry	..................................................................................	90	
						Results	.........................................................................................................................	91	
												Expression	of	ABC	transporters	at	barrier	interfaces	.......................	91	
																		Brain	cortices	................................................................................................	91	
																								Expression	profile	of	ABC	transporters	......................................	91	
																								Developmental	profile	of	individual	transporters	.................	93	
																								Effect	of	pregnancy	on	expression	of	ABC	transporters	.....	 96	
																		Lateral	ventricular	choroid	plexus	......................................................	99	
																								Expression	profile	of	ABC	transporters	......................................	99	
																								Developmental	profile	of	individual	transporters	.................	101	
																		Placenta	...........................................................................................................	105	
																								Expression	profile	of	ABC	transporters	…..................................	105	
																								Developmental	profile	of	individual	transporters	.................	107	
												Immunohistochemistry	of	ABC	transporters	at	the	lateral		
														ventricular	CSF-brain	interface	................................................................	 111	
						Discussion	.................................................................................................................	 117	
	
Chapter	4:	The	Regulation	and	Functional	Capacity	of	PGP		
at	Brain	and	Placental	Barriers	During	Development		
	

						Abstract	......................................................................................................................	 127	
						Introduction	.............................................................................................................	128	
						Experimental	protocol	.......................................................................................	132	
						Results	.........................................................................................................................	134	
												Diallyl	sulfide	induced	regulation	of	ABC	transporter	expression	134	
																		Expression	of	ABC	transporters	in	the	liver	…................................	134	
																		Expression	of	ABC	transporters	in	brain	cortices	........................	139	
																		Expression	of	ABC	transporters	in	the	choroid	plexus	..............	 141	
																		Activity	of	a	conjugating	enzyme,	GST	...............................................	141	
																								GST	activity	in	astrocyte	cell	culture	...........................................	 143	
																								GST	activity	in	an	in	vivo	rat	model	.............................................	 143	
																		Expression	of	ABC	transporters	in	the	maternal	liver	...............	 146	
																		Expression	of	ABC	transporters	in	the	placenta	...........................	 148	
												Transfer	of	rhodamine-123,	a	PGP	substrate	.......................................	 150	
																		Establishing	the	model	….........................................................................	 150	
																		Transfer	of	R123	into	brain	cortices	..................................................	152	
																		Transfer	of	R123	into	CSF	.......................................................................	154	
																		Transfer	of	R123	across	the	placenta	and	into	fetal	brain/CSF156	
																		in	vivo	assay	of	PGP	functionality	using	R123	...............................	 159	
						Discussion	.................................................................................................................	 163	
												The	influence	of	DAS	on	the	expression	of	ABC	transporters	in		
														the	adult	rat	.......................................................................................................	164	
												Developmental	differences	in	DAS	induced	up-regulation	of		
														ABC	transporters	.............................................................................................	166	
												The	influence	of	diallyl	sulfide	(DAS)	on	the	expression	of	ABC						
														transporters	in	the	placenta	.......................................................................	169	



	
	
	 x	

												The	functional	capacity	of	PGP	to	prevent	R123	transfer	...............	171	
												in	vivo	R123	assay	of	PGP	function	...........................................................	 174	
												Conclusions	..........................................................................................................	175	
	
Chapter	5:	Transfer	of	Drugs	Across	Blood-Brain	Barrier		
Interfaces	During	Development		
	

						Abstract	......................................................................................................................	 180	
						Introduction	.............................................................................................................	181	
						Experimental	protocol	.......................................................................................	184	
						Results	.........................................................................................................................	186	
												Digoxin	...................................................................................................................	186	
																		Transfer	of	digoxin	into	brain	cortices	..............................................	186	
																		Transfer	of	digoxin	into	CSF	..................................................................	 192	
																		Transfer	of	digoxin	across	the	placenta	............................................	196	
												Cimetidine	............................................................................................................	199	
																		Transfer	of	cimetidine	into	brain	cortices	.......................................	199	
																		Transfer	of	cimetidine	into	CSF	............................................................	202	
																		Transfer	of	cimetidine	across	the	placenta	.....................................	205	
												Paracetamol	.........................................................................................................	209	
																		Transfer	of	paracetamol	into	brain	cortices	...................................	209	
																		Transfer	of	paracetamol	into	CSF	........................................................	212	
																		Transfer	of	paracetamol	across	the	placenta	.................................	 215	
												Comparative	analysis	of	all	three	drugs	..................................................	218	
																		Transfer	of	drugs	into	brain	cortices	.................................................	 218	
																		Transfer	of	drugs	into	CSF	......................................................................	221	
																		Transfer	of	drugs	across	the	placenta	...............................................	 225	
																		Likely	distribution	of	drugs	taken	by	a	pregnant	mother	.........	227	
																		Permeability	of	passive	markers	.........................................................	 229	
																								Effect	of	lipophilicity	on	the	rate	of	transfer	............................	 233	
																														Cortical	transfer	vs	lipid	solubility	.........................................	233	
																														CSF	transfer	vs	lipid	solubility	.................................................	 237	
																														Placental	transfer	vs	lipid	solubility	......................................	240	
						Discussion	.................................................................................................................	 242	
												Acute	drug	transfer	into	the	developing	brain	and	CSF	...................	243	
												Physiochemical	properties	affecting	barrier	transfer	.......................	250	
												Acquired	drug	resistance	...............................................................................	253	
												Drug	transfer	in	pregnancy	..........................................................................	 256	
												Summary	and	conclusions	............................................................................	 258	
	
Chapter	6:	Transfer	of	Paracetamol	Across	Blood-Brain		
and	Placental	Interfaces		
	

						Abstract	......................................................................................................................	 261	
						Introduction	.............................................................................................................	262	
						Experimental	protocol	.......................................................................................	264	
						Results	.........................................................................................................................	266	
												Liquid	scintillation	counting	.......................................................................		 266	
																		Transfer	of	paracetamol	into	the	brain	and	CSF	following	a		



	
	
	 xi	

																				low	dose	treatment	regime	..................................................................	266	
																		Transfer	of	paracetamol	across	the	placenta	following	a	low		
																				dose	treatment	regime	...........................................................................	268	
												Concentration	of	paracetamol	and	its	metabolites	............................	 270	
																		UPLC-MS/MS:	establishing	the	method	............................................	270	
																		Paracetamol	concentration	in	plasma		..............................................	270	
												Paracetamol	distribution	in	the	brain	......................................................	278	
												RNAseq	analysis	of	gene	expression	in	the	rat	brain	&	placenta	.	281	
																		ABC	efflux	transporters	in	the	brain	and	placenta	.......................	281	
																		Conjugating	enzymes	in	the	brain	and	placenta	...........................	 292	
																		The	effect	of	chronic	paracetamol	exposure	on	gene		
																				expression	....................................................................................................	300	
																								Gene	expression	in	the	adult	brain	...............................................	300	
																								Gene	expression	in	the	E19	brain	.................................................	 308	
																								Gene	expression	in	the	E19	placenta	...........................................	310	
																		Comparative	analysis	of	paracetamol	response	in	adult	brain,		
																				E19	brain	and	E19	placenta	.................................................................	322	
						Discussion	.................................................................................................................	 329	
												Low	dose	paracetamol	....................................................................................	329	
												UPLC-MS/MS	measurements	of	paracetamol	and	its	metabolites	331	
												Paracetamol	distribution	in	the	brain	......................................................	335	
												RNAseq	pipelines	..............................................................................................	 337	
												Control	levels	of	enzymes	and	transporters	.........................................	 340	
												Chronic	paracetamol	exposure	...................................................................	 342	
												Conclusions	..........................................................................................................	347	
	
Chapter	7:	Summary,	Discussion	and	Concluding	Remarks		
						

						Overview	....................................................................................................................	350	
						Limitations	of	the	study	....................................................................................	 353	
						Conclusions	..............................................................................................................	 358	
						Future	directions	and	implications	for	clinical	practice	...............	 363	
	
References	..........................................................................................................................	367	
Appendices	.........................................................................................................................	401	
	
	
 
 
 
 
 
 
 
 
 
 
 
 



	
	
	 xii	

Figures 
Chapter	1:	General	Introduction	
	

Figure	1.1.	..........................................................................................................................	9	
Figure	1.2.	..........................................................................................................................	44	
	
Chapter	2:	General	Methods		
	

Figure	2.1.	..........................................................................................................................	57	
Figure	2.2.	..........................................................................................................................	82	
	
Chapter	3:	Efflux	Transporter	Expression	at	Brain	Barrier	
Interfaces	During	Development		
	

Figure	3.1.	..........................................................................................................................	92	
Figure	3.2.	..........................................................................................................................	94	
Figure	3.3.	..........................................................................................................................	95	
Figure	3.4.	..........................................................................................................................	97	
Figure	3.5.	..........................................................................................................................	98	
Figure	3.6.	..........................................................................................................................	100	
Figure	3.7.	..........................................................................................................................	103	
Figure	3.8.	..........................................................................................................................	104	
Figure	3.9.	..........................................................................................................................	106	
Figure	3.10.	.......................................................................................................................	109	
Figure	3.11.	.......................................................................................................................	110	
Figure	3.12.	.......................................................................................................................	115	
	
Chapter	4:	The	Regulation	and	Functional	Capacity	of	PGP	at		
Brain	and	Placental	Barriers	During	Development		
	

Figure	4.1.	..........................................................................................................................	137	
Figure	4.2.	..........................................................................................................................	138	
Figure	4.3.	..........................................................................................................................	140	
Figure	4.4.	..........................................................................................................................	142	
Figure	4.5.	..........................................................................................................................	144	
Figure	4.6.	..........................................................................................................................	145	
Figure	4.7.	..........................................................................................................................	147	
Figure	4.8.	..........................................................................................................................	149	
Figure	4.9.	..........................................................................................................................	151	
Figure	4.10.	.......................................................................................................................	153	
Figure	4.11.	.......................................................................................................................	155	
Figure	4.12.	.......................................................................................................................	157	
Figure	4.13.	.......................................................................................................................	158	
Figure	4.14.	.......................................................................................................................	160	
Figure	4.15.	.......................................................................................................................	162	
	
Chapter	5:	Transfer	of	Drugs	Across	Blood-Brain	Barrier		
Interfaces	During	Development		

	

Figure	5.1.	..........................................................................................................................	188	



	
	
	 xiii	

Figure	5.2.	..........................................................................................................................	189	
Figure	5.3.	..........................................................................................................................	194	
Figure	5.4.	..........................................................................................................................	195	
Figure	5.5.	..........................................................................................................................	197	
Figure	5.6.	..........................................................................................................................	198	
Figure	5.7.	..........................................................................................................................	200	
Figure	5.8.	..........................................................................................................................	201	
Figure	5.9.	..........................................................................................................................	203	
Figure	5.10.	.......................................................................................................................	204	
Figure	5.11.	.......................................................................................................................	207	
Figure	5.12.	.......................................................................................................................	208	
Figure	5.13.	.......................................................................................................................	210	
Figure	5.14.	.......................................................................................................................	211	
Figure	5.15.	.......................................................................................................................	213	
Figure	5.16.	.......................................................................................................................	214	
Figure	5.17.	.......................................................................................................................	216	
Figure	5.18.	.......................................................................................................................	217	
Figure	5.19.	.......................................................................................................................	220	
Figure	5.20.	.......................................................................................................................	222	
Figure	5.21.	.......................................................................................................................	224	
Figure	5.22.	.......................................................................................................................	226	
Figure	5.23.	.......................................................................................................................	228	
Figure	5.24.	.......................................................................................................................	231	
Figure	5.25.	.......................................................................................................................	232	
Figure	5.26.	.......................................................................................................................	235	
Figure	5.27.	.......................................................................................................................	238	
Figure	5.28.	.......................................................................................................................	241	
Figure	5.29.	.......................................................................................................................	247	
Figure	5.30.	.......................................................................................................................	249	
Figure	5.31.	.......................................................................................................................	252	
	
Chapter	6:	Transfer	of	Paracetamol	Across	Blood-Brain	and		
Placental	Interfaces		
	

Figure	6.1.	..........................................................................................................................	267	
Figure	6.2.	..........................................................................................................................	269	
Figure	6.3.	..........................................................................................................................	271	
Figure	6.4.	..........................................................................................................................	274	
Figure	6.5.	..........................................................................................................................	275	
Figure	6.6.	..........................................................................................................................	277	
Figure	6.7.	..........................................................................................................................	280	
Figure	6.8.	..........................................................................................................................	324	
Figure	6.9.	..........................................................................................................................	325	
Figure	6.10.	.......................................................................................................................	326	
Figure	6.11.	.......................................................................................................................	339	
Figure	6.12.	.......................................................................................................................	344	
	
Chapter	7:	Summary,	Discussion	and	Concluding	Remarks		
	

		Figure	7.1.	........................................................................................................................	355	



	
	
	 xiv	

Tables 
 
Chapter	2:	General	Methods		
	

Table	2.1.	............................................................................................................................	51	
Table	2.2.	............................................................................................................................	52	
Table	2.3.	............................................................................................................................	65	
Table	2.4.	............................................................................................................................	66	
Table	2.5.	............................................................................................................................	67	
Table	2.6.	............................................................................................................................	73	
Table	2.7.	............................................................................................................................	79	
Table	2.8.	............................................................................................................................	80	
	
Chapter	3:	Efflux	Transporter	Expression	at	Brain	Barrier	
Interfaces	During	Development		
	

Table	3.1.	............................................................................................................................	114	
	
Chapter	4:	The	Regulation	and	Functional	Capacity	of	PGP	at		
Brain	and	Placental	Barriers	During	Development		
	

Table	4.1.	............................................................................................................................	136	
	
Chapter	5:	Transfer	of	Drugs	Across	Blood-Brain	Barrier		
Interfaces	During	Development		

	

Table	5.1.	............................................................................................................................	190	
	
Chapter	6:	Transfer	of	Paracetamol	Across	Blood-Brain	and		
Placental	Interfaces		
	

Table	6.1.	............................................................................................................................	282	
Table	6.2.	............................................................................................................................	286	
Table	6.3.	............................................................................................................................	288	
Table	6.4.	............................................................................................................................	290	
Table	6.5.	............................................................................................................................	293	
Table	6.6.	............................................................................................................................	295	
Table	6.7.	............................................................................................................................	297	
Table	6.8.	............................................................................................................................	299	
Table	6.9.	............................................................................................................................	302	
Table	6.10.	.........................................................................................................................	304	
Table	6.11.	.........................................................................................................................	307	
Table	6.12.	.........................................................................................................................	309	
Table	6.13.	.........................................................................................................................	312	
Table	6.14.	.........................................................................................................................	317	
Table	6.15.	.........................................................................................................................	320	
Table	6.16.	.........................................................................................................................	327	
Table	6.17.	.........................................................................................................................	328	

 



	
	
	 xv	

Abbreviations list 
 
ABC	 	 ATP-binding	cassette	
ACN	 	 acetonitrile	
AGRF	 	 Australian	Genome	Research	Facility	
ATP	 	 adenosine	triphosphate	
BBB	 	 blood-brain	barrier	
BCRP	 	 breast	cancer	resistance	protein	
BCSFB		 blood-cerebrospinal	fluid	barrier	
BSCB	 	 blood-spinal	cord	barrier	
CAR		 	 constitutive	androstane	receptor	
CNS	 	 Central	Nervous	System	
CPM	 	 counts	per	minute	
CSF	 	 Cerebrospinal	fluid	
Da	 	 Daltons	
DADS	 	 diallyl	disulphide	
DAS	 	 diallyl	sulfide	
DASO	 	 diallyl	sulfoxide	
DASO2		 diallyl	sulfone	
DATS	 	 diallyl	trisulfide	
DMSO	 	 dimethyl	sulfoxide	
DPM	 	 true	radioactive	disintegrations	per	minute	
DTT	 	 dithiothreitol	
E	 	 embryonic	day	
ECF	 	 extracellular	fluid	
EDTA	 	 Ethylenediaminetetraacetic	acid	
EGTA	 	 egtazic	acid	
FDA	 	 Food	and	Drug	Administration	
FDR	 	 False	discovery	rate	
gd	 	 gestational	day	
GO:BP		 gene	ontology	biological	process	
GSH	 	 glutathione	
GST	 	 glutathione-s-transferase	
hr	 	 hour	
HRP	 	 horseradish	peroxidase	
i.p.	 	 intraperitoneal	
i.v.	 	 intravenous	
iCSF	 	 inner	cerebrospinal	fluid	(within	ventricles	of	the	brain)	
KEGG	 	 Kypto	Encyclopedia	of	Genes	and	Genomes	
LC	MS/MS	 liquid	chromatography	tandem	mass	spectrometry		
MCB	 	 Monochlorobimane	
MCB-SG	 Glutathionated	Monochlorobimane		
min	 	 minute	
ml	 	 millilitre	
mRNA		 messenger	ribonucleic	acid	
MRP	 	 multidrug	resistance-associated	protein	
MW	 	 molecular	weight	
NCBI	 	 National	Centre	for	Biotechnology	Information	



	
	
	 xvi	

NGS	 	 normal	goat	serum	
Nrf2	 	 nuclear	factor	(erythroid-derived	2)-like	2	
OATP2		 organic	anion	transporting	polypeptide	
oCSF	 	 outer	cerebrospinal	fluid		(arachnoid	CSF	external	to	the	brain)	
P	 	 postnatal	day	
PCN	 	 pregnenolone-16α-carbonitrile	
PGP	 	 P-glycoprotein	
Pparα  proliferator-activated	receptor	alpha	
PXR	 	 pregnane	X	receptor	
R123	 	 Rhodamine-123	
RNase		 ribonucleases	
RNAseq	 ribonucleic	acid	sequencing	
REACT		 Reactome	pathawys		
rpm	 	 revolutions	per	minute	
RT-qPCR	 real	time	quantitative	polymerase	chain	reaction	
SD	 	 standard	deviation	
SULT	 	 sulfotransferase	
TBHQ	 	 tert-Butylhydroquinone	
TBS	 	 tris-buffered	saline	
TSIE	 	 transformed	spectral	index	of	the	external	standard	
UGT	 	 UDP-glucuronyltransferase	
USA	 	 United	States	of	America	
WHO	 	 World	Health	Organization	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
	
	 1	

	

	

 
 
 
 
 
 
 
 
 
 
	

Chapter 1: 
General 

Introduction 
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	



	
	
	 2	

Background	

Paracelsus,	the	‘father	of	toxicology’,	famously	stated	that	all	substances	are	

poisons,	it	is	the	right	dose	that	differentiates	a	poison	and	a	remedy	(Paracelsus,	

1965;	Radenkova–Saeva,	2008;	Jolliffe,	1993).	Since	then	this	concept	has	not	

disappeared	but	instead	increased	in	complexity	as	we	have	developed	an	

understanding	that	certain	drugs,	or	their	doses,	may	be	more	toxic	to	specific	

subsets	of	the	population.	Modern	medicine	is	now	faced	with	the	challenge	of	

determining	the	degree	of	harm	or	benefit	of	a	drug	for	different	patient	groups	

and	discovering	how	to	select	individual	drugs,	or	to	alter	medical	regimes,	so	

that	all	people	can	receive	the	treatment	they	need	in	the	safest	possible	manner.	

	

There	are	two	major	patient	populations	where	drug	safety	is	yet	to	be	well	

characterized.	These	are	pregnant	women	and	newborn	infants,	particularly	

those	born	prematurely.	One	reason	for	this	is	that	clinical	trials	are	not	

conducted	on	these	patient	cohorts	for	obvious	ethical	reasons	(Lyerly	et	al.,	

2008).	In	addition,	any	clinical	case-study	examples	that	doctors	do	have	of	drug	

prescription	only	provide	an	insight	into	immediate	side	effects	and	not	those	

that	may	present	later	in	life.	The	complex	period	of	development,	particularly	

neurodevelopment,	in	these	patients	also	makes	it	difficult	to	determine	drug	

safety	in	experimental	animal	models.	Toxicological	endpoints	like	high	IQ	

functioning	or	complex	social	interactions	remain	difficult	to	correlate	between	

species.	Animal	models	do,	however,	hold	promise	in	developing	a	detailed	

understanding	of	drug	distribution	over	development	and	determining	

treatment	regimes	that	may	be	safest	throughout	gestation	and	early	postnatal	
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stages.	At	present	there	is	a	lack	of	comprehensive	research	that	would	assist	

doctors	in	understanding	which	compounds	would	be	more	or	less	likely	to	

reach	areas	of	a	developing	child	where	they	could	cause	long-term	cause	harm.		

	

Clinicians	face	a	difficult	task	when	providing	medical	advice	to	pregnant	women	

and	parents	of	newborn	children.	They	need	to	weigh	up	the	well-established	

benefits	of	the	drug	on	the	health	of	the	mother/child	with	the	largely	unknown	

risks	of	that	drug	on	the	child’s	development.	In	pregnancy	doctors	have	the	

additional	complicating	factor	that,	if	left	untreated,	maternal	symptoms	of	an	

illness	(such	as	fever)	may	also	negatively	affect	the	child	(Zerbo	et	al.,	2013).	

Most	often	a	cautious	approach	is	adopted,	where	patients	are	withheld	non-

essential	medication	despite	their	potential	benefits.	However,	for	serious	

conditions	(e.g.	epilepsy,	cancer,	cardiac	disorders,	psychiatric	disorders)	the	

prevention	or	reduction	in	the	use	of	pharmacological	agents	is	not	feasible	or	

safe	and	medication	use	must	continue	despite	the	inherent	risks.		

	

The	National	Mental	Health	Report	indicates	that	20%	of	the	adult	population,	

equating	to	over	3	million	Australians,	suffers	from	a	mental	illness	each	year	

(Department	of	Health	and	Ageing,	2013).	It	is	extremely	important	that	women	

who	suffer	a	chronic	mental	illness	(or	those	who	develop	symptoms	during	

pregnancy)	have	access	to	appropriate	medication.	It	has	been	estimated	that	

somewhere	between	0.2	and	0.7%	of	pregnancies	occur	in	women	who	qualify	

for	anti-epileptic	medication	and	approximately	1	in	1000	pregnant	mothers	will	

suffer	from	a	form	of	cancer	(Potter	&	Schoeneman,	1970;	Tomson	&	Hiilesmaa,	

2007).	These	values	are	reflected	by	the	high	degree	of	medication	use	during	
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pregnancy.	A	study	by	Andrade	and	colleagues	(2004)	showed	that	60%	of	

pregnant	patients	in	the	United	States	of	America	(USA)	are	taking	a	medication	

that	the	Food	and	Drug	Administration	(FDA)	have	not	classified	as	safe	for	

pregnant	use.	With	over	130	million	births	worldwide	each	year,	that	could	

equate	to	nearly	80	million	people	every	year	that	could	benefit	from	an	

enhanced	understanding	of	their	safest	drug	options	(United	Nations,	2017).		

The	frequency	of	prescription	drug	use	during	pregnancy	may	also	be	higher	in	

certain	regions.	A	survey	of	women	in	France	conducted	by	Lacroix	and	

colleagues	(2000)	discovered	that	the	average	number	of	medications	taken	

during	pregnancy	was	14,	with	99%	(of	the	1000	women	surveyed)	prescribed	

at	least	one	drug	while	pregnant.	These	studies	highlight	the	need	to	not	only	

increase	our	ability	to	determine	which	drugs	are	or	are	not	safe	for	use	during	

pregnancy	but	also	to	develop	new	drugs	and	treatment	methods	to	increase	

fetal	safety	during	a	maternal	drug	regime.		

	

Historically,	the	Australian	Drug	Evaluation	Committee	categorized	drugs	in	

terms	of	safety	for	use	during	pregnancy	under	7	categories:	A,	B1,	B2,	B3,	C,	D	

and	X.	Drugs	shown	to	be	safe	for	use	during	pregnancy	are	placed	in	category	A,	

whereas	drugs	known	to	induce	birth	defects	are	placed	in	category	X.	Drugs	that	

have	insufficient	human	data	or	conflicting/potentially	harmful	animal	data	fall	

under	category	B	with	drugs	that	appear	to	be	potentially	unsafe	(C)	or	may	

cause	irreversible	damage	(D)	fall	under	the	final	two	categories.	While	this	

categorical	system	contains	a	range	of	detailed	groups,	for	most	compounds	

there	is	a	lack	of	evidence	required	to	place	them	into	the	safe	(A)	or	unsafe	(X)	

categories.	Analysis	of	the	‘Physician’s	Desk	Reference’	that	lists	drugs	approved	
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by	the	FDA	for	use	in	pregnant	women	showed	that	only	0.3%	of	drugs	(7	of	

2150)	were	category	A	(Uhl	et	al.,	2002).	More	strikingly,	1098	of	these	drugs	fell	

into	the	insufficient	data	categories	of	B	and	C	and	840	drugs	received	no	

classification	at	all	(Marcus	&	Bain,	2009;	Uhl	et	al.,	2002).	More	recently	the	FDA	

in	USA	decided	to	remove	the	safety	category	system	due	to	it	being	“overly	

simplistic”	and	often	“misunderstood”	(FDA,	2014).	Instead	these	letter	

categories	have	been	replaced	with	‘detailed	drug	labelling’,	where	each	

compound	has	a	document	that	outlines	what	is	known	about	the	use	of	that	

drug	in	pregnancy,	lactation	and	conception.	While	these	detailed	labels	are	

beneficial	to	clinicians	who	now	have	a	wealth	of	information	from	which	to	

compare	two	treatment	options	for	their	patients,	it	is	now	time	for	medical	

research	to	determine	what	the	most	important	information	is	to	be	placing	on	

these	labels.	If	we	were	able	to	determine	the	drug	characteristics	that	make	

them	more	or	less	dangerous	at	different	developmental	stages,	each	drug	label	

could	include	a	list	of	the	pertinent	information	in	an	easy	to	compare	format.		

	

A	major	factor	determining	how	dangerous	a	drug	will	be	is	which	organs	it	is	

able	to	access	and	in	what	quantities.	In	order	for	a	drug	to	cause	harm	to	a	

developing	brain	it	needs	to	pass	through	several	morphological	barriers,	all	

with	different	physiological	and	biochemical	properties.	These	include	maternal	

to	fetal	circulation	exchange	across	the	placental	interface	as	well	as	the	fetal	

brain	barriers	once	the	molecule	has	reached	fetal	circulation	(see	below).	

Currently	there	is	a	wealth	of	knowledge	regarding	how	adult	brain	barriers	are	

able	to	prevent	potentially	harmful	compounds	from	entering	the	brain.	

However,	understanding	of	how	effective	these	interfaces	are	during	
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development	and	to	what	degree	they	do	provide	protection	to	the	developing	

central	nervous	system	(CNS)	is	mostly	lacking.	Advancing	our	understanding	of	

how	well	these	defences	function	at	different	stages	of	development	and	to	what	

extent	they	are	regulated	may	help	to	determine	safer	medical	practices	for	

pregnant	and	newborn	patients.	

	

Barrier	systems	

The	protective	barrier	systems	that	separate	the	blood	and	the	CNS	(and	the	

maternal	and	fetal	blood)	are	areas	of	long-standing	research	interest.	

Lewandowsky	(1900)	conducted	some	of	the	original	experiments	in	this	field,	

applying	cholic	acids	and	sodium	ferrocyanide	to	a	range	of	species	either	

systemically	or	directly	to	the	CNS	via	the	subarachnoid	cerebrospinal	fluid	

(CSF)	of	the	spinal	cord.	He	noted	greater	toxicity	when	applied	directly	to	the	

CNS	(Lewandowsky,	1900)	and	was	one	of	the	first	to	suggest	that	the	barrier	

may	hinder	the	transit	of	certain	compounds	and	not	for	others.	Shortly	after,	

Edwin	Goldmann	built	on	Lewandowsky’s	foundations	applying	Trypan	blue	

(960Da)	dye	to	rats	systemically	or	into	the	subarachnoid	space	of	the	lumbar	

spinal	cord.	His	studies	showed	that	the	dye	would	not	cross	the	barriers	of	the	

CNS	in	either	direction,	staining	only	either	the	CNS	or	periphery	depending	on	

where	the	dye	was	injected	(Goldmann	1909;	1913).	These	experiments,	along	

with	a	host	of	others,	initiated	the	ever-growing	field	of	research	regarding	the	

transfer	of	molecules	between	the	systemic	circulation	and	the	CNS.	
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When	the	development	of	the	brain	barriers	began	to	be	investigated,	some	

studies	concluded	incorrectly	that	there	was	a	period	of	‘immaturity’	when	the	

blood-brain	barrier	was	leaky	(Behnson,	1927,	as	cited	by	Møllgård	&	Saunders	

1986).	Subsequent	investigation,	however,	revealed	that	the	dye	concentrations	

used	in	such	studies	were	too	high,	exceeding	the	binding	capacity	of	plasma-

binding	proteins	resulting	in	observed	toxicity	(Møllgård	&	Saunders,	1986).	The	

functional	presence	of	tight-junction	complexes	preventing	intercellular	

molecular	transfer	across	the	blood-brain	barriers	have	been	well-established	

from	the	earliest	stages	of	development	for	multiple	species	including	sheep,	rat	

and	opossum	(Ek	et	al.,	2003;	2006;	Tauc	et	al.,	1984;	Møllgård	&	Saunders,	

1975;	Møllgård	et	al.	1976;	1979).	Some	debate	still	remains	about	whether	

there	are	any	differences	in	the	transcellular	permeability	of	compounds	

between	development	and	adulthood.	This	controversy	is	enhanced	by	the	

difficulties	in	comparing	drug	concentrations	between	ages	due	to	factors	such	

as:	CSF	volumes,	CSF	clearance	rates	and	cerebral	vascular	density	changes	

during	development,	which	are	often	not	considered	in	papers,	leading	to	

misleading	results	(discussed	in	Johansson	et	al.,	2008).		

	

Over	the	years	our	knowledge	of	the	complexity	of	the	defensive	barrier	systems	

throughout	development	has	become	enhanced.	The	first	line	of	defence	during	

development	is	the	placenta	(maternal-fetal	barrier),	which	limits	access	of	

harmful	compounds	in	the	mother’s	circulation	from	reaching	the	fetal	

bloodstream.	Molecules	that	are	able	to	cross	the	placenta,	or	those	applied	

directly	to	newborn	children,	are	potentially	further	prevented	from	entering	the	

developing	CNS	by	brain	protective	barriers.	The	first	and	most	widely	discussed	



	
	
	 8	

of	these	is	the	blood-brain	barrier	(BBB),	present	in	the	cerebral	blood	vessels.	

There	are	also	a	series	of	barriers	between	the	blood	and	the	CSF	(choroid	

plexuses	and	meningeal	barriers)	as	well	as	between	the	CSF	and	the	brain	(CSF-

brain	barriers).	A	summary	of	the	major	blood-CNS	barriers	is	described	in	

Figure	1.1.	These	barriers,	discussed	in	detail	below,	have	a	range	of	similarities	

and	differences	throughout	development	but	all	contribute	to	a	network	of	

protection	for	a	developing	brain.		

	

Blood-brain	barrier	

Blood	gains	access	to	the	different	regions	of	the	brain	via	an	extensive	network	

of	capillaries	that	projects	throughout	the	tissue.	The	outer	walls	of	these	blood	

vessels	form	the	blood-brain	barrier	(BBB),	and	comprise	a	series	of	cerebral	

endothelial	cells	that	are	connected	by	tight	junctions,	creating	a	physical	

separation	between	the	blood	and	the	brain	(Ballabh	et	al.,	2004).	With	over	

700ml	of	blood	flowing	through	the	adult	human	brain	every	minute	there	is	a	

large	potential	for	molecular	exchange	(Zarrinkoob	et	al.,	2015).	The	tight	

junctions	of	the	blood-brain	barrier	are	functional	as	soon	as	the	first	vessels	

grow	into	the	neocortex	(Ek	et	al.,	2006).		These	tight	junctions	occlude	exchange	

through	intercellular	gaps	between	the	cells,	resulting	in	molecular	transfer	via	

mechanisms	within	the	endothelial	cells	(Saunders	et	al.,	2008).	The	degree	to	

which	lipid	soluble	compounds	are	able	to	achieve	intracellular	transfer	into	the	

brain	is	discussed	below.		
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Figure	1.1.	Interfaces	between	the	blood	and	the	central	nervous	system.	The	

barriers/interfaces	that	separate	molecular	transfer	between	the	systemic	circulation	

and	the	central	nervous	system	(CNS)	are	summarized,	in	the	context	of	the	human.	a)	

The	interface	in	the	ventricle	that	separates	molecules	in	the	cerebrospinal	fluid	(CSF)	

and	the	brain.	This	interface	is	termed	the	ependyma	in	the	adult	and	has	ventricular	

ependymal	barrier	cells	(blue	outline,	white	fill)	separated	by	gap	junctions	allowing	

unhindered	paracellular	exchange.	In	the	developing	fetus	the	cells	of	this	barrier,	

termed	the	neuroepithelium,	are	held	together	tightly	by	‘strap	junctions’	limiting	

paracellular	transfer	allowing	molecules	to	access	the	brain	by	transcellular	transport.	

b)	The	barrier	between	the	circulation	and	the	CSF	at	the	choroid	plexus	epithelium	

(BCSFB).	The	endothelial	cells	of	blood	vessels	(red	outline,	white	fill)	are	largely	

fenestrated	with	epithelial	cells	of	the	choroid	plexus	(pink	fill)	held	together	by	tight	

junctions	preventing	paracellular	transfer.	c).	The	layer	of	meninges	that	surrounds	

both	the	brain	(B)	and	spinal	cord	(SC).	This	contains	the	dura	(D),	dural	boarder	cells	

(DB),	arachnoid	cells	(A),	pial	cells	(P),	basement	membrane	(BM)	and	glial	limitans	

(GL).	Tight	junctions	exist	in	the	arachnoid	cell	layer	preventing	paracellular	transfer	

from	molecules	exiting	the	fenestrated	blood	vessels	in	the	dural	layers	from	accessing	
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the	arachnoid	space	CSF.	Tight	junctions	also	exist	at	the	blood	vessels	within	the	pial	

cell	layer,	limitting	paracellular	transfer	into	the	arachnoid	CSF.	d)	The	barriers	between	

the	blood	and	brain	(blood-brain	barrier	proper;	BBB)	and	the	blood	and	spinal	cord	

(blood	spinal	cord	barrier	proper,	BSCB).	The	endothelial	cells	of	the	blood	vessels	(red	

outline,	white	fill)	are	held	together	by	tight	junctions	preventing	paracellular	transfer.	

Pericytes	(purple	fill)	and	astrocytes	(green	fill)	line	the	outside	of	the	barrier	on	the	

CNS	side.	e)	The	central	canal	of	the	spinal	cord	with	ependymal	cells	separating	CSF	

fluid	from	spinal	tissue.	Arrows	indicate	likely	routes	of	molecular	transfer.	The	present	

figure	was	adapted	from	previous	illustrations	(Ranson,	1959;	Saunders	et	al.,	2016)	

with	morphological	accuracy	determined	from	multiple	studies	(Brightman	&	Reese,	

1969;	Nabeshima	et	al.,	1975;	Møllgård	&	Saunders,	1975;	Møllgård	et	al.,	1987;	Bruni	&	

Reddy,	1987;	Vandenabeele	et	al.,	1996;	Zhong	et	al.,	2008;	Daneman	et	al.,	2010a;	

2010b;	Garbuzova-Davis	et	al.,	2012;	Brøchner	et	al.,	2015;	Whish	et	al.,	2015).	Figure	

and	legend	have	been	accepted	for	publication	in	Neural	Regeneration	Reseach	(Koehn,	

2019;	in	print).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	
	
	 11	

Cerebrospinal	fluid	related	barriers	

Molecules	are	able	to	access	the	brain	not	just	through	the	blood	directly	but	also	

through	the	cerebrospinal	fluid	(CSF)	that	bathes	the	brain	(Ghersi-Egea	&	

Strazielle,	2001).	The	choroid	plexuses	are	a	series	of	epithelial	(ependymal-like)	

cells	in	the	four	ventricles	of	the	brain	and	are	credited	with	the	production	of	

CSF,	among	other	functions	(reviewed	by	Lun	et	al.,	2015).	The	molecular	

transfer	between	the	CSF	and	the	brain	has	been	suggested	to	be	of	particular	

importance	during	development	due	to	the	comparable	size	differential	between	

the	brain	and	the	CSF	(Johansson	et	al.,	2008).	This	would	indicate	that	during	

development,	the	blood-CSF	barrier	might	be	the	route	for	most	molecular	

transfer	between	the	blood	and	the	brain	(Saunders	et	al.,	2015).	

	

Blood-CSF	barrier	

The	blood-CSF	barrier	is	a	series	of	cellular	junctions	that	prevent	molecules	

from	easily	traversing	from	choroid	plexus	blood	vessels	to	the	CSF.	The	function	

of	this	barrier	has	been	investigated	in	depth,	with	tight	junctions	on	the	apical	

side	of	choroid	plexus	epithelial	cells	providing	the	primary	blockade	against	

molecular	transfer	(Van	Deurs	et	al.,	1978).	Molecular	tracer	studies	of	

peroxidases	(Brightman	&	Reese,	1969;	Van	Deurs	et	al.,	1978)	and	cytochrome	

C	(Milhorat	et	al.,	1973)	have	revealed	that	molecules	can	easily	penetrate	the	

vascular	endothelium	into	the	perivascular	connective	tissue	of	the	choroid	

plexus.	From	there,	the	aforementioned	studies	suggest	that	molecules	can	enter	

the	intercellular	spaces	between	the	epithelial	cells	but	are	unable	to	penetrate	
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the	tight-junctions	on	the	apical	side	(into	the	CSF)	without	intracellular	

vesicular	assistance.	Contrary	to	early	beliefs	this	barrier	system	is	tight	from	

early	in	embryonic	development,	remaining	so	into	adulthood	(Dziegielewska	et	

al.,	2001;	Ek	et	al.,	2006;	2003;	Tauc	et	al.,	1984;	Møllgård	&	Saunders	1975;	

Møllgård	et	al.	1976;	1979).		

	

CSF-brain	barrier	

The	CSF	resides	in	the	brain’s	ventricular	system	(inner	CSF;	iCSF)	and	in	the	

subarachnoid	space	between	the	arachnoid	and	pial	matter	(outer	CSF;	oCSF).	As	

early	as	1940,	studies	showed	that	the	extracellular	fluid	(ECF)	of	the	adult	brain	

had	a	very	similar	molecular	composition	to	that	of	the	surrounding	CSF	

(Wallace	et	al.,	1940).	This	is	a	reflection	of	the	open	exchange	between	the	ECF	

and	the	iCSF	facilitated	by	the	gap-junctions	in	the	ependymal	cell	layer	lining	

the	ventricles	(Johanson,	2012).		This	exchange,	however,	is	not	observed	during	

development.	It	has	been	shown	that	tight-junction	like	cellular	complexes,	

known	as	‘strap-junctions’,	exist	on	the	ependymal	cell	layer	during	development	

preventing	free	molecular	exchange	(Møllgård	et	al.,	1987;	Fossan	et	al.,	1985).	

Transfer	experiments	in	the	mouse	revealed	that	the	junction	processes	in	the	

ventricular	barrier	at	E17	occlude	molecules	as	small	as	286Da	(Whish	et	al.,	

2015).	There	is	a	progressive	increase	in	permeability	over	rodent	development	

to	the	adult,	where	free	exchange	of	molecules	occurs	between	the	CSF	and	brain	

of	70kDa	molecules	(Whish	et	al.,	2015).	Similar	developmental	profiles	are	seen	

at	the	pial	oCSF	barrier	with	fetal	sheep	at	E125,	exhibiting	greater	HRP	

permeability	than	earlier	in	gestation	at	E60	(Fossan	et	al.,	1985).	This	suggests	
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that	both	the	oCSF	and	the	iCSF-brain	barriers	have	additional	protective	

mechanisms	in	development	that	are	not	present	at	adulthood.		

	

Meningeal	barrier	

The	meninges	are	the	outer	layers	of	the	CNS	anatomy	consisting	of	the	thick	

outer	dura	mater,	the	arachnoid	mater	and	the	underlying	pia	mater	membranes	

(Rea,	2015).	Blood	vessels	within	the	membranes	of	the	dura	have	been	shown	

to	be	permeable	to	molecules	such	as	40kDa	horseradish	peroxidase	(HRP;	Balin	

et	al.,	1986;	Nabeshima,	et	al.,	1975).	Despite	this,	tight	junctions	have	been	

described	in	the	outer	arachnoid	layer	of	leptomeningeal	cells	in	at	least	some	

species	(Balin	et	al.,	1986;	Nabeshima	et	al.,	1975).	This	forms	a	barrier	between	

the	blood	from	the	dural	blood	vessels	and	the	underlying	CSF	fluid	in	the	

subarachnoid	space.	Blood	vessels	within	the	subarachnoid	space	itself	have	

been	known	to	have	tight-junctions	(Butt	et	al.,	1990).	These	barriers	form	

additional	obstacles	for	molecules	travelling	between	the	blood,	the	oCSF	and	the	

brain.	

	

Maternal-fetal	blood	barrier	

During	early	developmental	stages	the	fetus	has	an	additional	protective	barrier	

system	compared	to	the	adult,	the	placenta	or	‘maternal-fetal	barrier’.	For	most	

species	early	in	pregnancy	trophoblast	cells	of	the	blastocyst	separate	into	an	

outer	layer	of	multinucleate	syncytiotrophoblasts	and	an	inner	layer	of	single	

nucleate	cytotrophoblasts	(Spence	&	Mason,	1987).	As	fetal	development	
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progresses	in	humans	these	two	layers	fuse	(with	the	cytotorophoblasts	

disappearing)	leaving	the	syncytiotrophoblasts	as	the	outer,	“rate-limiting”	

barrier	of	placental	transfer	(Ceckova-Novotna	et	al.,	2006;	Young	et	al.,	2003).	

The	umbilical	artery	and	vein	of	the	fetus	project	‘chorionic	villi’	which	press	the	

syncytiotrophoblast	layer	into	a	pool	of	maternal	blood	within	the	endometrium	

(Spence	&	Mason,	1987).	The	mother’s	blood	is	completely	separate	from	that	of	

the	fetus	by	a	layer	termed	the	‘chorion’	consisting	of	the	syncytiotrophoblasts,	

inner	connective	tissue	and	fetal	capillaries	that	all	contribute	to	a	transfer	

barrier.	As	will	be	discussed	later,	the	syncytiotrophoblasts	(as	well	as	the	fetal	

capillaries)	express	transporters	and	enzymes	that	limit	molecular	access	from	

mother	to	fetus.	As	the	placenta	is	responsible	for	blocking	potentially	harmful	

factors	from	entering	the	fetal	circulation	altogether,	it	is	an	integral	component	

in	the	prevention	of	drug	toxicity.		

	

Species	specific	differences	

There	are	some	species-specific	differences	in	placental	transfer	of	molecules	

between	the	mother	and	fetus,	with	three	general	classes	of	placenta	

predominating.	Schultze	and	Heremans	(1966)	famously	described	the	classes	

as:	i)	non-transmitters	comprising	sheep,	pig,	horse,	cow	and	goat	ii)	full	

transmitters	which	were	rabbit,	rat,	mouse,	guinea-pig,	dog	and	cat	and	iii)	γG-

transmitters	for	man	and	monkeys.	The	non-transmitters	are	thought	to	prevent	

transfer	of	larger	molecules	including	antibodies	and	proteins	to	the	fetus,	while	

the	full	transmitters	exhibit	a	rather	“liberal	transfer”	that	provides	very	little	
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discrimination	based	on	molecular	size.	γG-transmitters,	as	the	name	suggests,	

only	appears	to	transfer	antibodies	and	no	other	proteins.	Another	separation	

between	different	placentas	based	on	morphology	is:	i)	hemochorial	placentas	

where	the	trophoblast	layer	is	bathed	in	maternal	blood	(for	human,	rat,	mouse,	

guinea	pig,	etc.)	or	the	ii)	epi-	or	endo-theliochorial	placentas	(for	sheep,	pig	and	

dog)	where	there	is	a	further	layer	of	uterine	epithelial	cells	separating	the	

maternal	blood	from	the	transfer	region	(Ceckova-Novotna	et	al.,	2006).		

	

Similarly,	there	are	major	differences	between	humans	and	other	animal	models	

in	regards	to	the	stages	of	brain	development	at	birth,	due	to	varying	gestational	

duration.	As	outlined	by	Semple	and	colleagues	(2013)	newborn	rodents	have	

similar	stages	of	brain	development	as	23-32	wk	gestation	humans,	with	P20	

rats	being	similar	to	2-3	year	old	humans	and	P60	equating	to	adults.	While,	as	

will	be	discussed	further	below,	there	are	some	species-specific	differences	in	

particular	developmental	profiles	of	brain	barrier	defences,	the	major	efflux	

transporters	present	at	each	interface	is	thought	to	be	similar	for	rodents	and	

humans	(Møllgård	et	al.,	2017).		

	

Molecular	transfer	across	barriers	

The	series	of	barrier	systems	mentioned	above	all	have	multiple	levels	of	

functionality	in	restricting	the	bidirectional	passage	of	macromolecules.	Tight	

junction	proteins	connecting	barrier	cells	restrict	molecular	transfer	between	

the	cells	(Ek	et	al.,	2003;	2006;	Møllgård	et	al.	1976;	1979).	The	lipid	bilayer	
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membrane	of	the	barrier	cells	further	restricts	hydrophilic	or	lipophobic	(form	

>10	hydrogen	bonds	with	solvent	water)	compounds	from	transferring	within	

the	cells	themselves	(Pardridge,	2001).	There	are,	however,	other	means	of	

circumventing	this	physical	barrier.	Active	transporter	channels,	such	as	for	

glucose	(Pardridge	et	al.,	1990),	and	vesicular	endocytotic	mechanisms,	such	as	

for	transferrin	(Roberts	et	al.,	1993),	have	been	shown	to	assist	intracellular	

transfer	at	CNS	protective	barriers.	Small,	lipophilic	compounds	that	are	able	to	

enter	barrier	cells	by	passive	diffusion,	or	those	assisted	by	transporters,	are	met	

with	further	transfer	defences	within	the	barrier	cells	before	they	are	able	to	exit	

the	other	side.	One	of	these	is	active	efflux	mediated	exclusion	via	ATP-binding	

cassette	(ABC)	transporters.	

	

ABC	efflux	transporters	

ABC	transporters	are	membrane	bound	channels	that	hydrolyse	adenosine	

triphosphate	(ATP)	in	order	to	pump	substrates	against	their	concentration	

gradient	either	into	(influx)	or	out	of	(efflux)	cells	or	cellular	vesicles	(Higgins,	

1992;	Vasiliou	et	al.,	2009).	A	subset	of	the	ABC	transporter	family	is	thought	to	

sit	on	the	membranes	of	important	barrier	cells,	sending	compounds	that	gain	

access	to	the	barrier	cells	back	out	before	they	can	cross	and	cause	harm	to	the	

fetus	or	the	fetal	brain	(Ek	et	al.,	2010).	Each	efflux	transporter	type	involved	in	

the	barrier	systems	has	a	specific	manner	of	targeting	potentially	harmful	

compounds,	forming	a	diverse	and	complex	defence	system.	Three	major	

transporter	classes	have	been	associated	with	barrier	exclusion	of	drugs:	P-

glycoprotein	(PGP;	MDR1;	abcb1),	breast	cancer	resistance	protein	(BCRP;	
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abcg2)	and	multidrug	resistance	associated	proteins	(MRPs;	abcc).	Throughout	

this	Thesis	transporters	will	be	described	by	either	the	common	protein	names	

(PGP,	BCRP,	MRP1-5)	or	common	gene	names	(abcb1a/b,	abcg2,	abcc1-5)	

depending	on	the	experiment	conducted.	When	experiments	refer	to	both	gene	

and	protein,	the	protein	name	will	be	listed	with	the	gene	in	brackets.	

	

Molecular	binding	within	the	lipid-bilayer	

P-Glycoprotein	(PGP)	

Overview	

Juliano	and	Ling	(1976)	were	the	first	to	describe	the	PGP	transporter	in	their	

study	of	Chinese	hamster	ovary	cells,	with	the	structure	of	the	human	protein	

determined	by	Chen	and	colleagues	(1986).	The	crystal	structure	of	PGP	has	

been	determined,	with	a	binding	pocket	inside	the	inner	membrane	leaflet	(Aller	

et	al.,	2009).	This	means	that	PGP’s	target	molecules	are	hydrophobic	residues	

that	are	able	to	freely	diffuse	into	the	lipid	bilayer,	entering	the	binding	site	as	

they	attempt	to	cross	the	membrane	(Aller	et	al.,	2009).	PGP	is	very	non-specific	

in	its	binding	capacities;	no	essential	binding	motifs	for	these	hydrophobic	

substrates	have	yet	been	discerned.	Neutral/cationic	compounds	with	specific	

electron	donor	or	hydrogen	bond	accepting	pairs	have,	however,	been	

highlighted	as	likely	to	bind	to	PGP	(Ambudkar	et	al.,	2003;	Seelig	&	

Landwojtowicz,	2000).	PGP	is	widely	expressed,	with	human	studies	localizing	it	

to	the	liver,	intestines,	kidney	and	pancreas	(Thiebaut	et	al.,	1987).		
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	 Barrier	Localization		

Blood-brain	barrier.	Studies	have	identified	PGP	in	cerebral	blood	vessels	of	the	

human	brain	early	in	gestation	(week	12-13),	with	distinct	endothelial	

membrane	concentration	visible	by	mid	gestation	(week	22,	Virgintino	et	al.,	

2008;	Møllgård	et	al.,	2017).	Immunostaining	intensity	has	been	shown	to	

increase	steadily	throughout	gestation	from	22	weeks	to	adult	(Daood	et	al.,	

2008).	These	results	reflect	those	observed	in	mouse	CNS	vessel	by	Gene	Chip	

analysis	(Daneman	et	al.,	2010a),	rat	brain	homogenate	real-time	quantitative	

polymerase	chain	reaction	(RT-qPCR;	Ek	et	al.,	2010)	and	isolated	rat	brain	

micro-vessel	western	blot	(Gazzin	et	al.,	2008),	which	suggest	that	PGP	

(abcb1a/abcb1b)	levels	in	brain	vasculature	are	low	at	the	BBB	during	

development,	steadily	increasing	to	adulthood.	Despite	some	studies	implicating	

additional	abluminal	localization	(Virgintino	et	al.,	2008),	it	is	widely	thought	

that	PGP	is	localized	to	the	luminal	surface	of	capillary	endothelium	(Gazzin	et	

al.,	2008;	Stewart	et	al.,	1996).		

	

Blood-CSF	barrier.	Positive	PGP	staining	was	observed	on	choroid	plexus	

epithelium	from	between	7	and	23	weeks	gestation	in	the	human,	increasing	in	

intensity	with	gestational	age	(Daood	et	al.,	2008;	Møllgård	et	al.,	2017).	RT-

qPCR	on	the	rat	(abcb1a,	Ek	et	al.,	2010),	microarray	on	the	mouse	(abcb1a,	

Liddelow	et	al.,	2012)	and	rat	RNAseq	(abcb1b)	also	indicate	the	expression	of	

PGP	at	the	choroid	plexus	(Kratzer	et	al.,	2013).	The	pattern	of	expression	in	

rodents,	however,	shows	a	more	stable	level	from	development	to	adulthood.	
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Overall	the	level	of	expression	at	the	choroid	plexus	has	been	described	as	quite	

low	(Gazzin	et	al.,	2008;	Kratzer	et	al.,	2013)	suggesting	it	may	play	a	more	vital	

role	in	blood-brain	barrier	protection	than	at	the	blood-CSF	barrier.	

Immunolocalization	of	PGP	at	the	choroid	plexus	is	less	clear.	A	study	

investigating	cultured	cells	has	highlighted	apical	localization	(Rao	et	al.,	1999)	

but	in	vivo	rat	studies	failed	to	result	in	any	clear	localization	(Ek	et	al.,	2010).	

Human	embryonic	experiments	have	suggested	that	PGP	has	spatiotemporal	

localisation	in	choroidal	epithelia,	as	well	as	localisation	on	the	fenestrated	blood	

vessels	of	the	choroid	plexus	(Møllgård	et	al.,	2017).	

	

Placental	barrier.	PGP	(abcb1)	expression	and	protein	at	the	placenta	has	been	

demonstrated	in	multiple	studies.	In	the	rat	PGP	(abcb1a)	is	present	at	both	the	

transcriptomic	and	protein	level	from	approximately	gestational	day	(gd)	13	to	

term	(Novotna	et	al.,	2004;	Trezise	et	al.,	1992)	with	staining	largely	localized	to	

the	syncytiotrophoblast	layer	from	gd15	(Novotna	et	al.,	2004).	Analysis	of	

human	tissue	using	in	situ	hybridization	(Mylona	et	al.,	1999)	and	

immunohistochemistry	(Sun	et	al.,	2006)	localized	PGP	to	the	

syncytiotrophoblast	layer	throughout	pregnancy	with	term	studies	showing	an	

apical	aggregation	(Kozłowska-Rup	et	al.,	2014).	A	term	study	by	Kozlowska-Rup	

and	colleagues	also	suggests	localization	of	PGP	on	fetal	blood	vessel	endothelial	

cells	(Kozłowska-Rup	et	al.,	2014).	Western	blot	analysis	indicated	that	there	is	a	

developmental	decrease	of	PGP	at	the	placenta	in	humans,	with	protein	levels	at	

weeks	13-14	approximately	double	that	of	weeks	38-41	(Gil	et	al.,	2005;	Sun	et	

al.,	2006).	Western	blot	and	qPCR	in	the	mouse	also	indicated	a	similar	

developmental	profile	(Coles	et	al.,	2009),	with	functional	studies	of	maternal	to	
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fetal	transfer	of	PGP	(abcb1a)	substrate	digoxin	reflecting	an	increased	ability	to	

efflux	in	earlier	pregnancy	stages	(Petropoulos	et	al.,	2007).	Studies	in	the	rat,	

however,	suggest	either	a	rise	in	expression	levels	between	gd13	and	gd18	

(Novotna	et	al.,	2004)	or	expression	that	is	relatively	stable	(Trezise	et	al.,	1992).		

	

	 Implications	for	drug	delivery	

The	role	that	PGP	(abcb1)	plays	in	denying	access	of	drugs	and	molecules	to	the	

brain	has	been	highlighted	in	studies	of	PGP	disruption.		Mouse	knockout	models	

revealed	that	drugs	and	pesticides	were	able	to	access	the	brain	more	readily	in	

the	absence	of	PGP	(abcb1a;	Schinkel	et	al.,	1994).	Clinical	trials	in	humans	have	

even	suggested	that	combining	anti-cancer	treatments	with	PGP	blockers	(such	

as	cyclosporine	A)	are	able	to	result	in	improved	treatment	patient	outcomes	

(List	et	al.,	2001).		The	role	of	PGP	in	placental	transfer	from	mother	to	fetus	has	

been	readily	studied.	Knockout	models	in	the	mouse	have	shown	from	4	

(saquinavir;	Huisman	et	al.,	2001)	to	20	(L-652,280;	Lankas	et	al.,	1998)	times	

more	drug	transfer	from	mother	to	fetus	in	the	absence	of	PGP,	with	the	

implications	of	this	increased	entry	being	linked	to	the	development	of	disorders	

in	the	child	such	as	a	cleft	palate	(Lankas	et	al.,	1998).	Studies	investigating	

dually	perfused	samples	for	both	rat	(Pavek	et	al.,	2001)	and	human	

(Nanovskaya	et	al.,	2008;	Sudhakaran	et	al.,	2005)	have	linked	PGP	(abcb1)	

functionality	expression	with	the	restriction	of	drug	entry	from	mother	to	fetus	

for	cyclosporine	(Pavek	et	al.,	2001),	indinavir	(Sudhakaran	et	al.,	2005)	and	

methadone	(Nanovskaya	et	al.,	2008).	Studies	have	also	shown	that	PGP	

substrate	Rhodamine-123	(R123)	crosses	the	rat	placenta	preferentially	from	
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fetus	to	mother	(11	times	greater),	showing	a	functional	specificity	of	the	barrier	

to	prevent	PGP	substrates	from	transferring	in	the	maternal	to	fetal	direction	

(Cygalova	et	al.,	2009).	The	importance	of	PGP	in	molecular	exclusion	at	barrier	

interfaces	makes	it	an	intriguing	target	for	modern	biomedical	research	wanting	

to	either	increase	the	transfer	of	desirable	drugs	or	to	decrease	the	infiltration	of	

harmful	compounds	to	specific	tissues.	

	

Intracellular	molecular	binding	

While	PGP	is	an	integral	aspect	of	barrier	defence,	not	all	compounds	are	able	to	

freely	diffuse	through	the	lipid	environment	of	the	barrier	cell’s	membrane	

where	PGP	intercepts	its	substrates.	Drugs	and	molecules	that	are	able	to	access	

the	internal	cytoplasm	of	the	barrier	cells,	either	by	specific	transporter	

assistance	or	bypassing	PGP	during	membrane	diffusion,	are	faced	with	a	

different	series	of	efflux	mechanisms.	Two	other	well-described	barrier	ABC	

transporter	types	are	BCRP	and	the	family	of	MRPs.	Once	inside	the	barrier	cell	

compounds	come	into	contact	with	cytochrome	P450,	which	oxidizes	them	to	an	

altered	and	charged	form,	affecting	their	ability	to	exit	the	cell	on	the	other	side.	

Cytochrome	P450’s	localization	at	the	BBB	has	been	previously	described	

(Dauchy	et	al.,	2008).	Once	trapped	in	the	cell	these	compounds	undergo	

subsequent	conjugation	via	specific	enzymes	such	as	sulfotransferases	(SULT),	

UDP-glucuronosyltransferases	(UGT)	or	glutathione-S-transferases	(GST).	The	

‘tagged’	compounds	can	then	be	recognized	by	efflux	transporters	(BCRP	&	

MRPs)	and	removed	from	the	cell	back	to	the	maternal	bloodstream	(placenta),	

fetal	bloodstream	(BBB	and	blood-CSF	barriers)	or	CSF	(CSF-brain	barrier).		
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Breast-cancer	resistance	protein	(BCRP)	

	 Overview	

One	of	the	more	recently	discovered	ABC	drug	efflux	transporters,	BCRP	was	

named	from	its	original	isolation	from	doxorubicin-resistant	MCF7	breast	cancer	

cell	lines	(Doyle	et	al.,	1998).	It	has	been	localized	in	a	wide	range	of	tissues	

including	the	liver,	small	intestine	and	prostate	(Doyle	et	al.,	1998).	BCRP	has	

been	shown	to	have	an	affinity	for	sulfate	substrates;	also	possessing	the	ability	

to	transport	glucuronic	acid	conjugates	(reviewed	by	Mao,	2005).	

		

	 Barrier	localization	

Blood-brain	barrier.	BCRP	has	been	localized	to	the	cerebral	blood	vessels	in	

human	brain	tissue	by	between	week	7	and	22	of	gestation,	remaining	at	

constant	levels	to	adulthood	(Aronica	et	al.,	2005;	Daood	et	al.,	2008;	Møllgård	et	

al.,	2017).	In	the	rodent	BCRP	(abcg2)	at	the	BBB	appears	to	be	localized	to	the	

luminal	membrane	(Tachikawa	et	al.,	2005).	Some	studies	in	the	rat	have	

suggested	that	expression	remains	stable	between	E15	and	adult	(Ek	et	al.,	

2010),	while	others	describe	an	increase	over	the	course	of	development	(Harati	

et	al.,	2013).	Transcriptomic	analysis	in	the	mouse	has	also	suggested	that	abcg2	

expression	increases	over	the	course	of	development	(Daneman	et	al.,	2010a).	

	

Blood-CSF	barrier.	The	localization	of	BCRP	at	the	choroid	plexus	is	unclear	and	

potentially	species-specific.	Analysis	of	human	tissue	using	immunostaining	was	

unable	to	detect	BCRP	at	choroid	plexus	epithelium	despite	positive	results	from	
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other	brain	areas	(Daood	et	al.,	2008).	Separate	studies	on	human	tissue	showed	

apical	staining	in	subsets	of	choroid	plexus	epithelia	and	not	others	(Møllgård	et	

al.,	2017).	In	contrast,	studies	in	the	mouse	(Tachikawa	et	al.,	2005)	and	rat	(Ek	

et	al.,	2010)	have	indicated	the	presence	of	BCRP	(abcg2)	at	choroidal	epithelia.	

BCRP	(abcg2)	appears	to	have	a	distinct	developmental	profile	in	the	rat	with	

high	mRNA	expression	and	immunopositive	staining	from	E15-P1	before	

dropping	to	extremely	low	levels	with	no	immunostaining	detectable	after	birth	

(Ek	et	al.,	2010).	This	indicates	that	BCRP	may	play	an	integral	role	in	the	blood-

CSF	barrier	during	development.	Studies	have	localized	BCRP	to	the	apical	

membrane	of	the	choroid	plexus	in	the	mouse	(Tachikawa	et	al.,	2005)	and	

basolateral	membrane	in	the	rat	(Ek	et	al.,	2010).	The	specific	localization	of	this	

transporter	and	species-specific	expression	requires	more	analysis.		

	

Placental	barrier.	RT-qPCR	and	western	blot	analysis	of	rat	placenta	indicated	a	

changing	developmental	profile	for	abcg2	expression	with	high	levels	at	

gestational	day	14	(gd14)	dropping	to	low,	nearly	non-existent	levels	at	gd20	

(Yasuda	et	al.,	2005).	A	study	by	Kalabis	and	colleagues	(2007)	in	a	mouse	model	

provided	similar	results	suggesting	a	progressive	transcriptomic	decrease	from	

gd9.5	to	gd18.5,	although	protein	levels	did	not	significantly	alter.	There	is	some	

controversy	in	the	field,	however,	with	a	separate	study	in	the	mouse	showing	

that	BCRP	(abcg2)	levels	are	low	(via	immunoblotting	and	RT-qPCR)	at	gd10	and	

gd19	but	peak	expression	at	gd15	(Wang	et	al.,	2006).	In	the	human	BCRP	has	

been	localized	to	the	syncytiotrophoblast	layer	in	many	studies	with	an	apical	

tendency	(Kozłowska-Rup	et	al.,	2014;	Maliepaard	et	al.,	2001;	Yeboah	et	al.,	

2006).	The	developmental	profile	in	humans	has	yet	to	be	conclusively	
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determined.	Yeboah	and	colleagues	(2006)	suggest	an	increase	in	protein	levels	

between	week	32-35	and	term	(38-41),	despite	stable	mRNA	levels.	Further	

investigation	into	the	developmental	profile	of	this	transporter	in	the	placenta	

would	be	advantageous.			

	

	 Implications	for	drug	delivery	

The	functional	presence	of	BCRP	has	been	shown	at	the	placenta	of	the	mouse,	

with	knockouts	(Jonker	et	al.,	2002)	and	competitive	antagonism	(Jonker	et	al.,	

2000)	limiting	the	maternal	to	fetal	transfer	of	topotecan.	Mouse	knockout	

models	have	shown	similar	results	for	other	drugs	including	genistein	

(Enokizono,	Kusuhara	&	Sugiyama,	2007)	and	nitrofurantoin	(Zhang	et	al.,	

2007).	Ex	vivo	analysis	of	human	(Pollex	et	al.,	2008)	and	rat	tissue	(Staud	et	al.,	

2006)	have	also	implicated	BCRP	in	the	fetal	to	maternal	removal	of	compounds,	

with	BCRP	(but	not	PGP)	antagonists	decreasing	transfer	rates.	BCRP	has	also	

been	implicated	in	restricting	the	transfer	of	compounds	into	the	brain.	

Enokizono	and	colleagues	(2008)	and	Breedveld	and	colleagues	(2005)	both	

employed	BCRP	knockout	mice	to	show	that	in	the	absence	of	BCRP	molecular	

transfer	into	the	brain	increased	compared	to	controls	by	between	2.5	(imatinib)	

and	2.1	(dantrolene)	fold.		
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Multidrug	resistance-associated	protein	(MRP)	

	 Overview	

The	MRP	family	of	ABC-transporters	consists	of	9	members	(MRP1-9;	abcc1-9)	

each	of	which	has	a	unique	profile	and	substrate	affinity.	The	first	five	

transporters	(MRP1-5)	in	particular	have	been	linked	to	the	efflux	of	drugs	

(Eilers	et	al.,	2008).	MRPs	are	expressed	in	a	diverse	and	wide	range	of	tissue	

types	including	the:	liver	(MRP2,	MRP3,	MRP6),	kidney	(MRP1,	MRP2,	MRP3,	

MRP4,	MRP6),	intestine	(MRP1,	MRP2,	MRP3),	pancreas	(MRP3),	Lung	(MRP1,	

MRP4)	and	colon	(MRP1,	MRP3),	among	others	(Slot	et	al.,	2011).	MRPs	are	

organic	anion	transporters,	with	each	showing	varying	levels	of	affinity	for	

different	substrates.		

	

MRP1	and	MRP2	have	been	the	most	widely	studied,	showing	strong	affinity	for	

glutathione	conjugates	as	well	as	glucuronides	and	sulfates	(Leier	et	al.,	1994;	

Jedlitschky	et	al.,	1996;	1997).	MRP3	has	been	much	more	strongly	linked	to	

glucuronide	compounds	compared	to	glutathione	(Hirohashi	et	al.,	1999).	The	

remaining	MRPs	are	yet	to	be	conclusively	analysed	but	MRP4	and	MRP5	have	

been	linked	to	potential	substrates	including	phosphates,	cyclic	nucleotides,	

glutathione	and	(for	MRP4)	sulfates	(Zelcer	et	al.,	2003;	Schuetz	et	al.,	1999;	Slot	

et	al.,	2011;	Wijnholds	et	al.,	2000b).	
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	 Barrier	localization	

Blood-brain	barrier.	Studies	are	somewhat	conflicting	regarding	the	profiles	of	

MRPs	on	the	BBB	in	terms	of	subtype,	species	as	well	as	differences	between	

gene	expression	and	protein	levels.	Recent	human	studies	suggest	that	MRP1,	

MRP4	and	MRP5	are	localized	to	the	luminal	membrane	of	brain	capillary	

endothelial	cells	(Nies	et	al.,	2004;	Møllgård	et	al.,	2017).	This	contradicted	other	

studies,	which	were	unable	to	observe	MRP1	immunostaining	in	human	brain	

microvessel	endothelial	cells	at	any	age	(Daood	et	al.,	2008).	In	the	rat,	Ek	and	

colleagues	(2010)	suggested	varying	developmental	profiles	at	different	BBB	

areas:	with	abcc1	showing	increasing	levels	in	the	forebrain	until	birth	before	

dropping	while	abcc4	showed	increasing	levels	in	the	brainstem	until	P7	before	

dropping	(Ek	et	al.,	2010).	Questions	are	also	raised	in	this	study	on	the	protein	

product	of	the	MRP1,	which	was	not	observed	using	antibodies	and	

immunostaining	(Ek	et	al.,	2010).	Reports	in	a	mouse	model	contradict	the	

developmental	profile	proposed	by	Ek	and	colleagues,	suggesting	a	moderately	

lower	mRNA	level	of	abcc4	in	early	development	compared	to	adulthood	

(Daneman	et	al.,	2010a).		

	

Blood-CSF	barrier.	Immunohistochemical	detection	of	MRP1	has	shown	its	

presence	on	choroid	plexus	epithelium	in	the	human	from	as	early	as	gestation	

week	7	with	constant	intensity	to	adulthood	(Daood	et	al.,	2008;	Møllgård	et	al.,	

2017).	Analysis	of	human,	mouse	and	rat	choroid	plexus	tissue	has	localised	

MRP4	to	the	basolateral	surface	in	all	species	(Leggas	et	al.,	2004).	Rat	and	

mouse	models	also	support	the	expression	and	presence	of	MRP1	(abcc1)	and	
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MRP4	(abcc4)	at	the	choroid	plexus	from	E15	but	suggest	low	levels	in	

development	and	high	levels	at	P21	and	adulthood	(Ek	et	al.,	2010;	Gazzin	et	al.,	

2008;	Kratzer	et	al.,	2013;	Liddelow	et	al.,	2012).	Dense	staining	for	MRP1	was	

localized	to	the	basolateral	membrane	of	the	choroid	plexus	epithelial	cells	(Ek	et	

al.,	2010).	Studies	in	the	rat	also	suggest	that	abcc3	and	abcc9	expression	are	

extremely	high	in	development	compared	to	adulthood	in	the	choroid	plexus	

(Kratzer	et	al.,	2013),	and	are	therefore	worth	investigating	further.		

	

Placental	barrier.	Placental	studies	in	the	rat	have	shown	immunohistochemical	

staining	of	MRP1	on	the	basolateral	side	of	trophopblast	cells	(Nishikawa	et	al.,	

2010).	mRNA	of	abcc1-6	have	also	been	shown	in	the	rat	(Leazer	&	Klaassen,	

2003;	abcc1,	abcc4,	abcc5	with	high	expression)	and	mouse	(Aleksunes	et	al.,	

2008;	abcc5	with	high	expression).	In	human	samples	MRP1	has	been	localized	

to	the	basal	(Kozłowska-Rup	et	al.,	2014;	Nagashige	et	al.,	2003)	and	apical	

(Kozłowska-Rup	et	al.,	2014;	St-Pierre	et	al.,	2000)	sides	of	syncytiotrophoblasts	

as	well	as	to	the	abluminal	side	of	the	fetal	blood	vessels	(Nagashige	et	al.,	2003;	

St-Pierre	et	al.,	2000).	These	studies	are	not	consistent	with	their	findings,	with	

no	two	studies	fully	showing	the	same	presence	and	absence	of	staining	in	each	

area.	MRP2	has	been	localized	to	the	apical	syncytiotrophoblast	in	the	human	

(St-Pierre	et	al.,	2000;	zu	Schwabedissen	et	al.,	2005b)	with	MRP3	staining	

prevalent	on	fetal	blood	vessels	(St-Pierre	et	al.,	2000).	MRP5	is	present	on	basal	

syncytiotrophoblasts	(with	minor	apical	staining)	and	on	fetal	blood	vessels	(zu	

Schwabedissen	et	al.,	2005a).	In	the	mouse	the	only	MRP	with	a	significant	

developmental	profile	is	abcc1,	which	had	26	times	higher	protein	levels	in	E17	

compared	to	E14	(Aleksunes,	Cui	&	Klaassen,	2008).	In	the	human	abcc2	mRNA	
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and	protein	is	significantly	higher	in	term	placenta	than	preterm	(zu	

Schwabedissen	et	al.,	2005b)	while	abcc5	mRNA	is	almost	6	times	higher	in	

preterms	than	terms	(zu	Schwabedissen	et	al.,	2005a).	zu	Schwabedissen	and	

colleagues	(2005a)	and	colleagues	also	suggest	the	potential	for	MRP5	apical	

localization	in	term	placentas	which	is	not	present	in	preterm	placentas.		

	

	 Implications	for	drug	delivery	

While	not	studied	as	comprehensively	as	BCRP	or	PGP,	the	MRP	family	has	been	

linked	to	drug	permeability	and	toxicity.	MRP1	(abcc1)	knockout	mice	have	been	

shown	to	increase	toxicity	to	anti-cancer	agent	Etoposide	for	a	range	of	tissues,	

including	effects	in	the	brain	(Lorico	et	al.,	1997).	Studies	have	implicated	MRP2	

(abcc2)	levels	as	important	for	placental	efflux	of	endogenous	bile	acids	and	

bilirubin,	meaning	that	MRP2	substrates	are	likely	to	have	restricted	transfer	

across	the	placenta	(Azzaroli	et	al.,	2007).	The	role	of	MRP1	(abcc1)	in	drug	

transfer	across	the	choroid	plexus	has	also	been	investigated,	with	mouse	

knockout	models	showing	up	to	10	times	greater	transfer	of	i.v.	administered	

etoposide	into	the	CSF	than	in	controls	(Wijnholds	et	al.,	2000a).	MRP4	(abcc4)	

has	also	been	linked	to	restricting	drug	transfer	into	the	brain	and	cerebrospinal	

fluid	using	knockout	mouse	models	(Leggas	et	al.,	2004).	

	

Drug	resistance	of	efflux	transporters	

When	investigating	the	efflux	capacity	of	different	barrier	systems	it	is	important	

to	understand	that	they	do	not	necessarily	function	at	one	constant	level.	Cells	
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forming	these	barriers	are	dynamic	and	are	able	to	respond	to	changes	in	their	

environments.	As	a	primary	role	of	these	barriers	is	to	prevent	the	transfer	of	a	

host	of	endogenous	and	xenobiotic	compounds,	the	defence	systems	are	

understandably	broad.	However,	if	one	molecule	type	is	present	in	a	large	

abundance	it	is	a	logical	inference	that	these	complex	systems	would	be	able	to	

adapt	and	assign	more	resources	to	the	restriction	of	that	specific	molecular	type	

when	required.		

	

This	concept	is	broadly	known	as	“acquired	drug	resistance”	or	“multidrug	

resistance”	and	involves	an	increase	in	the	production,	retention	of	functional	

effectiveness	of	efflux	mechanisms	in	response	to	a	specific	substrate	(Löscher	&	

Potschka,	2005;	Chen	et	al.,	2016).	Drugs	capable	of	causing	an	increase	in	efflux	

defences	are	termed	“inducers”	(Seelig,	1998).	In	this	Thesis	that	term	will	refer	

to	a	compound	capable	of	up-regulating	the	gene	expression	or	functional	

capacity	of	efflux	transporters.	Drugs	that	bind	to	and	are	effluxed	by	particular	

transport	mechanisms	are	known	as	“substrates”	of	those	transporters.	To	

complicate	matters	even	further	these	drug	attributes	do	not	always	overlap,	

which	will	be	discussed	in	detail	below.		

	

Evidence	for	acquired	drug	resistance		

Evidence	supporting	the	idea	of	acquired	drug	resistance	largely	stems	from	

work	conducted	in	medical	research,	including	the	anti-cancer	field.	

Investigation	of	colon	cancer	(HT-29)	cell	lines	has	suggested	that	BCRP	can	

increase	its	expression	in	response	to	the	EGFR	inhibitor	gefitinib	(Azzariti	et	al.,	
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2006).	Experiments	have	also	been	conducted	regarding	resistance	to	17-DMAG	

in	non-small	cell	lung	cancer	cell	lines.	They	revealed	that	cells	that	acquired	

resistance	overexpressed	PGP	(but	not	MRP1-3)	and	that	inhibition	of	PGP	

restored	responsiveness	(Kim	et	al.,	2015).	These	studies	provide	weight	to	the	

argument	that	drug	exposure	can	lead	to	an	up-regulation	of	efflux	transporters	

leading	to	a	lower	level	of	drug	transfer.	

	

While	extensive	studies	have	reported	this	dynamic	regulation	of	efflux	

transporter	in	vitro,	studies	complementing	this	research	in	vivo	are	less	

widespread.	Of	the	studies	that	do	investigate	drug	acquired	resistance	in	vivo	

there	are	additional	factors	that	need	to	be	considered.	In	whole	animals	there	

are	a	host	of	factors	that	can	alter	the	expression	levels	of	any	given	transporter.	

A	study	of	ABC-transporter	expression	in	the	placenta	of	pregnant	rats	showed	

that	inflammation	in	the	mother	had	the	potential	to	decrease	placental	levels	of	

abcb1a/b,	abcg2	and	abcc1-3	(Petrovic	et	al.,	2008).	Kuo	and	colleagues	have	also	

shown	a	link	between	health	and	transporter	expression	in	their	study	of	abcc1	

levels	in	human	colorectal	cancer	patients	(Kuo	et	al.,	1996).	They	discovered	

that	cancer	patients	had	higher	levels	of	abcc1	than	non-tumour	patients	even	

though	they	were	not	undergoing	any	treatment	(Kuo	et	al.,	1996).	This	brought	

all	previous	research	implicating	MRP1	(abcc1)	up-regulation	with	cancer	

treatment	into	question,	as	comparisons	of	drug	treated	tumour	patients	and	

non-tumour	patients	could	not	differentiate	differences	due	to	the	drug	use	or	

the	disease	itself.	There	are	some	examples	of	studies	conducted	in	healthy	

human	subjects.	An	investigation	of	the	effect	of	rifampicin	on	healthy	human	
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duodenum	showed	an	up-regulation	of	MRP2	(abcc2)	following	treatment	

(Fromm	et	al.,	2000).		

	

While	the	studies	considered	above	outline	the	potential	for	transporter	up-

regulation	at	barrier	interfaces	this	does	not	mean	that	all	tissues,	such	as	the	

placenta	and	blood-brain	interfaces,	respond	in	a	similar	manner.	A	study	in	an	

in	vivo	rat	model	demonstrated	that	both	3-day	treatment	of	dexamethasone	or	

pregnenolone-16α-carbonitrile	(PCN)	increased	the	immunofluorescent	staining	

of	PGP	on	brain	capillaries	in	a	concentration-dependent	manner	(Bauer	et	al.,	

2004).	Both	ex	vivo	and	in	vivo	mouse	models	with	2-4	day	treatment	of	

clofibrate	resulted	in	increased	abcg2	expression	and	function	in	cerebral	

capillary	cells	(Hoque	et	al.,	2015).	MRPs	have	also	been	implicated	in	challenge-

based	up-regulation;	a	human	clinical	trial	on	pregnant	mothers	treated	with	

ursodeoxycholic	acid	showed	significantly	less	access	of	bilirubin	and	bile	acid	

into	the	fetus	in	a	manner	that	correlated	with	MRP2	(abcc2)	up-regulation	

(Azzaroli	et	al.,	2007).	While	these	studies	provide	evidence	to	support	the	

potential	for	PGP,	BCRP	and	MRP	induction	at	the	placenta	and	blood-brain	

interfaces	there	has	yet	to	be	an	extensive	study	on	the	ability	of	each	

transporter	to	be	up-regulated	at	each	barrier	throughout	different	stages	of	

development.		

	

Mechanisms	of	efflux	transporter	up-regulation	

One	way	in	which	drugs	could	influence	the	expression	of	efflux	transporters	is	

by	increasing	their	transcription.	The	pregnane	X	receptor	(PXR)	and	the	
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constitutive	adrenostane	receptor	(CAR)	are	members	of	the	nuclear	receptor	

family,	a	subset	of	ligand-activated	transcription	factors.	While	they	are	

expressed	in	a	variety	of	tissues,	large	quantities	have	been	described	in	the	liver	

and	intestine	(reviewed	by	di	Masi	et	al.,	2009).	PXR	and	CAR	are	each	known	to	

bind	to	a	set	of	exogenous	and	endogenous	ligands,	with	some	overlap	in	

substrates.	Studies	have	linked	both	PGP	(abcb1)	and	MRPs	(abcc2-3)	to	up-

regulation	via	PXR	ligand	and	CAR	ligand	activation	in	particular	tissues	(Maglich	

et	al.,	2002).	A	study	by	Cui	and	colleagues	(2009)	investigated	chronic	drug	

exposure	in	a	mouse	model	showing	that	CAR	substrate	diallyl	sulfide	(DAS)	and	

PXR	substrates	PCN	significantly	up-regulated	abcb1a	expression	in	the	brain.	

PXR	and	CAR	also	mediate	the	expression	of	other	important	factors	in	the	efflux	

process	including	cP450	genes	(reviewed	by	Honkakoski	&	Negishi,	2000).	By	

increasing	the	expression	levels	of	the	cP450	enzymes	more	drugs	may	be	

tagged	for	removal	by	BCRP	and	MRP	family	members.		

	

A	study	in	an	in	vivo	mouse	model	has	suggested	that	proliferator-activated	

receptor	alpha	(Pparα)	is	able	to	regulate	BCRP	expression.	Chronic	clofibrate	

exposure	caused	an	up-regulation	of	BCRP	(abcg2)	protein	and	functional	

capacity	at	the	blood-brain	barrier	in	control	mice	only	and	not	Pparα	

knockouts,	indicating	the	role	of	this	nuclear	factor	in	BCRP	induction	(Hoque	et	

al.,	2015).	Another	nuclear	receptor	that	has	been	investigated	regarding	barrier	

defence	regulation	is	the	nuclear	factor	(erythroid-derived	2)-like	2	(Nrf2)	

receptor.	Linked	to	conjugating	enzyme	glutathione-s-transferase	regulation	in	

tissues	such	as	the	liver,	activators	of	this	receptor	pathway	may	influence	
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barrier	permeability	for	substrates	that	can	be	conjugated	for	efflux	by	the	MRP	

transporters	(Chanas	et	al.,	2002).		

	

Future	research	that	could	comprehensively	link	each	nuclear	receptor	pathway	

to	the	up-regulation	of	each	transporter	system	would	provide	vital	information	

to	the	field.	Such	results	could	then	be	paired	with	analysis	of	which	nuclear	

receptor	pathways	predominate	at	different	tissues	or	ages.	Interpretations	

would	then	be	able	to	be	made	regarding	the	regulatory	effects	one	drug	is	likely	

to	have	at	different	tissues	and	ages.	These	studies	would	also	be	able	to	provide	

a	starting	point	for	research	into	altering	blood-brain	barrier	permeability	to	

allow	more	or	less	drug	to	transfer	as	required.	This	may	involve	increasing	fetal	

defences		(e.g.	placental	expression)	while	maintaining	maternal	defences	to	

make	it	safer	for	neurologically	targeted	drugs	to	be	taken	by	pregnant	mothers.	

	

Substrates	and	inducers	

Described	in	detail	above	are	a	series	of	studies	that	highlight	the	potential	for	

compounds	to	induce	the	expression	of	ABC-transporters	at	brain	barriers.	An	

important	consideration	is	that	if	a	compound	is	a	“substrate”	or	an	“inducer”	of	

a	transporter	that	does	not	necessarily	mean	that	it	will	automatically	have	both	

properties.	This	results	in	three	major	drug	classes	regarding	transporter	

interactions:	i)	substrate-inducers,	ii)	substrates	(that	do	not	induce)	and	ii)	

inducers	(that	are	not	substrates).	Because	of	this,	it	is	very	important	to	have	a	

clearly	defined	experimental	procedure	depending	on	the	hypothesis	in	

question.	Experiments	that	are	investigating	induction	properties	only	need	to	
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consider	whether	that	drug	is	a	substrate	if	it	may	be	effluxed	before	reaching	

the	cell	to	interact	with	the	up-regulation	pathway.	On	the	other	hand,	

experiments	investigating	substrate	affinity	will	only	need	to	understand	if	the	

drug	is	an	inducer	if	exposure	is	chronic	or	measurements	are	taken	a	long	time	

after	administration.	In	a	clinical	sense,	knowing	whether	a	drug	is	a	substrate	

and/or	an	inducer	will	always	be	important,	with	a	substrate	that	also	induces	

having	likely	to	have	the	lowest	transfer	over	the	course	of	a	treatment	regime.	

	

In-depth	analysis	of	compounds	as	both	substrates	and	as	inducers	is	difficult	to	

come	by.	Complicating	matters	is	the	extent	to	which	review	material	implies	

compounds	are	one	of	either	substrates	or	inducers,	without	providing	adequate	

information	on	whether	the	studies	proved	that	there	was	no	overlap	into	the	

other	attribute.	Additionally,	it	has	been	suggested	that	induction	may	be	

different	even	between	different	tissues	within	one	animal	(Cui	et	al.,	2009).	

Bromocriptine	is	one	compound	known	to	be	a	substrate	but	not	an	inducer	in	

the	mouse	brain,	with	in	vivo	analysis	revealing	repeat	dosing	did	not	alter	PGP	

efflux	capacity	(Vautier	et	al.,	2006).	Dexamethasone,	on	the	other	hand,	has	

been	shown	to	have	greater	transfer	to	the	brain	of	PGP	knockout	mice	making	it	

a	substrate	(Meijer	et	al.,	1998),	as	well	as	increasing	brain	PGP	(abcb1)	levels	

after	repeat	exposure	(Bauer	et	al.,	2004).	Some	compounds,	like	loperamide	and	

its	metabolites,	have	been	shown	to	be	substrates	for	PGP	(Wanek	et	al.,	2013)	

but	have	yet	to	be	shown	to	have	any	induction	capacity	(reviewed	in	Kim,	2002;	

Marzolini	et	al.,	2004).	On	the	other	hand	St	John’s	Wort	is	a	PGP	inducer	shown	

to	be	functional	at	the	blood-brain	barrier	(Weber	et	al.,	2006),	with	reviews	

suggesting	that	it	is	yet	to	be	shown	to	have	PGP	substrate	affinity	(Kim,	2002;	
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Marzolini	et	al.,	2004).	These	results	highlight	different	drug	classes	of	

substrates,	inducers	and	substrate-inducers.	

	

In	the	present	Thesis	some	drugs	were	employed	to	investigate	the	ability	of	a	

transporter	to	keep	its	substrates	from	crossing	the	barriers	while	others	were	

employed	to	investigate	a	transporters’	regulatory	capacity.	Additionally,	some	

drugs	were	tested	for	both	factors,	providing	examples	of	the	substrate	and	

induction	capacity	of	a	medication	over	the	course	of	a	treatment	regime.	In	the	

future	the	production	of	easy	and	efficient	screening	methods	for	both	substrate	

affinity	and	induction	capabilities	for	major	transporters	of	interest	could	be	

greatly	beneficial	for	drug	development	and	labelling.		

	

Drugs	

Throughout	this	Thesis	a	series	of	compounds	and	medications	were	employed	

in	order	to	investigate	the	function	of	the	barriers	separating	the	brain	from	the	

circulation	(brain	barriers)	as	well	as	separating	maternal	and	fetal	circulation	

(placenta).	Below	are	summaries	of	each	compound,	highlighting	their	current	

use	(if	any)	in	medical	practice	and	knowledge	about	their	barrier	permeability.	

Structures	of	each	compound	are	shown	in	Figure	1.2.	

	

Diallyl	sulfide	

Alliin	is	a	cysteine	derivative	organosulfur	that	makes	up	0.24%	of	a	garlic	bulb	

(Stoll	&	Seebeck,	1948).	Upon	cooking,	crushing	or	enzymatic	metabolism	it	is	



	
	
	 36	

broken	down	to	the	strong	smelling	allicin	(Block,	1985).	The	unstable	allicin	is	

broken	down	into	a	series	of	compounds	including	diallyl	trisulfide,	diallyl	

disulfide	and	diallyl	sulfide	(Figure	1.2).	While	none	of	these	derivatives	are	

currently	used	as	medical	treatments,	garlic	and	its	extracts	are	widely	used	in	

alternative	medicines.	In	addition,	garlic	and	its	constituents	have	been	linked	to	

cardiovascular	health,	anticarcinogenic	properties	as	well	as	altering	the	

pharmacokinetics	of	other	drugs	(reviewed	in	Tsai	et	al.,	2012).	

	

Diallyl	sulfide	(DAS)	is	an	allicin	derivative	that	is	partially	responsible	for	the	

strong	odour	and	taste	of	garlic.	It	is	114Da	in	size	and	consists,	as	the	name	

suggests,	of	a	single	sulfur	with	two	allyl	groups	attached	(Figure	1.2).	Previous	

studies	believed	that	diallyl	sulfide	is	oxidized	by	cytochrome	P450	in	the	body	

to	produce	byproducts	diallyl	sulfoxide	(DASO)	and	diallyl	sulfone	(DASO2)	

(Brady	et	al.,	1991;	Jin	&	Baillie,	1997).	It	has	been	suggested	that	inhibition	of	

cytochrome	P450s	by	DAS	may	be	responsible	for	a	range	of	the	health	benefits	

linked	to	garlic,	including	in	vivo	examples	of	anti-tumour	effects	(Yang	et	al.,	

2001).	DAS	has	also	been	suggested	to	attenuate	pulmonary	fibrosis	via	the	

NRF2	regulatory	pathway	(Ho	et	al.,	2017)	as	well	as	inducing	sult1e1	in	the	

mouse	liver	via	the	CAR	regulatory	pathway	(Sueyoshi	et	al.,	2011).		

	

A	large-scale	study	of	efflux	transporter	regulation	in	the	mouse	brain	showed	

that	DAS	was	the	most	potent	up-regulator	of	abcb1a	of	all	of	the	compounds	

tested	(Cui	et	al.,	2009).	Other	studies	have	shown	that	chronic	DAS	exposure	

can	lead	to	up-regulation	of	abcc3	in	the	liver	as	well	as	glutathione-S-

transferase	(GST)	conjugating	enzymes	in	both	the	liver	and	the	lung	(Lubet	et	
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al.,	1992;	Cherrington	et	al.,	2002;	Cherrington	et	al.,	2003;	Ho	et	al.,	2011).	

Studies	investigating	transporter	induction	by	DAS	have	only	been	conducted	in	

adult	animal	models	and	not	in	humans	or	at	earlier	developmental	stages.	As	

DAS	has	been	shown	to	be	a	potent	up-regulator	of	PGP	at	the	BBB	as	well	as	

having	examples	of	up-regulation	of	other	transporters	in	other	tissue	types,	it	

can	be	used	as	a	tool	to	test	efflux	transporter	up-regulation.	Within	this	Thesis	

DAS	has	been	employed	to	test	the	induction	of	ABC	efflux	transporters	at	the	

blood-brain	and	placental	interfaces	over	various	developmental	stages.		

	

Rhodamine	123	

Rhodamine	123	(R123)	is	a	naturally	fluorescent	compound	that	is	380Da	in	size	

(Kageyama	et	al.,	2006;	Sabnis,	2015).	It	has	been	used	extensively	as	a	measure	

of	PGP	activity,	labelled	as	a	prototypical	substrate.	R123	was	originally	used	to	

analyse	tumour	cells	and	acquired	resistance	(Lee	et	al.,	1994),	highlighting	

alterations	in	PGP	efflux.	Subsequently	R123	has	been	employed	in	a	host	of	in	

vivo	studies	including	those	investigating	PGP	efflux	at	the	placental	and	blood-

brain	barriers	(Pavek	et	al.,	2003;	de	Lange	et	al.,	1998).	A	study	by	Pavek	and	

colleagues	(2003)	on	rat	dually	perfused	term	placenta	showed	active	exclusion	

of	R123	from	the	fetal	compartment.	Adult	mouse	analysis	of	blood	to	brain	

transfer	of	R123	showed	a	greater	transfer	in	PGP	(abcb1a)	knockout	mice	

compared	to	controls	(de	Lange	et	al.,	1998).	Recent	studies	have	also	implicated	

R123	in	the	binding	to	other	transporters	including	BCRP,	although	the	evidence	

is	much	less	than	that	of	PGP	(reviewed	in	Zhang	et	al.,	2003).	R123	

experimentation	has	so	far	been	exclusively	on	adult	animal	models	and	is	yet	to	
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be	employed	in	developmental	studies.	In	the	present	Thesis	R123	has	been	used	

as	a	PGP	substrate	to	highlight	relative	differences	in	PGP	efflux	capacity.		

Digoxin	

Digoxin	is	a	781Da	glycoside	usually	prescribed	in	the	treatment	of	cardiac	

disorders	such	as	atrial	fibrillation	(Heard,	2004).	Digoxin	acts	to	inhibit	the	

sodium-potassium	ATPase	located	on	the	myocardium.	The	mechanistic	

contraction	of	the	heart	relies	on	calcium	availability	inside	the	cell.	By	blocking	

the	sodium-potassium	ATPase,	more	sodium	is	available	within	the	cell	to	

interact	with	the	sodium-calcium	transporter	resulting	in	more	calcium	inside	

the	cell	and	therefore	enhancing	contractile	force	(Smith,	1988).	Following	oral	

administration	digoxin	is	absorbed	through	the	small	intestine	and	binds	to	

plasma	proteins	at	a	rate	of	20-30%	(Iisalo,	1977).	Digoxin’s	half-life	is	

approximately	1.5	days	and	the	drug	is	excreted	largely	unchanged	(without	

conjugation	or	metabolism)	by	the	renal	system	(Iisalo,	1977).	

	

Digoxin	is	currently	considered	safe	for	use	during	pregnancy	in	Australia,	with	a	

category	A	rating	(see	above).	Placental	transfer,	however,	has	been	shown	to	

occur	with	greater	entry	at	second	compared	to	first	trimester	and	the	drug	

accumulates	in	specific	fetal	organs	such	as	the	heart	rather	than	the	brain	

(reviewed	in	Pacifici	&	Nottoli,	1995).	While	examples	of	fetal	toxicity	do	exist	

(Sherman	&	Locke,	1960),	it	is	generally	thought	to	be	non-teratogenic	and	has	a	

long	history	of	safe	clinical	use	(Vidovich	et	al.,	2019;	Gabbe	et	al.,	2016).	Digoxin	

is	also	used	as	a	treatment	for	fetal	supraventricular	tachycardia	either	by	direct	
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intramuscular	injection	or	exposure	via	the	maternal	circulation	(Graham	et	al.,	

2019).		

	

Placental	transfer	studies	in	mice	have	shown	that	abcb1	(PGP)	knockouts	have	

2.4	times	higher	transfer	of	digoxin	compared	to	wildtype	controls	(Smit	et	al.,	

1999).	A	study	in	abcb1a	(PGP)	knockout	mice	revealed	that,	following	

intravenous	administration	of	digoxin	approximately	200	times	more	digoxin	

made	it	to	the	CNS	in	the	absence	of	PGP	compared	to	controls	(Mayer	et	al.,	

1996).	Studies	in	pregnant	mice	correlated	the	entry	of	digoxin	into	fetal	brain	

with	the	expression	of	abcb1a	in	the	brain.	At	E18.5	fetal	brain	expression	of	

abcb1a	was	over	2	times	higher	than	at	E15.5,	with	digoxin	transfer	being	5	

times	lower	at	E18.5	compared	to	E15.5	(Petropolous	et	al.,	2010).		

	

Studies	have	also	linked	digoxin	to	the	organic	anion	transporting	polypeptide	

(OATP2),	which	is	present	on	both	cerebral	endothelial	and	choroid	plexus	cells	

(Gao	et	al.,	1999).	It	is	likely	that	both	PGP	(for	which	digoxin	is	a	prototypical	

substrate)	and	lesser-studied	transporters,	such	as	OATP2,	limit	digoxin	entry	

across	brain	barrier	systems.	In	this	Thesis	digoxin	has	been	used	as	a	substrate	

for	PGP,	as	well	as	being	tested	for	PGP	induction	capacity.	

	

Cimetidine	

Cimetidine	is	a	252Da	H2	receptor	antagonist	that	acts	on	parietal	cells	in	the	

stomach	to	inhibit	the	production	of	stomach	acid	(Corey	et	al.,	2007).	In	the	

clinic	it	is	primarily	used	to	treat	peptic	ulcers	and	heartburn.	Additionally,	
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during	labour	cimetidine	is	sometimes	used	to	prevent	the	development	of	

Mendelson’s	syndrome,	a	pneumonitis	resulting	from	anaesthesia	(McGowan,	

1979).	Cimetidine	has	plasma	binding	properties	of	approximately	20%	and	a	

half-life	of	between	1	and	4	hours.	It	is	excreted	by	the	liver	either	unchanged	

(60%)	or	as	metabolites	cimetidine	sulfoxide	or	hydroxymethyl	cimetidine	

(Gupta	&	Singh-Radcliff,	2013;	Kacew,	2018;	Mitchell,	2014).	

	

Cimetidine	is	a	pregnancy	category	B	drug	in	both	Australia	and	USA,	with	no	

major	evidence	of	human	harm,	although	studies	are	limited.	Despite	its	

peripheral	use	cimetidine	is	thought	to	widely	distribute	throughout	the	body,	

including	its	ability	to	cross	the	BBB	causing	dizziness	and	headaches	in	some	

patients	(Gupta	&	Singh-Radcliff,	2013).	Case	study	examples	suggest	the	

potential	for	hepatic	damage	in	the	child	following	its	use	in	pregnancy	use	but	

negative	neurological	outcomes	have	not	been	reported	(Glade	et	al.,	1980).	

	

Placental	perfusion	studies	on	human	tissue	suggest	that	cimetidine	transfer	is	

bidirectional	across	the	placenta	and	much	lower	than	other	compounds	

(Schenker	et	al.,	1987;	Ching	et	al.,	1987).	Cimetidine	studies	have	observed	

active	transport	from	plasma	to	milk;	suggesting	cimetidine	use	during	

breastfeeding	may	lead	to	exposure	in	the	child	(Gerk	et	al.,	2001;	Somogyi	&	

Gugler,	1979).	Dually	perfused	rat	placental	studies	have	suggested	that	BCRP	

can	prevent	fetal	transfer	and	actively	remove	cimetidine	from	fetus	to	mother,	

with	PGP	inhibitors	having	no	effect	on	transfer	(Staud	et	al.,	2006).	Changes	in	

BCRP	(abcg2)	levels	in	the	rat	brain	have	also	been	linked	to	differential	transfer	

of	cimetidine	(Liu	et	al.,	2007).	Experimentation	in	fetal	rats	has	shown	that	
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more	cimetidine	accessed	the	fetal	brain	at	E18	compared	to	E21,	although	how	

this	relates	to	developmental	abcg2	profiles	is	still	in	question	(Cygalova	et	al.,	

2008;	Ek	et	al.,	2010).	In	the	present	study	cimetidine	has	been	used	as	a	

relatively	specific	BCRP	substrate.	

	

Paracetamol	

Paracetamol	(acetaminophen)	is	one	of	the	most	widely	consumed	drugs	in	the	

world,	with	studies	suggesting	up	to	24%	of	adult	women	in	the	USA	consume	

the	drug	weekly	(Curhan	et	al.,	2002).	First	used	clinically	in	the	1800s	

(reviewed	by	Prescott,	2000),	paracetamol	has	a	long	history	of	safe	application,	

available	‘over	the	counter’	at	low	prices	and	currently	listed	on	the	World	

Health	Organization’s	(WHO’s)	list	of	essential	medicines	(World	Health	

Organization,	2017).	Intriguingly,	the	mechanism	of	action	is	widely	regarded	to	

remain	unknown	to	this	day,	although	multiple	groups	have	raised	various	

theories	(reviewed	by	Bertolini	et	al.,	2006).	These	include	a	CNS	specific	

inhibition	of	the	COX	pathway	or	by	indirect	activation	of	the	endogenous	

cannabinoid	system	(Bertolini	et	al.,	2006;	Ghanem	et	al.,	2016).	

	

Paracetamol	is	151Da	in	size	and	is	routinely	taken	to	treat	a	range	of	conditions,	

principally	to	reduce	of	pain	or	fever.	These	symptoms	are	quite	common	among	

adults,	children	and	pregnant	women.	Studies	suggest	that	nearly	70%	of	women	

in	the	USA	report	using	paracetamol	at	some	stage	during	their	pregnancy	

(Werler	et	al.,	2005)	and	the	WHO	(2012)	has	it	listed	as	the	only	safe	analgesic	

for	use	in	children	less	than	3	years	of	age.	Paracetamol	is	absorbed	by	the	
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gastrointestinal	tract	and	has	a	plasma	half-life	of	approximately	2	hours	

(Forrest	et	al.,	1982).	It	is	primarily	metabolized	in	the	liver	and	excreted	as	

glucuronidated	(55%)	and	sulfated	(30%)	products,	with	only	small	amounts	

(4%)	excreted	unchanged	(Forrest	et	al.,	1982).	

	

Courade	and	colleagues	(2001)	used	both	unlabelled	paracetamol	and	3H-

paracetamol	in	rats	to	show	that	the	drug	accessed	the	brain	in	a	homogenous	

distribution,	with	a	brain/plasma	ratio	of	approximately	40%.	In	ex	vivo	

placental	preparations	paracetamol	transfer	was	approximately	47%	(Conings	et	

al.,	2017).	Studies	of	human	baby	blood	soon	after	birth	has	also	shown	that	

maternally	directed	paracetamol	could	reach	fetal	blood	in	concentrations	

comparable	to	mother’s	blood	(Nitsche	et	al.,	2017).	While	specific	ABC	

transporters	have	not	been	solidly	linked	to	paracetamol	brain	barrier	exclusion,	

studies	in	the	adult	mouse	using	a	very	high	dose	(400mg/kg)	have	suggested	

that	paracetamol	can	up-regulate	PGP	(abcb1a)	as	well	as	MRP2	(abcc2)	and	

MRP4	(abcc4;	Ghanem	et	al.,	2015).	Hepatic	studies	on	knockout	mouse	models	

have	suggested	that	abcc3	(MRP3),	abcc4	(MRP4)	and	abcg2	(BCRP)	are	involved	

in	the	clearance	of	the	sulfated	metabolite	of	paracetamol,	with	abcc3	(MRP3)	

and	abcg2	(BCRP)	also	involved	in	the	transport	of	the	glucuronidated	conjugate	

(Zamek-Gliszczynski,	et	al.,	2006a;	2006b).	

	

Studies	regarding	the	potential	side	effects	of	paracetamol	exposure	early	in	life	

have	recently	been	published.	Experiments	in	mice	have	shown	that	neonatal	

(P10)	exposure	to	acetaminophen	can	lead	to	both	cognitive	impairments	and	a	

decreased	therapeutic	effect	of	acetaminophen	in	adulthood	(Viberg	et	al.,	2013).	
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Another	study	in	rats	suggested	that	fetal	exposure	to	paracetamol	via	the	

mother	can	lead	to	decreased	memory	and	poorer	decision	making	after	birth	

(Blecharz-Klin	et	al.,	2017).	Human	studies	have	recently	also	linked	

paracetamol	use	in	pregnancy	to	hyperkinetic	disorders	(Liew	et	al.,	2014)	and	

neurodevelopmental	problems	(Brandlistuen	et	al.,	2013).	Such	studies	warrant	

further	investigation	into	the	transfer	of	paracetamol	into	the	developing	brain	

and	its	effects	on	development.	In	this	Thesis	paracetamol	was	used	because	of	

its	widespread	application	in	adults,	during	pregnancy	and	neonates.	It	is	also	a	

medication	that	by	definition	should	penetrate	the	CNS	for	its	analgesic	effects	

and	has	been	linked	to	efflux	by	MRP/BCRP	transporters	in	at	least	some	tissues.	

	

Passive	markers	

Sucrose,	L-glucose	and	glycerol	were	used	in	this	Thesis	as	examples	of	

molecules	that	pass	through	barriers	in	a	“passive”	fashion,	not	known	to	be	

actively	influxed	or	effluxed	by	transporters	at	brain	barrier	interfaces.	Studies	

have	shown	that,	unlike	the	D	isomer,	L-glucose	does	not	bind	to	the	uptake	

transporter	GLUT1	(Burant	&	Bell,	1992).	The	three	molecules	have	been	studied	

for	transfer	across	the	blood-brain	barriers	and	have	been	found	to	transfer	in	

rates	comparable	with	passive	diffusion,	separate	to	those	known	to	bind	to	

transporter	systems	(Levin	1980;	Garberg	et	al.,	2005;	Ek	et	al.,	2001).		
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Figure	1.2.	A)	The	chemical	structure	of	allicin	and	its	breakdown	into	major	

byproducts	diallyl	sulfide	(DAS;	used	in	this	study),	diallyl	disulfide	(DADS)	and	diallyl	

trisulfide	(DATS).	The	chemical	structure	of	rhodamine-123	(R123)	is	shown	in	B)	and	

the	chemical	structure	of	digoxin	shown	in	C).	In	D)	the	structure	of	cimetidine	is	shown	

breaking	down	to	major	constituents	cimetidine	sulfoxide	and	hydroxyl	cimetidine.	E)	

shows	paracetamol	and	its	major	glutathionated	(GSH),	glucuronidated	and	sulfated	

metabolites.	
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Outline	of	the	present	Thesis	

The	present	study	aimed	to	investigate	the	inherent	protective	capacity	of	the	

series	of	barriers	that	prevent	molecular	transfer	to	the	brain	and	how	this	may	

differ	over	the	course	of	development.	Currently,	research	in	this	area	has	

focused	mostly	on	the	adult,	with	minimal	work	conducted	on	neonates	and	

almost	no	work	conducted	at	the	fetal	stage.	This	Thesis	intends	to	provide	the	

groundwork	regarding	experimentation	on	drug	entry	into	the	developing	brain	

using	a	rat	model.	This	includes	biological	information	about	the	barriers	of	

interest,	methodology	to	test	drug	transfer	of	a	subset	of	medications	and	how	

cellular	responses	to	these	drugs	may	influence	drug	transfer	over	the	course	of	

prolonged	treatment.	

	

Seven	major	Chapters	form	the	body	of	this	Thesis.	Chapter	1	outlines	the	

general	background	literature	and	is	followed	by	Chapter	2	detailing	the	

experimental	methods	used	throughout	the	future	Chapters.	The	major	research	

of	this	Thesis	is	described	in	Chapters	3-6,	with	each	Chapter	outlined	in	detail	

below.	Each	research	Chapter	is	structured	with	five	main	sections:	an	abstract,	

introduction,	brief	description	of	methods,	experimental	results	and	a	

discussion.	The	Thesis	closes	(Chapter	7)	with	a	final	discussion	of	the	project	as	

a	whole,	the	limitations	of	the	methods	employed	and	the	future	directions	of	

research.	

	

Chapter	3	investigates	the	expression	of	ABC	Efflux	transporters	in	the	rat	at	

E19,	P4	and	adult.	This	Chapter	details	8	major	ABC-transporters	(abcb1a,	
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abcb1b,	abcg2	abcc1,	abcc2,	abcc3,	abcc4	and	abcc5)	at	the	placenta,	brain	

cortices	(site	of	blood-brain	barrier)	and	choroid	plexus	(site	of	blood-CSF	

barrier).	In	addition,	this	Chapter	investigates	the	distribution	of	ABC	efflux	

transporters	at	the	ventricular	interface	(CSF-brain	barrier)	at	various	

developmental	stages	using	immunohistochemical	staining.	As	a	whole,	Chapter	

3	will	form	a	detailed	understanding	of	the	baseline	levels	of	efflux	transporters	

present	at	key	barriers	protecting	the	developing	brain.	

	

In	Chapter	4	one	of	the	most	widely	studied	ABC	transporters,	PGP	

(abcb1a/abcb1b),	is	evaluated	in	detail	for	changes	in	efflux	capacity	and	

transcriptional	regulation	over	various	developmental	stages.	A	well-

characterized	substrate	(rhodamine-123,	R123)	and	up-regulating	inducer	

(diallyl	sulfide,	DAS)	were	used	to	evaluate	any	differences	in	PGP	function	and	

regulation	in	the	brain,	choroid	plexus	and	placenta	over	development.	These	

prototypical	molecules	have	well-established	literature	results	in	the	adult,	

allowing	the	comparative	evaluation	of	neonatal	and	fetal	responses.	Chapter	4	

describes	age-dependent	differences	in	the	functional	capacity	of	abcb1a/abcb1b	

(PGP)	at	key	blood-brain	interfaces,	as	well	as	the	capacity	of	these	barriers	to	

regulate	transporter	expression.	

	

Chapter	5	expands	on	the	results	from	Chapter	4	to	investigate	3	common	

medications	used	in	the	clinic:	digoxin,	cimetidine	and	paracetamol.	The	transfer	

of	these	compounds	into	the	brain	and	CSF	was	estimated	for	a	range	of	

developmental	ages	as	well	as	the	transfer	across	the	placenta.	Differences	

between	the	transfer	of	these	compounds	acutely	and	following	chronic	
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exposure	was	also	investigated.	In	addition	molecules	known	to	passively	enter	

the	brain	without	being	actively	effluxed	(sucrose,	L-glucose	and	glycerol)	were	

measured.	A	comparison	between	the	transfer	of	actively	effluxed	drugs	and	

passive	compounds	provided	an	indication	of	the	functional	capacity	of	efflux	

transporters	at	each	developmental	stage	investigated.		

	

In	Chapter	6	the	transfer	of	paracetamol	at	various	barriers	and	ages	was	

examined	in	further	detail.	This	involved	analysis	of	multiple	paracetamol	doses	

using	liquid	scintillation	counting,	as	well	as	measurements	of	paracetamol	and	

its	metabolites	using	LC	MS/MS.	In	addition,	this	Chapter	visualized	drug	

distribution	in	the	brain	using	autoradiography	and	measured	changes	in	gene	

transcription	in	the	brain	and	placenta	following	chronic	exposure	using	

RNAseq.	Chapter	6	outlines	one	of	the	most	common	medications	worldwide,	

paracetamol,	and	its	transfer	into	the	brain	under	various	conditions	of	dose,	

treatment	length	and	age	of	application.		

	

Understanding	the	functional	effectiveness	of	brain	barriers	to	prevent	drug	

entry	at	different	ages	is	important	for	clinicians	to	determine	safe	drug	

prescription	for	different	patient	cohorts.	This	requires	an	understanding	not	

only	of	how	the	properties	of	barriers	change	with	development	but	also	how	

different	drug	types,	drug	quantities	and	treatment	lengths	may	impact	on	

barrier	transfer	at	different	stages	of	life.	As	a	whole,	the	present	Thesis	intends	

to	formulate	a	detailed	framework	to	begin	understanding	medicinal	transfer	

into	the	fetal	and	newborn	brain	and	how	that	may	differ	to	later	in	life.	
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Chapter 2: 
General Methods 
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Animal	experimentation	

Animal	model:	Rattus	norvegicus	

The	Sprague	Dawley	strain	of	Rattus	norvegicus	was	used	as	a	model	to	

investigate	the	functional	capabilities	of	the	maternal-fetal	and	various	blood-

brain	barriers	to	restrict	medication	transfer.	For	gluthathione-S-transferase	

activity	studies	all	procedures	involving	animals	were	approved	by	the	French	

Ethical	Committee	(decret	87-848)	and	conducted	in	compliance	with	the	

European	Economic	Community	directive	(86-609-EEC).	All	other	

experimentations	involving	animals	were	approved	by	the	University	of	

Melbourne	Animal	Ethics	Committee	and	conducted	in	compliance	with	

Australian	National	Health	and	Medical	Research	Guidelines.	

	

Rats	were	housed	in	groups	of	2-4	for	adult	studies	and	full	litters	with	mother	

for	early	post-natal	studies.	Cages	(25cm	x	35cm	x	25cm	dimensions)	were	lined	

with	paper	bedding	(Breeders	Choice)	with	additional	shredded	paper	for	

nesting.	All	rats	were	subjected	to	a	12hr	light/dark	cycle	with	ad	libitum	access	

to	food	(dry	pellets,	Specialty	Feeds)	and	water.	Rattus	norvegicus	reaches	sexual	

maturity	from	5	weeks	of	age,	making	ages	of	5-10	weeks	(170-230g)	

appropriate	for	both	adult	and	pregnancy	studies.	Age	groups	investigated	are	

clearly	defined	in	each	Chapter’s	methods	section,	with	E	referring	to	the	

embryonic	day	of	life	post	conception	and	P	referring	to	the	postnatal	day	post	

birth.	Ages	described	in	this	thesis	include	(listed	as	treatment	completion)	E13,	

E15,	E19,	E20,	P4,	P14	and	adults	(170-230g	non-pregnant;	350-450g	pregnant).	
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Weight	and	health	of	the	rats	were	monitored	multiple	times	daily.	Rat	numbers	

(n)	for	each	group	can	be	found	in	Figure	legends.	

	

Drugs	

The	relevant	manufacturer	and	product	information	of	all	drugs	and	markers	

used	in	this	Thesis	can	be	found	in	Table	2.1	and	Table	2.2.	In	all	studies	drugs	

were	applied	as	the	non-radioactive,	normal	form	as	listed	in	Table	2.1.	For	

liquid	scintillation	counting	studies	the	non-radioactive	drug	was	applied	with	

trace	amounts	of	the	radiolabeled	form	of	the	drug	listed	in	Table	2.2.	

	

Injection	protocol	

For	all	experiments	the	same	dose,	adjusted	for	weight,	was	given	to	all	animals.	

For	all	postnatal	animals	(P4,	P14,	adult)	drugs	were	applied	intraperitoneal	

(i.p.).	In	pregnancy	experiments	the	final	injection	was	given	intravenously	(i.v.)	

due	to	the	opening	of	the	peritoneal	cavity	prior	to	the	sampling	period	in	order	

to	gain	access	to	the	fetuses.	For	more	information	regarding	i.v.	injections	

please	see	the	‘anaesthesia	and	sample	collection’	section	below.	For	passive	

permeability	marker	experiments	fetal	animals	were	injected	i.p.	while	still	

within	the	uterine	horn.		

	

	

	



	
	
	 51	

Marker	 MW	(Da)	 Manufacturer	 Code	No.	

Paracetamol	 151.16	 SigmaAldrich	 A7085	

Digoxin	 780.94	 SigmaAldrich	 D6003	

Cimetidine	 252.34	 SigmaAldrich	 C4522	

Diallyl	sulfide	 114.21	 SigmaAldrich	 A35801	

Rhodamine-123	 380.82	 SigmaAldrich	 R8004	
	
Table	2.1.	The	manufacturer’s	information	for	all	compounds	used	within	this	Thesis.	

Molecular	weight	(MW)	is	listed	in	Daltons	(Da).	
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Marker	 Radiolabel	 MW	(Da)	 Manufacturer	 Code	No.	

Paracetamol	 [2,6-3H]	 151.2	 American	Radiolabeled	
Chemicals,	Inc.	 ART0679	

Digoxin	 [3H(G)]	 780.9	 American	Radiolabeled	
Chemicals,	Inc.	 ART1323	

Cimetidine	 [3H(G)]	 252.3	 American	Radiolabeled	
Chemicals,	Inc.	 ART1548A	

Glycerol	 [2-3H]	 92.0	 PerkinElmer	 NET022L001MC	

Sucrose	 [U-14C]	 342.0	 Amersham	International	 CFB146	

L-Glucose	 [1-14C]	 180.0	 Amersham	International	 CFA328	
	
Table	2.2.	The	manufacturer’s	information	for	all	radioactively	labelled	compounds	

used	within	this	Thesis.	Molecular	weight	(MW)	is	listed	in	Daltons	(Da)	as	is	the	

location	of	the	radiolabel.		
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Acute	exposure	

In	rhodamine-123	(R123)	studies	the	compound	was	administered	at	various	

concentrations	(2.5mg/kg,	5mg/kg,	10mg/kg,	15mg/kg,	20mg/kg)	to	provide	a	

dose	response	(see	Chapter	4).	For	drug	exposure	studies	doses	were	selected	

based	on	use	in	clinical	practice	according	to	the	Australian	Medicines	Handbook	

(2019)	and	adjusted	for	body	weight.	Cimetidine	was	applied	at	11mg/kg	per	

dose,	digoxin	at	30μg/kg	per	dose	and	paracetamol	at	15mg/kg	per	dose	(or	

3.75mg/kg	for	lower	dose	studies,	see	Chapter	6).	Rhodamine-123,	cimetidine	

and	paracetamol	were	dissolved	in	sterile	0.9%	sodium	chloride	solution.	

Digoxin	was	dissolved	in	ethanol	before	dilution	in	sterile	0.9%	sodium	chloride	

solution	for	injection	with	the	final	ethanol	concentration	<5%.		

	

Chronic	(prolonged)	exposure	

For	DAS	studies	injections	were	delivered	i.p.	undiluted	via	Hamilton	syringes	at	

a	dose	of	200mg/kg.	For	transcriptomic	studies,	the	DAS	was	applied	once	daily	

for	four	days	with	tissue	being	taken	on	the	fifth	day,	as	per	the	protocol	

established	by	Cui	et	al.	(2009).	For	GST	activity	assays	injections	were	given	i.p.	

once	daily	for	3	days	with	tissue	taken	on	the	4th	day	as	per	previous	protocols	

regarding	NRF2	and	CAR	pathway	induction	of	GST	(Kwak	et	al.,	2001;	Huang	et	

al.,	2004).	For	all	DAS	studies	age-matched	controls	received	no	injections.	For	

paracetamol,	cimetidine	and	digoxin	experiments	the	same	doses	were	applied	

as	with	acute	experiments	(see	above),	but	given	bi-daily	for	4	days	with	

sampling	conducted	on	the	5th	day.		
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Anaesthesia	and	sample	collection		

For	all	experiments	samples	were	taken	30min	after	the	final	injection	of	a	

treatment	regime.	For	all	RNAseq	and	RT-qPCR	studies	samples	were	taken	

under	RNase	(ribonuclease)	-free	conditions.	

	

Non-pregnant	experiment	anaesthesia		

For	adult	and	early	postnatal	(P4,	P14)	experiments	animals	were	terminally	

anaesthetized	using	an	overdose	of	inhaled	isofluorane	(IsoFlo	100%	w/w,	

Abbott	Laboratories)	before	surgically	cutting	the	diaphragm	and	transecting	the	

heart.	

	

Pregnancy	experiment	anaesthesia		

In	pregnancy	experiments	animals	were	anaesthetized	i.p.	with	25%	w/v	

urethane	(Sigma;	1ml	per	100g	body	weight	dose).	Animals	were	placed	on	a	

33°C	heating	plate	in	a	supine	position	and	an	endotracheal	catheter	inserted	to	

maintain	a	clear	airway.	The	femoral	artery	and	vein	of	the	left	hindlimb	were	

cannulated	to	provide	access	for	collecting	arterial	blood	samples	and	

intravenous	(i.v.)	injection	of	the	radiolabelled	drug	or	marker	solution;	the	

cannula	periodically	flushed	with	0.3ml	of	heparinized	(Hospira	Inc.,	5	units	per	

ml)	saline.	All	injections	were	made	by	slow	infusion.		

	

Starting	at	30min	after	injection	the	blood,	CSF	and	brain	samples	(following	

terminal	exsanguination)	were	collected	serially	from	each	embryo.	At	the	time	
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of	each	embryo	sampling,	the	state	of	the	placental	circulation	was	assessed	from	

the	colour	of	the	blood	vessels	(pink	umbilical	veins	indication	reasonable	

oxygenation).	Due	to	the	large	number	of	fetuses	per	mother	sampling	was	

conducted	between	30min	post-injection	and	2.5hr	post-injection.	

	

Blood	sampling	

For	adult	rats	heparinized	syringes	were	used	to	obtain	blood	samples	directly	

from	the	right	ventricle	of	the	heart.	For	younger	pups	and	embryos	blood	

samples	were	taken	with	heparinized	glass	micropipettes	either	from	the	right	

ventricles	of	the	heart	or	via	drainage	from	the	left	subclavian/axillary	artery	in	

the	very	small	embryos.	Blood	samples	(200μl)	were	collected	from	the	maternal	

arterial	cannula	to	measure	levels	of	radioactivity	in	the	maternal	circulation	at	

the	time	of	each	fetal	sampling.	Maternal	blood	volume	was	maintained	by	intra-

arterial	injection	of	equivalent	volumes	of	heparinized	sodium	chloride	solution,	

which	also	served	to	maintain	the	patency	of	the	cannula.	Embryos	were	

sampled	sequentially	over	a	2.5-hr	period.	All	blood	samples	were	centrifuged	

(5min,	7,000rpm)	and	the	plasma	removed	and	stored	at	-20°C.		

	

CSF	sampling	

CSF	samples	were	taken	from	the	exposed	cisterna	magna	of	the	hindbrain	with	

glass	micropipettes	(Habgood	et	al.,	1992).	Muscle	layers	were	surgically	

retracted	down	to	the	level	of	the	white	dura	mater	at	the	back	of	the	skull.	A	

small	patch	of	the	dura	was	blunt	dissected	with	forceps	down	to	the	last	clear	
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layer.	The	sharp	tip	of	the	micropipette	was	then	very	carefully	pushed	through	

the	dura	on	a	shallow	angle	to	avoid	deep	vertical	penetration	that	would	

damage	blood	vessels	on	the	surface	of	the	brain.	All	CSF	samples	were	

centrifuged	(5min,	7,000rpm)	then	visually	examined	under	a	dissecting	

microscope	for	any	traces	of	blood	contamination	(i.e.	the	presence	of	a	small	red	

blood	cell	pellet).	Any	contaminated	samples	were	discarded	and	clean	samples	

were	stored	at	-20°C	(Habgood	et	al.,	1992).	

	

Tissue	sampling	

Following	blood	sampling,	liver	was	taken	as	a	comparative	tissue.	CSF	was	then	

sampled	as	described	above,	before	the	brain	was	removed	from	the	skull	and	

the	lateral	choroid	plexuses	taken	by	dissection	to	open	the	lateral	ventricles.	

Brain	samples	were	then	taken	following	choroid	plexus	removal	as	cortical	

sections	of	frontal	and	parietal	cortex	above	the	lateral	ventricle	as	shown	in	

Figure	2.1	(Koehn	et	al.,	2019a).	Placental	samples	were	taken	from	each	

embryo,	separated	from	the	external	amniotic	sac	and	removing	protruding	

umbilical	vessels.	All	tissue	samples	were	transferred	to	cryovials	and	

immediately	frozen	in	liquid	nitrogen	before	being	moved	to	-80°C.		
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Figure	2.1.	Illustration	of	the	position	where	cortical	samples	were	taken	for	all	

experimentation	throughout	this	Thesis.	Samples	were	taken	above	the	lateral	

ventricles	(blue)	and	included	the	ventricular	layer	(neuroependyma	or	ependymal	

depending	on	developmental	stage).	All	pia	mater	and	choroid	plexuses	were	removed	

prior	to	brain	sampling.	Figure	previously	published	(Koehn	et	al.,	2019a).	
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Primary	astrocyte	cell	culture	

Choroid	plexuses	were	removed	from	P2	Sprague	Dawley	rat	brains	(n=3)	and	

the	cortex	sampled	as	shown	in	Figure	2.1.	Cortex	was	filtered	using	80µm	filter	

paper	into	7.5ml	of	medium	(220ml	Dulbecco's	Modified	Eagle	Medium	GIBCO,	

25ml	fetal	bovine	serum	EUROBIO,	2.5ml	Glutamax	GIBCO,	2.5ml	penicillin	

streptomycin	GIBCO).	The	medium/homogenate	was	further	diluted	(5.75ml	+	

17.25ml	medium)	and	added	to	6	well	clear	plastic	plates	with	275.2μL	per	well.	

Samples	were	cultured	for	2	weeks	at	37°C	with	medium	changing	every	3-4	

days.	Culture	purity	was	not	examined,	meaning	that	other	brain-derived	cells	

may	have	contributed	to	GST	production	and	activity.		

	

Treatment	protocols	

Cells	were	treated	with	100µl	doses	of	100µM	DAS,	500µM	DAS,	20µM	tert-

Butylhydroquinone	(TBHQ),	50µM	TBHQ,	dimethyl	sulfoxide	(DMSO)	or	left	as	

untreated	controls.	Solutions	were	initially	diluted	in	DMSO	then	in	medium	to	

result	in	a	final	well	concentration	of	0.1%	DMSO.	Cells	were	collected	via	

scraping	24hr	or	48hr	post-treatment	on	ice	and	stored	at	-80°C.	
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Transcriptomic	analysis	

Transcriptomic	analysis	was	conducted	using	Real-Time	quantitative	

Polymerase	Chain	Reaction	(RT-qPCR)	or	RNA	sequencing	(RNAseq)	in	order	to	

analyse	the	level	of	mRNA	expression	of	various	genes	of	interest.	This	allowed	

an	interpretation	of	the	amount	of	a	particular	gene	of	interest	being	produced	

either	under	control	conditions	or	following	treatment.	All	direct	comparisons	

between	animals	were	made	regarding	one	gene	on	one	tissue	type.	For	each	

statistical	comparison	all	samples	were	run	on	the	same	RT-qPCR	plate,	with	

results	from	multiple	plates	combined	on	occasion	for	graphical	representation	

only.	

	

Tissue	collection		

Tissue	samples	were	dissected	as	described	above	under	RNAse	free	conditions	

via	RNaseZap	(Invitrogen).	Samples	were	placed	in	RNAse-free	cryovials	and	

frozen	immediately	in	liquid	nitrogen	before	being	stored	at	-80°C.		

	

RNA	extraction	

All	equipment	and	bench-spaces	were	cleaned	with	ethanol	(70%)	and	

RNaseZap	(Invitrogen)	to	maintain	RNAse-free	conditions	throughout	the	

extraction	procedure.		Tissues	were	removed	from	the	-80°C	storage	and	placed	

on	ice.	RNA	was	extracted	using	commercially	available	RNeasy	Plus	Mini	Kits	

(Qiagen)	and	QIAshredder	(Qiagen)	for	liver,	cortex	and	placenta	or	using	the	
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RNeasy	Plus	Micro	Kits	(Qiagen)	for	choroid	plexus	and	fetal	cortex,	as	per	the	

manufacturers	specifications.		

	

Liver	and	cortical	samples	

Samples	were	lysed	in	600µl	of	RLT	buffer	(Qiagen)	mixed	with	6µl	10%	β-

mercapthanol	using	a	pipette	until	no	visible	solids	remained.	The	lysate	was	

passed	through	the	Qiashredder	and	centrifuged	(14,500rpm	for	2min).	Lysate	

was	removed	and	centrifuged	once	more	(14,500rpm	for	3min)	in	order	to	

separate	out	all	solids.	The	lysate	was	then	placed	in	a	gDNA	eliminator	column	

(Qiagen)	and	centrifuged	(10,000rpm	for	30sec)	in	order	to	remove	all	genomic	

DNA.	600µl	of	RNAse-free	ethanol	(70%)	was	added	to	the	lysate	and	the	

solution	placed	through	the	RNeasy	column	(Qiagen)	and	centrifuged	

(10,000rpm	for	15sec).	The	flow	through	solution	was	discarded	and	the	RNeasy	

column	was	washed	with	700µl	of	RW1	buffer	(Qiagen)	and	twice	with	500µl	

RPE	buffer	(Qiagen),	spinning	in	the	centrifuge	between	each	wash	(10,000rpm	

15sec).	RNA	was	extracted	from	the	column	with	30µl	RNAse	free	water	and	

centrifuged	a	final	time	(10,000rpm	for	1min).		

	

Choroid	plexus	and	fetal	cortical	samples	

Samples	were	lysed	in	250µl	of	RLT	buffer	(Qiagen)	mixed	with	2.5µl	10%	β-

mercapthanol	using	a	pipette	until	no	visible	solids	remained.	250µl	of	70%	

ethanol	was	added	to	the	lysate,	which	was	transferred	to	the	RNeasy	column	

(Qiagen)	and	centrifuged	(10,000rpm	for	15sec).	The	flow	through	solution	was	
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discarded	and	the	RNeasy	column	was	washed	with	350µl	of	RW1	buffer	

(Qiagen)	and	centrifuged	(10,000rpm	15sec)	before	the	flow	through	was	

discarded.	A	DNase	mix	(70µl	RDD	+10µl	DNAse;	both	Qiagen)	was	added	to	the	

RNeasy	column	and	kept	at	room	temperature	for	15min.	350µl	of	RW1	buffer	

was	once	again	added,	centrifuged	(10,000rpm	15sec)	and	flow	through	

discarded	before	the	same	wash	protocol	was	repeated	with	500µl	of	RPE	wash	

and	once	again	with	500µl	of	80%	ethanol.	The	column	was	spun	one	final	time	

in	a	new	2ml	collection	tube	(14,500rpm	for	1min)	before	being	transferred	to	a	

RNase	free	1.5ml	conical	tube,	and	left	open	for	5min	to	evaporate	any	leftover	

alcohol.	RNA	was	extracted	from	the	column	with	18µl	RNAse	free	water,	left	for	

5min	to	seep	into	the	column	and	centrifuged	a	final	time	(10,000rpm	for	1min).		

	

Real-time	quantitative	polymerase	chain	reaction	

Nanodrop	measurements		

RNA	concentrations	and	purity	were	measured	using	a	NanoDrop	ND-1000	UV-

VIS	spectrophotometer	(Thermo	Scientific).	ng/µl	concentrations	were	noted	for	

cDNA	conversion	calculations.	Wavelength	ratios	were	also	recorded	with	a	

260/280	ratio	of	between	2.0-2.2	and	a	ratio	of	260/230	between	1.8-2.2	

indicating	high	RNA	quality	with	minimal	contamination	by	protein	or	other	

miscellaneous	contaminants.	

	



	
	
	 62	

cDNA	conversion	

The	single	stranded	RNA	extracted	above	was	converted	into	double	stranded	

complementary	DNA	(cDNA)	using	the	Applied	Biosystems	High	Capacity	RNA-

cDNA	Kits.	Samples	were	diluted	in	RNase	free	H2O	to	standardize	them	to	the	

same	as	the	lowest	concentrated	sample	that	would	be	used	for	comparison.	Up	

to	3µg	of	RNA	was	added	(as	9µl)	to	10µl	of	2x	RT	reaction	mix.	The	RNA	and	RT	

reaction	mixture	was	added	to	either	1µl	of	20x	enzyme	mix	or	to	1µl	of	RNAse-

free	water	for	negative	control	samples.	Tubes	were	gently	mixed	and	incubated	

in	a	thermocycler	(Veriti	96	well	Applied	Biosystems)	set	at	35°C	for	60min	then	

5min	at	95°C	before	being	kept	at	4°C	until	transfer	into	-20°C	storage.		

	

Selection	and	validation	of	primers	

Primers	for	8	genes	of	interest	and	3	housekeeping	genes	were	used	in	this	

study.	The	full	list	of	primers	and	their	sequences	are	outlined	in	Table	2.3.	All	

primers	(forward	and	reverse)	were	Primer-Blast	searched	using	the	National	

Centre	for	Biotechnology	Information	(NCBI)	blast	tool	against	the	Rattus	

norvegicus	database.	These	searches	were	conducted	at	both	the	RNA	level	to	

ensure	that	the	primer	was	finding	the	intended	RNA	of	interest	as	well	as	the	

whole	Rattus	norvegicus	genome	to	ensure	it	was	not	finding	any	other	genetic	

material.	All	primers	were	pre-tested	on	brain	and	liver	tissue	samples	in	a	

serially	diluted	manner	(1:1,	1:5,	1:25,	1:125,	1:625)	and	validated	for	single	

peak	melt	curves	with	efficiencies	of	80-100%	(Table	2.3;	Table	2.4).	All	

housekeeping	primers	(β-actin,	bac;	peptidyl-prolyl	cis-trans	isomerase,	
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cyclophilin	B,	ppib;	ubiquitin	C,	ubc)	showed	similar	correlations	with	each	

transporter	of	interest	for	the	serially	diluted	samples.	All	within	age	studies	

used	an	average	of	two	housekeepers	(β-actin	and	ppib)	to	minimize	any	

potential	influence	of	individual	housekeeping	variations	on	results.	ubc	was	

used	on	studies	comparing	multiple	age-groups	directly	as	this	transporter	had	a	

greater	stability	over	development	than	β-actin	and	ppib.	

	

RT-qPCR		

Gene	expression	was	detected	via	SYBR	Green	fluorescence.	Mastermixes	were	

constructed	containing	5ml	Sybr	(with	ROX;	Qiagen),	1µl	forward	primer,	1µl	

reverse	primer	and	1µl	RNAse-free	deionized	water	on	ice.	Primers	were	applied	

for	a	final	concentration	of	800nM	(except	for	abcc1	which	was	run	at	400nM	to	

avoid	reads	in	non-template	control	wells).	cDNA	samples	were	diluted	1:10	in	

RNAse-free	deionized	water.	All	samples	were	run	on	a	384	well	plate	(Applied	

Biosystems)	and	triplicates	run	for	every	primer	and	cDNA	combination.	Every	

qPCR	well	was	filled	with	2μl	of	diluted	cDNA	and	8μl	of	mastermix.	No-template	

controls	(NTC;	cDNA	replaced	with	RNAse-free	water)	were	run	simultaneously	

and	gave	no	signal	(or	occasional	negligible	signal	>38Ct).	Plates	were	sealed	

with	a	Microamp	Optical	Adhesive	Film	(Applied	Biosystems)	and	centrifuged	

(600rpm	for	1min)	to	ensure	that	all	liquid	was	at	the	bottom	of	the	wells.	Plates	

were	run	on	an	ABI	Prism	7900HT	Real	Time	sequenced	analyser	(Applied	

Biosystems).	Cycle	parameters	are	outlined	in	Table	2.5.	Threshold	cycle	time	

(Ct)	values	were	calculated	as	an	average	of	the	triplicates	for	each	gene.	Relative	

gene	expression	was	calculated	as	a	comparison	between	the	gene	of	interest	
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and	either	a	single	housekeeper	(ubc)	or	an	average	of	two	housekeepers	

(β-actin	and	ppib)	depending	on	the	experiment	(see	above)	and	expressed	as	2-

ΔCt	(2-(GeneCt-HousekeeperCt)).	All	housekeepers	were	checked	for	statistically	

significant	differences	between	treatment	groups.	If	this	occurred	only	

housekeepers	were	used	that	were	stable	between	groups	to	avoid	significant	

different	based	on	a	treatment	influencing	housekeeper	expression.	These	cases	

are	highlighted	in	the	Experimental	Protocols	section	of	each	Chapter.	
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Gene	 FWD	 REV	 NCBI	 Effici
ency	

β-actin	
	

CCCTAGACTTCGAGCAAGAG	
	

	
GGATTCCATACCCAGGAAGG	

	

	
NM_031144.3	

	
91%	

	
ppib	
	

AGTGACCTTTGGACTCTTTGG	 TCCTTGATGACACGATGGAAC	
	

NM_022536.2	
	

96%	

ubc	 TCGTACCTTTCTCACCACAGTATCTAG	 GAAAACTAAGACACCTCCCCATCA	 NM_017314.1	 97%	

abcb1a	
	

CAACCAGCATTCTCCATAATA	
	

	
CCCAAGGATCAGGAACAATA	

	

	
NM_133401.1	

	
89%	

abcb1b	
	

CCATGTGGGCAAAGGTACTGA	
	

CTAAGACTTCTTCGGCAACT	
	

NM_012623.2	
	 84%	

abcg2	
	

CAGCAGGTTACCACTGTGAG	
	

TTCCCCTCTGTTTAACATTACA	 NM_181381.2	
	 91%	

abcc1	
	

CCTTGGGTCTGGTTTACTT	
	

ACAGGGGAACGACTGACAG	 NM_022281.2	
	 91%	

abcc2	
	

CAGGGCTGTGCTTCGAAAATCCAAAA	
	

GTGTGCAGCCTGTGAGCGATGGTGAT	 NM_012833.2	
	 92%	

abcc3	
	

CTCGCCCATCTTCTCCCACTTCTCGG	
	

CCGGTTGGAGGCGATGTAAGGATAAG	 NM_080581.1	
	 92%	

abcc4	
	

GAACGCTACGAGAAAGTCATC	
	

GCCCGTGCCAAGTTCAC	 NM_133411.1	
	 84%	

abcc5	
	

AACAGGAAGGATTCTCAACAGG	
	

TGAATGCTGGACGTGATATGG	 NM_053924.1	 86%	

	
Table	2.3.	List	of	RT-qPCR	primer	sequences	used,	the	associated	National	Centre	for	

Biotechnology	Information	(NCBI)	codes	and	the	efficiencies	as	determined	by	serial	

cDNA	dilutions.		
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Gene	 Melt	Curve	 Gene	 Melt	Curve	

β-actin	

	

abcc1	

	

	
ppib	
	

	

abcc2	

	

abcb1a	

	

abcc3	

	

abcb1b	

	

abcc4	

	

abcg2	

	

abcc5	

	

ubc	

	

	

	
Table	2.4.	Melt	curves	for	every	primer	used	in	experimentation.	Curves	taken	from	ABI	

Prism	7900HT	Real	Time	sequenced	analyser	(Applied	Biosystems;	see	General	

Methods).	X-axis	is	temperature	(°C),	Y-axis	is	derivative	reporter	(-Rn).	Note	single	

peaks.	
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Stage	 Temperature		 Time		 Repeats	

Initial		

	
50°C	
	

95°C	
	

	
2min	
	

10min	
	

	
1	
	
1	
	

Amplification		

	
95°C	
	

60°C	
	

	
30sec	
	

60sec	
	

	
40	
	

Melt	curve	

	
95°C	
	

60°C	
	

	
15sec	
	

60sec	
	

1	

	
Table	2.5.	RT-qPCR	settings	used	for	the	ABI	Prism	7900HT	Real	Time	sequenced	

analyser.	
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RNA	sequencing	(RNAseq)	

Illumina	sequencing	

Samples	were	collected	and	RNA	was	extracted	as	described	above.	RNA	was	

then	transported	on	dry	ice	to	the	Australian	Genome	Research	Facility	(AGRF)	

for	illumina,	Next-generation	sequencing.	Runs	were	100bp	single	reads,	

providing	raw	FASTAq	data.	

	

Data	analysis	

Raw	FASTAq	files	were	uploaded	to	Galaxy	Australia	and	analysed	using	the	

online	software	packages	available	(Afgan	et	al.,	2018).	Default	parameters	were	

used	unless	directly	specified.	Data	was	groomed	using	FASTQ	groomer	(Galaxy	

version	1.1.1)	and	checked	for	read	quality	using	FASTQC	read	quality	reports	

(Galaxy	version	0.72).	Alignment	was	conducted	with	HISAT2	(Galaxy	version	

2.1.0)	using	the	reference	genome	for	rat	(rn6)	and	the	reverse	strand	setting.		

	

For	transcript	quantification	and	differential	expression	analysis	three	different	

methods	were	employed.	The	field	of	RNAseq	analysis	has	a	wealth	of	programs	

available,	which	benefits	researchers	in	terms	of	analysis	flexibility.	For	

exploratory	studies,	however,	the	genes	that	are	statistically	different	between	

treatment	groups	may	differ	greatly	depending	on	which	data	pathways	are	

undertaken	(Seyednasrollah	et	al.,	2015;	Soneson	&	Delorenzi,	2013).	In	the	

present	study	three	analysis	pipelines	were	conducted	and	genes	found	to	be	
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significantly	different	by	at	least	2	of	the	3	pipelines	selected	as	genes	of	interest.	

This	method	decreased	false	positive	results	by	ensuring	that	the	selection	of	

significance	was	not	solely	dependent	on	the	statistical	package	selected.	It	also	

decreased	the	number	of	false	negatives,	as	only	2	of	the	3	pathways	needed	to	

identify	the	gene	as	significantly	different,	which	would	have	been	missed	if	only	

the	third	package	was	employed.		

	

The	first	statistical	pathway	employed	was	an	extension	of	the	tuxedo	suite,	

which	was	originally	the	gold	standard	of	differential	extension	analysis.	

Transcripts	were	assembled	with	Cufflinks	(Galaxy	version	2.2.1.2)	using	the	

reference	annotation	for	rat	RefGene	(genome;	UCSC	Main).	Relevant	data	was	

passed	through	Cuffmerge	(Galaxy	version	2.2.1.1)	and	analysed	for	differential	

expression	between	groups	of	interests	using	Cuffdiff	(Galaxy	version	2.2.1.5).	

The	second	and	third	pathways	aligned	counts	using	HT-seq	Counts	(Galaxy	

version	0.9.1)	with	the	reverse	strand	setting.	Generate	Count	Matrix	(Galaxy	

version	1.0)	produced	a	matrix	form	of	the	data	which	was	then	fed	through	

either	DESeq2	(Galaxy	version	2.11.40.6)	or	EdgeR	(Galaxy	version	3.24.1)	to	

receive	differential	expression	analysis	between	treatment	groups.	

	

Statistically	different	expression	levels	between	relevant	treatment	groups	were	

selected	if	at	least	2	of	the	three	pathways	reached	a	statistical	threshold	of	

p<0.05	for	the	adjusted	P	value	of	cuffdiff	(Padj),	DESeq2	(q	value)	or	EdgeR	

(FDR).	Gene	names	were	produced	via	bioDBnet	(Mudunuri	et	al.,	2009).	

Pathway	analysis	was	conducted	using	DAVID	v6.8	functional	annotations	

(Huang	et	al.,	2009a;	2009b).		
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GST	activity		

Spectrofluorimetry/spectrophotometry	

Glutathione-S-transferase	(GST)	specific	activity	was	measured	using	the	GST	

isoform	multispecific	substrate	monochlorobimane	(MCB;	Sigma)	as	previously	

described	(Kratzer	et	al.,	2018).	Briefly,	tissues	were	kept	on	ice	and	glass-glass	

homogenized	in	a	buffer	(0.25M	sucrose,	50nM	K-phosphate,	1mM	

Eethylenediaminetetraacetic	acid;	EDTA,	0.1mM	dithriothreitol;	DTT,	pH7.4)	to	

release	GST.	Homogenized	samples	were	added	in	varying	amounts	to	reaction	

buffer	(10mM	K-phosphate,	0.02%	BSA,	pH6.5)	with	50µM	MCB	and	1mM	

glutathione	(GSH;	Sigma).	The	glutathione	conjugate	formed,	MCB-SG,	was	

measured	spectrofluorimetrically	by	using	kinetic	analysis	with	

excitation/emission	wavelengths	of	355/460nm	(Tecan	Infinite	M200	Pro).	The	

linearity	of	fluorescence	rates	as	a	function	of	protein	content	in	the	assay	was	

verified	for	each	sample.	Assays	in	the	absence	of	homogenates	were	also	run	as	

controls	to	account	for	non-enzymatic	conjugation.		

	

For	quantification	purposes,	known	concentrations	of	MCB	and	rat	liver	

homogenate	were	incubated	with	excess	GSH	at	37°C	for	20min	to	produce	an	

internal	MCB-SG	standard.	Concentrations	were	verified	by	high	performance	

liquid	chromatography	(HPLC)	using	UV	detection	(236nm,	isocratic	25%	

acetonitrile,	1ml/min	flow	rate,	9min	retention	time)	by	determining	

unconjugated	MCB	levels.		
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Samples	were	corrected	for	protein	content	via	spectrophotometry	via	the	

Peterson	(1977)	method	(CARY	100	scan).		A	Calibration	curve	was	created	with	

bovine	serum	albumin	of	known	concentration.	Samples	(and	standards)	were	

diluted	to	varying	concentrations	and	applied	in	100ul	amounts	to	1ml	solution	

1	(1/4	vol	10%	sodium	dodecyl	sulfate,	1/4		vol	0.8N	NaOH,	1/8		vol	20%	Na2CO3,	

13/40	vol	dH2O,	1/40	vol	2%	tartrate,	1/40	vol	CuSO4)	for	10min.	The	solution	was	

then	incubated	in	the	dark	with	0.5ml	solution	2	(1/6	vol	folin,	5/6	vol	dH20)	for	

30min.	Samples	were	measured	at	25°C	at	750nm.		

 

Histology	

Tissue	collection	

For	immunohistochemical	staining	of	the	ventricular	(CSF-brain)	barrier	

samples	were	obtained	from	previous	studies	(Stolp	et	al.,	2005a;	2005b).	

Bouin’s	fixed,	paraffin	embedded	five	micron	coronal	sections	of	control	rat	

brains	were	selected	from	serially	sectioned	tissue	that	correspond	to	the	ages	

and	brain	region	used	for	RT-qPCR	(see	above).	At	least	two	brains	from	each	

age	group	(P0-4	referred	to	as	P4;	P10-14	referred	to	as	P14;	adult:	180-200g	

females)	were	included	in	the	study.	

	

For	autoradiography	of	radiolabelled	drugs,	cryostat	sectioning	of	frozen	

samples	was	employed.	Animals	were	treated	as	described	above	(see	Animal	

Experimentation)	and	whole	brains	removed	for	sectioning.	Brains	were	placed	
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on	aluminium	foil	floating	on	liquid	nitrogen	and,	once	frozen,	moved	to	-80°C	

for	storage.	

	

Immunohistochemistry	

Sections	were	processed	in	xylene	and	sequentially	graded	ethanol,	following	

standard	procedures	for	paraffin	embedded	sections.	Antigen	retrieval	was	

applied	for	some	antibodies	(Table	2.6),	where	sections	were	boiled	for	10min	in	

either	citrate	buffer	(pH6)	or	TEG	(1.211g	Calbiochem	Tris	base,	0.190g	SIGMA	

ethylene	egtazic	acid;	EGTA,	1L	distilled	H2O,	pH9).	Endogenous	peroxidases	

were	quenched	(0.5%	hydrogen	peroxide	in	TBS,	Tris-buffered	saline:	5mM	Tris-

HCL,	146mM	NaCl,	pH7.6),	followed	by	blocking	of	non-specific	binding	sites	

(10%	normal	goat	serum,	NGS).	Slides	were	incubated	overnight	with	primary	

antibodies	(Table	2.6;	diluted	10%	NGS)	at	4°C.	Extensive	washing	(TBS)	was	

completed	before	application	of	the	REAL	EnVision	Detection	System	

(Peroxidase/DAB+rabbit/mouse,	code	K5007,	DakoCytomation,	Denmark).	The	

positive	reaction	product	was	visualized	as	dark	brown	deposits	by	incubating	

sections	for	10min	with	the	DAB+	detection	kit	(DakoCytomation,	Denmark).	

Sections	were	washed	(TBS),	counter	stained	with	Mayer’s	hematoxylin	(Sigma),	

dehydrated	through	sequential	ethanol	and	xylene	washes	and	cover-slipped	

with	Pertex	mounting	medium	(HistoLab).	Control	sections	(incubated	with	

unrelated	immunoglobulin)	or	negative	controls	(no	antibody)	were	run	

simultaneously.	Images	were	taken	under	bright	field	(Olympus	BX50	

microscope,	DP60	digital	camera).	Minimal	colour	manipulation	was	used	only	to	

increase	contrast.		
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Primary	
Antibody	 Host	IgG	 Dilution	 Retrieval	 Producer	 Code	Number	

	
abcb1/PGP	

	
Mouse	IgG1	 1:15-1:30	 TEG	 Abcam	 ab3366	

	
abcg2/BCRP	

	
Mouse	IgG2a	 1:15-1:20	 M6	 Abcam	 ab3380	

	
abcc1/MRP1	

	
Mouse	IgG2a	 1:30-1:50	 M6	 Abcam	 ab24102	

	
abcc2/MRP2	

	
Rabbit	IgG	 1:200	 -	 Bioss	 bs-1092R	

	
abcc3/MRP3	

	
Rabbit	IgG	 1:100	 -	 Bioss	 bs-10163R	

	
abcc4/MRP4	

	
Rabbit	IgG	 1:100	 -	 Abcam	 ab180712	

	
abcc5/MRP5	

	
Rabbit	IgG	 1:100	 -	 Abcam	 ab180724	

	
Table	2.6.	List	of	the	primary	antibodies	used	for	immunohistochemical	staining	along	

with	the	producer	and	code	number.	Information	is	also	presented	for	the	original	host	

of	the	antibody,	the	dilution	used	and	whether	antigen	retrieval	steps	were	employed.		
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Autoradiography	

Frozen	brains	(see	above)	of	rats	exposed	in	vivo	to	3H	labelled	paracetamol	or	

digoxin	(acutely)	were	sectioned	using	a	cryostat	(Bright	OTF5000)	at	-20°C	

chamber	temperature.	Sections	were	taken	at	15µm	and	placed	on	glass	slides.	

Slides	were	apposed	to	3H	sensitive	Biomax	MS	film	with	Intensifying	screen	

(Kodak	Biomax)	and	left	to	develop	for	4	months.	Activity	range	standards	(0.07-

6.5nCi/mg	tissue	and	1-35nCi/mg	tissue;	AMARSHAM)	and	control	brains	(no	

radiolabelled	drug)	were	developed	simultaneously.		

	

Radio-label	liquid	scintillation	counting	

Radioactivity	counting	theory	

Liquid	scintillation	counting	is	a	technique	that	is	able	to	measure	the	amount	of	

ionizing	radiation	and,	therefore,	the	quantity	of	a	molecule	of	interest	that	has	

been	radiolabelled.	3H	and	14C	compounds	have	unstable	nuclei	that,	upon	decay,	

release	beta	particles.	A	liquid	scintillation	counter	can	convert	these	particles	

into	photons	of	light	via	a	scintillator,	which	are	then	multiplied	and	measured	

and	expressed	as	counts	per	minute	(CPM).	As	the	CPM	directly	relate	to	the	

amount	of	radiolabel	in	the	sample,	this	technique	is	a	powerful	measure	of	the	

amount	of	a	molecule	of	interest	is	in	a	sample.	Many	factors	can	cause	a	CPM	

value	that	is	not	an	accurate	measure	of	the	radiolabel	in	the	sample.	The	first	is	

chemiluminescence,	which	refers	to	photons	produced	by	factors	other	than	the	

beta	particles	such	as	interactions	between	the	sample	and	the	largely	basic	
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dissolving	solutions.	By	adding	acid	to	the	preparation	to	maintain	a	neutral	pH,	

chemiluminescence	can	be	minimized.	The	second	is	quenching,	where	factors	

such	as	the	colour	of	the	sample	enable	it	to	absorb	some	of	the	photons	being	

produced	and	thus	preventing	them	from	being	detected	by	the	photomultiplier	

tubes.	To	correct	for	this,	differing	amounts	of	quenching	agent	can	be	added	to	

samples	of	known	activity	and	the	efficiency	of	counting	calculated	in	order	to	

convert	the	CPM	value	into	a	true	radioactive	disintegration	per	minute	value	

(DPM)	indicating	a	corrected	amount	of	radio-activity	for	samples.		

	

Liquid	scintillation	counting	

Quench	curves	were	generated	using	3H	and	14C	quench	standards	(Packard).	

These	curves	were	used	to	correct	for	solvent	and	tissue	quenching	that	may	

influence	results.	TSIE	(transformed	spectral	index	of	the	external	standard)	

values	were	cut-off	at	320,	with	all	values	below	this	not	used	due	to	quenching	

too	high	for	accurate	correction.	Sample	collection	is	described	in	detail	above	

(Animal	Experimentation),	with	processing	occurring	directly	after	collection.	

Blood	was	separated	into	plasma	and	red	cells	via	centrifugation	(7,000rpm,	

5min).	CSF	samples	were	centrifuged	(7,000rpm,	5min)	and	examined	under	the	

microscope	for	traces	of	red	blood	cells	(Habgood	et	al.,	1992).	Only	CSF	samples	

with	no	blood	contamination	were	used.	In	all	experiments	the	injectate	

(solution	injected)	was	also	measured.	This	confirmed	uniformity	of	injected	

material	between	experiments	as	well	as	providing	a	reference	point	to	

determine	the	percentage	of	injection	that	reached	the	bloodstream,	indicating	

effective	injections.		
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All	samples	were	weighed	and	transferred	to	scintillation	vials	in	the	amounts	of:	

cortex	(~25mg),	plasma	(10µl),	CSF	(as	much	as	collected,	5-100µl)	and	injectate	

(1µl	of	1/10	diluted	injectate).	In	order	to	dissolve	cortical	tissue	500	µl	of	

Soluene350	(PerkinElmer)	was	added	to	brain	samples	and	vials	incubated	

overnight	at	36°C.	The	following	day	2	drops	of	glacial	acetic	acid	(Sigma)	were	

added	to	the	vials	to	neutralize	the	strongly	alkaline	Soluene350.	Plasma,	CSF	

and	injectate	vials	were	not	left	overnight,	or	neutralized	with	acid.	5ml	of	

Emulsifier-safe	scintillation	fluid	(PerkinElmer)	was	added	to	every	sample,	vials	

were	mixed	and	transferred	onto	the	liquid	scintillation	counter	(Tri-Carb	4910	

TR,	PerkinElmer).	Samples	were	measured	for	5min	and	analysed	for	DPM	

values.	Blank	vials	containing	control	tissue	or	fluid	were	measured	

simultaneously	to	establish	background	count	levels.	These	blank	values	were	

subtracted	from	the	experimental	sample	DPM	values.	The	values	were	then	

normalized	for	the	weight	of	the	sample	and	expressed	as	DPM/µl	for	injectate,	

plasma	and	CSF	and	DPM/µg	for	brain	tissue.		

	

In	the	present	Thesis	experimentation	aimed	at	investigating	the	transfer	of	a	

drug	from	one	blood	compartment	into	either	another	blood	compartment,	into	

the	CSF	or	into	brain	tissue.	Accordingly,	concentration	ratios	for	each	drug	

between	compartments	were	calculated	as	described	below	and	used	as	an	index	

of	apparent	drug	transfer.	Concentration	ratios	denoting	transfer	into	the	brain	

or	CSF	is	described	by	equation	1	and	transfer	from	maternal	blood	to	fetal	blood	

is	described	by	equation	2:	
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Equation 1 

!"#$% !" !"# !"#$%&'" =  !"#$% !"#/!" !" !"# !"#/!"
!"#$%#  !"#/!"  × 100% 

 

 

Equation 2 

!"#$%&'#" !"#$%&'" =  !"#$% !"#$%# !"#/!"
!"#$%&"' !"#$%# !"#/!"× 100% 
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Ultraperformance	liquid	chromatography	

coupled	with	tandem	mass	spectrometry	

(UPLC-MS/MS)		
10μl	Samples	(plasma,	CSF)	were	spiked	with	internal	standard	13C	paracetamol	

(Ring-13C6;	Cambridge	Isotope	Laboratories	Inc.;	10μl	of	10,000μg/L	in	water),	

diluted	to	125μl	in	saline	and	underwent	protein	precipitation	in	acetonitrile	

(ACN)	at	a	sample:ACN	ratio	of	1:3.	Samples	were	thoroughly	mixed	and	

centrifuged	(14,000rpm,	5min).	Supernatant	was	added	to	the	Captiva	EMR	lipid	

(Agilent)	and	centrifuged	(800rpm,	10min;	3,000rpm,	1min).	Flow	through	was	

concentrated	by	vacuum	evaporation	to	dryness	(Thermo	Scientific	SpeedVac	

SPD131DDA;	42°C,	2hr)	and	reconstituted	with	2%	methanol	in	water	to	100μl.	

UPLC	MS/MS	samples	were	run	on	an	Acquity	H-class	UPLC	(Waters),	coupled	

with	Vion	Qtof	mass	spectrometer	using	a	Phenomenex	column	(Kinetex	1.7µm	

EVO	C18	100	Å,	LC	Column	100	x	2.1mm).	A	gradient	was	established	of	0.1%	

formic	acid	in	water	(A)	and	0.1%	formic	acid	in	ACN	(B),	beginning	with	5%	B,	

35%	B	at	3.5min,	95%	B	at	4.5min,	5%	B	at	5-7min.	Flow	was	0.3ml/min	and	

injection	volumes	5μl.	The	fragmentation	product	ions	for	each	paracetamol	

metabolite	are	detailed	in	Table	2.7.	Peak	areas	of	extracted	ion	chromatogram	

of	product	ions	from	samples	were	compared	to	that	from	internal	standard	or	

external	standard	calibration	curves	of	paracetamol	and	its	sulphated,	

glucuronidated	and	glutathionated	metabolites.	Standard	curves	and	limits	of	

detection	are	defined	in	Chapter	6.	Compound	information	for	each	standard	is	

detailed	in	Table	2.8.	
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Component	name	 Expected	RT	
(min)	

Expected	
m/z	

Fragment	
m/z	

	
13C6	–	Paracetamol	

	
1.85	 158	 116	

	
Paracetamol	

	
1.85	 152	

110	

65	
	

Paracetamol	glucuronide		
	

1.36	 328	
110	

152	
	

Paracetamol	glutathione		
	

1.92	 457	
328	

382	
	

Paracetamol	sulfate		
	

2.31	 232	
110	

152	
	

Table	2.7.	Protocol	information	for	paracetamol	UPLC-MS/MS	analysis.	The	compound	

being	analysed	(component	name),	the	retention	time	(RT)	on	the	column	and	the	mass	

to	charge	ratio	(m/z)	for	the	parent	and	fragment	ions	are	displayed.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	
	
	 80	

Compound	 Manufacturer	 Code	

Paracetamol	 SIGMA	 103-90-2	

	
Paracetamol	13C-6	

	

Cambridge	Isotope	
Laboratories	Inc.	 CLM-10619-PK	

	
Paracetamol	sulfate	

	
SIGMA	 32113-41-0	

	
Paracetamol	glucuronide	

	
SIGMA	 16110-10-4	

	
Paracetamol	glutathione	

	
NovaChem	 A161223	

	

Table	2.8.	Compound	information	for	the	standards	used	for	ultra-performance	liquid	

chromatography	coupled	with	tandem	mass	spectrometry	(UPLC-MS/MS).	
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Rhodamine	123	(R123)	in	vivo	assay	

Rhodamine	123	(R123)	was	injected	i.p.	into	rats	of	varying	ages	(P4,	P14,	adult)	

and	samples	of	blood,	CSF	and	brain	collected	as	described	above	(Animal	

Experimentation).	Plasma	was	separated	from	blood	via	centrifugation	

(7,000rpm,	5min).	R123	was	extracted	from	cortical	samples	in	a	0.1M	HCl	

buffer.	Brain	samples	were	weighed,	HCl	applied	in	a	10:1	volume/weight	and	

dissociated	using	manual	crushing,	pipette	dissociation,	sonification	and	

vortexing.	Samples	were	then	centrifuged	(14,000rpm,	5min)	to	remove	all	

protein	leaving	a	clear	solution	suitable	for	fluorescence	measurements.	

	

Fluorescence	was	measured	on	the	ClarioStar	plate	reader	on	Corning	364	well	

black	well	clear	bottom	plates	(04214038).	Samples	were	loaded	as	30μl	

(supernatant	of	cortical	samples	or	1:5	dilutions	of	plasma	or	CSF	in	0.1M	HCl).	

All	samples	were	run	alongside	control	samples	(from	control	animals,	not	

injected	with	R123).	Fluorescence	readings	were	made	at	excitation	504nm	and	

emission	547nm,	as	determined	by	the	Clariostar	spectral	analysis	of	R123	

prepared	samples	with	appropriate	separation	between	excitation	and	emission	

wavelengths	(shown	in	Figure	2.2).	All	R123	results	were	converted	from	

fluorescence	counts	to	concentrations	(ng/μl)	of	R123	via	standard	

concentration	lines,	ensuring	measurements	were	in	the	linear	reliable	portion	

of	the	line	(see	Chapter	3).		
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Figure	2.2.	Excitation	(red;	504nm)	/	emission	(blue;	547nm)	spectra	of	R123	in	0.1M	

HCl	as	read	by	the	Clariostar	plate	reader.	Fluorescence	readings	are	relative	

fluorescence	units	(RFU).	
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Statistical	analysis	

Statistical	significance	testing	throughout	this	Thesis	was	determined	by	various	

methods	depending	on	the	type	of	experiment	conducted.	A	p<0.05	was	accepted	

as	significant	for	all	statistical	analysis,	with	graphical	data	presented	as	*	

(p<0.05),	**	(p<0.01)	and	***	(p<0.001).	All	error	bars	are	standard	deviations	

(SD).		

	

For	all	RT-qPCR	and	drug	quantity	estimates	significant	differences	were	

determined	by	unpaired,	two-tailed	students	t-test	for	normally	distributed	data,	

or	corrected	for	unequal	distribution	if	determined	by	an	f-test	(Microsoft	Excel,	

2011).	When	Shapiro	Wilk	tests	indicated	non-normal	distributions	Mann-

Whitney	U	tests	were	conducted	for	significance.	Corrections	for	multiple	

comparisons	were	not	conducted,	as	the	studies	were	exploratory	in	nature	

(Lew,	2016).	For	least	squares	linear	regression	measurements,	analysis	of	

covariance	was	used	to	determine	statistical	differences	in	either	elevation	or	

gradient	of	the	lines.	For	RNAseq	data	CuffDiff,	DEseq2	and	quasi-EdgeR	

packages	were	employed	for	significance,	using	adjusted	P	values	(see	RNAseq	

section).	RNAseq	pathway	analysis	was	completed	using	DAVID	6.8	with	

Benjamini-Hochberg	correction.	
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Chapter 3:   
Efflux Transporter 

Expression at 
Brain Barrier 

Interfaces During 
Development 
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Abstract	

The	amount	of	a	drug	that	can	transfer	across	blood-brain	and	placental	barriers	

is	affected	by	the	functional	capacity	of	ABC	efflux	transporters	present	at	these	

interfaces	that	are	able	to	bind	the	drug	in	question.	This	Chapter	describes	the	

expression	of	8	ABC	transporters	(abcb1a,	abcb1b,	abcg2	and	abcc1-5)	in	the	

brain	and	lateral	ventricular	choroid	plexus	at	three	developmental	stages	(E19,	

P4,	adult)	and	the	placenta	at	E13,	E15	and	E19	in	the	Sprague	Dawley	rat.	In	the	

brain	(site	of	blood-brain	barrier,	BBB)	the	highest	expressed	transporter	at	E19	

and	P4	was	abcc1,	while	in	the	adult	the	highest	expression	was	detected	for	

abcb1a.	At	all	three	ages	abcb1b	and	abcc3	had	the	lowest	expression.	Pregnancy	

did	not	affect	the	expression	of	the	8	transporters	in	the	maternal	brain	

compared	to	non-pregnant	females.	In	the	lateral	ventricular	choroid	plexus	(site	

of	blood-CSF	barrier)	the	expression	of	abcc1	was	the	highest	at	all	ages	followed	

by	abcc4,	both	of	which	were	expressed	significantly	more	than	all	other	

transporters.	In	the	placenta	(maternal-fetal	barrier)	abcc1,	abcb1a	and	abcb1b	

predominated	at	all	pregnancy	stages	examined,	with	abcc1	highest	at	E13-15	

and	abcb1b	highest	at	E19.	Immunohistochemical	analysis	revealed	that	at	the	

ventricular	CSF-brain	interface	PGP	and	BCRP	are	present	in	the	newborn	(P4-

14)	but	not	in	the	adult.	Adult	rats	had	higher	levels	of	MRP2/4/5	

immunoreactivity	compared	to	P4	and	P14	ages.	The	data	presented	in	this	

Chapter	suggest	that	the	expression	and	presence	of	ABC	efflux	transporters	at	

brain	and	placental	interfaces	can	vary	over	the	course	of	development,	

highlighting	instances	where	drug	entry	into	the	brain	may	be	age-dependent.		
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Introduction																																																																																									

In	order	to	develop	a	comprehensive	understanding	of	drug	transfer	into	the	

developing	brain,	it	is	important	to	know	what	efflux	mechanism	that	have	been	

shown	to	limit	drug	entry	into	the	adult	brain	are	also	present	early	in	

development.	As	outlined	in	the	General	Introduction,	barrier	‘defences’	limit	

both	intercellular	(tight	junctions)	and	intracellular	(transporters	and	enzymes)	

drug	transfer.	Tight	junctions	have	been	extensively	studied	and	shown	to	be	

present	and	functional	from	the	time	the	blood-brain	and	blood-CSF	barriers	

first	form	(Ek	et	al.,	2006;	2003;	Tauc	et	al.,	1984;	Møllgård	&	Saunders,	1975;	

Møllgård	et	al.	1976;	1979,	reviewed	by	Saunders	et	al.,	2018).	ABC	efflux	

transporters,	on	the	other	hand,	have	been	shown	to	be	present	in	varying	

amounts	at	different	ages	and	at	different	barriers	(Daood	et	al.,	2008;	Daneman	

et	al.,	2010a;	Ek	et	al.,	2010;	Gazzin	et	al.,	2008;	Liddelow	et	al.,	2012;	Kratzer	et	

al.,	2013).	A	detailed	understanding	of	which	transporters	are	present	at	each	

age,	at	each	barrier	and	in	what	amounts	is	important	in	determining	which	drug	

substrates	are	likely	to	transfer	into	the	brain	at	different	developmental	stages.		

Efflux	transporters	have	been	identified	as	important	contributors	to	the	

restriction	of	drug	transfer	into	the	CNS	(Schinkel	et	al.,	1994;	Enokizono	et	al.,	

2008;	Breedveld	et	al.,	2005;	Wijnholds	et	al.,	2000a).	Eight	major	ABC	

transporters	have	been	identified	at	the	brain	barriers	and	studied	in	detail:	

abcb1a/abcb1b	(PGP),	abcc1-5	(MRP1-5)	and	abcg2	(BCRP;	see	references	

above).	These	studies,	however,	have	often	only	focused	on	one	age	group,	one	

transporter	type	or	one	barrier	of	interest.	This	has	led	to	contradictory	findings	

between	studies.	There	is	yet	to	be	a	comprehensive	analysis	conducted	within	
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one	study	for	the	eight	main	ABC	transporters	at	the	blood-brain,	blood-CSF	and	

maternal-fetal	barriers	over	development.	A	study	such	as	this	would	provide	

critical	biological	background	for	our	understanding	of	protection	levels	present	

for	the	brain	at	different	stages	of	development.	

	

While	the	blood-brain	barrier	proper	(at	cerebral	blood	vessels)	and	blood-CSF	

barrier	(at	choroid	plexuses)	form	key	hurdles	for	drug	transfer	into	the	CNS,	

they	are	not	the	only	barriers	involved	in	limiting	drug	transport	to	the	brain.	

The	neuroepithelial/ependymal	barrier	that	is	present	at	the	interface	between	

the	ventricular	CSF	and	the	brain	(Møllgård	et	al.,	1987)	is	one	in	which	there	has	

yet	to	be	comprehensively	investigated	for	the	presence	of	efflux	transporters.	

As	outlined	in	Chapter	1,	intercellular	transfer	is	only	prevented	at	this	barrier	

(by	strap	junctions)	earlier	in	development	and	not	in	adulthood	(Møllgård	et	al.,	

1987;	Whish	et	al.,	2015).	It	is	not	known	whether	efflux	mechanisms	also	exist	

to	prevent	intracellular	transfer	of	lipid	soluble	molecules	during	this	

developmental	period	of	intercellular	exclusion.	The	answer	to	this	question	will	

enhance	our	understanding	of	the	potential	differences	in	CSF	to	brain	drug	

transfer	early	in	life	compared	to	adulthood.	In	addition,	it	will	provide	better	

understanding	and	interpretation	of	RT-qPCR	results	on	brain	samples,	as	

dissected	material	included	the	ventricular	barrier	(see	Chapter	2).		

	

For	drugs	that	are	intended	to	reach	the	mother’s	brain,	such	as	anti-depressants	

and	anti-epileptics,	a	balance	needs	to	be	met	between	an	effective	dose	that	will	

reach	her	brain	and	exposing	the	fetus	to	the	lowest	dose	possible.	Pregnancy	is	

associated	with	a	range	of	physiological	changes	including	hormonal,	cardiac	and	
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blood	composition	(Mims,	2015;	Gardner	et	al.,	2011;	Hayes	&	Larson,	2012).	An	

important	question	for	clinicians	is	whether	pregnancy	influences	efflux	

transporter	levels	at	the	maternal	brain	barriers	compared	to	non-pregnant	

adults,	which	could	affect	drug	transfer.	If	transporter	expression	in	the	brain	

increases	during	pregnancy	a	higher	dose	may	be	required	to	effectively	treat	

the	mother,	whereas	if	expression	is	lower	then	a	lower	dose	may	be	required	

for	the	same	effectiveness	thereby	increasing	safety	for	the	child.	Understanding	

whether	pregnancy	influences	efflux	transporter	expression	in	the	brain	will	

provide	a	valuable	insight	into	the	most	appropriate	treatment	regimes	for	

pregnant	patients.		

	

The	present	Chapter	describes	the	expression	of	efflux	transporters	at	the	blood-

brain	interfaces	during	development	and	in	the	adult,	as	well	as	at	the	placental	

barrier	over	the	second	half	of	pregnancy	in	the	rat.	The	results	described	are	at	

a	transcriptomic	level	(RT-qPCR).	The	presence	of	efflux	transporters	at	the	

ventricular	ependymal/neuroepithelial	barrier	is	also	illustrated	at	the	protein	

level	(immunohistochemistry).	The	results	from	this	Chapter	will	describe	the	

control	levels	of	efflux	transporters	present	at	different	stages	of	development,	

forming	a	baseline	for	which	drug	transfer	studies	in	following	Chapters	can	be	

discussed.	Parts	of	this	Chapter	have	been	previously	published	(Koehn	et	al.,	

2019a).	
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Experimental	protocol	

The	present	Chapter	is	divided	into	two	major	parts:	RT-qPCR	analysis	of	ABC-

transporters	in	the	brain,	choroid	plexus	and	placenta	and	an	

immunohistochemical	analysis	of	ABC	transporters	at	the	ventricular	

neuroepithelium/ependyma.	The	experimental	outline	is	presented	here	in	brief,	

with	the	full	protocols	described	in	the	General	Methods	Chapter	(Chapter	2).	

		

RT-qPCR	

RT-qPCR	analysis	was	conducted	on	cortical	homogenate,	lateral	ventricular	

choroid	plexus	tissue	and	placenta	of	Sprague	Dawley	rats	as	outlined	in	the	

General	Methods.	Age	groups	investigated	were	E19,	P4	and	adult	for	brain	and	

choroid	plexus	and	E13,	E15	and	E19	for	placenta.	Transporters	investigated	

were	abcb1a/abcb1b	(PGP),	abcg2	(BCRP)	and	abcc1-5	(MRP1-5).	Expression	

was	compared	to	a	housekeeper	ubiquitin	C	(ubc),	selected	due	to	its	stability	in	

the	tissues	investigated	for	different	age	groups.	Plates	were	run	containing	all	

samples	and	transporters	for	one	tissue	type	simultaneously.	This	allowed	for	

comparisons	of	the	level	of	different	transporters	within	one	age	as	well	as	for	

individual	transporters	between	different	developmental	stages.		The	animals	

used	in	this	Chapter	were	un-injected	controls.		
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Immunohistochemistry	

Immunohistochemical	analysis	was	conducted	on	brain	coronal	sections	of	

Sprague	Dawley	rats	as	outlined	in	the	General	Methods.	Age	groups	investigated	

were	P0-4,	P10-14	and	adult.	Analysis	was	limited	to	establishing	the	presence,	

consistency	and	general	intensity	of	transporter	immunoreactivity	at	the	

ventricular	neuroepithelial/ependymal	interface.	Analysis	was	completed	on	by	

two	independent,	blinded	observers	(see	General	Methods),	on	4-6	sections	from	

at	least	2	brains	per	group.	
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Results	

Expression	of	ABC	transporters	at	barrier	interfaces	

Brain	cortices	

Expression	profile	of	ABC	transporters	

In	Figure	3.1	the	expression	profiles	of	ABC	transporters	in	brain	cortices	of	E19	

(A),	P4	(B)	and	adult	(C)	rats	are	shown.	At	E19	the	predominant	transporter	

expressed	was	abcc1,	followed	by	lower	expression	of	abcc5	(0.31	fold,	p<0.001).	

Expression	of	abcc4,	abcc2	and	abcb1a	was	significantly	lower	(but	not	different	

to	one	another),	with	a	further	statistically	significant	decrease	in	expression	to	

abcg2,	abcb1b	and	abcc3	(Figure	3.1A).	At	P4	(Figure	3.1B)	the	relative	

transporter	expression	was	similar	to	that	at	E19	(Figure	3.1A),	with	minor	

alterations.	abcc1	remained	the	highest	expressed	transporter,	with	abcc5,	

abcc4,	abcc2	and	abcb1a	expressed	at	a	lower	extent	and	abcg2,	abcb1b	and	

abcc3	expressed	at	very	low	levels.	In	adulthood	(Figure	3.1C),	the	predominant	

transporter	expressed	was	abcb1a.	Expression	of	abcc1	was	slightly	lower	(0.64	

fold,	p<0.01),	followed	by	abcc5,	abcc2/abcc4	and	abcg2.	Like	P4	and	E19	abcb1b	

and	abcc3	were	expressed	at	extremely	low	levels.	Combined,	the	results	suggest	

that	expression	of	abcb1b	and	abcc3	is	low	in	the	brain	at	all	ages.	All	other	

transporters	are	expressed	in	amounts	that	have	the	potential	to	be	functionally	

significant,	with	abcc1	expressed	highly	throughout	development	and	abcb1a	

expressed	highly	in	adulthood.		
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Figure	3.1.	The	expression	profile	of	eight	ABC	transporters	in	the	brain	cortices	of	E19	

(A;	light	blue),	P4	(B;	medium	blue)	and	adult	(C;	dark	blue)	Sprague	Dawley	rats.	

Expression	was	measured	by	RT-qPCR	for	transporters	abcb1a,	abcb1b,	abcg2,	abcc1,	

abcc2,	abcc3,	abcc4	and	abcc5	and	relative	expression	estimated	as	2-ΔCt	with	respect	to	

the	housekeeping	gene	ubc.	Each	dot	represents	an	individual	animal.	*	indicates	a	

significant	difference	(p<0.05)	between	transporters	in	decreasing	order	of	expression	

(two-tailed	t-test).		
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Developmental	profile	of	individual	transporters	

The	developmental	changes	in	individual	ABC	transporter	expression	between	

E19,	P4	and	adult	rats	can	be	found	in	Figure	3.2,	with	statistical	evaluation	for	

each	transporter	in	Figure	3.3	for	abcc1	(A),	abcc2	(B),	abcc3	(C),	abcc4	(D),	

abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H).	The	expression	of	many	ABC	

efflux	transporters	was	quite	similar	between	E19	and	P4,	with	abcb1a,	abcb1b,	

abcc1,	abcc2,	abcc3	and	abcg2	not	significantly	different.	Between	E19	and	P4	

there	was	a	significant	decrease	in	abcc5	(0.56	fold,	p<0.001)	and	an	increase	in	

abcc4	(1.57	fold,	p<0.01).	However,	these	changes	appear	to	be	transient	after	

birth,	as	both	transporters	significantly	increased	(abcc5	1.78	fold,	p<0.01)	and	

decreased	(abcc4	0.66	fold,	p<0.01)	respectively	between	P4	and	adult,	returning	

to	values	not	significantly	different	to	those	at	E19.		

	

There	was	a	host	of	expression	changes	between	the	developing	(E19/P4)	and	

adult	brains,	including	a	developmental	shift	in	abcb1	expression.	abcb1a	

increased	during	development,	being	significantly	higher	in	adults	compared	to	

P4	(2.56	fold,	p<0.001)	and	to	E19	(4.38	fold,	p<0.001).	abcb1b,	however,	was	

significantly	lower	in	adults	compared	to	P4	(0.17	fold,	p<0.01)	and	E19	(0.19	

fold,	p<0.0001).	The	predominant	cortical	transporter	abcc1	also	decreased	in	

expression	after	birth,	being	significantly	lower	in	adults	than	at	P4	(0.46	fold,	

p<0.001)	and	at	E19	(0.39	fold,	p<0.001).	abcc4	expression	was	also	significantly	

lower	in	adults	compared	to	P4	rats	(0.66	fold,	p<0.01).	While	not	statistically	

significant,	there	was	a	developmental	trend	of	an	increase	of	abcg2	from	E19	to	

P4	then	to	adult	where	expression	was	highest	(see	Figure	3.3).	
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Figure	3.2.	A	comparison	between	the	expression	of	eight	ABC	transporters	in	the	

Sprague	Dawley	rat	brain	at	three	developmental	stages:	E19	(light	blue),	P4	(medium	

blue)	and	adult	(dark	blue).	Expression	was	measured	by	RT-qPCR	for	transporters	

abcb1a,	abcb1b,	abcg2,	abcc1,	abcc2,	abcc3,	abcc4	and	abcc5	and	relative	expression	

estimated	as	2-ΔCt	with	respect	to	the	housekeeping	gene	ubc.	Error	bars	are	SD,	with	an	

n=4	per	group.	
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Figure	3.3.	The	developmental	expression	of	ABC	transporters	abcc1	(A),	abcc2	(B),	

abcc3	(C),	abcc4	(D),	abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H)	in	brain	cortices	of	

Sprague	Dawley	rats.	Three	age	groups	are	presented:	E19	(light	blue,	circle	symbols),	

P4	(medium	blue,	square	symbols)	and	adult	(dark	blue,	triangle	symbols).	Relative	

expression	(2-ΔCt)	was	measured	by	RT-qPCR	with	respect	to	the	housekeeping	gene	ubc	

(see	General	Methods).	Significant	stars	indicated:	**	(p<0.01)	and	***	(p<0.001;	two-

tailed	t-test).	Each	dot	represents	an	individual	animal.	
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Effect	of	pregnancy	on	expression	of	ABC	transporters	

To	determine	whether	pregnancy	had	an	influence	on	ABC	efflux	transporter	

expression	in	the	brain,	the	expression	of	abcb1a,	abcb1b,	abcg2,	abcc1,	abcc2,	

abcc3,	abcc4	and	abcc5	was	measured	in	pregnant	(E15,	E20)	and	non-pregnant	

adult	female	rats	(Figure	3.4-3.5).	There	was	no	statistically	significant	

difference	between	the	expression	of	transporters	between	the	brains	of	

pregnant	rats	at	embryonic	day	15	or	embryonic	day	20.	There	was	also	no	

statistically	significant	difference	in	expression	between	non-pregnant	females	

and	pregnant	females	at	either	age	or	against	both	pregnant	groups	combined.	

Only	one	gene,	abcg2,	showed	a	possible	trend	that	may	warrant	further	

investigation.	At	E15	one	mother’s	brain	had	much	higher	expression	of	abcg2	

than	non-pregnant	adults,	while	at	E20	all	pregnant	dams	had	a	higher	

expression	to	that	of	the	non-pregnant	adults	(2.2	fold,	p=0.054).	However,	this	

result	did	not	reach	the	level	of	significance	(Figure	3.5F).	
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Figure	3.4.	The	expression	of	ABC	transporters	abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	

abcb1a,	abcb1b	and	abcg2	in	pregnant	and	non-pregnant	female	adult	rat	brain	cortices.	

Groups	examined	were	non-pregnant	adult	female	rats	(dark	blue),	pregnant	female	rats	

at	E15	(dark	purple)	and	pregnant	female	rats	at	E20	(lilac).	Expression	was	measured	

by	RT-qPCR	for	transporters	abcb1a,	abcb1b,	abcg2,	abcc1,	abcc2,	abcc3,	abcc4	and	

abcc5	and	relative	expression	estimated	as	2-ΔCt	with	respect	to	the	housekeeping	gene	

ubc	(see	General	Methods).	Error	bars	are	SD,	with	an	n=3	per	group.	

Brain Transproter Expression in Pregnancy 
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Figure	3.5.	The	expression	of	ABC	transporters	abcc1	(A),	abcc2	(B),	abcc3	(C),	abcc4	

(D),	abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H)	in	the	brain	cortices	of	pregnant	

and	non-pregnant	adult	Sprague	Dawley	rats.	Three	groups	are	presented:	non-

pregnant	female	adults	(dark	blue,	circle	symbols),	pregnant	adults	at	E15	(dark	purple,	

square	symbols)	and	pregnant	adults	at	E20	(lilac,	triangle	symbols).	Relative	

expression	(2-ΔCt)	was	measured	by	RT-qPCR	with	respect	to	the	housekeeping	gene	ubc	

(see	General	Methods).	No	level	of	significance	was	reached	(p<0.05;	two-tailed	t-test).	

Each	dot	represents	an	individual	animal.	
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Lateral	ventricular	choroid	plexus	

Expression	profile	of	ABC	transporters	

Figure	3.6	illustrates	the	expression	profile	for	ABC	transporters	in	the	lateral	

ventricular	choroid	plexuses	of	E19	(A),	P4	(B)	and	adult	(C)	rats.	At	all	three	

ages	abcc1	was	the	transporter	with	the	highest	expression	in	the	choroid	

plexus,	followed	by	abcc4.	The	expression	of	all	other	transporters	was	low	

compared	to	that	of	abcc1	and	abcc4.	At	E19	the	transporter	with	the	next	

highest	expression	was	abcc3,	which	was	significantly	(0.23	fold,	p<0.001)	

higher	than	abcb1a,	abcg2,	abcc2	and	abcb1b.	abcc5	had	a	significantly	lower	

expression	(0.74	fold,	p<0.05)	than	abcb1b.	At	P4	the	expression	profile	was	

abcc3,	then	abcc2	(0.56	fold,	p<0.01),	abcb1a/abcb1b/abcg2	(0.32	fold,	p<0.05)	

with	abcc5	once	again	having	the	lowest	expression.	In	the	adult	abcc2	was	the	

transporter	with	the	next	highest	expression	after	abcc1	and	abcc4	(0.041	fold,	

p<0.01),	then	abcc3	(0.23	fold,	p<0.01)	and	abcb1a.	abcc3,	abcg2,	abcc5	and	

abcb1b	all	had	a	significantly	lower	expression	than	abcc3.	

	

Combined,	the	results	suggest	that	abcc1	and	abcc4	were	the	predominantly	

expressed	transporters	in	the	lateral	ventricular	choroid	plexus,	with	additional	

low	expression	of	abcc2,	abcc3,	abcb1a	and	abcg2	detected.	The	expression	of	

abcc5	and	abcb1b	were	the	lowest	of	the	transporters	at	this	tissue	throughout	

the	developmental	stages	examined.		
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Figure	3.6.	The	expression	profile	of	eight	ABC	transporters	in	the	lateral	ventricular	

choroid	plexus	of	E19	(A;	light	blue),	P4	(B;	medium	blue)	and	adult	(C;	dark	blue)	

Sprague	Dawley	rats.	Expression	was	measured	by	RT-qPCR	for	transporters	abcb1a,	

abcb1b,	abcg2,	abcc1,	abcc2,	abcc3,	abcc4	and	abcc5	and	relative	expression	estimated	as	

2-ΔCt	with	respect	to	the	housekeeping	gene	ubc.	Each	adult	and	P4	dot	represents	an	

individual	animal.	Each	E19	dot	is	a	pooled	sample	of	3-4	individual	animals	(see	

General	Methods).	*	indicates	a	significant	difference	(p<0.05)	between	transporters	in	

decreasing	order	of	expression	(two-tailed	t-test).	
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Developmental	profile	of	individual	transporters	

The	developmental	changes	in	ABC	transporter	expression	in	the	choroid	plexus	

between	E19,	P4	and	adult	rats	are	shown	in	Figure	3.7,	with	statistical	

evaluation	of	those	differences	in	Figure	3.8	for:	abcc1	(A),	abcc2	(B),	abcc3	(C),	

abcc4	(D),	abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H).	The	two	genes	that	

code	for	PGP,	abcb1a	and	abcb1b,	were	relatively	stable	over	development.	

There	was	no	statistically	significant	difference	in	abcb1a	expression	between	

any	of	the	three	ages.	Expression	of	abcb1b	was	low	at	all	ages	and	variable,	with	

higher	expression	at	P4	than	E19	(1.58	fold,	p<0.01),	but	expression	in	the	adult	

was	lower	than	in	P4	(0.18	fold,	p<0.001)	and	E19	(0.28	fold,	p<0.001)	rats.		

	

Three	transporters	decreased	in	expression	over	the	developmental	period	

studied:	abcc3	was	significantly	lower	at	P4	than	E19	(0.58	fold,	p<0.01)	and	

again	significantly	lower	in	adults	than	at	P4	(0.18	fold,	p<0.01)	and	E19	(0.10	

fold,	p<0.01);	abcg2	expression	was	highest	at	E19	and	P4	ages,	both	of	which	

were	significantly	higher	than	the	expression	in	adulthood	(E19,	0.37	fold,	

p<0.05;	P4,	0.48	fold,	p<0.05);	The	expression	of	abcc5	was	also	highest	at	E19,	

with	expression	in	adulthood	significantly	lower	(0.53	fold,	p<0.01).	The	

intermediate	age	of	P4,	however,	was	not	significantly	different	to	that	of	E19	or	

adult	rats.		

	

Three	transporters	showed	a	developmental	increase	in	expression	at	the	

choroid	plexus,	including	the	major	expressed	transporters.	Expression	of	both	

abcc1	and	abcc2	was	lowest	at	E19	and	significantly	higher	at	P4	(abcc1,	1.49	
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fold,	p<0.05;	abcc2,	4.12	fold,	p<0.01)	and	at	adulthood	(abcc1,	1.3	fold,	p<0.05;	

abcc2,	5.61	fold,	p<0.001).	For	both	transporters,	expression	in	P4	and	adult	

choroid	plexuses	was	not	significantly	different.	For	abcc4	expression	was	lowest	

at	E19,	increasing	significantly	to	P4	(1.59	fold,	p<0.05)	and	to	adult	(2.47	fold,	

p<0.05),	which	was	also	significantly	higher	than	that	of	P4	(1.56	fold,	p<0.05).		

	

In	conclusion,	in	the	lateral	ventricular	choroid	plexus	there	was	a	

developmental	increase	in	abcc1,	abcc4	and	abcc2	expression	and	a	decrease	in	

abcc3,	abcc5	and	abcg2	expression	when	comparing	adult	to	embryonic	(E19)	

and	neonatal	(P4)	rats	(Figure	3.7-3.8).	
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Figure	3.7.	A	comparison	between	the	expression	in	the	Sprague	Dawley	rat	lateral	

ventricular	choroid	plexus	of	eight	ABC	transporters	at	three	developmental	stages:	E19	

(light	blue),	P4	(medium	blue)	and	adult	(dark	blue).	Expression	was	measured	by	RT-

qPCR	for	transporters	abcb1a,	abcb1b,	abcg2,	abcc1,	abcc2,	abcc3,	abcc4	and	abcc5	and	

relative	expression	estimated	as	2-ΔCt	with	respect	to	the	housekeeping	gene	ubc.	Error	

bars	are	SD,	with	n=4	for	adult	and	P4	groups	and	a	technical	n=3	of	pooled	E19	samples	

(see	General	Methods).	
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Figure	3.8.	The	developmental	expression	of	ABC	transporters	abcc1	(A),	abcc2	(B),	

abcc3	(C),	abcc4	(D),	abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H)	in	the	lateral	

ventricular	choroid	plexus	of	Sprague	Dawley	rats.	Three	age	groups	are	presented:	E19	

(light	blue,	circle	symbols),	P4	(medium	blue,	square	symbols)	and	adult	(dark	blue,	

triangle	symbols).	Relative	expression	(2-ΔCt)	was	measured	by	RT-qPCR	with	respect	to	

the	housekeeping	gene	ubc	(see	General	Methods).	Significant	stars	indicated:	*	

(p<0.05),	**	(p<0.01)	and	***	(p<0.001;	two-tailed	t-test).	Each	adult	and	P4	dot	

represents	an	individual	animal.	Each	E19	dot	is	a	pooled	sample	of	3-4	individual	

animals	(see	General	Methods).	
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Placenta	

Expression	profile	of	ABC	transporters	

In	Figure	3.9	the	expression	profile	for	ABC	transporters	in	the	placenta	is	

displayed	for	E13	(A),	E15	(B)	and	E19	(C)	stages	of	pregnancy.	At	E13	the	

predominant	ABC	efflux	transporter	in	the	placenta	was	abcc1.	The	transporters	

abcb1b,	abcb1a,	abccc3,	abcc4	and	abcg2	were	expressed	to	a	much	lesser	extent	

(abcb1b	0.087	fold	of	abcc1,	p<0.05).	Expression	of	abcc2	was	significantly	lower	

than	abcg2	(0.42	fold,	p<0.05),	with	abcc5	lower	than	abcc2	(0.16	fold,	p<0.05).	

At	E15	(Figure	3.9B)	abcc1	remained	the	dominant	transporter	in	the	placenta,	

with	high	expression	of	abcb1b,	abcb1a	and	abcc4.	Expression	of	abcc3	and	

abcg2	was	significantly	lower	than	abcc4	(abcc3	0.55	fold,	p<0.05)	and,	similar	to	

results	at	E13,	abcc2	and	abcc5	were	expressed	at	very	low	levels	at	E15.	As	the	

placenta	approaches	term	at	E19	abcb1b	was	the	transporter	with	the	highest	

expression,	with	abcb1a	and	abcc1	also	highly	expressed.	Expression	of	abcc4	

was	significantly	lower	than	that	of	abcc1	(0.31	fold,	p<0.01)	and	not	

significantly	different	from	abcc3	and	abcg2.	Once	again	expression	of	abcc2	and	

abcc5	were	the	lowest	of	the	ABC	transporters	in	the	placenta	at	the	E19	stage	of	

pregnancy	(Figure	3.9C).		

	

A	clear	developmental	shift	can	be	observed	in	the	placenta	throughout	this	one-

week	period	of	gestation.	At	E13	abcc1	was	almost	the	only	transporter	

expressed	to	notable	amounts.	Two	days	later	at	E15	abcc4,	abcb1a	and	abcb1b	

increased	their	expression.	By	E19	abcb1a	and	abcb1b	were	the	predominant	

transporters,	with	abcc1	expression	still	higher	than	other	transporters.			
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Figure	3.9.	The	expression	profile	of	eight	ABC	transporters	in	the	placenta	of	E13	(A;	

dark	green),	E15	(B;	light	green)	and	E19	(C;	light	blue)	Sprague	Dawley	rats.	

Expression	was	measured	by	RT-qPCR	for	transporters	abcb1a,	abcb1b,	abcg2,	abcc1,	

abcc2,	abcc3,	abcc4	and	abcc5	and	relative	expression	estimated	as	2-ΔCt	with	respect	to	

the	housekeeping	gene	ubc.	Each	dot	represents	an	individual	placenta.	*	indicates	a	

significant	difference	(p<0.05)	between	transporters	in	decreasing	order	of	expression	

(two-tailed	t-test)	
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Developmental	profile	of	individual	transporters	

The	changes	in	placental	ABC	transporter	expression	between	E13,	E15	and	E19	

stages	of	pregnancy	is	displayed	in	Figure	3.10,	with	statistical	evaluation	for	

each	transporter	in	Figure	3.11	for:	abcc1	(A),	abcc2	(B),	abcc3	(C),	abcc4	(D),	

abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H).	The	expression	profile	of	ABC	

efflux	transporters	in	the	placenta	during	pregnancy	fell	into	3	main	categories.	

Firstly,	there	were	transporters	with	stable	expression	from	E13	and	E15	before	

dropping	significantly	between	E15	and	E19.	abcc1	decreased	between	E15	and	

E19	(0.32	fold,	p<0.05),	as	did	abcc2	(0.16	fold,	p<0.05)	and	abcc5	(0.42	fold,	

p<0.001).		

	

The	second	developmental	profile	was	transporters	that	had	a	transient	rise	

between	E13	and	E15	before	decreasing	back	to	levels	at	E19	that	were	similar	

to	that	of	E13.	These	included	abcc4,	which	increased	between	E13	and	E15	

(3.33	fold,	p<0.05)	before	dropping	to	levels	at	E19	that	were	not	statistically	

different	to	E13.	abcg2	also	had	a	transient	increase	between	E13	and	E15	(2.03	

fold,	p<0.01)	before	significantly	decreasing	between	E15	and	E19	(0.41	fold,	

p<0.01)	to	levels	not	statistically	different	compared	to	E13.	abcc3	increased	in	a	

non-significant	manner	between	E13	and	E15	before	decreasing	between	E15	

and	E19	(0.27	fold,	p<0.05).		

	

The	final	developmental	profile	was	transporters	that	significantly	increased	in	

expression	over	pregnancy,	increasing	from	E13,	to	E15,	to	E19.	These	were	the	

two	genes	encoding	for	the	PGP	transporter,	with	abcb1a	increasing	from	E13	to	
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E15	(3.49	fold,	p<0.01)	and	from	E15	to	E19	(2.10	fold,	p<0.05)	resulting	in	a	

highly	significant	increase	from	E13	to	E19	(7.34	fold,	p<0.01).	Similarly	abcb1b	

also	increased	from	E13	to	E15	(4.58	fold,	p<0.01)	and	from	E15	to	E19	(2.50	

fold,	p<0.01)	with	a	large	increase	from	E13	to	E19	(11.47	fold,	p<0.001).		

	

In	conclusion,	the	placental	expression	of	ABC	efflux	transporters	was	variable	

between	E13	and	E19	stages	of	pregnancy.	The	transporters	abcc1,	abcc2	and	

abcc5	had	highest	expression	at	E13-E15,	with	expression	decreasing	near	term.	

abcc3,	abcc4	and	abcg2	peaked	in	expression	at	E15,	while	the	transporters	

abcb1a	and	abcb1b	steadily	increased	in	placental	expression	from	E13	to	E19.		
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Figure	3.10.	A	comparison	between	the	expression	in	the	Sprague	Dawley	rat	placenta	

of	eight	ABC	transporters	at	three	pregnancy	stages	E13	(dark	green),	E15	(light	green)	

and	E19	(light	blue).	Expression	was	measured	by	RT-qPCR	for	transporters	abcb1a,	

abcb1b,	abcg2,	abcc1,	abcc2,	abcc3,	abcc4	and	abcc5	and	relative	expression	estimated	as	

2-ΔCt	with	respect	to	the	housekeeping	gene	ubc.	Error	bars	are	SD,	with	an	n=3	per	

group.	
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Figure	3.11.	The	developmental	expression	of	ABC	transporters	abcc1	(A),	abcc2	(B),	

abcc3	(C),	abcc4	(D),	abcc5	(E),	abcg2	(F),	abcb1a	(G)	and	abcb1b	(H)	in	the	placenta	of	

Sprague	Dawley	rats.	Three	age	groups	are	presented:	E13	(dark	green,	circle	symbols),	

E15	(light	green,	square	symbols)	and	E19	(light	blue,	triangle	symbols).	Relative	

expression	(2-ΔCt)	was	measured	by	RT-qPCR	with	respect	to	the	housekeeping	gene	ubc	

(see	General	Methods).	Significant	stars	indicated:	*	(p<0.05),	**	(p<0.01)	and	***	

(p<0.001;	two-tailed	t-test).	Each	dot	represents	an	individual	placenta.	
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Immunohistochemistry	of	ABC	transporters	at	the		

lateral	ventricular	CSF-brain	interface	

As	described	in	the	General	Methods	(Chapter	2),	the	brain	samples	collected	for	

RT-qPCR	expression	data	contained	the	cellular	layer	that	forms	the	ventricular	

interface	between	the	brain	and	the	cerebrospinal	fluid	in	the	lateral	ventricles.	

Previous	literature	has	highlighted	a	range	of	morphological	changes	at	the	

ventricular	barrier	over	development,	including	differences	in	the	presence	of	

junction	proteins	that	restrict	intercellular	molecular	transfer	(Møllgård	et	al.,	

1987;	Whish	et	al.,	2015).	Studies	have	yet	to	comprehensively	describe	which	

efflux	transporters	are	present	at	this	barrier	and	how	their	levels	may	alter	over	

development.	Understanding	which	efflux	transporters	are	present	at	this	

interface	will	not	only	be	important	in	interpreting	the	cortical	RT-qPCR	results	

above,	but	will	also	provide	an	understanding	of	the	likely	differences	in	

molecular	transporter	between	CSF	and	brain	at	different	stages	of	development.	

	

Table	3.1	describes	the	intensity	of	immunoreactivity	for	7	main	ABC	

transporters	(PGP,	BCRP,	MRP1-5)	for	the	ventricular	neuroepithelium	(P4,	P14)	

and	ependyma	(adult),	as	determined	by	immunohistochemistry.	The	intensity	

of	the	reaction	product	was	scored	from	-	to	+++,	with	-	being	no	staining	and	

+++	being	very	strong	staining	(Koehn	et	al.,	2019a).	As	can	be	seen	from	Table	

3.1	the	intensity	of	the	immunoreactivity	for	these	transporters	was	not	only	

different	between	individual	transporters	but	also	for	each	transporter	between	

ages.	Representative	images	of	the	immunostaining	comparing	the	ventricular	

layer	in	newborn	(P0-14)	and	adult	(6+	weeks)	rats	are	shown	in	Figure	3.12	for	
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MRP5	(a,b),	PGP	(c,d),	BCRP	(e,f),	MRP1(g,h),	MRP2	(i,j),	MRP3	(k,l)	and	MRP4	

(m,n).	

	

The	relative	intensity	of	immunostaining	of	ABC	transporters	at	the	ventricular	

layer	was	different	for	individual	transporters	and	varied	across	ages.	MRP1	

immunostaining	was	not	observed	at	the	ventricular	lining	at	any	age,	suggesting	

that	this	transporter	is	not	present	at	this	interface.	Low	intensity	of	

immunostaining	for	MRP3	could	be	observed	at	the	ventricular	barrier	in	P4,	

P14	and	adult	brain	sections.	These	two	transporters	appeared	to	have	similar	

staining	at	all	ages,	following	no	distinct	developmental	profile.	

	

For	PGP,	BCRP	and	MRP2/4/5	immunostaining	was	observed	in	an	age-

dependent	manner.	PGP	and	BCRP	showed	a	much	stronger	immunostaining	at	

earlier	stages	of	development	(P4,	P14),	with	no	staining	in	the	adult	(Figure	

3.12).	BCRP	staining	at	the	barrier	was	noticeably	stronger	than	PGP	at	both	P4	

and	P14	(Table	3.1).	The	level	of	PGP	and	BCRP	appeared	to	be	similar	between	

the	two	newborn	ages	(P4,	P14).	Staining	of	both	PGP	and	BCRP	was	absent	in	

adult	sections	suggesting	that	these	transporters	have	a	greater	role	at	the	

ventricular	CSF-brain	interface	earlier	in	development	compared	to	adulthood.	

	

MRP2,	MRP4	and	MRP5	had	the	opposite	developmental	profile	to	that	of	PGP	

and	BCRP.	In	the	adult	ependyma	MRP5	immunostaining	was	the	strongest,	with	

additional	strong	staining	of	MRP2	and	MRP4	(Table	3.1;	Figure	3.12).	A	similar	

profile	was	observed	at	P14,	with	MRP5	immunostaining	stronger	than	that	of	

MRP2	and	MRP4;	however,	immunostaining	of	both	transporters	was	less	than	



	
	
	 113	

that	observed	in	the	adult.	At	P4	immunostaining	of	MRP4	was	similar	to	that	of	

P14,	but	immunostaining	of	MRP2	was	absent	and	immunostaining	of	MRP5	was	

only	present	in	some	neuroependyma	areas	in	small	amounts	and	absent	in	

others	(Table	3.1;	Figure	3.12).		In	addition,	it	was	noticeable	that	

immunostaining	across	the	entire	ventricular	layer	was	not	uniform	for	any	of	

the	transporters.	Immunostaining	was	more	prevalent	at	the	dorsal	ventricular	

wall	compared	to	the	ventral	(Figure	3.12).	

	

Combined,	these	results	suggest	a	developmental	change	in	the	expression	of	

ABC	efflux	transporters	at	the	ventricular	CSF-brain	interface.	The	P4	ventricular	

interface	was	strongly	immunopositive	for	PGP	and	BCRP,	with	low	or	no	

immunostaining	observed	for	the	MRPs.	At	P14	immunostaining	of	PGP	and	

BCRP	was	similar	to	that	of	P4	with	additional	immunostaining	of	MRP2-5.	In	the	

adult	immunostaining	for	PGP	and	BCRP	was	absent	but	instead	was	strong	for	

MRP2-5.	These	results	suggest	that	ABC	transporters	are	present	at	the	CSF-

brain	interface	and	that	their	differential	cellular	distribution	may	in	some	way	

be	related	to	the	development	of	the	brain	barriers	and	the	brain	itself.	Part	of	

this	study	is	further	described	in	Koehn	et	al.	(2019a).		
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Table	3.1.	Staining	intensity	scoring	from	immunohistochemical	analysis	of	ABC	

transporter	distribution	at	the	lateral	ventricular	(neuroepithelium/ependyma)	CSF-

brain	barrier	of	the	Sprague	Dawley	rat.	Ages	investigated	were	P0-4	(listed	as	P4),	P10-

14	(listed	as	P14)	and	adult.	Scoring	was	completed	by	two	independent	observers,	who	

examined	4-6	sections	from	at	least	2	brains	per	group.	The	scoring	system	is	as	follows:	

-	(no	observed	staining),	+/-	(light	staining	on	some	sections	but	not	all	or	staining	on	

some	parts	of	the	ventricle	and	not	others),	+	(light	consistent	staining),	++	(distinct,	

consistent	staining),	+++	(uniform	strong	staining).	Immunohistochemical	images	can	

be	found	in	Figure	3.12.	Table	and	legend	previously	published	(Koehn	et	al.,	2019a).	
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Newborn          Adult 
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	Figure	3.12.	Immunohistochemical	staining	for	the	ventricular	
neuroependyma/ependyma	interface	in	the	rat.	Coronal	sections	through	lateral	

ventricles	of	postnatal	P0-4	(a,i,j,m),	P10-14	(c,e,g)	and	adult	cortex	(b,d,f,h,j,k,n).	

Sections	are	immunostained	with	antibodies	to:	MRP5	(a,b),	PGP	(c,d),	BCRP	(e,f),	

MRP1	(g,h),	MRP2	(i,j),	MRP3	(k,l)	or	MRP4	(m,n).	Dorsal	side	is	up.	Note	the	distinct	

immunostaining,	indicated	by	filled	arrowheads,	of	MRP5	in	the	adult	brain	(b)	and	

PGP/	BCRP	in	the	newborn	(P0-14)	brain	(c,e).	This	is	in	contrast	to	the	absence	of	

immunostaining,	indicated	by	unfilled	arrowheads,	of	PGP	and	BCRP	in	the	adult	(d,f).	

MRP5	staining	in	the	newborn	brain	(a)	is	lightly	present	in	some	regions,	filled	

arrowheads,	and	absent	in	others,	unfilled	arrowhead.	Also	note	positive	

immunostaining	in	choroid	plexuses	in	(b,e,f,g,i)	(indicated	by	*).	For	age-related	

differences	in	the	immunostaining	for	other	ABC	transporters	see	Table	3.1.	Scale	bar	

100μm	(bottom	right)	applies	to	all	images.	Some	parts	of	this	figure	have	been	

previously	published	(Koehn	et	al.,	2019a).	

Newborn          Adult 
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Discussion	

The	experiments	described	in	the	present	Chapter	were	designed	to	investigate	

age-dependent	changes	in	ABC	efflux	transporters	at	blood-brain,	blood-CSF,	

CSF-brain	and	maternal-fetal	interfaces.	The	results	form	a	detailed	

understanding	of	how	the	levels	of	individual	transporters	change	over	

development	at	barrier	interfaces.	This	study	spans	8	key	ABC	efflux	

transporters,	4	barrier	systems	and	developmental	stages	of	the	rat	from	E19	to	

adult.		

	

The	expression	of	eight	main	ABC	efflux	transporter	genes	(abcb1a/abcb1b,	PGP;	

abcg2,	BCRP	and	abcc1-5,	MRP1-5)	was	estimated	in	brain	cortices,	lateral	

ventricular	choroid	plexuses	and	placenta	of	Sprague	Dawley	rats	at	different	

stages	of	development.	The	key	transporters	expressed	in	the	brain	cortices	

were	abcc1	and	abcb1a,	with	expression	of	abcc2,	abcc4,	abcc5	and	abcg2	also	

present	in	notable	amounts.	These	results	reflect	the	general	consensus	from	

current	literature	in	the	rodent.	abcc1	(MRP1)	and	abcc5	(MRP5)	have	been	

found	in	rodent	cortical	studies,	but	it	was	suggested	that	their	primary	

localization	is	not	on	cerebral	endothelial	cells	but	instead	in	brain	parenchymal	

cells	such	as	astrocytes	(Gazzin	et	al.,	2008;	Ek	et	al.,	2010).	PGP	

(abcb1a/abcb1b),	on	the	other	hand,	has	been	described	to	be	strongly	localized	

to	cerebral	endothelial	cells	in	the	brain	(Gazzin	et	al.,	2008;	Ek	et	al.,	2010;	

Yousif	et	al.,	2007).	Studies	have	also	linked	abcc2	(MRP2;	Ek	et	al.,	2010;	Wang	

et	al.,	2014),	abcc4	(MRP4;	Ek	et	al.,	2010;	Leggas	et	al.,	2004),	and	abcg2	(BCRP;	

Ek	et	al.,	2010;	Tachikawa	et	al.,	2005)	to	the	blood-brain	barrier.	Previous	
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studies	(Daneman	et	al.,	2010a),	RNAseq	data	presented	in	Chapter	6	of	this	

Thesis	and	the	pregnancy	brain	expression	data	presented	in	this	Chapter	

(Figure	3.4-3.5),	indicate	that	abcg2	levels	in	the	rodent	brain	are	approximately	

half	that	of	abcb1a.	The	levels	of	abcg2	may	therefore	be	slightly	underestimated	

in	Figure	3.1-3.3.	abcb1a	is	known	to	be	the	predominant	PGP	encoding	gene	

compared	to	abcb1b,	both	in	the	cortex	as	a	whole	and	at	the	blood-brain	barrier	

specifically	(Regina	et	al.,	1998).	The	major	developmental	changes	observed	

between	E19	and	adult	brains	were	a	decrease	in	abcc1	and	abcb1b	expression	

over	development	and	an	increase	in	abcb1a	expression.	In	the	literature	the	

increase	in	abcb1a	expression	at	the	blood-brain	barrier	is	well	described	in	both	

rodents	and	humans	(Daneman	et	al.,	2010a;	Ek	et	al.,	2010;	Gazzin	et	al.,	2008;	

Daood	et	al.,	2008).	

	

During	pregnancy	a	mother	experiences	a	range	of	physiological	changes	

including	hormone	levels,	cardiac	rhythms	and	blood	composition	(Mims,	2015;	

Gardner	et	al.,	2011;	Hayes	&	Larson,	2012).	It	is	therefore	possible	that	blood-

brain	defence	mechanisms	may	also	alter	during	pregnancy,	which	would	affect	

the	ability	of	CNS	directed	medications	to	alleviate	maternal	ailments,	or	the	

dose	required	to	do	so.	During	pregnancy	the	expression	of	ABC	efflux	

transporters	in	the	maternal	brain	cortices	was	similar	to	that	of	non-pregnant	

adult	females	(Figure	3.4-3.5).	Previous	studies	have	suggested	that	ABC	

transporters	(PGP,	MRP1)	in	the	maternal	cortex	may	be	different	to	non-

pregnant	adults	at	the	protein	level	but	not	the	genomic	level	(Coles	et	al.,	2009),	

which	future	studies	could	further	investigate.	At	the	genomic	level,	however,	it	

seems	that	ABC	transporter	expression	in	the	brain	does	not	change	during	
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pregnancy.		This	finding	is	important	for	interpreting	the	adult	results	in	this	

Chapter	in	reference	to	pregnant	women,	as	the	expression	of	efflux	transporters	

at	her	brain	barriers	may	be	similar	to	that	of	non-pregnant	females.		

	

In	the	lateral	ventricular	choroid	plexus	abcc1	was	the	highest	expressed	

transporter,	with	abcc4	also	present	in	large	amounts.	This	was	seen	at	every	

stage	of	development	(E19,	P4,	adult)	with	expression	of	all	other	transporters	

much	lower.	The	high	expression	of	these	two	transporters	at	the	choroid	plexus	

reflects	other	studies	in	rodents,	which	also	reported	an	increase	in	abcc1	and	

abcc4	expression	over	development	(Gazzin	et	al.,	2008;	Kratzer	et	al.,	2013).	

Despite	low	expression,	the	following	genes	were	found	in	the	present	study	to	

be	expressed	at	the	choroid	plexus:	abcc2,	abcc3,	abcc5,	abcg2,	abcb1a	and	

abcb1b.	The	developmental	decrease	in	abcc3	and	abcg2	expression	observed	in	

this	study	have	been	previously	reported	(Kratzer	et	al.,	2013;	Ek	et	al.,	2010).	

The	expression	of	PGP	genes	abcb1a/abcb1b	have	been	discussed	as	having	low	

expression	at	the	rodent	choroid	plexus	in	multiple	studies	(Gazzin	et	al.,	2008;	

Kratzer	et	al.,	2013).	The	immunohistochemical	analysis	of	the	

ventricular/ependymal	layer	revealed	strong	immunoreactivity	of	MRP1	(abcc1)	

at	the	choroid	plexus	(Figure	3.12).	In	addition,	despite	low	expression	there	was	

notable	BCRP	(abcg2)	immunostaining	at	the	choroid	plexus	(Figure	3.12),	which	

has	been	previously	shown	in	the	rodent	(Tachikawa	et	al.,	2005).	

	

Placental	results	highlighted	distinct	changes	in	ABC	transporter	profiles	

between	earlier	gestation	(E13)	and	those	in	late	gestation	(E15),	including	near	

term	(E19).	At	E13	the	predominant	efflux	transporter	expressed	in	the	placenta	
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was	abcc1,	which	was	expressed	at	almost	half	the	amount	at	E19.	In	the	E19	

placenta	abcb1a	and	abcb1b	were	the	predominant	transporters	expressed.	

Clear	developmental	profiles	could	be	observed	with	the	near-term	E19	placenta	

decreasing	the	expression	of	abcc1,	abcc2	and	abcc5	while	abcb1a	and	abcb1b	

significantly	increased	(Figure	3.11).	Previous	literature	in	the	rodent	has	

identified	PGP	(abcb1a;	abcb1b)	in	the	placenta,	with	contradictions	regarding	

its	developmental	profiles	(Coles	et	al.,	2009;	Novotna	et	al.,	2004;	Trezise	et	al.,	

1992).	The	results	from	the	present	study	reflect	those	of	Novotna	and	

colleagues	(2004),	with	a	distinct	expression	rise	over	development.	Despite	low	

abcg2	expression	in	the	present	study,	the	developmental	profile	of	a	peak	of	

expression	around	E15	compared	to	E13	and	E19	matches	the	results	from	

Wang	and	colleagues	(2006).	That	study	also	showed,	using	immunostaining,	the	

presence	of	the	BCRP	protein	in	the	rat	placenta.	The	decrease	in	abcc1	(MRP1)	

and	abcc5	(MRP5)	expression	in	the	placenta	reflects	the	protein	results	from	

previous	research	(Aleksunes	et	al.,	2008),	although	at	the	mRNA	level	these	

studies	showed	no	change.		

	

The	CSF-brain	barrier	at	the	lateral	ventricular	interface	is	known	to	change	

throughout	development.	Early	in	development	the	cells	of	the	ventricular	

neuroepithelial	barrier	are	tightly	joined	by	“strap”	junctions,	limiting	

intercellular	molecular	transfer	from	CSF	to	brain	in	the	rat	early	in	development	

until	P20	(Møllgård	et	al.,	1987;	Whish	et	al.,	2015).	The	presence	of	ABC-

transporters	at	this	cellular	layer	over	development	has	not	been	studied	in	

detail.	The	immunohistochemical	staining	in	the	present	study	investigated	two	

developmental	stages:	i)	where	there	is	intercellular	restriction	at	the	
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ventricular	barrier	(P4,	P14)	and	ii)	where	the	ventricular	barrier	cells	are	

separated	by	gap	junctions	(adult).	It	was	found	that,	like	“strap”	junctions,	PGP	

and	BCRP	transporters	were	only	present	at	the	ventricular	barrier	of	

developing	rats	(P4	and	P14)	but	not	in	adults.	In	contrast	to	PGP	and	BCRP,	the	

transporters	MRP2-5	showed	no	or	very	limited	staining	at	P4,	medium	levels	at	

P14	and	strong	presence	in	the	adult	(Table	3.1).	Daood	and	colleagues	(2008)	

suggested	that	MRP1	(abcc1)	was	present	at	the	ventricular	barrier.	In	contrast,	

in	the	present	study	this	transporter	was	the	only	one	not	identified	at	any	age.	

This	contradiction	most	likely	is	due	to	the	fact	that	Daood’s	study	did	not	

investigate	the	lateral	ventricular	barrier,	suggesting	that	the	cellular	layer	

forming	different	ventricles	may	have	different	expression	profiles	of	ABC	

transporters.	In	previous	studies	in	the	mouse,	Tomioka	and	colleagues	(2016)	

reported	no	BCRP	(abcg2)	immunostaining	in	the	adult	ventricular	ependyma.	

The	adult	results	from	the	present	study	support	the	results	observed	by	

Tomioka	et	al.	(2016),	but	do	suggest	that	earlier	in	development	(P4,	P14)	this	

transporter	is	present.	

	

The	strong	immunoreactivity	of	MRP2-5	(abcc2-5)	at	the	adult	ventricular	

ependymal	layer	is	quite	interesting	considering	that	this	is	the	age	when	the	

ventricular	interface	allows	unrestricted	intercellular	transfer.	Why	would	a	

cellular	interface	that	consists	of	gap	junctions	have	stronger	immunostaining	of	

MRP	efflux	transporters?	It	is	possible	that	MRP2/4/5	(abcc2;	abcc4;	abcc5)	and	

gap	junctions	both	serve	a	similar	purpose;	they	do	not	restrict	the	transfer	of	

compounds	from	the	CSF	to	the	brain	but	instead	facilitate	the	removal	of	

compounds	and	waste	products	from	the	brain	to	the	CSF	for	removal.	At	the	
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adult	ependyma	efflux	associated	isoenzymes	have	been	shown	to	exist	(Kratzer	

et	al.,	2018).	Conjugation	(e.g.	glutathionation)	of	xenobiotics	and	endogenous	

waste	products	in	the	ventricular	barrier	of	the	brain	before	passage	to	the	CSF	

could	assist	in	the	retention	of	these	compounds	in	the	aqueous	CSF	for	removal	

via	the	CSF	sink	mechanism.	If	this	was	the	case	the	insertion	of	MRP	

transporters,	together	with	the	transition	of	“strap”	junctions	to	gap	junctions,	

may	work	together	to	provide	enhanced	molecular	clearance	from	brain	to	CSF	

in	adults	(Koehn	et	al.,	2019a).	In	contrast,	the	presence	of	PGP	(abcb1a/b)	and	

BCRP	(abcg2)	in	the	neuroepithelium	at	P4	and	P14	ages	may	be	responsible	for,	

along	with	“strap”	junctions,	limiting	molecular	transfer	from	the	CSF	to	the	

brain.	This	proposition	is	compatible	with	some	current	theories	in	the	literature	

that	suggest,	due	to	the	relative	development	of	the	choroid	plexus	compared	to	

cerebral	vascularization,	that	the	CSF	is	a	more	important	route	of	molecular	

entry	into	the	brain	earlier	in	development	compared	to	later	in	life	(Johansson	

et	al.,	2008;	Saunders	et	al.,	2015;	2018).	

	

The	cortical	homogenate	samples	used	for	RT-qPCR	also	contained	the	cellular	

layer	that	forms	the	ventricular	interface	(neuroepithelium	or	ependyma,	

depending	on	developmental	stage).	As	described	above,	efflux	transporters	are	

present	at	this	interface	and,	therefore,	would	have	contributed	to	the	overall	

efflux	transporter	expression	in	brain	samples.	It	was	observed	that	PGP	and	

BCRP	were	present	at	the	ventricular	barrier	during	development	but	not	in	

adulthood.	This	suggests	that	the	increase	of	cortical	abcb1a	(PGP)	and	abcg2	

(BCRP)	over	development	observed	in	the	present	study	(RT-qPCR;	Figure	3.3)	

was	unlikely	to	be	due	to	changes	at	the	ventricular	barrier	as	the	
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immunohistochemical	results	suggest	that	ventricular	PGP	(abcb1a)	and	BCRP	

(abcg2)	have	the	opposite	developmental	profile.	PGP	(abcb1a),	and	to	a	lesser	

extent	BCRP	(abcg2),	are	highly	localized	to	cerebral	endothelial	cells	in	the	

brain,	suggesting	that	the	developmental	change	in	expression	is	likely	to	be	

occurring	at	this	barrier	rather	than	other	cells	in	the	brain	(Hori	et	al.,	2004;	

Regina	et	al.,	1998;	Ek	et	al.,	2010).	The	decrease	in	cortical	abcc1	(MRP1)	over	

development	observed	in	the	present	study	(RT-qPCR)	also	appears	not	to	be	

due	to	ventricular	components	of	cortical	homogenate	as	this	transporter	was	

not	present	at	this	barrier	at	any	age	in	immunohistochemical	analysis	(Figure	

3.3;	Figure	3.12).		

	

The	results	from	the	present	study	in	the	rat	have	many	similarities	with	the	

literature	regarding	ABC	transporter	expression	in	humans.	At	the	blood-brain	

barrier,	literature	suggests	the	presence	of	MRP1/4/5	(abcc1/4/5,	Nies	et	al.,	

2004),	all	of	which	were	present	in	appreciable	amounts	in	the	rat.	In	addition,	

the	developmental	increase	of	PGP	(abcb1a,	abcb1b)	at	the	blood-brain	barrier	

(Daood	et	al.,	2008)	and	the	relatively	stable	presence	of	BCRP	(abcg2;	Aronica	et	

al.,	2005;	Daood	et	al.,	2008)	match	previous	human	studies.	At	the	placenta	the	

presence	of	BCRP	(Yeboah	et	al.,	2006)	as	well	as	MRP1/3/5	(Nagashige	et	al.,	

2003;	Kozłowska-Rup	et	al.,	2014;	St-Pierre	et	al.,	2000;	zu	Schwabedissen	et	al.,	

2005)	reflect	results	previously	reported	in	humans,	including	a	decrease	in	

MRP5	approaching	term	(zu	Schwabedissen	et	al.,	2005).	At	the	placenta,	

however,	reports	of	a	decrease	in	PGP	(abcb1a/abcb1b;	Gil	et	al.,	2005;	Sun	et	al.,	

2006)	and	an	increase	in	MRP2	(zu	Schwabedissen	et	al.,	2005)	were	the	

opposite	of	the	results	found	for	the	rat	in	this	study.	The	results	from	this	study	
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and	others	(Gazzin	et	al.,	2008;	Kratzer	et	al.,	2013;	Ek	et	al.,	2010)	suggest	PGP	

(abcb1a/b)	at	the	choroid	plexus	in	the	rat	is	quite	low.	In	humans,	however,	

multiple	studies	(Daood	et	al.,	2008;	Møllgård	et	al.,	2017)	have	shown	PGP	at	

this	interface,	suggesting	it	may	play	a	more	prominent	role	in	humans	than	rats.	

Studies	by	Tachikawa	et	al.	(2005)	and	Ek	et	al.	(2010)	have	suggested	that	BCRP	

(abcg2)	is	present	at	the	rat	choroid	plexus,	while	human	studies	have	indicated	

BCRP	staining	is	absent	or	incomplete	(Daood	et	al.,	2008;	Møllgård	et	al.,	2017).	

The	results	presented	in	this	Chapter	support	these	previous	findings,	

identifying	BCRP	(Figure	3.12E-F)	but	not	PGP	(Figure	3.12C-D)	in	

immunohistochemical	staining	of	the	rat	choroid	plexus.	The	two	main	

expressed	transporters	at	this	barrier	however,	MRP1	(abcc1)	and	MRP4	

(abcc4),	show	strong	correlation	between	the	rat	results	in	the	present	study	and	

rat	results	in	the	literature	(Ek,	et	al.,	2010;	Gazzin	et	al.,	2008;	Kratzer	et	al.,	

2013;	Liddelow	et	al.,	2012).	The	literature	also	states	that	MRP1	(Daood	et	al.,	

2008;	Møllgård	et	al.,	2017)	and	MRP4	(Leggas	et	al.,	2004)	are	present	at	the	

choroid	plexus	in	the	human,	although	specific	developmental	profiles	for	these	

transporters	in	the	human	are	yet	to	reflect	the	increase	over	development	seen	

in	the	rat	study.	Overall,	the	results	suggest	that	the	same	ABC	transporters	are	

present	at	the	blood-brain	(and	placental)	barriers	for	both	rodents	and	humans.	

The	developmental	profiles	observed	in	the	present	study	also	indicate	some	

correlations	to	what	has	been	observed	in	human	data.	Future	studies	that	can	

directly	compare	transporter	levels	between	rat	and	human	within	one	study	

may	be	able	to	further	elucidate	the	exact	similarities	between	the	two	species.	
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In	conclusion,	the	results	from	the	present	Chapter	highlight	the	expression	of	a	

range	of	ABC	efflux	transporters	at	maternal-fetal,	blood-brain,	blood-CSF	and	

CSF-brain	interfaces	over	development.	These	profiles	of	expression	may	

provide	an	indication	of	the	types	of	drugs	(substrates	for	certain	transporters)	

that	could	transfer	into	the	brain	at	greater	or	lesser	extents	at	different	

developmental	stages.	The	extensive	results	describing	various	barriers,	

transporters	and	ages	formulates	a	detailed	understanding	of	the	defences	likely	

to	be	present	for	preventing	drug	transfer	into	the	brain.	

	

One	of	the	most	widely	studied	efflux	transporters	PGP	(abcb1a/abcb1b)	had	

distinct	age-	and	tissue-related	profiles	throughout	the	experiments	described	in	

this	Chapter.	PGP	was	present	at	the	CSF-brain	interface	early	in	development,	

but	not	in	adulthood.	abcb1a	also	increased	expression	in	both	the	brain	over	

development	(E19	to	adult)	and	the	placenta	over	gestation	(E13	to	E19).	These	

results	suggest	that	substrates	of	this	transporter	may	have	differing	capacities	

to	enter	the	brain	at	different	developmental	stages.	In	order	to	determine	

whether	or	not	this	is	the	case,	a	series	of	experiments	were	conducted	in	order	

to	test	the	biological	capacity	of	the	barriers	to	prevent	PGP	substrate	transfer.	

These	are	described	in	Chapter	4.	
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Chapter 4:   
The Regulation and 
Functional Capacity 
of PGP at Brain and 

Placental Barriers 
During 

Development 
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Abstract	

The	ABC	transporter	P-glycoprotein	(PGP;	abcb1a/abcb1b)	has	distinct	

developmental	profiles	at	barriers	that	impede	molecular	transport	to	the	brain.	

The	capacity	of	the	placenta,	blood-brain	and	blood-CSF	barriers	to	limit	the	

transfer	of	PGP	substrate	rhodamine-123	(R123)	into	the	brain	and	CSF	was	

measured	in	an	in	vivo	rat	model	at	E19,	P4,	P14	and	adult	ages.	R123	entered	

the	brain	and	CSF	in	higher	concentrations	at	E19,	P4	and	P14	rats	compared	to	

adults	(Figure	4.13),	over	a	range	of	doses	(2.5-20mg/kg).	Transport	across	the	

E19	placenta	was	consistently	around	20%	over	a	period	of	30-120min	post-

injection.	The	influence	of	chronic	drug	exposure	on	the	expression	of	

abcb1a/abcb1b	(PGP)	and	other	transporters	in	the	rat	was	also	measured.	Four-

day	treatment	of	the	known	abcb1a	(PGP)	inducer	diallyl	sulfide	(DAS;	

200mg/kg	daily)	caused	a	consistent	up-regulation	of	abcc3	and	abcb1a	

transcripts	(Figure	4.2)	and	glutathione-s-transferase	activity	(Figure	4.6)	in	the	

liver	of	postnatal	rats	from	P4	to	adult.	However,	response	to	chronic	treatment	

in	the	brain	was	age-dependent.	The	adult	brain	significantly	increased	

expression	of	abcb1a,	abcb1b,	abcg2,	abcc4	and	abcc5	following	chronic	DAS	

exposure,	with	no	response	at	P4	or	P14	ages	(Figure	4.3).	These	results	indicate	

that	the	developing	brain	might	be	more	at	risk	than	the	adult	brain	to	the	

transfer	of	PGP	substrates	under	both	acute	(greater	R123	transfer)	and	chronic	

(lower	capacity	to	up-regulate	transporters)	conditions.	
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Introduction	

In	Chapter	3	the	expression	levels	of	8	main	ABC	transporters	(abcb1a/b,	abcc1-

5,	abcg2)	were	shown	to	be	age-	and	tissue-dependent.		In	the	present	Chapter	

one	ABC	transporter,	P-glycoprotein	(PGP;	abcb1a/abcb1b),	was	selected	to	

investigate	the	degree	to	which	the	described	differences	in	transporter	

expression	at	the	blood-brain,	blood-CSF	and	maternal-fetal	interfaces	relate	to	

functional	differences	in	substrate	transfer.	In	addition,	experiments	were	

conducted	to	establish	whether	the	expression	levels	described	in	Chapter	3	

could	be	altered	in	response	to	prolonged	drug	treatment.		

	

In	a	clinical	setting,	medications	are	often	prescribed	to	patients	to	be	taken	over	

a	number	of	days.	Recently	studies	have	suggested	that	chronic	drug	exposure	

can	lead	to	an	up-regulation	of	efflux	transporters	above	the	baseline	level,	

allowing	barriers	to	efflux	at	a	greater	capacity	as	the	treatment	period	extends	

(Azzaroli	et	al.,	2007;	Bauer	et	al.,	2004;	Cui	et	al.,	2009;	Hoque	et	al.,	2015).	This	

would	mean	that	over	the	course	of	treatment,	the	level	of	a	drug	that	crosses	the	

blood-brain	and	placental	barriers	might	be	less	than	that	estimated	at	the	start.	

These	studies,	however,	have	only	investigated	at	the	capacity	of	transporter	

regulation	in	adults	and	not	earlier	in	development.	Understanding	the	

differences	in	regulatory	capacity	at	different	developmental	stages	would	allow	

for	improved	clinical	care	for	pregnant	mothers	and	very	young	children,	

especially	those	born	prematurely.		
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A	study	by	Cui	and	colleagues	(2009)	investigated	a	range	of	compounds	in	an	in	

vivo	mouse	model	and	the	influence	of	chronic	exposure	on	the	expression	levels	

of	PGP	(abcb1a;	mdr1a)	in	different	tissues.	Their	results	suggested	that	diallyl	

sulfide	(DAS),	a	known	constitutive	androstane	receptor	(CAR)	agonist,	was	the	

most	potent	compound	at	up-regulating	mRNA	levels	of	abcb1a	(PGP)	in	the	

mouse	brain.	DAS	did	not,	however,	produce	significant	up-regulation	in	the	liver	

or	duodenum,	suggesting	a	tissue	specific	effect.	In	the	present	Chapter,	the	

experimental	design	described	by	Cui	et	al.	(2009)	was	replicated	and	extended	

to	investigate	a	series	of	key	questions.	Firstly,	the	influence	of	chronic	DAS	

exposure	was	studied	not	only	on	transporter	expression	in	the	brain,	but	also	in	

the	choroid	plexus	and	placenta.	Experiments	were	completed	in	the	adult	rat,	as	

well	as	at	two	early	stages	of	postnatal	development	(P4	and	P14)	and	two	

stages	of	pregnancy	(E13,	E20).	The	experimental	design	was	expanded	to	look	

at	all	of	the	main	transporters	described	in	Chapter	3	(abcb1a/abcb1b,	abcc1-5,	

abcg2)	to	see	whether	the	one	inducer	compound	was	having	effects	on	the	

expression	of	multiple	ABC	transporters.	The	impact	of	DAS	on	the	activity	level	

of	glutathione-s-transferase	(GST),	an	important	conjugating	enzyme	at	barrier	

interfaces	(especially	the	choroid	plexus),	was	also	examined	to	see	whether	DAS	

altered	additional	efflux	components	other	than	the	transporters	themselves.		

	

In	order	to	evaluate	the	functional	capacity	of	PGP	to	prevent	its	substrates	from	

crossing	the	placental,	blood-CSF	and	blood-brain	barriers,	a	known	PGP	

substrate	rhodamine-123	(R123)	was	used.	R123	is	a	prototypical	PGP	substrate	

thought	to	be	specific	for	this	transporter	(Lee	et	al.,	1994;	Scala	et	al.,	1997;	

Yumoto	et	al.,	1999;	Kageyama	et	al.,	2006;	Pavek	et	al.,	2003;	de	Lange	et	al.,	
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1998;	Stein	et	al.,	2002).	R123	was	applied	i.p.	and	measured	in	the	blood,	CSF	

and	brains	of	animals	at	different	developmental	stages	(E19,	P4,	P14,	adult).	

The	results	obtained	in	this	Chapter	for	the	transfer	of	a	PGP	substrate	into	the	

brain	can	be	paired	with	the	abcb1	(PGP)	expression	presented	in	Chapter	3	to	

describe	the	expected	differences	in	PGP	substrate	transfer	to	the	brain	at	

different	stages	of	development.		

	

The	establishment	of	methods	to	test	whether	a	drug	binds	to	PGP	or	up-

regulates	PGP	expression	would	be	valuable	for	drug	developers	and	medical	

researchers.	Previous	studies	in	vitro	have	highlighted	how	R123	transport	can	

be	used	as	a	means	to	measure	these	outcomes	(Kim	et	al.,	1998;	de	Lange	et	al.,	

2000;	Collett	et	al.,	2004).	However,	it	is	well	established	that	PGP	function	and	

regulation	is	highly	variable	between	different	tissues	within	one	animal,	let	

alone	between	animals	and	isolated	cell	cultures	(Cui	et	al.,	2009;	Maglich	et	al.,	

2002).	Therefore,	it	would	be	ideal	to	have	a	defined	means	of	measuring	PGP	

regulation	and	function	at	the	blood-brain	barriers	in	vivo.	The	present	Chapter	

investigates	R123	transfer	into	the	brain	in	vivo	as	a	means	of	studying	drug	

interactions	with	PGP.	Control	measurements	of	R123	transfer	to	the	brain	and	

CSF	were	compared	to	R123	transfer	alongside	competitor	compounds	

(olanzapine,	DAS)	or	following	chronic	exposure	to	PGP	inducers	(digoxin,	DAS).	

If	R123	transport	to	the	brain/CSF	were	altered	in	these	conditions	compared	to	

controls,	this	would	indicate	PGP	substrate	affinity	or	increased	PGP	functional	

capacity	at	the	blood-brain	barriers	specifically.		
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The	present	Chapter	forms	a	detailed	analysis	of	PGP	regulation	and	

functionality	at	the	major	blood-brain	barriers	(and	placenta)	during	early	

developmental	stages.	The	results	and	methods	described	provide	the	basis	for	

future	evaluation	of	commonly	used	medications	that	are	less	well	characterized.	

Any	differences	observed	in	this	study	between	ages	or	tissues	would	suggest	

that	the	major	ABC	transporter	PGP	has	differential	barrier	protection	

capabilities.	This	information	would	be	important	when	determining	drug	

selection	and	dosing	scheduling	for	different	patients,	especially	those	who	are	

young	or	pregnant.	Parts	of	this	Chapter	have	been	previously	published	(Koehn	

et	al.,	2019a).	
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Experimental	protocol	

In	order	to	evaluate	the	up-regulation	of	PGP	at	blood-brain	(and	placental)	

interfaces,	rats	were	exposed	for	a	period	of	4	days	to	a	known	PGP	inducer	

diallyl	sulfide	(DAS;	see	General	Introduction).	DAS	(200mg/kg/day;	4	days)	was	

applied	as	supplied	by	SIGMA,	due	to	observations	that	commonly	used	vehicle	

for	oil-based	substances	(peanut	oil;	SIGMA)	exerted	a	down-regulatory	effect	on	

abcb1a	(PGP)	expression	in	brain	tissue	(not	illustrated).	Rats	received	DAS	

(200mg/kg)	once	daily	for	four	days,	with	tissue	(liver,	cortex,	choroid	plexus,	

placenta)	collected	on	the	5th	day	(see	General	Methods).	Ages	investigated	were	

P4,	P14	and	adult	for	postnatal	studies	and	E13	and	E20	for	placental	studies,	

listed	at	the	end	of	treatment	completion.	Control	tissues	were	obtained	from	

age-matched,	un-injected	animals.	For	RT-qPCR	analysis	ABC	efflux	transporter	

expression	was	compared	to	an	average	of	two	housekeeper	genes:	β-actin	and	

ppib	(see	General	Methods).		

	

In	addition	to	the	RT-qPCR	measurements	of	efflux	transporter	expression,	the	

activity	level	of	conjugating	enzyme	glutathione-s-transferase	(GST)	was	

measured.	Response	to	prolonged	DAS	exposure	was	analysed	in	both	in	vitro	

primary	astrocyte	cell	culture	as	well	as	in	vivo	rat	models.	For	in	vitro	

experimentation	tert-Butylhydroquinone	(TBHQ;	in	dimethyl	sulfoxide	(DMSO);	

20μM	and	50μM)	was	used	as	a	positive	control	(Tasset	et	al.,	2010),	DAS	(in	

DMSO;	100μM	and	500μM)	as	treated	cells,	and	both	untreated	and	DMSO	sham	

cells	used	as	controls.	Treatment	was	once	daily	for	3	days	with	sampling	

conducted	on	the	4th	day	(24hr	post	treatment)	or	5th	day	(48hr	post	treatment).	
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For	in	vivo	experiments	DAS	(200mg/kg/day)	injections	were	given	i.p.	once	

daily	for	3	days	with	tissue	taken	on	the	4th	day	as	per	previous	protocols	

regarding	NRF2	and	CAR	pathway	induction	of	GST	(Kwak	et	al.,	2001;	Huang	et	

al.,	2004).	GST	activity	measurements	were	conducted	as	outlined	in	General	

Methods	using	spectrophotometry	of	monochlorobimane	conjugates.	

	

Rhodamine	123	(R123)	is	a	fluorescent	dye	and	prototypical	PGP	substrate	(Lee	

et	al.,	1994;	Scala	et	al.,	1997;	Yumoto	et	al.,	1999;	Kageyama	et	al.,	2006;	Pavek	

et	al.,	2003;	de	Lange	et	al.,	1998;	Stein	et	al.,	2002).	R123	was	injected	i.p	in	

range	of	concentrations	(2.5-20mg/kg)	to	E19,	P4,	P14	and	adult	rats.	Due	to	its	

fluorescent	properties	R123	was	measured	using	spectrofluorimetry	(ClarioStar)	

in	plasma,	CSF	and	the	supernatant	of	brain	homogenate	extract	(see	General	

Methods).	In	order	to	test	the	validity	of	R123	transfer	to	the	brain/CSF	in	vivo	as	

an	assay	for	PGP	substrate	affinity,	control	R123	transfer	was	compared	to	the	

transfer	when	injected	alongside	competitor	drug	olanzapine	(150µg/kg)	or	DAS	

(200m/kg).	For	the	in	vivo	assay	of	PGP	up-regulation,	control	transfer	of	R123	

into	the	brain	was	compared	to	the	transfer	of	R123	following	chronic	exposure	

to	PGP	inducer	DAS	(200mg/kg;	4	days)	or	digoxin	(30µg/kg;	4	days).	
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Results	

Diallyl	sulfide	induced	regulation	of	ABC		

transporter	expression	

The	present	Chapter	investigated	the	regulation	of	ABC	transporter	expression	

in	the	rat	following	chronic	diallyl	sulfide	(DAS)	exposure	in	different	tissues	and	

at	different	ages.	A	summary	of	all	expression	results	can	be	found	in	Table	4.1.	

	

Expression	of	ABC	transporters	in	the	liver		

Previous	literature	has	identified	strong	up-regulation	of	ABC	transporters	

(namely	abcc3;	MRP3)	in	the	rat	liver	following	chronic	DAS	exposure	

(Cherrington	et	al.,	2002;	2003).	Therefore,	the	liver	can	provide	an	internal	

control	for	each	animal,	ensuring	plasma	concentrations	of	injected	DAS	reached	

levels	capable	of	causing	ABC	efflux	transporter	up-regulation.		

	

The	expression	of	8	main	ABC	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	

abcg2,	abcb1a	and	abcg2)	in	the	liver	is	shown	in	Figure	4.1	for	control	rats	and	

those	chronically	treated	with	DAS.	Results	are	shown	for	two	early	postnatal	

ages	(P4,	P14)	and	adults	(6-10	weeks).	For	most	transporters,	expression	levels	

in	the	liver	remained	stable	between	controls	and	chronically	treated	animals	

(Figure	4.1).	As	previously	described,	hepatic	induction	of	abcc3	(MRP3)	

expression	was	observed	in	the	DAS	treated	group	compared	to	controls	in	adult	

(35.9	fold,	p<0.001),	P14	(4.6	fold,	p<0.001)	and	P4	(3.8	fold,	p<0.001)	rats.	As	
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can	be	seen	in	Figure	4.2	the	large	fold	up-regulation	in	adults	was	due	to	an	

extremely	low	basal	level	of	abcc3	at	this	age.	In	addition,	all	3	ages	also	showed	

an	up-regulation	of	abcb1a	(PGP)	expression	in	the	DAS	treated	rats	compared	to	

controls	in	the	adult	(2.2	fold,	p<0.01),	P14	(2.5	fold,	p<0.001)	and	P4	(3.0	fold,	

p<0.001)	groups.	As	outlined	in	Figure	4.2,	the	ABC	transporter	regulation	in	the	

liver	in	response	to	chronic	DAS	exposure	was	similar	between	the	three	ages	of	

interest.	This	indicates	that	DAS	injections	were	uniformly	successful	at	all	ages,	

entering	the	circulatory	system	to	an	extent	that	was	capable	of	inducing	ABC	

transporter	expression.	

	

An	additional	increase	of	abcc4	(MRP4)	was	observed	in	adult	(3.3	fold;	p<0.05)	

and	P14	(2.3	fold;	p<0.05)	livers,	with	a	decrease	in	abcg2	(BCRP)	in	the	P4	liver	

(0.7	fold;	p<0.01).	These	transporters	did,	however,	have	very	low	levels	of	

expression.	There	was	no	significant	alteration	of	abcb1b,	abcc1,	abcc2,	or	abcc5	

expression	in	the	livers	of	any	age-groups	investigated	(Table	1.1).		

	

Expression	levels	indicate	that	abcc2	(MRP2)	is	the	efflux	transporter	most	

strongly	expressed	in	the	adult	rat	liver,	with	abcb1a	and	abcb1b	also	expressed	

highly.	abcc1,	abcc3,	abcc5	and	abcg2	were	expressed	to	lower	extents,	with	

abcc4	being	expressed	minimally.	DAS	treatment	induced	abcc3	to	be	the	most	

dominantly	expressed	transporter	in	adults	(twice	that	of	the	nominal	abcc2	

levels),	with	abcb1a	doubling	to	a	level	still	an	order	of	magnitude	lower	than	

that	of	abcc2.	In	early	postnatal	animals	abcc2	was	the	most	largely	expressed,	

with	abcg2	(BCRP)	and	abcc5	(MRP5)	also	expressed	highly,	unlike	in	adults.		
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Table	4.1.	A	summary	of	results	from	the	RT-qPCR	analysis	of	ABC	transporter	

regulation	following	diallyl	sulfide	(DAS	200mg/kg/day)	four-day	treatment.	The	

relative	expression	of	transporters	(for	each	tissue	and	age)	was	determined	as	2-ΔCt	(see	

General	Methods)	with	respect	to	an	average	of	two	housekeeping	genes	(β-actin	and	

ppib).	Transporter	levels	were	compared	between	treated	and	control	animals	and	

results	illustrated	as	green	(↑)	indicating	significant	up-regulation	following	treatment	

(p<0.05),	white	(⟷)	indicating	no	significant	change	between	groups	and	red	(↓)	

indicating	significant	down-regulation	(p<0.05).	Significance	was	determined	by	t-test	

for	normal	distributions	and	Mann-Whitney	U	for	non-normal	data.	n=4-6	per	group,	see	

Figure	4.1-4.4	for	full	data.	Note	that	expression	levels	were	affected	differently	by	DAS	

treatment	in	different	tissues	and	(for	some	tissues)	different	ages.	Table	previously	

published	(Koehn	et	al.,	2019a).	
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Figure	4.1.	Expression	levels	in	the	rat	liver	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	B),	abcc3	

(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	G),	abcb1b	

(PGP;	H),	as	measured	by	RT-qPCR.	DAS	(200mg/kg/day)	chronically	injected	animals	

(closed	circles;	n=4-5)	and	control	animals	(open	circles;	n=4-5)	are	displayed.	Relative	

expression	is	shown	as	2-ΔCt	with	respect	to	an	average	of	two	housekeeping	genes	(β-

actin	and	ppib).	Significant	differences	between	chronic	and	control	groups	at	that	age	

are	indicated:	*	(p<0.05),	**	(p<0.01)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Figure	4.2.	Expression	levels	of	abcb1a	and	abcc3	in	the	liver	of	both	chronically	DAS	

treated	(200mg/kg/day;	closed	circles)	and	untreated	control	(open	circles)	rats.	Ages	

investigated	were	P4	(A;	n=6),	P14	(B;	n=4-5)	and	adult	(C;	n=4).	Relative	expression	is	

shown	as	2-ΔCt	with	respect	to	an	average	of	two	housekeeping	genes	(β-actin	and	ppib).	

Significant	differences	between	chronic	and	control	groups	at	that	age	are	indicated:			**	

(p<0.01)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	Figure	previously	published	

(Koehn	et	al.,	2019a).	
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Expression	of	ABC	transporters	in	brain	cortices		

The	expression	of	ABC-transporters	in	brain	cortices	of	both	the	chronic	DAS	

treated	and	control	groups	are	shown	in	Figure	4.3	for	each	age.	In	the	adult	

there	was	a	significant	increase	in	abcb1a/abcb1b	(PGP)	expression	in	the	DAS	

treated	group	compared	to	controls	(abcb1a	1.34	fold,	p<0.05;	abcb1b	2.15	fold,	

p<0.01).	There	was,	however,	no	significant	increase	in	abcb1a/abcb1b	(PGP)	

expression	in	the	P4	or	P14	age	groups	(Figure	4.3).	There	was	also	a	significant	

increase	in	abcg2	(BCRP;	2.16	fold,	p<0.01),	abcc4	(MRP4;	1.52	fold,	p<0.05)	and	

abcc5	(MRP5;	1.91	fold,	p<0.05)	expression	in	the	adult	brain	compared	to	

controls	(Table	4.1;	Figure	4.3).	Like	abcb1a/abcb1b,	these	transporters	were	

not	significantly	up-regulated	in	the	P4	and	P14	brains	following	chronic	

treatment	(Table	4.1).	At	P4	the	expression	of	abcg2	(BCRP)	in	the	brain	was	

significantly	lower	compared	to	the	control	group	(0.74	fold,	p<0.05).	DAS	

treatment,	therefore,	increased	cortical	abcb1a/abcb1b	(PGP),	abcg2	(BCRP)	and	

abcc4/5	(MRP)	expression	in	adult	rats	but	not	early	postnatal	pups.	No	

significant	up-	or	down-regulation	was	observed	for	abcc1,	abcc2	or	abcc3	in	the	

brain	at	any	age	investigated	(Table	4.3).		
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Figure	4.3.	Expression	levels	in	rat	brain	cortices	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	B),	

abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	G),	

abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	DAS	(200mg/kg/day)	chronically	injected	

animals	(closed	circles;	n=5)	and	control	animals	(open	circles;	n=5)	are	displayed.	

Relative	expression	is	shown	as	2-ΔCt	with	respect	to	an	average	of	two	housekeeping	

genes	(β-actin	and	ppib).	Significant	differences	between	chronic	and	control	groups	at	

that	age	are	indicated:	*	(p<0.05)	and	**	(p<0.01;	t-test,	Mann-Whitney	U).	
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Expression	of	ABC	transporters	in	the	choroid	plexus		

The	expression	of	ABC-transporters	in	the	lateral	ventricular	choroid	plexuses	of	

both	chronic	DAS	treated	and	control	groups	is	shown	in	Figure	4.4.	Despite	

adult	animals	significantly	up-regulating	abcb1a	in	the	cortex,	no	up-regulation	

of	abcb1a	was	observed	at	the	lateral	ventricular	choroid	plexus.	At	younger	

ages,	however,	a	significant	up-regulation	of	abcb1a	occurred	at	P14	(1.67	fold,	

p<0.05)	and	a	significant	down-regulation	was	observed	at	P4	(0.48	fold,	

p<0.05).	abcb1b	(PGP)	was	also	down-regulated	in	the	P4	choroid	plexus	(0.67	

fold,	p<0.01)	with	no	change	for	P14	or	adult	rats	(Table	4.1).	abcc5	(MRP5)	was	

down-regulated	for	adults	(0.89	fold,	p<0.05)	with	no	change	for	P4	or	P14	pups.	

abcc2	(MRP2)	was	up-regulated	at	P14	(1.34	fold,	p<0.05)	with	no	change	at	P4	

or	in	adults.	No	up-	or	down-regulation	was	observed	for	the	highly	expressed	

choroid	plexus	efflux	transporters	abcc1	or	abcc4	(Figure	4.4).	Transporters	

abcc3	and	abcg2	also	showed	no	change	at	any	age	(Table	4.1).	Results	for	the	

lateral	choroid	plexus	indicate	a	larger	age-related	variation	in	the	response	to	

DAS	than	was	apparent	in	the	brain.	

	

	

Activity	of	a	conjugating	enzyme,	GST	

The	activity	of	glutathione-s-transferase	(GST)	in	both	in	vitro	and	in	vivo	assays	

was	determined	following	prolonged	treatment	with	DAS	and	compared	to	

control	conditions.	
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Figure	4.4.	Expression	levels	in	the	rat	lateral	ventricular	choroid	plexus	of	abcc1	

(MRP1;	A),	abcc2	(MRP2;	B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	

(BCRP;	F),	abcb1a	(PGP;	G),	abcb1b	(PGP;	H),	as	measured	by	qPCR.	DAS	

(200mg/kg/day)	chronically	injected	animals	(closed	circles;	n=4-5)	and	control	

animals	(open	circles;	n=4-6)	are	displayed.	Relative	expression	is	shown	as	2-ΔCt	with	

respect	to	an	average	of	two	housekeeping	genes	(β-actin	and	ppib).	Significant	

differences	between	chronic	and	control	groups	at	that	age	are	indicated	as	*	(p<0.05;	t-

test,	Mann-Whitney	U).	
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GST	activity	in	astrocyte	cell	culture	

Dimethyl	sulfoxide	(DMSO;	sham)	treatment	had	no	significant	effect	on	GST	

activity	compared	to	controls.	GST	activity	in	astrocyte	cell	cultures	was	not	

increased	following	either	100μM	or	500μM	DAS	treatments	(Figure	4.5).	This	

stability	of	expression	was	observed	at	both	24	and	48hr	post-application.	

Positive	control	tert-Butylhydroquinone	(TBHQ)	increased	GST	activity	in	the	

astrocyte	culture	at	both	20μM	and	50μM	(Figure	4.5).	Combined,	TBHQ	

treatment	20-50μM	significantly	increased	GST	activity	compared	to	a	combined	

sham/control	group	(24hr	p<0.01;	48hr	p<0.01).	The	results	indicate	that	

chronic	TBHQ	(20-50μM)	exposure	significantly	increases	GST	activity	in	

astrocyte	cell	cultures,	while	chronic	DAS	exposure	(100-500μM)	had	no	effect.		

	

GST	activity	in	an	in	vivo	rat	model	
	
GST	activity	was	increased	in	the	liver	for	DAS	treatment	groups	compared	to	

equivalent	controls	at	P4	(p<0.05)	and	adult	(p<0.05;	Figure	4.6)	ages.	DAS	

(200mg/kg/day)	treatment	did	not	result	in	significantly	increased	GST	activity	

compared	to	controls	in	the	brain,	lateral	ventricular	choroid	plexus	or	4th	

ventricular	choroid	plexus	at	any	age	investigated	(Figure	4.6).	DAS	treatment,	

therefore,	alters	GST	activity	in	the	liver	but	not	the	brain	cortices	(site	of	blood-

brain	barrier)	or	choroid	plexuses	(site	of	blood-CSF	barrier)	under	the	

concentrations	and	conditions	tested.	
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A)	 	 	 	 				        B)	
										
	

	

	

	

	

	

	

Figure	4.5.	Glutathione-S-Transferase	(GST)	activity	of	astrocyte	cell	cultures.	Cells	

were	treated	once	daily	for	3	days	with	sampling	conducted	either	24hr	(A)	or	48hr	(B)	

post-treatment.	Groups	investigated	were:	control	no	treatment	(blue	circle),	dimethyl	

sulfoxide	(DMSO;	light	blue	squares),	100μM	Diallyl	Sulfide	(DAS;	light	green	triangles),	

500μM	Diallyl	Sulfide	(DAS;	dark	green	inverted	triangles),	20μM	tert-

Butylhydroquinone	(TBHQ;	pink	diamond)	or	50μM	tert-Butylhydroquinone	(TBHQ;	

purple	large	circles).	DAS	and	TBHQ	were	diluted	in	DMSO	then	culture	medium	so	final	

DMSO	concentrations	were	0.1%.	Each	dot	represents	a	pooled	sample	of	astrocytes	

from	2	wells.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

24 Hour Post Treatment 48 Hour Post Treatment 
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Figure	4.6.	Glutathione-S-transferase	activity	in	the	liver	(A),	brain	cortices	(B),	lateral	

choroid	plexus	(LVCP;	C)	and	4th	ventricular	choroid	plexus	(4thVCP;	D)	for	both	DAS	

treated	(200mg/kg/day;	closed	circles)	or	untreated	control	(open	circles)	rats.	Ages	

investigated	were	P4	(n=7-8)	and	6-8	week	adult	(n=3-4),	choroid	plexus	samples	were	

pooled	from	1-2	pups	for	a	technical	n=4.	Significant	differences	between	chronic	and	

control	groups	at	that	age	are	indicated	as	*	(p<0.05;	t-test,	Mann-Whitney	U).	Figure	

previously	published	(Koehn	et	al.,	2019a).	
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Expression	of	ABC	transporters	in	the	maternal	liver		

In	order	to	accurately	assess	the	placental	up-regulation	of	efflux	transporters	in	

response	to	DAS,	the	livers	of	the	pregnant	dams	were	used	as	a	positive	control	

to	ensure	that	DAS	was	in	maternal	circulation	in	quantities	capable	of	eliciting	

ABC	efflux	transporter	up-regulation	(see	above).	The	results,	described	in	

Figure	4.7,	indicate	that	the	maternal	livers	of	DAS	treated	dams	at	both	E13	and	

E20	pregnancy	stages	showed	the	same	profile	of	up-regulation	as	described	for	

non-pregnant	adult	livers	in	response	to	DAS	(see	Figure	4.2).	At	E13	the	liver	of	

DAS	treated	dam	had	higher	levels	of	abcb1a	(1.45	fold)	and	abcc3	(6.53	fold)	

than	the	control	dam’s	liver.	At	E20,	the	DAS	treated	liver	also	had	higher	levels	

of	abcb1a	(1.59	fold)	and	abcc3	(11.41	fold)	than	the	control	dam’s	liver.	This	

indicates	that,	like	in	adult	experiments,	DAS	was	present	in	the	maternal	

circulation	in	amounts	capable	of	up-regulating	ABC	efflux	transporter	

expression	and,	therefore,	should	have	been	reaching	the	placenta.	
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Figure	4.7.	Expression	levels	in	the	maternal	rat	liver	of	abcc3	(MRP3;	A)	and	abcb1a	

(PGP;	B)	for	control	dams	(white	bar,	n=1)	and	DAS	(200mg/kg/day)	treated	dams	

(grey	bar,	n=1).	Only	one	mother	(dam)	of	each	group	was	required	to	obtain	multiple	

pups’	placentas.	Relative	expression	is	shown	as	2-ΔCt	with	respect	to	an	average	of	two	

housekeeping	genes	(β-actin	and	ppib).	
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Expression	of	ABC	transporters	in	the	placenta		

The	effect	of	chronic	DAS	exposure	on	the	expression	of	8	main	ABC	efflux	

transporters	in	the	placenta	can	be	seen	in	Figure	4.8.	Results	are	shown	for	

control	and	chronic	DAS	treated	(200mg/kg/day)	animals	at	E13	and	at	E20.	

Ages	listed	are	at	the	end	of	the	treatment	regime.	At	E20	chronic	DAS	exposure	

resulted	in	a	significant	up-regulation	of	abcc1	(1.32	fold,	p<0.05)	in	the	

placenta.	There	was	no	significant	change	between	DAS	treated	and	control	

groups	for	the	expression	of	abcc1	in	the	placenta	at	E13.	There	was	also	no	

significant	change	in	the	expression	of	transporters	abcb1a,	abcb1b,	abcg2,	

abcc2,	abcc3,	abcc4	or	abcc5	in	the	placenta	at	E13	or	E20	pregnancy	stages	(see	

Figure	4.8).		
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Figure	4.8.	Expression	levels	in	the	rat	placenta	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	B),	

abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	G),	

abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Placentas	from	two	pregnancy	stages	are	

presented,	E13	and	E20.	DAS	(200mg/kg)	injected	animals	(closed	circles;	n=3)	and	

control	animals	(open	circles;	n=3)	are	displayed.	Relative	expression	is	shown	as	2-ΔCt	

with	respect	to	an	average	of	two	housekeepers	(β-actin	and	ppib).	Significant	

differences	between	chronic	and	control	groups	at	that	age	are	indicated	as	*	(p<0.05;	t-

test).	
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Transfer	of	rhodamine-123,	a	PGP	substrate	

Establishing	the	model	

In	order	to	determine	the	amount	of	R123	in	the	blood,	CSF	and	brain	standard	

curves	were	produced	for	each	tissue	and	age	for	the	fluorescence	readings	of	

known	R123	concentrations.	The	results	are	outlined	in	Figure	4.9	for	brain	and	

plasma	samples	of	adult,	P14	and	P4	rats,	as	well	as	the	CSF	of	adult	rats.	As	can	

be	seen,	fluorescent	readings	are	largely	independent	of	the	age	or	tissue	being	

measured.	Least	squares	linear	regression	analysis	with	analysis	of	covariance		

indicated	that	a	single	line	best	represented	the	data,	as	there	was	no	significant	

difference	(p>0.05)	between	any	two	tissue/age	combinations	for	line	elevation	

or	slope.	Therefore,	one	equation	can	be	used	to	convert	fluorescence	readings	to	

mgR123	for	all	samples	tested,	shown	in	Figure	4.9.	The	minimal	and	maximal	

detection	levels	(used	on	the	graphs	of	linearity	in	Figure	4.9)	were	4.22ng	and	

4.59μg	per	30μl	well.	Full	CSF	curves	were	not	completed	in	the	P14	or	P4	ages.	

This	was	due	to	the	number	of	animals	required	to	get	a	large	enough	volume	of	

CSF	to	run	those	comparisons,	which	was	deemed	not	necessary,	due	to	the	

similarity	of	measurements	in	all	other	samples.		
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Figure	4.9.	Fluorescence	readings	of	different	amounts	of	Rhodamine-123	(R123)	in	

30µl	as	measured	by	the	Clariostar	Plate	reader	(see	General	Methods).	Results	are	

shown	for	R123	in	P4	plasma	(blue	circle),	P14	plasma	(red	square),	adult	plasma	

(green	triangle),	P4	brain	extract	(purple	inverted	triangle),	P14	brain	extract	(orange	

diamond),	adult	brain	extract	(black	large	circle)	and	adult	CSF	(brown	square).	Note	

the	linear	increase	in	fluorescence	for	the	range	of	R123	4.22ng	and	4.59μg,	as	well	as	

the	similarity	in	lines	for	R123	in	all	ages	and	samples.	R123	quantities	are	in	30μl	per	

well.	Equation	is	for	line	of	all	dots	combined.	See	General	Methods	for	the	extraction	

procedure	and	well	composition	employed.	
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Transfer	of	R123	into	brain	cortices	

For	each	rat	the	concentration	of	R123	in	the	brain	was	compared	to	the	

concentration	in	the	plasma	(blood)	30min	after	i.p.	injection.	Results	are	

displayed	in	Figure	4.10	for	newborn	(P4),	early	neonatal	(P14)	and	adult	(6-10	

week)	rats.	As	can	be	seen	in	Figure	4.10A,	increasing	concentration	of	R123	in	

the	plasma	resulted	in	a	larger	concentration	accessing	the	brain	at	all	ages	

examined.	The	concentration	of	R123	in	the	brain	was	much	higher	for	early	

postnatal	animals	(P4,	P14)	than	adults	for	all	doses	investigated,	as	represented	

by	the	lines	being	higher	on	the	Y-axis	for	the	entire	range	of	plasma	

concentrations.	In	addition,	the	gradient	of	the	lines	was	much	steeper	for	the	

values	obtained	at	P4	and	P14	ages	than	adult,	suggesting	that	this	discrepancy	

in	cortical	transfer	between	early	postnatal	and	adult	animals	would	increase	

with	increasing	R123	doses.	Least	squares	linear	regression	with	analysis	of	co-

variance	stated	that	between	adult	and	P14	ages	two	lines	best	described	the	

data	(elevation	p<0.01).	Taking	all	animals	from	one	age	group	(that	received	

between	2.5mg/kg	and	20mg/kg	of	R123;	Figure	4.10B),	the	brain/plasma	

concentration	ratio	for	P4	rats	was	43.3%	±	34.2	and	P14	was	22.2	±	5.9,	not	

significantly	different	from	one	another	(p=0.86).	The	concentration	ratio	for	

adult	rats	was	8.7%	±	9.1,	which	was	significantly	lower	than	P14	(0.39	fold,	

p<0.01)	and	lower	than	P4	but	without	reaching	a	level	of	significance	(0.20	fold,	

p=0.09).	
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Figure	4.10.	The	concentration	of	R123	that	reached	the	brain	compared	to	the	

concentration	in	the	plasma	(blood).	The	three	age	groups	investigated	were	P4	(light	

blue,	squares),	P14	(teal,	diamonds)	and	adult	(dark	blue,	triangles)	rats.	Results	are	

shown	for	individual	animals	exposed	to	varying	doses	(2.5-20mg/kg;	A)	and	for	a	

combination	of	all	animals	dosed	between	2.5-20mg/kg	expressed	as	a	concentration	

ratio	between	R123	in	the	brain	and	plasma	(B).	Graph	A	and	B	display	data	from	the	

same	rats.	Significant	differences	between	age	groups	are	indicated	as	**	(p<0.01;	t-test,	

Mann-Whitney	U).	
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Transfer	of	R123	into	CSF	

Figure	4.11	describes	the	concentration	of	R123	in	the	CSF	and	plasma	30min	

after	i.p.	injection	for	two	early	postnatal	ages	(P4,	P14)	and	adult	(6-10	week)	

rats.	In	a	similar	manner	to	the	brain	cortices	(Figure	4.10),	the	concentration	of	

R123	in	the	CSF	increased	with	increasing	plasma	concentrations	(Figure	4.11).	

This	increase	was,	once	again,	greater	for	P4	and	P14	compared	to	adult	rats,	

suggesting	that	the	discrepancy	in	CSF	concentrations	between	the	age	groups	

would	increase	with	increasing	R123	dosing.	Least	squares	linear	regression	

with	analysis	of	co-variance	stated	that	the	lines	were	significantly	different	

between	P14	and	adult	rats	(slope	p<0.01;	elevation	p<0.01)	as	well	as	between	

P4	and	adult	rats	(elevation	p<0.001).	When	all	doses	were	combined	for	each	

age	group	(2.5-20mg/kg)	the	CSF/plasma	concentration	ratio	for	P4	was	7.9%	±	

4.2	and	P14	was	7.5%	±	3.8,	not	significantly	different	from	one	another	(p=0.95;	

Figure	4.11B).	The	concentration	ratio	in	adults	was	1.3%	±	0.9,	which	was	

significantly	lower	than	at	P14	(0.17	fold,	p<0.01)	and	P4	(0.17	fold,	p<0.01)	

ages.	Comparing	Figure	4.10A	and	Figure	4.11A	it	can	be	seen	that	the	line	is	

much	more	variable	for	brain/plasma	ratios	than	CSF/plasma	ratios,	where	the	

linear	trend	was	much	more	consistent	for	each	point.	It	can	also	be	seen	that	the	

brain/plasma	ratios	of	R123	were	a	lot	higher	than	the	CSF	to	plasma	ratios.	
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Figure	4.11.	The	concentration	of	R123	that	reached	the	cerebrospinal	fluid	(CSF)	

compared	to	the	concentration	in	the	plasma	(blood).	The	three	age	groups	investigated	

were	P4	(light	blue,	squares),	P14	(teal,	diamonds)	and	adult	(dark	blue,	triangles).	

Results	are	shown	for	individual	animals	exposed	to	varying	doses	(2.5-20mg/kg;	A)	

and	for	a	combination	of	all	animals	dosed	between	2.5-20mg/kg	expressed	as	a	

concentration	ratio	between	R123	in	the	CSF	and	plasma	(B).	Graph	A	and	B	display	

data	from	the	same	rats.	Significant	differences	between	age	groups	are	indicated	as	**	

(p<0.01;	t-test,	Mann-Whitney	U).	
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Transfer	of	R123	across	the	placenta	and	into	fetal	

brain/CSF	

The	concentration	of	R123	in	the	maternal	and	fetal	plasma	30min	after	

maternal	injection	is	shown	in	Figure	4.12	for	the	E19	stage	of	pregnancy.	Over	

the	course	of	a	2hr	period	the	R123	concentration	in	maternal	plasma	steadily	

decreased.	The	concentration	of	R123	in	fetal	plasma	was	relatively	stable	over	

the	same	period	(Figure	4.12A).	Over	the	time	course	of	30min	to	120min	post	

maternal	injection	the	amount	of	R123	that	crossed	the	placenta	was	19.9%	±	

3.3	(Figure	4.12B).		

	

Of	the	concentration	of	R123	that	reached	fetal	plasma,	an	average	of	38%	±	7	

entered	the	CSF	at	the	time	of	sampling	(Figure	4.13A).	This	percentage	slightly	

increased	from	37min	post-injection	(23%)	to	114min	post-injection	(35%).	The	

entry	of	R123	into	E19	CSF	was	significantly	higher	than	all	postnatal	ages:	P4	

(4.7	fold,	p<0.001),	P14	(4.8	fold,	p<0.001)	and	adult	(25.8	fold,	p<0.001),	see	

Figure	4.13B.		

	

The	brain/plasma	concentration	ratio	at	E19	between	30	and	120min	post	dam	

injection	was	43%	±	10	(Figure	4.13C).	Similar	to	transfer	into	the	CSF,	

brain/plasma	ratios	slightly	increased	from	37min	(28%)	to	114min	post	

injection	(50%).	R123	entry	into	the	brain	at	E19	was	similar	to	that	at	P4	(0.95	

fold,	p<0.87)	but	significantly	higher	than	at	P14	(1.85	fold,	p<0.01)	and	adult	

(4.73	fold,	p<0.001)	stages,	see	Figure	4.13D.	
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Figure	4.12.	Concentration	of	R123	that	reached	the	fetal	blood	(plasma)	compared	to	

the	concentration	in	maternal	plasma,	an	analysis	of	placental	transfer	at	E19.	(A)	R123	

concentrations	in	maternal	plasma	(dark	blue	triangles)	and	fetal	plasma	(light	blue	

circles)	over	time	following	maternal	R123	injection.	Each	dot	for	maternal	plasma	

indicates	a	serial	arterial	sample	over	the	course	of	experiment;	each	fetal	sample	

indicates	an	individual	pup.	(B)	Concentration	ratios	between	maternal	plasma	and	fetal	

plasma	for	all	pups	over	the	time	course	of	30-120min	post	maternal	injection.	Placental	

transfer	(%)	is	a	concentration	ratio	between	R123	in	fetal	plasma	compared	to	

maternal	plasma.	
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Figure	4.13.	Concentration	ratios	between	either	the	E19	CSF	(A,	B)	or	brain	(C,	D)	and	

the	E19	plasma	(blood)	30-120min	post-maternal	injection.	The	CSF/plasma	(A)	and	

brain/plasma	(B)	concentration	ratios	are	shown	compared	to	the	time	post-injection	

that	each	individual	fetus	was	sampled.	The	same	ratios	are	shown	compared	to	the	

30min	post-injection	time	point	for	P4,	P14	and	adult	rats	(B,	D;	same	data	for	P4,	P14	

and	adult	rats	as	in	Figure	4.10-4.11).	Age	groups	displayed	are	E19	(light	blue,	circles),	

P4	(medium	blue,	squares),	P14	(teal,	diamonds)	and	adult	(dark	blue,	triangles).	

Significant	differences	between	E19	and	other	age	groups	are	indicated	as	**	(p<0.01)	

and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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in	vivo	assay	of	PGP	functionality	using	R123	

As	described	in	this	Chapter,	the	PGP	substrate	R123	can	be	applied	in	vivo	and	

its	transfer	across	barriers	into	cortical	tissue	(Figure	4.10)	and	cerebrospinal	

fluid	(Figure	4.11)	measured.	This	model	has	a	range	of	potential	uses	in	the	field	

of	drug	development	and	toxicology,	as	a	specific	measure	of	PGP	activity	at	the	

blood-brain	barriers	in	vivo.	If	a	second	compound	is	applied	alongside	R123	and	

causes	greater	R123	entry	across	blood-brain	barriers	this	would	suggest	

competitive	inhibition	(Kim	et	al.,	1998;	de	Lange	et	al.,	2000),	with	the	

compound	of	interest	binding	to	PGP	at	blood-brain	barriers.	In	addition,	

functional	implications	of	up-	or	down-regulation	of	PGP	at	blood-brain	barriers	

under	certain	disease	states	or	long-term	treatment	regimes	could	be	assessed	

by	measuring	the	changes	in	PGP	substrate	transfer	across	the	barriers.	

However,	the	ability	of	the	R123	in	vivo	model	to	be	a	successful	measure	of	PGP	

substrate	affinity	and	PGP	up-regulation	depends	on	the	level	of	sensitivity,	

which	requires	further	experimental	testing.		

	

In	order	to	examine	the	capacity	of	this	model	to	show	competitive	inhibition,	

R123	was	applied	to	P4	rats	either:	i)	alone,	ii)	alongside	a	known	PGP	substrate	

olanzapine	(SIGMA)	or	iii)	alongside	a	test	compound	of	unknown	PGP	substrate	

affinity	diallyl	sulfide	(SIGMA).	The	brain/plasma	and	CSF/plasma	ratios	for	each	

condition	were	measured	(Figure	4.14).	Results	indicate	that,	over	varying	R123	

concentrations	in	plasma,	the	entry	into	the	brain	(Figure	4.14A-B)	and	CSF	

(Figure	14C-D)	was	not	significantly	different	between	control	R123,	R123	+	DAS	

and	R123	+	olanzapine	groups.		
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Figure	4.14.	in	vivo	model	of	PGP	substrate	competitive	inhibition	at	blood-brain	

barriers	in	P4	rats.	Results	are	shown	for	the	concentration	of	R123	that	reached	the	

brain	cortices	(A,	B)	or	cerebrospinal	fluid	(CSF;	C,	D)	for	varying	R123	concentrations	

in	plasma.	Results	are	shown	for	animals	that	received	just	R123	(2.5-20mg/kg;	white	

circles),	R123	with	olanzapine	(150µg/kg;	orange	squares)	or	R123	with	diallyl	sulfide,	

DAS	(200mg/kg;	maroon	triangles).	(A,	C)	The	results	from	individual	animals	of	

varying	doses;	(B,	D)	concentration	ratio	between	R123	concentration	in	brain	or	CSF	

compared	to	plasma,	containing	all	animals	of	one	treatment	group.	No	level	of	

significance	was	reached	(p<0.05;	t-test,	Mann-Whitney	U).	The	animals	(n=5-6)	in	A/B	

are	the	same	as	those	in	C/D.	
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The	average	brain	to	plasma	ratio	(Figure	4.14B)	and	the	CSF	to	plasma	ratio	

(Figure	4.14D)	were	similar	for	all	treatment	groups.	The	brain/plasma	and	

CSF/plasma	concentration	ratio	for	controls	(12.4%	±	4.4;	3.7%	±	1.8),	

olanzapine	(13.4%	±	2.9;	3.9%	±	1.8)	and	DAS	(12.8%	±	4.5;	3.3%	±	1.2)	were	

not	significantly	different	between	any	groups.	The	present	protocol	was,	

therefore,	not	sufficient	to	identify	competitive	inhibition	of	PGP	substrates,	as	

the	addition	of	either	olanzapine	or	DAS	did	not	alter	R123	transfer	into	the	

brain	or	CSF	(see	Discussion).		

	

In	order	to	examine	the	capacity	of	an	in	vivo	model	to	show	up-regulation	of	

PGP	at	blood-brain	barriers,	R123	entry	into	the	brain	and	CSF	was	measured	in	

adult	rats.	Groups	tested	were	i)	control	R123	(2.5-20mg/kg),	ii)	chronic	

exposure	to	PGP	up-regulator	digoxin	(SIGMA)	prior	to	R123	(2.5-20mg/kg)	

administration	and	iii)	chronic	exposure	to	PGP	up-regulator	diallyl	sulfide	

(SIGMA)	prior	to	R123	(2.5-20mg/kg)	administration.	Results	indicate	that,	over	

varying	R123	concentrations	in	plasma,	the	entry	into	the	brain	(Figure	4.15A-B)	

and	CSF	(Figure	4.15C-D)	was	similar	for	controls	and	animals	chronically	

treated	with	DAS	or	digoxin.	No	lines	were	significantly	higher	on	the	Y-axis,	

indicating	similar	entry	of	R123	into	the	brain	in	all	groups.	The	brain/plasma	

and	CSF/plasma	concentration	ratios	for	controls	(4.4%	±	0.8;	1.8%	±	0.9),	DAS	

pre-treated	(4.7%	±	0.6;	2.3%	±	0.8)	and	digoxin	pre-treated	(5.7%	±	1.3;	2.3%	±	

1.1)	rats	were	not	significantly	different.	The	present	protocol	was,	therefore,	

not	able	to	identify	up-regulation	of	PGP	transporters	by	known	inducers.	
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Figure	4.15.	in	vivo	model	of	PGP	up-regulation	at	the	blood-brain	barriers	in	the	adult	

rat.	Results	are	shown	for	the	concentration	of	PGP	substrate	R123	that	reached	the	

brain	cortices	(A,	B)	or	cerebrospinal	fluid,	CSF	(C,	D)	following	varying	R123	doses	

(2.5-20mg/kg).	Three	groups	of	animals	are	shown:	(i)	R123	(white	circles),	(ii)	R123	

following	chronic	digoxin	exposure	(pink	squares)	or	(iii)	R123	following	chronic	diallyl	

sulfide,	DAS	exposure	(maroon	triangles).	(A/C)	concentration	of	R123	in	plasma	and	

CSF	or	brain	for	individual	animals	and	(B/D)	average	brain/plasma	or	CSF/plasma	

ratios	for	all	R123	injected	groups.	No	level	of	significance	was	reached	(p<0.05;	t-test,	

Mann-Whitney	U).	The	animals	(n=3-4)	in	A/B	are	the	same	as	those	in	C/D.	
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Discussion	

A	major	factor	that	determines	the	extent	to	which	a	lipid	soluble	drug	is	able	to	

cross	the	blood-brain	barriers	is	its	affinity	for	ABC	efflux	transporters.	As	

outlined	in	Chapters	1	and	3	the	presence	and	expression	of	these	transporters	

can	change	with	development.	This	suggests	that	at	different	stages	of	

development	barrier	interfaces	may	have	varying	capacities	to	prevent	

substrates	from	crossing.	In	order	to	test	whether	the	increase	in	abcb1a/abcb1b	

(PGP)	expression	over	development	(Chapter	3)	correlated	with	an	increased	

capacity	to	keep	PGP	substrates	from	entering	the	brain,	functional	transfer	of	

PGP	substrate	Rhodamine-123	(R123)	was	investigated.	This	analysis	described	

the	functional	capacity	of	PGP	at	blood-brain	barrier	interfaces	under	acute	

conditions	at	different	developmental	stages.	As	drugs	in	the	clinic	are	not	

usually	taken	only	once	off	but	as	a	dosage	regime	over	time,	the	expression	of	

ABC	transporters	at	the	blood-brain	barriers	was	analysed	following	chronic	

drug	exposure	to	see	if	(at	different	developmental	stages)	efflux	transporter	

levels	may	change	over	the	course	of	treatment.	The	aim	of	this	Chapter	was	to	

form	an	analysis	of	the	functional	capacity	of	PGP	at	the	blood-brain,	blood-CSF	

and	placental	barriers	over	development	and	to	investigate	the	effect	that	

treatment	length	may	have	on	barrier	permeability.		
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The	influence	of	DAS	on	the	expression	of	ABC		

transporters	in	the	adult	rat	

As	described	in	the	introduction	of	this	Chapter,	DAS	was	selected	as	an	inducer	

due	to	its	potent	up-regulation	of	abcb1a	in	the	adult	mouse	brain	compared	to	

other	compounds	(Cui	et	al.,	2009).	Initial	experiments	were	conducted	in	the	

adult	rat	to	see	if	the	DAS	induced	up-regulation	of	abcb1a	described	by	Cui	and	

colleagues	(2009)	was	reproducible	in	the	rat	model.	The	liver	was	selected	as	

an	internal	control	due	to	the	well-defined	up-regulation	of	efflux	transporters	in	

this	tissue	(Cherrington	et	al.,	2002;	2003).	As	shown	in	Figure	4.1-4.2	chronic	

DAS	exposure	induced	an	up-regulation	of	abcb1a	(PGP)	and	abcc3	(MRP3)	in	

the	adult	rat	liver	as	well	as	up-regulation	of	the	lower	expressed	abcg2	(BCRP)	

and	abcc4	(MRP4).	The	up-regulation	of	abcc3	(MRP3)	in	the	liver	in	response	to	

DAS	reflects	previously	published	results	(Cherrington	et	al.,	2002;	2003).	The	

up-regulation	of	the	additional	transporters	is	novel	information,	particularly	for	

abcg2	(BCRP)	and	abcc4	(MRP4),	which	have	not	previously	been	examined.	In	

contrast	to	the	mouse	study	by	Cui	et	al.	(2009)	where	chronic	diallyl	sulfide	

exposure	did	not	up-regulate	abcb1a	in	the	liver,	the	present	study	in	the	rat	

showed	significant	up-regulation	(Figure	4.2).	This	could	indicate	some	species-

specific	differences	between	the	hepatic	response	to	diallyl	sulfide	in	the	rat	and	

mouse.		

	

In	the	adult	rat	brain	cortices,	there	was	also	a	significant	up-regulation	of	

several	ABC	transporters	in	response	to	chronic	DAS	exposure.	This	included	the	

two	major	blood-brain	barrier	efflux	transporters	abcb1a/abcb1b	(PGP)	and	
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abcg2	(BCRP),	in	addition	to	abcc4	(MRP4)	and	abcc5	(MRP5).	These	results	

suggest	that	abcb1a	(PGP)	up-regulation	can	occur	in	both	the	rat	cortex	as	well	

as	the	mouse	cortex	as	previously	described	(Cui	et	al.,	2009).	It	also	extends	the	

results	reported	by	Cui	and	colleagues	(2009),	suggesting	that	multiple	efflux	

transporters	can	be	up-regulated	in	the	brain	following	exposure	to	one	inducer	

(DAS).	Previous	studies	have	suggested	that	PGP	is	localized	to	endothelial	cells	

and	not	other	cells	of	the	brain,	indicating	that	up-regulation	of	PGP	in	the	brain	

can	be	extrapolated	to	changes	at	the	blood-brain	barrier	(Gazzin	et	al.,	2008;	Ek	

et	al.,	2010;	Yousif	et	al.,	2007).	This	is	in	contrast	to	many	of	the	MRP	

transporters,	such	as	MRP5,	which	are	known	to	be	located	on	other	cells	in	the	

brain	and	therefore	are	not	necessarily	specific	to	the	blood-brain	barrier	proper	

(Yousif	et	al.,	2007).	However,	the	potential	impact	of	transporter	up-regulation	

in	other	cell	types	in	the	brain	cannot	be	understated,	as	limiting	drug	access	to	

certain	cells	(or	their	internal	compartments)	may	also	prevent	drug	induced	

damage	to	those	cells.		

	

It	was	interesting	to	note	that	despite	transporter	up-regulation	in	the	liver	and	

brain	described	in	the	present	study,	no	up-regulation	was	observed	at	the	adult	

lateral	ventricular	choroid	plexus.	This	may	be	an	indication	that	this	tissue	is	

less	capable	of	up-regulating	efflux	transporters	than	the	brain	in	response	to	

compounds	like	DAS.	It	is	also	possible	that	the	major	efflux	transporters	

expressed	in	this	tissue	such	as	abcc1	(MRP1)	and	abcc4	(MRP4;	Ek,	et	al.,	2010;	

Gazzin	et	al.,	2008;	Kratzer	et	al.,	2013;	Liddelow	et	al.,	2012)	are	not	strongly	

induced	by	DAS,	while	the	main	transporters	that	are	induced	by	DAS	in	other	

tissues	(e.g.	abcb1a;	PGP)	are	not	expressed	in	the	choroid	plexus	at	high	enough	
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quantities	to	measure	regulatory	changes	(Gazzin	et	al.,	2008;	Kratzer	et	al.,	

2013;	Ek	et	al.,	2010).		In	order	to	fully	investigate	the	up-regulation	capacity	of	

the	choroid	plexus	across	development	further	experimentation	using	inducer	

compounds	directed	at	transporters	with	high	expression	in	this	tissue	(i.e.	

abcc1	and	abcc4)	would	be	beneficial.		

	

Developmental	differences	in	DAS	induced	up-	

regulation	of	ABC	transporters	

The	influence	of	chronic	DAS	exposure	on	the	expression	of	efflux	transporters	in	

the	neonatal	rat	(P4,	P14)	was	investigated	to	see	whether	the	induction	capacity	

observed	in	adult	animals	also	extended	to	earlier	stages	of	development.	

The	ages	investigated	were	chosen	in	relation	to	comparative	brain	development	

stages	between	humans	and	rodents,	with	P4	in	the	rat	representing	23-32	

weeks	gestation	in	humans	and	P14	approximately	that	of	a	newborn	human	

(Semple	et	al.,	2013).		Using	one	known	inducer,	diallyl	sulfide	(DAS),	this	study	

was	the	first	of	its	kind	to	investigate	the	influence	of	age	on	the	ability	to	

regulate	brain	barrier	efflux	defences	following	chronic	drug	challenge.		

	

Expression	of	ABC	transporters	in	the	liver	was	tested	as	an	internal	control	to	

establish	that	the	injections	of	DAS	were	successful.	The	adult	results	(described	

above)	reflect	those	in	the	literature	regarding	up-regulation	of	hepatic	abcc3	

(MRP3;	Cherrington	et	al.,	2002;	2003),	with	additional	up-regulation	of	abcb1a	

(PGP),	see	Table	4.1.	Up-regulation	of	abcb1a	(PGP)	and	abcc3	(MRP3)	was	

observed	to	be	similar	in	the	livers	of	rats	of	all	age	groups	tested	compared	to	
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controls	(Figure	4.2).	As	the	up-regulation	profile	of	ABC	transporters	in	the	liver	

was	similar	between	all	ages	investigated	it	can	be	assumed	that	the	compound	

was	in	the	circulation	at	concentrations	capable	of	inducing	efflux	transporter	

expression	in	all	groups.	

	

The	results	in	the	present	study	also	reflect	those	in	the	literature	regarding	an	

increase	in	conjugating	enzyme	glutathione-S-transferase	(GST)	functionality	in	

the	liver	in	response	to	DAS	(Lubet	et	al.,	1992;	Aniya	et	al.,	1993).	Increased	GST	

activity	in	the	liver	was	observed	in	the	present	study	both	in	adults	and	early	in	

development	(P4).	Despite	other	studies	showing	that	GST	up-regulation	in	

response	to	DAS	extends	to	other	tissues	such	as	the	lung	(Ho	et	al.,	2011),	no	

up-regulation	was	seen	in	brain	cortices	(site	of	cerebral	vessel	endothelia	

forming	the	blood-brain	barrier	proper)	or	at	the	lateral	or	4th	ventricular	

choroid	plexus	epithelial	tissue	(site	of	the	blood-CSF	barrier).	One	review	of	

diallyl	sulfide	referenced	unpublished	results	regarding	DAS	induced	up-

regulation	of	GST	in	the	adult	brain	(Yang	et	al.,	2001),	however	the	results	

outlined	in	the	present	Chapter	suggest	otherwise.	The	experiments	described	

by	Yang	and	colleagues	(2001)	were	following	longer	DAS	exposure	(8	and	29	

days)	meaning	that	longer	treatment	regimes	may	be	required,	although	the	

unpublished	nature	of	these	results	leaves	the	findings	unsubstantiated.	The	in	

vitro	astrocyte	experimentation	in	the	present	study	revealed	that	DAS	was	

unable	to	up-regulate	astrocyte	GST	activity	at	either	100	or	500µM	

concentrations.	This	result	is	consistent	with	findings	of	Tsao	and	Yin	(2001)	

who	showed	that	8µM	of	DAS	was	insufficient	to	cause	significant	GST	up-

regulation	in	OBA9	cells.	These	results	suggest	astrocytes	(and	other	cell	
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cultures)	may	be	incapable	of	up-regulating	enzymes	such	as	GST	in	response	to	

DAS.	The	observed	increase	in	GST	activity	in	the	liver,	but	not	at	the	blood-brain	

interfaces,	compliments	the	range	of	other	studies	that	have	reported	tissue	

specific	regulatory	responses	to	chronic	drug	exposure	(Cui	et	al.,	2009;	Maglich	

et	al.,	2002).	

	

While	DAS	did	not	alter	conjugating	enzyme	expression	at	brain	barrier	

interfaces,	it	did	influence	ABC-transporter	expression.	Interestingly,	this	

regulation	appears	to	be	age-dependent.	In	the	adult,	up-regulation	of	cortical	

ABC-efflux	transporters	abcb1a/abcb1b	(PGP),	abcg2	(BCRP)	and	abcc4/5	

(MRP4/5)	was	observed,	while	earlier	in	development	(P4,	P14)	this	was	not	the	

case.	DAS	had	no	influence	on	the	major	choroid	plexus	transporter	abcc1	

(MRP1),	although	it	did	have	varying	influence	on	abcb1a	(PGP)	levels	including	

up-regulation	at	the	P14	age	group.	The	P4	age	did	not	show	up-regulation	of	

abcb1a,	although	studies	reported	by	Ek	and	colleagues	(2010)	indicated	a	

natural	down-regulation	of	abcb1a	(PGP)	at	the	choroid	plexus	between	P0-7	in	

the	rat,	which	may	have	masked	the	up-regulation	caused	by	DAS.	The	up-

regulation	of	abcb1a	at	the	choroid	plexus	at	P14	but	not	adult	ages	(where	

cortical	abcb1a	up-regulation	was	observed)	may	indicate	age-dependent	

differences	in	transporter	regulation.	These	results	reflect	common	ideas	in	the	

literature	regarding	the	importance	of	the	blood-CSF	barrier	earlier	in	

development	(Saunders	et	al.,	2015;	Johansson	et	al.,	2008).	Previous	research	

has	suggested	that	earlier	in	development	the	choroid	plexus	may	be	the	major	

route	of	molecular	entry	into	the	brain	due	to	factors	such	as	the	choroid	plexus	

being	developed	and	functional	long	before	complete	vascularization	of	the	brain	
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(Saunders	et	al.,	2015;	Johansson	et	al.,	2008).	Caley	and	Maxwell	(1970)	suggest	

that	cerebral	vascular	density	increases	during	early	postnatal	development	in	

the	rat,	becoming	adult-like	around	P15-21.	Further	investigation	into	the	early	

developmental	up-regulation	capacity	of	the	choroid	plexus,	perhaps	with	abcc1	

(MRP1)	or	abcc4	(MRP4)	directed	up-regulation,	may	be	valuable	in	discerning	if	

this	is	indeed	true.	If	further	studies	could	show	that	adults	have	a	greater	

capacity	to	up-regulate	efflux	transporters	at	the	blood-brain	barrier	while	

earlier	ages	had	a	greater	capacity	to	regulate	at	the	choroid	plexus,	this	would	

be	integral	to	our	understanding	of	molecular	transfer	to	the	CNS	over	

development.		

	

Overall,	the	results	described	in	the	present	Chapter	suggest	that	the	blood-brain	

barrier	of	the	adult	may	have	the	capacity	to	increase	efflux	transporters	over	

the	course	of	chronic	treatment,	while	earlier	in	development	this	may	not	be	

possible	or	may	be	less	pronounced	in	response	to	certain	inducers.		

	

The	influence	of	diallyl	sulfide	(DAS)	on	the	expression		

of	ABC	transporters	in	the	placenta	

In	order	to	accurately	and	safely	prescribe	medications	to	pregnant	mothers	

both	the	effect	of	the	drug	on	the	mother	and	the	likelihood	of	its	transfer	to	the	

baby	need	to	be	known.	In	an	ideal	world	a	mother’s	medication	would	be	

selected	that	would	maximize	the	access	of	the	drug	to	its	desired	location	(e.g.	

the	brain	for	anti-psychotics)	while	minimizing	the	transfer	across	the	placenta.	

If	regulation	of	ABC	efflux	transporters’	expression	could	be	made	selective	to	



	
	
	 170	

one	barrier	and	not	the	other,	the	drug	could	be	better	directed	to	the	intended	

maternal	site.	In	order	to	achieve	this,	investigations	of	whether	or	not	the	

placenta	and	blood-brain	barriers	share	the	same	degree	of	transporter	

regulation	to	the	same	compound	would	provide	important	insights.	

	

As	outlined	earlier	in	this	Chapter,	DAS	was	able	to	up-regulate	ABC	efflux	

transporter	expression	in	a	tissue	dependent	manner.	Chronic	exposure	in	the	

adult	resulted	in	up-regulation	of	some	transporters	in	the	brain	and	liver	

(abcb1a),	while	others	were	up-regulated	in	the	liver	but	not	the	brain	(abcc3)	

and	finally,	different	ones	were	up-regulated	in	the	brain	but	not	in	the	liver	

(abcc4;	abcc5).	In	the	placenta	up-regulation	of	ABC	transporters	showed	

another	and	distinct	profile;	only	abcc1	(MRP1)	was	up-regulated	and	only	at	the	

E20	stage.	No	significant	difference	for	any	other	transporter	was	observed.	It	

was	also	interesting	that	the	abcc1	(MRP1)	transporter	was	not	up-regulated	

significantly	at	E13,	the	stage	when	it	was	shown	to	be	expressed	at	its	highest	

level	(Figure	3.9-3.10).	However,	abcc1	(MRP1)	was	up-regulated	at	the	E20	

stage	when	abcb1a/abcb1b	(PGP)	was	the	highest	expressed	transporter.	Up-

regulation	of	abcb1a	(PGP)	in	the	rat	placenta	has	been	observed	following	

chronic	drug	exposure	including	dexamethasone	and	rifampicin	(Petropolous	et	

al.,	2010;	Salje	et	al.,	2012).	While	more	research	is	required	to	fully	understand	

why	these	tissue	specific	effects	are	being	observed,	previous	literature	does	

show	that	multiple	up-regulation	pathways	appear	to	be	capable	of	inducing	

expression	of	the	same	ABC	efflux	transporters.	Cui	and	colleagues	(2009)	

showed	that	abcb1a	expression	in	the	adult	mouse	brain	is	up-regulated	in	

response	to	some	CAR	and	PXR	receptor	pathway	substrates,	in	the	liver	to	
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PPARα	substrates	and	in	the	duodenum	to	PXR,	NRF2	and	PPARα	substrates.	It	

is	possible	that	some	nuclear	receptor	pathways	are	more	functionally	important	

in	certain	tissues	than	others	meaning	that	only	substrates	that	can	activate	

those	pathways	can	cause	up-regulation	in	that	tissue.		

	

The	functional	capacity	of	PGP	to	prevent	R123	transfer	

R123	entered	the	brain	and	CSF	at	all	ages	investigated	(E19,	P4,	P14,	adult)	

following	i.p.	injections	over	a	range	of	concentrations	(2.5-20mg/kg).	This	

suggests	that	despite	the	high	expression	of	PGP	(abcb1a/abcb1b)	in	the	brain	

(particularly	in	adults,	3.1)	there	is	a	baseline	level	of	substrate	that	will	cross	

the	barriers.	The	entry	of	R123	across	the	P4	and	P14	blood-brain	and	blood-CSF	

barriers	appears	to	be	quite	similar	(Figure	4.10;	Figure	4.11).	This	entry,	

however,	is	significantly	higher	than	that	in	the	adults	(Figure	4.10;	Figure	4.11)	

suggesting	that	under	the	investigated	conditions	there	is	less	PGP	substrate	

accessing	the	brain	and	CSF	30min	after	application	of	adult	rats	compared	to	

early	neonates.	Entry	of	R123	into	the	embryonic	brain	was	similar	to	that	at	P4,	

however	entry	into	the	CSF	was	significantly	higher	(Figure	4.13).	

	

In	the	present	Thesis,	results	of	molecular	transfer	are	described	as	

concentration	ratios	in	order	to	analyse	the	amount	of	R123	that	moved	from	the	

blood	compartment	to	the	brain	(or	CSF/fetal)	compartment.	This	is	a	commonly	

used	means	of	presenting	permeability	data	(Davson	&	Segal,	1996)	having	the	

advantage	of	accounting	for	inherent	variability	in	plasma	of	individually	

injected	animals.	Would	the	results	be	different	if	comparisons	were	made	of	the	
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total	amount	of	drug	in	the	blood	compared	to	the	total	amount	in	the	brain	or	

CSF?	As	animals	develop	the	total	volume	of	brain	and	CSF	increases	(Donaldson,	

1918;	Saunders,	1992b),	making	it	possible	that	the	low	concentration	ratios	in	

the	adult	are	due	to	a	larger	volume	of	brain/CSF	for	the	same	quantity	of	drug	

to	equilibrate	in.	Similar	theories	have	been	used	to	describe	the	high	total	

protein	levels	but	low	protein	concentration	in	the	adult	CSF	compared	to	

embryonic	CSF	(Johansson	et	al.,	2008).	However,	as	the	rat	develops	blood	

volume	increases	at	an	even	larger	rate	than	the	brain,	with	adults	used	in	this	

study	having	a	brain	weight	of	1.6g	and	a	blood	volume	of	12.77ml,	or	8	times	

blood	to	brain,	whereas	P4	has	0.4g	brain	to	1.6ml	blood,	4	times	blood	to	brain	

(Lee	&	Blaufox,	1985;	Donaldson,	1918;	Patterson	et	al.,	2016).	This	would	

actually	indicate	that	the	ratio	of	total	amount	of	drug	in	blood	compared	to	total	

amount	in	brain	would	be	even	larger	in	differential	than	that	calculated	by	per	

µl	concentrations,	as	the	adult	has	much	more	blood	(and	therefore	drug	in	

blood)	than	at	P4.	This	means	that	the	lower	adult	brain/plasma	and	CSF/plasma	

ratios	are	unlikely	to	be	an	artefact	of	a	larger	volume	of	brain	and	CSF.	

	

The	difference	in	R123	transfer	to	the	brain	at	different	ages	could	be	due	to	a	

number	of	reasons.	As	the	R123	compound	was	applied	over	a	series	of	

concentrations	ensuring	an	overlap	between	ages	of	R123	blood	concentration,	it	

is	unlikely	that	age-related	differences	in	the	entry	of	R123	from	peritoneum	to	

blood	or	metabolic	removal	of	the	compound	from	the	blood	caused	the	

observed	effects.	Adults	are	known	to	have	a	larger	CSF	secretion	and	turnover	

than	earlier	in	development	(Saunders,	1992a;	1992b),	meaning	results	may	be	

due	to	enhanced	CNS	drug	clearance.	Previous	studies	have	suggested	that	over	
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short-term	experiments,	however,	this	is	unlikely	to	have	a	major	influence	on	

barrier	permeability	measurements	(Habgood	et	al.,	1993).	As	outlined	in	

Chapter	3	there	is	a	much	higher	expression	of	abcb1a	(PGP)	in	cortical	samples	

of	adults	compared	to	neonates	and	embryos	(Figure	3.3).	This	enhanced	

transporter	expression	correlates	with	the	decreased	amount	of	substrate	that	

was	measured	in	the	brain	and	CSF	fluid.	The	mRNA	expression	of	abcb1a	in	the	

adult	brain	was	2.6	fold	that	of	early	neonatal	rats	(P4;	Figure	3.3).	This	

correlated	with	early	neonatal	rats	having	3.3	times	more	R123	substrate	

crossing	the	blood-brain	barrier	(Figure	4.10).	While	the	correlation	between	the	

results	from	Chapter	3	and	Chapter	4	form	strong	evidence	to	suggest	that	ABC	

efflux	transporters	may	have	higher	functional	ability	in	adulthood,	this	

relationship	is	not	necessarily	causation.	Future	experimentation	employing	

transporter	knockouts	or	complete	substrate	competition	would	be	required	to	

fully	support	this	claim.	The	influence	of	ABC	efflux	transporter	functionality	at	

brain	barriers	on	the	high	entry	of	molecules	like	R123	into	the	brain	early	in	

development	is	examined	in	more	detail	in	Chapter	5.	

	

In	this	Chapter	the	transfer	of	R123	across	the	placenta	was	also	examined	at	

E19.	It	was	observed	that	the	PGP	substrate	was	able	to	cross	the	placenta	to	be	

in	fetal	plasma	at	concentrations	of	approximately	20%	that	of	maternal	plasma.	

This	ratio	was	observed	to	be	relatively	stable	from	30	to	120min	post	injection.	

Over	the	same	time	period	in	the	adult	the	PGP	substrate,	therefore,	crossed	the	

placenta	at	the	highest	ratio	(~20%),	followed	by	the	blood-brain	barriers	into	

the	brain	(~10%),	with	transfer	lowest	into	CSF	(~1%).	This	may	prove	to	be	

pertinent	information	about	PGP	substrate	transfer	across	the	various	barriers,	
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but	further	analysis	would	be	required	by	multiple	PGP	substrates	to	make	this	

assumption.		

	

Overall	the	results	from	R123	experimentation	showed	that	a	PGP	substrate	is	

able	to	access	the	brain	and	CSF	of	rats	at	various	developmental	stages,	with	

transfer	occurring	at	a	greater	extent	for	fetuses	(E19)	and	early	neonates	(P4,	

P14)	compared	to	adults.	In	addition,	the	PGP	substrate	was	able	to	cross	the	

placenta	in	reasonably	large	quantities,	resulting	in	fetal	plasma	concentration	of	

approximately	20%	that	of	the	mother.	These	results	may	have	major	

implications	for	our	understanding	of	PGP	substrate	drug	distribution	over	

development	as	well	as	during	pregnancy.		

	

in	vivo	R123	assay	of	PGP	function	

As	R123	is	a	well-described	substrate	of	PGP,	its	transfer	can	be	an	indication	of	

the	functional	capacity	of	PGP	at	the	barrier	in	question.	If	more	R123	enters	the	

brain	alongside	a	second	compound	this	could	be	indicative	that	the	second	

compound	is	also	a	PGP	substrate	competing	for	the	transporter.	Similarly,	if	less	

R123	enters	the	brain	following	chronic	drug	exposure	that	could	indicate	that	

the	drug	was	increasing	PGP	amount	or	functionality	at	blood-brain	barriers.	The	

experiments	outlined	in	this	Chapter	identified	that	the	in	vivo	application	of	

R123	was	not	capable	of	identifying	up-regulation	of	PGP	at	the	blood-brain	

barrier	by	two	known	inducers:	diallyl	sulfide	(Cui	et	al.,	2009)	or	digoxin	(see	

Chapter	5).	It	is	possible	that	the	up-regulation	caused	by	these	inducers	was	not	
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at	a	level	that	had	functional	implication.	It	is	also	possible	that	the	method	used	

was	not	sensitive	enough	to	detect	these	changes,	particularly	with	the	

incomplete	overlap	between	control	and	treated	groups	in	plasma	levels	of	R123	

(Figure	4.15).		

	

The	R123	in	vivo	model	was	also	tested	for	the	capacity	to	show	competitive	

inhibition	of	other	compounds	in	order	to	identify	PGP	substrates.	Unfortunately	

this	was	also	unsuccessful	as	no	difference	was	observed	in	R123	transfer	

between	controls	and	animals	treated	alongside	the	known	PGP	substrate	

olanzapine	(Wang	et	al.,	2004)	or	the	known	PGP	inducer	diallyl	sulfide	(Cui	et	

al.,	2009).	It	is	possible	that,	once	again,	this	model	is	not	sensitive	enough	to	

measure	competitive	inhibition	because	the	level	of	PGP	was	such	that	the	

system	was	not	overwhelmed	with	the	concentration	of	molecules	that	were	

applied.	This	would	mean	that	even	in	the	presence	of	two	compounds	the	

system	would	be	capable	of	exporting	both,	as	there	were	excess	transporters	

available	to	bind	all	molecules.	The	concentration	of	olanzapine	used	(clinical	

dose;	150µg/kg)	was	also	well	below	the	dose	of	R123	added	(10mg/kg)	and	

may	have	not	been	enough	to	show	a	significant	difference	in	a	competition	

model.		

	

Conclusions	

In	order	to	provide	safe	medical	treatments	to	all	patients	including	children	and	

pregnant	women	there	is	a	need	to	understand	potential	differences	in	transfer	

that	may	exist	at	different	ages	over	the	course	of	a	treatment.	The	present	
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Chapter	presents	developmental	information	about	the	induction	capacity	and	

functional	capacity	of	PGP	(abcb1)	at	brain	and	placental	barriers.	PGP	substrate	

R123	was	shown	to	enter	the	developing	(E19,	P4,	P14)	brain	and	CSF	in	higher	

concentrations	than	the	adult	brain,	and	chronic	exposure	to	an	inducer	DAS	up-

regulated	efflux	transporter	expression	in	the	adult	but	not	the	developing	brain	

(P4,	P14).	The	results	from	this	Chapter	suggest	that	toxicological	information	

and	dosing	regimes	developed	from	adult	information	may	be	inadequate	for	

earlier	stages	of	brain	development.		

	

In	Chapter	3	it	was	outlined	that	over	different	developmental	stages	there	are	

morphological	and	transcriptomic	differences	in	efflux	mechanisms	at	blood-

brain	interfaces	under	control	conditions.	In	the	present	Chapter	it	is	suggested	

that	the	discrepancies	observed	in	Chapter	3	may	be	augmented	under	chronic	

conditions,	with	adults	having	the	capacity	to	up-regulate	ABC	efflux	transporter	

expression	at	the	blood-brain	barrier	in	response	to	drug	challenge.	This	result	

suggests	that	drug	transfer	over	the	course	of	treatment	cannot	always	be	

estimated	by	baseline	efflux	transporter	expression.	In	response	to	DAS	

exposure	adult	animals,	but	not	early	neonates,	up-regulated	transporter	

expression	such	as	abcb1a	(PGP)	and	abcg2	(BCRP)	in	the	brain.	The	adult	

expression	of	these	transporters	was	higher	following	DAS	treatment	than	under	

control	conditions,	which	was	already	higher	than	control	neonate	expression	

(see	Chapter	3).	This	means	that	adults	may	have	greater	brain	protection	to	PGP	

substrates	than	neonates	not	only	at	the	start	of	drug	treatment	but	as	treatment	

continues	the	differential	in	transfer	between	the	age	groups	may	continue	to	

widen.	
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The	experiments	described	in	this	Chapter	also	provide	important	information	

regarding	tissue	specific	regulation	of	ABC	transporters.	While	DAS	up-regulated	

abcb1a	(PGP)	at	the	adult	blood-brain	barrier	and	liver,	it	was	unable	to	up-

regulate	abcb1a	expression	in	the	choroid	plexus	or	placenta.	This	result	is	of	

particular	interest	for	research	directing	compounds	to	or	away	from	certain	

areas	in	vivo.	Up-regulation	of	transporters	at	the	maternal	blood-brain	barrier	

but	not	the	placenta	may	increase	maternal	safety	for	drugs	applied	to	the	

mother	that	are	intended	for	fetal	treatment.	Of	equal	interest	would	be	the	

opposite	scenario;	determining	means	of	up-regulating	placental	transporters	

while	down-regulating	or	maintaining	maternal	ones,	in	order	to	direct	maternal	

treatments	for	conditions	such	as	schizophrenia	and	mental	disorders	to	the	site	

of	action	in	the	maternal	brain	while	increasing	fetal	safety.	The	results	in	this	

Chapter	highlight	the	possibility	for	tissue-specific	regulation	that	can	be	

investigated	further	in	the	future.		

	

The	function	of	PGP	at	the	blood-brain	and	placental	barriers	was	investigated	

using	a	known	substrate	R123.	It	was	observed	that	earlier	in	development	there	

was	a	higher	transfer	of	R123	into	the	brain	and	CSF	than	in	adult	rats.	This	

result	correlates	with	the	expression	analysis	in	Chapter	3,	with	adults	having	

higher	abcb1a	(PGP)	expression	in	the	brain	and	a	greater	capacity	to	prevent	

PGP	substrate	R123	from	entering	the	brain.	The	results	from	this	Chapter	have	

potential	implications	for	the	safe	dose	of	PGP	substrates	across	development.	If	

analysis	of	more	PGP	substrates	were	able	to	confirm	this	developmental	trend,	

lower	doses	of	CNS-directed	PGP	substrates	would	be	required	early	in	

development	for	effective	quantities	in	brain	and	peripherally	directed	drugs	
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may	need	to	be	applied	in	lower	doses	to	prevent	neurological	toxicity.	

	

The	present	Chapter	has	shown	that	the	functionality	of	PGP	(abcb1)	can	be	

highly	variable	depending	on	tissue,	age	and	treatment	length.	This	suggests	that	

for	drug	studies,	both	efficacy	and	toxicology	should	be	completed	under	these	

different	conditions	and	for	studies	that	only	investigate	a	subset	of	these	

conditions	it	should	not	be	assumed	that	results	will	translate	to	other	cases.	To	

be	entirely	certain	of	a	molecule’s	ability	to	transfer	across	the	placenta,	blood-

brain	or	blood-CSF	barriers	tests	need	to	be	conducted	both	acutely	and	over	

time,	as	well	as	at	different	stages	of	development	(or	pregnancy).	

	

While	the	results	from	this	Chapter	present	detailed	examples	of	the	distribution	

and	cellular	responses	to	experimental	marker	molecules	it	is	important	to	know	

whether	these	results	hold	true	for	common	medications.	In	addition,	it	is	

important	to	expand	the	scope	of	this	investigation	from	the	PGP	transporter	to	

include	compounds	that	may	interact	with	other	transporter	types.	In	Chapter	5	

the	transfer	of	three	common	medications	is	described	across	the	blood-brain,	

blood-CSF	and	placental	barriers,	highlighting	differences	with	age	and	length	of	

treatment.	
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Abstract	

The	transfer	of	three	common	medications	(paracetamol,	digoxin	and	

cimetidine)	into	the	brain,	CSF	and	across	the	placenta	was	measured	in	rats	at	

E19,	P4	and	adult	stages.	All	three	drugs	entered	the	developing	brain	and	CSF	

more	than	in	the	adult.	At	E19	the	entry	of	the	lipid	soluble	drugs	more	closely	

resembled	unrestricted	passive	entry,	suggesting	that	efflux	transporters	may	be	

less	functional	or	have	less	capacity	at	this	fetal	age.	Paracetamol	transferred	

into	the	brain	and	CSF	more	than	digoxin	and	cimetidine	at	all	three	ages.	

Transfer	across	the	placenta	was	between	10	and	60%,	with	an	average	of	

around	35%	for	the	three	drugs.	However,	this	placental	protection	was	offset	by	

the	increased	drug	entry	into	the	fetal	brain,	resulting	in	a	drug	(paracetamol,	

digoxin	or	cimetidine)	given	to	a	pregnant	dam	reaching	maternal	and	fetal	

brains	in	similar	concentrations.	Entry	of	paracetamol	and	digoxin	into	the	adult	

brain	following	chronic	exposure	was	significantly	lower	than	under	acute	

conditions.	This	was	not	observed	at	E19	or	P4	ages.	The	decrease	in	the	entry	of	

digoxin	into	the	adult	brain	correlated	with	an	increase	in	cortical	expression	of	

a	transporter	for	which	it	is	a	substrate,	abcb1a	(PGP).	At	younger	ages	when	

digoxin	entry	was	not	different	between	the	acute	and	chronic	treatment	groups	

(E19	and	P4)	there	was	also	no	abcb1a	up-regulation,	indicating	a	correlation	

between	gene	expression	and	functional	capacity	of	its	protein-product.	The	

present	Chapter	suggests	that	common	medications	may	enter	the	developing	

brain	more	than	the	adult	brain	under	both	acute	and	chronic	conditions.	

	



	
	
	 181	

Introduction	

As	outlined	in	the	General	Introduction	there	is	currently	an	unmet	clinical	need	

for	more	information	regarding	the	relative	safety	of	medications	taken	during	

pregnancy	and	early	postnatal	stages	of	development.	In	Chapter	3,	information	

was	gathered	regarding	the	baseline	level	of	ABC	efflux	transporters	present	at	

blood-brain,	blood-CSF,	CSF-brain	and	placental	barriers	at	different	stages	of	

development.	In	Chapter	4,	molecular	tools	were	used	to:	(i)	describe	alterations	

that	can	occur	to	those	baseline	transporter	expression	levels	following	chronic	

molecular	challenge	and	(ii)	study	the	functional	capacity	of	one	major	

transporter,	PGP,	to	efflux	a	known	substrate	R123	at	the	brain/placental	

barriers.	However,	several	questions	still	remain:	(i)	do	these	measurements	

reflect	the	actual	functionality	of	efflux	transporters	in	vivo	in	response	to	

common	medications,	and	(ii)	what	level	of	variation	is	expected	for	the	wide	

range	of	drugs	on	the	market	in	terms	of	their	barrier	permeability	over	the	

course	of	treatment?	In	the	present	Chapter	pre-	and	post-natal	rats	were	

exposed	in	vivo	to	one	of	three	commonly	prescribed	medications:	paracetamol	

(acetaminophen),	digoxin	or	cimetidine	and	the	transfer	into	the	brain,	

cerebrospinal	fluid	(CSF)	and	across	the	placenta	was	measured	under	acute	and	

chronic	treatment	protocols.		

	

The	drugs	selected	for	this	study	were	intended	to	act	as	examples	in	an	

explorative	analysis	of	drug	entry	to	the	brain	over	development.	Because	of	this,	

the	compounds	were	chosen	to	vary	in	a	range	of	pharmacological	properties.	

The	three	drugs	are	commonly	used	in	pregnancy/neonatal	medicine	(Tyler	et	
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al.,	2012;	World	Health	Organisation,	2012;	Werler	et	al.,	2005;	Graham	et	al.,	

2019;	Gabbe	et	al.,	2016;	McGowan,	1979;	Vidovich	et	al.,	2019),	providing	

results	with	wide	clinical	relevance.	Of	the	selected	drugs	two	are	peripherally	

acting	(digoxin,	cimetidine)	and	one	has	active	sites	in	the	CNS	(paracetamol).	All	

three	drugs	have	been	reported	in	the	literature	to	bind	to	different	ABC	efflux	

transporters:	digoxin	is	a	well-described	substrate	for	PGP	(Smit	et	al.,	1999;	

Mayer	et	al.,	1996;	Petropolous	et	al.,	2010),	cimetidine	for	BCRP	(Liu	et	al.,	

2007;	Cygalova	et	al.,	2008)	and	paracetamol	for	BCRP	and	MRP	transporters	

(Zamek-Gliszczynsk,	et	al.,	2006a;	2006b;	Mazaleuskaya	et	al.,	2015).	They	all	

have	different	modes	of	actions	and	clinical	applications	ranging	from	atrial	

fibrillation	(digoxin),	peptic	ulcers	(cimetidine)	and	pain/fever	(paracetamol),	as	

outlined	in	detail	in	the	General	Introduction.	

	

As	described	in	Chapter	4,	the	transfer	of	a	PGP	substrate	molecule	(Rhodamine-

123;	R123)	into	the	brain	and	CSF	was	greater	earlier	in	development	(Figure	

4.13).	The	present	Chapter	examines	if	this	holds	true	for	acute	exposure	to	a	

drug	that	is	also	a	PGP	substrate	(digoxin)	as	well	as	drugs	that	are	substrates	of	

other	transporters	(cimetidine	and	paracetamol).	Chapter	4	also	suggested	that	

chronic	drug	exposure	could	lead	to	alterations	in	efflux	transporters’	expression	

at	blood-brain	interfaces	in	the	adult	but	not	earlier	in	development	(Figure	4.3).	

The	present	Chapter	examines	if	common	medications	also	demonstrate	this	

same	age-dependent	profile	of	regulation	following	chronic	exposure	as	well	as	

the	functional	significance	of	these	changes	on	subsequent	transfer	of	the	same	

compound.	
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In	order	to	investigate	the	relative	contribution	of	ABC	efflux	transporters	to	

drug	entry	into	the	brain	at	different	developmental	stages,	the	entry	of	the	three	

actively	effluxed	drugs	was	compared	to	the	entry	of	compounds	known	to	

passively	cross	brain-barriers	(see	General	Introduction).	These	compounds	

(sucrose,	L-glucose,	glycerol)	were	subject	to	the	same	in	vivo	conditions	as	the	

drugs	at	each	age	such	as	blood	flow,	surface	area	of	exchange,	etc.	but	with	two	

major	differences:	(i)	their	passive	mechanism	of	transfer	(no	ABC	transporter	

binding)	and	(ii)	their	lower	lipid	solubility.	The	similarities	and	differences	

observed	between	measurements	of	passive	and	actively	effluxed	compounds	

provide	evidence	to	indicate	whether	ABC	efflux	transporters	are	likely	to	be	

functional	at	brain	barrier	interfaces	at	different	stages	of	development.		

	

In	summary,	the	present	Chapter	investigated	the	transfer	of	common	

medications	across	the	blood-brain	and	blood-CSF	barriers	at	the	fetal,	newborn	

and	adult	stages	of	development	as	well	as	across	the	placenta	at	E19.	The	

transcriptomic	and	functional	changes	to	the	barriers	following	chronic	drug	

treatment	are	also	described	for	different	developmental	stages.	These	results	

may	provide	important	information	to	clinicians	regarding	safe	and	effecting	

drug	selection	and	treatment	regimes	for	different	patient	cohorts.	Parts	of	this	

Chapter	have	been	previously	published	(Koehn	et	al.,	2019b).	
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Experimental	protocol		

Sprague	Dawley	rats	of	three	developmental	stages	were	used	in	the	present	

Chapter:	adults	(6-10	weeks),	newborn	(P4)	and	fetal	(E19;	exposed	via	drug	

application	to	the	dam),	listed	as	the	age	at	the	end	of	treatment	protocol.	

Digoxin	(30μg/kg),	cimetidine	(11mg/kg)	or	paracetamol	(15mg/kg)	were	

injected	i.p.	either	acutely	(single	injection	with	sampling	30min	post-injection)	

or	chronically	(twice	daily	injections	for	4	days,	single	injection	with	sampling	

30min	post-injection	on	the	5th	day).	Trace	amounts	of	radiolabelled	(3H)	

formulation	of	the	drug	were	included	only	in	the	final	injection	(20μCi	adults,	

2μCi	newborn).	30	minutes	following	the	final	injection,	blood,	CSF	and	brain	

cortices	were	sampled	(see	General	Methods).	Samples	were	processed	and	the	

activity	of	the	radiolabelled	drug	in	each	tissue	measured	using	liquid	

scintillation	counting	(see	General	Methods).	

	

The	results	obtained	from	the	transfer	of	the	three	drugs	were	compared	to	the	

transfer	of	molecules	known	to	passively	pass	into	the	brain	(not	linked	to	active	

efflux	by	ABC	transporters;	see	General	Methods/General	Introduction).	Trace	

amounts	of	14C	labelled	sucrose,	14C	L-glucose	or	3H	glycerol	were	applied	and	

measured	under	the	same	30min	protocol	for	the	acute	experiments	described	

above.		

	

The	effect	of	chronic	treatment	on	ABC	transporters’	expression	in	the	placenta,	

brain	cortices	and	choroid	plexus	was	examined	by	RT-qPCR	and	compared	

between	acutely	and	chronically	treated	groups	of	rats	at	each	age	(see	General	
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Methods).	As	in	Chapter	4,	two	housekeeping	genes	were	run	for	each	condition	

(β-actin,	ppib),	however,	results	were	only	described	in	reference	to	ppib	as	it	

was	found	that	paracetamol	caused	significant	differences	in	the	expression	

levels	of	β-actin	between	acute	and	chronic	groups.	
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Results	

In	the	present	Chapter	drug	transfer	across	an	interface	is	presented	as	

concentration	ratios	(%),	comparing	the	concentration	of	drug/marker	

measured	in	the	compartment	of	interest	(brain,	CSF	or	fetal	plasma)	to	the	

concentration	in	the	initial	compartment	(animal’s	own	plasma	for	brain/CSF	or	

maternal	plasma	for	placental	transfer).		This	method	of	analysis	is	well	defined	

in	the	field	of	molecular	transfer	to	the	CNS	(Dziegielewska	et	al.,	1979;	

Dziegielewska	&	Saunders,	1982;	Habgood	et	al.,	1993;	Johansson	et	al.,	2006;	

Stolp	et	al.,	2005a;	2005b),	and	its	application	was	described	and	discussed	in	

Chapter	4.	It	should	also	be	noted	that	the	drug	measurements	in	chronic	

treatment	experiments	reflect	only	the	transfer	of	the	final	dose	and	not	any	

accumulation	from	earlier	doses,	as	only	the	final	injection	contained	3H-labelled	

drug.	This	allows	the	chronic	measurement	to	be	an	indication	of	the	transfer	of	

the	drugs	on	into	the	brain	on	the	5th	day	of	treatment	and	can	be	directly	

compared	to	the	acute	condition	(transfer	on	the	1st	day	of	treatment).		

	

Digoxin		

Transfer	of	digoxin	into	brain	cortices	

The	brain	to	plasma	concentration	ratios	of	digoxin	are	shown	in	Figure	5.1	for	

E19,	P4	and	adult	rats.	Following	acute	exposure	the	average	brain/plasma	ratio	

in	adult	animals	was	12%	±	3,	for	P4s	it	was	20%	±	5	and	for	E19	it	was	47%	±	
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14.	Entry	into	the	E19	brain	was	significantly	higher	than	both	the	P4	(p<0.01)	

and	adult	(p<0.001)	brain.	Entry	into	the	adult	brain	was	lower	than	that	of	P4	

but	this	did	not	reach	statistical	significance	(p=0.06).	

	

The	brain	to	plasma	ratios	of	digoxin	following	chronic	treatment	are	compared	

to	acute	measurements	in	Figure	5.1B	for	E19,	P4	and	adults.	The	amount	of	

radioactive	digoxin	that	entered	the	adult	brain	following	chronic	treatment	was	

significantly	lower	compared	to	acute	conditions	(0.43	fold,	p<0.01).	The	entry	of	

digoxin	into	the	brain	was	not	different	between	acute	and	chronic	conditions	at	

P4	(1.1	fold,	p=0.56)	or	E19	(1.1	fold,	p=0.66)	ages.	

	

ABC	efflux	transporter	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	abcb1a,	abcb1b)	

expression	in	brain	cortices	of	acute	and	chronic	digoxin	treated	animals	is	

shown	in	Figure	5.2.	In	the	adult	brain	chronic	digoxin	treatment	resulted	in	a	

higher	expression	of	abcb1a	(1.21	fold,	p<0.05).	In	the	P4	brain	there	was	a	

significant	up-regulation	of	abcc5	(1.15	fold,	p<0.05)	and	a	down	regulation	of	

abcc2	(0.88	fold,	p<0.001).	In	the	E19	brain	there	was	no	up-regulation	of	any	

ABC	transproters,	but	a	significant	down-regulation	of	abcb1b	(0.63	fold,	

p<0.05).		

	

A	summary	of	the	fold	changes	in	ABC	efflux	transporter	expression	between	

acutely	and	chronically	treated	animals	(digoxin,	cimetidine	and	paracetamol)	is	

shown	in	Table	5.1	for	brain,	choroid	plexus	and	placental	tissue.	

	

	



	
	
	 188	

	
Figure	5.1.	Brain/plasma	concentration	ratios	for	digoxin	at	three	developmental	

stages	in	the	rat.	A)	Acute	entry	of	digoxin	(30μg/kg)	at	E19	(light	blue,	circles),	P4	

(medium	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	B)	Acute	entry	results	

(same	as	in	A;	white,	open	symbols)	are	compared	to	entry	following	chronic	digoxin	

exposure	(bi-daily,	5	days;	grey,	closed	symbols).	Significant	differences	are	indicated:	**	

(p<0.01)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Figure	5.2.	Expression	levels	in	rat	brain	cortices	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	B),	

abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	G)	

and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	digoxin	(30μg/kg)	

acutely	(open	circles)	or	chronically	(bi-daily,	5	days;	closed	circles)	are	shown	at	three	

ages:	E19,	P4	and	adult.	Relative	expression	is	expressed	as	2-ΔCt	with	respect	to	the	

housekeeper	gene	ppib.	Significant	differences	between	chronic	and	acute	groups	at	

each	age	were	determined	two-tailed	t-test	for	normally	distributed	data	and	Mann-

Whitney	U	for	non-normal	data	(*	p<0.05,	***p<0.001).	
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abcc1 0.95 0.99 1.00 0.73 1.06 1.11 1.00 0.89 1.20 

abcc2 0.77 0.96 0.96 0.79 0.88 0.92 0.88 0.94 1.00 

abcc3 0.28 0.92 0.81 0.78 1.16 1.12 0.81 0.62 1.18 

abcc4 0.95 0.83 0.98 0.96 0.95 1.18 0.94 0.96 1.00 

abcc5 1.49 1.13 0.97 0.92 1.15 1.24 0.91 0.90 1.11 

abcg2 0.83 0.77 0.80 1.52 0.82 1.11 0.83 1.72 0.98 

abcb1a 1.10 0.94 0.93 1.05 1.13 1.23 1.05 1.21 1.06 
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abcc5 1.06 1.20 1.19 0.77 1.16 0.86 0.99 0.86 1.21 

abcg2 0.73 0.86 1.01 0.80 0.93 0.73 0.92 1.72 0.91 

abcb1a 1.49 1.05 1.73 0.32 1.93 1.72 0.90 1.13 1.06 
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abcc1 1.69 0.77 0.86       

abcc2 0.55 0.42 ^10.07       

abcc3 1.59 0.87 0.96       

abcc4 1.27 1.41 0.69       

abcc5 1.50 0.94 1.14       

abcg2 2.00 0.82 1.24       

abcb1a 1.52 0.78 0.86       

abcb1b 1.37 0.47 1.00       
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Table	5.1.	Summary	of	the	differences	in	ABC	efflux	transporter	gene	expression	data	

between	chronic	and	acute	treatment	groups,	RT-qPCR	data	from	Figure	5.2,	5.4,	5.6,	

5.8,	5.10,	5.12,	5.14,	5.16,	5.18.	Results	are	shown	as	fold	change	(chronic/acute)	for	

brain	cortices,	choroid	plexus	and	placenta	for	3	drugs:	digoxin	(30μg/kg),	cimetidine	

(11mg/kg)	and	paracetamol	(15mg/kg).	Acute	exposure	was	i.p.,	with	sampling	30min	

post-injection,	chronic	exposure	was	bi-daily	for	4	days	followed	by	measurements	

identical	to	acute	on	the	5th	day.	Significantly	up-regulated	genes	are	highlighted	in	

green,	down-regulated	genes	in	red	and	no	change	in	plain	white.	Significance	

determined	as	p<0.05	(t-test,	Mann-Whitney	U).	^	indicates	a	large	fold	change	that	was	

due	to	extremely	low	expression	in	all	samples	except	two;	the	result	did	not	reach	

statistical	significance.	Figure	adapted	from	(Koehn	et	al.,	2019b).	
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Transfer	of	digoxin	into	CSF	

The	CSF/plasma	concentration	ratios	of	digoxin	are	shown	in	Figure	5.3	for	E19,	

P4	and	adult	rats.	Following	acute	exposure	the	average	CSF/plasma	ratio	in	

adult	rats	was	4.3%	±	0.4,	at	P4	it	was	4.5%	±	2.0	and	at	E19	it	was	13.6%	±	3.7.	

Entry	into	the	E19	CSF	was	significantly	higher	than	both	the	P4	(p<0.001)	and	

adult	(p<0.001)	CSF.	Entry	into	the	adult	CSF	was	also	lower	than	that	of	P4,	but	

this	did	not	reach	statistical	significance	(p=0.25).	

	

The	CSF	to	plasma	ratios	for	digoxin	following	chronic	treatment	is	compared	to	

acute	measurements	in	Figure	5.3B	for	E19,	P4	and	adult	rats.	The	amount	of	

radioactive	digoxin	that	entered	the	CSF	following	chronic	treatment	was	

significantly	lower	compared	to	acute	treatment	in	adult	animals	(0.74	fold,	

p<0.05).	The	entry	of	digoxin	into	the	CSF	was	not	statistically	different	between	

acute	and	chronic	conditions	for	P4	(0.94	fold,	p=0.55)	or	E19	(1.44	fold,	p=0.14)	

rats.	

	

ABC	efflux	transporter	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	abcb1a,	abcb1b)	

expression	in	the	lateral	ventricular	choroid	plexuses	of	acute	and	chronic	

digoxin	treated	animals	is	shown	in	Figure	5.4.	In	chronically	treated	adults	

there	was	a	decrease	in	abcc4	expression	compared	to	acutely	treated	rats	(0.73	

fold,	p<0.05).	At	P4	there	was	a	significant	increase	of	abcc3	(1.17	fold,	p<0.01)	

and	abcc5	(1.16	fold,	p<0.05).	All	biological	replicates	(>6)	of	choroid	plexuses	at	

E19	were	pooled	into	one	sample.	There	was	an	increase	in	the	expression	of	

abcc4	(1.14	fold)	and	abcc5	(1.20	fold)	and	a	decrease	in	abcc2	(0.88	fold),	abcg2	
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(0.86	fold)	and	abcb1b	(0.81	fold)	following	chronic	treatment.	Expression	of	

abcc1,	abcc3	and	abcb1a	in	the	E19	choroid	plexus	was	relatively	stable	for	all	

samples	(0.90-1.11	fold;	Table	5.1).	
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Figure	5.3.	CSF/plasma	concentration	ratio	for	digoxin	at	three	developmental	stages.	

A)	Results	are	shown	for	the	acute	entry	of	digoxin	(30μg/kg)	at	E19	(light	blue,	circles),	

P4	(medium	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	B)	Acute	results	(same	

as	in	A;	white,	open	symbols)	are	compared	to	entry	following	chronic	digoxin	exposure	

(bi-daily,	5	days;	grey,	closed	symbols).	Significant	differences	are	indicated:	*	(p<0.05),	

**	(p<0.01)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Figure	5.4.	Rat	lateral	ventricular	choroid	plexus	expression	levels	of	abcc1	(MRP1;	A),	

abcc2	(MRP2;	B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	

abcb1a	(PGP;	G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	

digoxin	(30μg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	closed	circles)	

are	shown	at	three	ages:	E19,	P4	and	adult.	Relative	expression	is	expressed	as	2-ΔCt	with	

respect	to	housekeeper	gene	ppib.	Significant	differences	between	chronic	and	acute	

groups	at	each	age	were	determined	two-tailed	t-test	for	normally	distributed	data	and	

Mann-Whitney	U	for	non-normal	data	(*	p<0.05,	**	p<0.01).	
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Transfer	of	digoxin	across	the	placenta	

The	transfer	of	digoxin	across	the	placenta	from	mother	to	E19	fetus	is	shown	in	

Figure	5.5.	Following	acute	administration	the	concentration	ratio	of	fetal	plasma	

compared	to	maternal	plasma	was	37%	±	8.	Over	the	timecourse	of	the	

experiment	(30-150min)	maternal	plasma	levels	decreased,	while	fetal	plasma	

levels	remained	relatively	stable	(Figure	5.5B).	Accordingly,	the	concentration	

ratios	showed	a	gradual	increase	over	the	experimental	period	ranging	from	

33%	at	30min	to	49%	at	127min	(Figure	5.A-B).	

	

The	concentration	ratio	of	fetal	plasma	to	maternal	plasma	of	digoxin	following	

chronic	treatment	is	compared	to	the	acute	ratios	in	Figure	5.5A.	The	amount	of	

radioactive	digoxin	that	entered	the	fetus	following	chronic	treatment	(5th	day	

dose)	was	not	statistically	different	from	the	acute	condition	(39%	±	9	compared	

to	37%	±	8,	p=0.28).	Over	the	experiment	(similar	to	the	acute	condition)	

maternal	plasma	levels	progressively	decreased,	while	fetal	levels	remained	

relatively	stable	(Figure	5.5C).	Accordingly,	the	concentration	ratios	following	

chronic	treatment	also	showed	a	gradual	increase	over	the	experimental	period	

from	35%	at	30min	to	45%	at	115min	(Figure	5.5A,C).		

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	placenta	of	acutely	and	chronically	digoxin	treated	dams	

is	shown	in	Figure	5.6.	In	chronically	treated	adults	there	was	a	significant	

decrease	in	the	expression	of	both	abcc1	(0.77	fold,	p<0.05)	and	abcb1b	(0.47	

fold,	p<0.05).	
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Figure	5.5.	Transfer	of	digoxin	(30μg/kg)	across	the	placenta	at	E19.	A)	The	

concentration	ratios	between	the	fetal	plasma	and	the	maternal	plasma	(placental	

transfer,	%)	for	acutely	treated	(white,	open	circles)	and	chronically	treated	(bi-daily,	5	

days;	grey,	closed	circles)	groups.	Each	dot	represents	a	single	pup	compared	to	

maternal	blood	at	the	time	the	pup	sample	was	collected.	B)	The	raw	disintegrations	per	

minute	(DPM)/μl	values	for	the	acute	group	-	maternal	plasma	(filled	squares)	and	the	

fetal	plasma	(open	circles).	C)	The	raw	DPM/	μl	values	for	the	chronic	group	-	maternal	

plasma	(filled	squares)	and	the	fetal	plasma	(open	circles).	Each	maternal	dot	

represents	one	measurement,	with	blood	taken	serially	from	the	femoral	artery	(see	

General	Methods).	Each	fetal	dot	indicates	an	individual	pup	taken	throughout	the	

experiment.	Time	is	post-injection.	

A) 

B) C) 



	
	
	 198	

	
Figure	5.6.	Expression	levels	in	the	E19	rat	placenta	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	

B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	

G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	digoxin	(30μg/kg)	

acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	closed	circles)	are	shown.	

Relative	expression	is	expressed	as	2-ΔCt	with	respect	to	the	housekeeper	gene	ppib.	

Significant	differences	between	chronic	and	acute	groups	at	that	age	were	determined	

two-tailed	t-test	for	normally	distributed	data	and	Mann-Whitney	U	for	non-normal	data	

(*	p<0.05).	
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Cimetidine		

Transfer	of	cimetidine	into	brain	cortices	

The	brain	to	plasma	concentration	ratios	of	cimetidine	are	shown	in	Figure	5.7	

for	E19,	P4	and	adult	rats.	Following	acute	administration	the	average	

brain/plasma	ratio	in	adult	rats	was	13%	±	5,	at	P4	it	was	12%	±	15	and	at	E19	it	

was	56%	±	10.	Entry	into	the	E19	brain	was	significantly	higher	than	that	of	both	

the	P4	(p<0.001)	and	adult	(p<0.001)	brain.	Entry	into	the	adult	brain	was	not	

statistically	different	to	that	of	P4	(p=0.80).	

	

The	brain	to	plasma	concentration	ratios	of	cimetidine	following	chronic	

treatment	are	compared	to	acute	measurements	in	Figure	5.7B	for	E19,	P4	and	

adult	ages.	The	amount	of	radioactive	cimetidine	that	entered	the	brain	following	

chronic	treatment	was	not	statistically	different	from	acute	conditions	at	any	age	

(E19	1.15	fold,	p=0.21;	P4	1.01	fold,	p=0.90;	adult	0.99	fold,	p=0.99).	

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	brain	cortices	of	acute	and	chronic	cimetidine	treated	

animals	is	shown	in	Figure	5.8.	At	P4	there	was	a	significant	up-regulation	of	

abcc5	(1.24	fold,	p<0.01)	and	abcb1a	(1.23	fold,	p<0.001)	and	a	down-regulation	

of	abcc2	(0.88	fold,	p<0.05)	in	chronic	groups	compared	to	acute.	There	were	no	

statistically	significant	differences	between	acute	and	chronic	groups	at	E19	or	

adult	ages	(Table	5.1;	Figure	5.8).	
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Figure	5.7.	Brain/plasma	concentration	ratios	for	cimetidine	at	three	developmental	

stages.	A)	Ratios	following	acute	exposure	to	cimetidine	(11mg/kg)	at	E19	(light	blue,	

circles),	P4	(medium	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	B)	Acute	

results	(same	as	in	A;	white,	open	symbols)	are	compared	to	entry	following	chronic	

cimetidine	exposure	(bi-daily,	5	days;	grey,	closed	symbols).	Significant	differences	are	

indicated:	**	(p<0.01)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Figure	5.8.	Expression	levels	in	the	rat	brain	cortices	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	

B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	

G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	cimetidine	

(11mg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	closed	circles)	are	

shown.	Relative	expression	is	expressed	as	2-ΔCt	with	respect	to	the	housekeeper	gene	

ppib.	Significant	differences	between	chronic	and	acute	groups	at	each	age	were	

determined	two-tailed	t-test	for	normally	distributed	data	and	Mann-Whitney	U	for	non-

normal	data	(*	p<0.05,	**	p<0.01,	***p<0.001).	
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Transfer	of	cimetidine	into	CSF	

The	CSF/plasma	concentration	ratios	of	cimetidine	are	shown	in	Figure	5.9	for	

E19,	P4	and	adult	rats.	Following	acute	administration	the	average	CSF/plasma	

ratio	in	adult	animals	was	12%	±	3,	at	P4	it	was	8%	±	1	and	at	E19	it	was	54%	±	

11.	Entry	into	the	E19	CSF	was	significantly	higher	than	that	of	both	the	P4	

(p<0.001)	and	adult	(p<0.001)	CSF.	Entry	into	the	adult	CSF	was	not	significantly	

different	to	that	of	P4	(p=0.08).	

	

The	CSF	to	plasma	concentration	ratios	of	cimetidine	following	chronic	

treatment	are	compared	to	acute	measurements	in	Figure	5.9B	for	E19,	P4	and	

adults.		The	amount	of	radioactive	cimetidine	that	entered	the	CSF	following	

chronic	treatment	was	not	significantly	different	compared	to	that	transferred	

under	acute	conditions	for	E19	(1.17	fold,	p=0.14),	P4	(0.94	fold,	p=0.32)	or	

adults	(1.02	fold,	p=0.87).	

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	lateral	ventricular	choroid	plexuses	of	acutely	and	

chronically	cimetidine	treated	animals	is	shown	in	Figure	5.10.	In	chronically	

treated	adults	there	was	an	increase	in	abcc4	expression	(1.49	fold,	p<0.05).	At	

P4	there	were	no	significant	differences	in	expression	between	treatment	

groups.	For	E19	choroid	plexuses	all	biological	(>6)	replicates	were	pooled	into	

one	measurement.	There	was	a	general	increase	in	all	transporters	examined	

between	1.01	fold	and	1.73	fold	(Table	5.1).		
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Figure	5.9.	CSF/plasma	concentration	ratio	for	cimetidine	at	three	developmental	

stages.	A)	Ratios	following	acute	exposure	to	cimetidine	(11mg/kg)	at	E19	(light	blue,	

circles),	P4	(medium	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	B)	Acute	

results	(same	as	in	A;	white,	open	symbols)	are	compared	to	entry	following	chronic	

cimetidine	exposure	(bi-daily,	5	days;	grey,	closed	symbols).	Significant	differences	are	

indicated	as	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Figure	5.10.	Rat	lateral	ventricular	choroid	plexus	expression	of	abcc1	(MRP1;	A),	abcc2	

(MRP2;	B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	

abcb1a	(PGP;	G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	

cimetidine	(11mg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	closed	

circles)	are	shown.	Relative	expression	is	expressed	as	2-ΔCt	with	respect	to	the	

housekeeper	gene	ppib.	Significant	differences	between	chronic	and	acute	groups	at	that	

age	were	determined	two-tailed	t-test	for	normally	distributed	data	and	Mann-Whitney	

U	for	non-normal	data	(*	p<0.05).	
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Transfer	of	cimetidine	across	the	placenta	

The	placental	transfer	of	cimetidine	from	mother	to	E19	fetus	is	shown	in	Figure	

5.11.	Following	a	single,	acute	injection	the	concentration	ratio	of	fetal	plasma	

compared	to	maternal	plasma	was	30%	±	13	(Figure	5.11A).	Over	the	

experimental	period	(30-150min)	maternal	plasma	levels	progressively	

decreased,	while	fetal	levels	slightly	increased	(Figure	5.11B).	Accordingly,	

concentration	ratios	increased	over	the	experimental	period	from	10%	at	30	

minutes	to	48%	at	127	minutes.	

	

The	fetal	to	maternal	plasma	concentration	ratios	of	cimetidine	following	chronic	

treatment	are	compared	to	acute	measurements	in	Figure	5.11A.	The	amount	of	

radioactive	cimetidine	that	entered	the	fetus	following	chronic	treatment	(5th	

day	dose)	was	not	statistically	different	to	the	acute	condition,	29%	±	11	

compared	to	30%	±	13	(p=0.78).	Over	the	time	of	the	experiment	(similar	to	the	

acute	condition)	maternal	plasma	levels	decreased,	with	fetal	levels	increasing	

slightly	(Figure	5.11C).	Accordingly,	concentration	ratios	following	chronic	

treatment	gradually	increased	over	the	experimental	period	from	14%	at	30	

minutes	to	31%	at	148	minutes.		

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	placenta	of	acutely	and	chronically	cimetidine	treated	rats	

is	shown	in	Figure	5.12.	In	chronically	treated	adult	rats	compared	to	acute	

treatment,	there	was	a	significant	decrease	in	the	expression	of	abcc1	(0.77	fold,	

p<0.05).	There	were	no	significant	changes	in	any	other	transporters	(Table	5.1).	

Despite	a	10-fold	increase	in	abcc2	this	result	was	not	significant	due	to	a	large	
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variance	–	high	expression	in	two	chronically	treated	animals	and	nearly	no	

expression	in	all	others	(Figure	5.12).	
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Figure	5.11.	Transfer	of	cimetidine	(11mg/kg)	across	the	placenta	at	E19.	A)	

Concentration	ratios	between	fetal	plasma	and	maternal	plasma	(placental	transfer,	%)	

for	acutely	treated	(white,	open	circles)	and	chronically	treated	(bi-daily,	5	days;	grey,	

closed	circles)	groups.	Each	dot	represents	a	single	pup	compared	to	maternal	blood	

collected	at	the	time	the	pup	was	taken.	B)	The	raw	disintegrations	per	minute	

(DPM)/μl	values	for	the	acute	group	-	maternal	plasma	(filled	squares)	and	the	fetal	

plasma	(open	circles).	C)	The	raw	DPM/μl	values	for	the	chronic	group	-	maternal	

plasma	(filled	squares)	and	the	fetal	plasma	(open	circles).	Each	maternal	dot	equals	one	

measurement,	with	blood	taken	serially	from	the	femoral	artery	(see	General	Methods).	

Each	fetal	dot	indicates	an	individual	pup	taken	throughout	the	experiment.	Time	is	

post-injection.	

A) 

B) C) 



	
	
	 208	

	
Figure	5.12.	Expression	levels	in	the	E19	rat	placenta	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	

B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	

G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	cimetidine	

(11mg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	grey,	closed	circles)	

are	shown.	Relative	expression	is	expressed	as	2-ΔCt	with	respect	to	the	housekeeper	

gene	ppib.	Significant	differences	between	chronic	and	acute	groups	at	that	age	were	

determined	two-tailed	t-test	for	normally	distributed	data	and	Mann-Whitney	U	for	non-

normal	data	(*	p<0.05).	
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Paracetamol		

Transfer	of	paracetamol	into	brain	cortices	
The	brain	to	plasma	concentration	ratios	of	paracetamol	are	shown	in	Figure	

5.13	for	E19,	P4	and	adult	rats.	Following	acute	administration	the	average	

brain/plasma	ratio	in	adult	animals	was	30%	±	4,	at	P4	it	was	60%	±	9	and	at	

E19	it	was	66%	±	18.	Entry	into	the	E19	brain	was	not	significantly	different	to	

that	of	the	P4	(p=0.55).	Entry	into	the	adult	brain	was	significantly	lower	than	

that	of	the	P4	(p<0.01)	and	E19	(p<0.001).	

	

The	brain	to	plasma	concentration	ratios	of	paracetamol	following	chronic	

treatment	are	compared	to	measurements	from	acutely	treated	animals	in	

Figure	5.13B	for	E19,	P4	and	adults.	The	amount	of	radioactive	paracetamol	that	

entered	the	brain	following	chronic	treatment	was	lower	than	under	acute	

conditions	in	the	adult	(0.71	fold,	p<0.05).	At	P4	there	was	no	significant	

difference	between	the	chronic	and	acute	treatment	groups	(0.85	fold,	p=0.09).	

In	contrast,	at	E19	the	transfer	into	brain	following	chronic	treatment	was	

significantly	higher	than	in	the	acute	treatment	group	(1.59	fold,	p<0.001).		

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	brain	cortices	of	acutely	and	chronically	paracetamol	

treated	rats	is	shown	in	Figure	5.14.	The	only	significant	differences	between	the	

acute	and	chronic	groups	were	at	P4,	where	there	was	up-regulation	of	abcg2	

(1.52	fold,	p<0.05)	and	down-regulation	of	abcc1	(0.79	fold,	p<0.05)	and	abcc2	

(0.73	fold,	p<0.05)	in	the	chronically	treated	rats.	There	were	no	statistically	

significant	differences	between	the	acute	and	chronic	groups	at	E19	or	adult	for	

any	of	the	genes	tested	(Table	5.1).	
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Figure	5.13.	Brain/plasma	concentration	ratios	for	paracetamol	at	three	developmental	

stages.	A)	Ratios	for	acute	entry	of	paracetamol	(15mg/kg)	at	E19	(light	blue,	circles),	

P4	(medium	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	B)	Results	following	

acute	paracetamol	exposure	(same	as	in	A;	white,	open	symbols)	are	compared	to	those	

following	chronic	paracetamol	exposure	(bi-daily,	5	days;	grey,	closed	symbols).	

Significant	differences	are	indicated:	*	(p<0.05),	**	(p<0.01)	and	***	(p<0.001;	t-test,	

Mann-Whitney	U).	
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Figure	5.14.	Expression	levels	in	the	rat	brain	cortices	of	abcc1	(MRP1;	A),	abcc2	

(MRP2;	B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	

abcb1a	(PGP;	G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	

paracetamol	(15mg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	closed	

circles)	are	shown	for	three	ages:	E19,	P4	and	adult.	Relative	expression	is	expressed	as	

2-ΔCt	with	respect	to	the	housekeeper	gene	ppib.	Significant	differences	between	chronic	

and	acute	groups	at	each	age	were	determined	two-tailed	t-test	for	normally	distributed	

data	and	Mann-Whitney	U	for	non-normal	data	(*	p<0.05).	
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Transfer	of	paracetamol	into	CSF	

The	CSF/plasma	concentration	ratios	of	paracetamol	are	shown	in	Figure	5.15	

for	E19,	P4	and	adult	rats.	Following	acute	administration	the	average	

CSF/plasma	ratios	in	the	adult	was	29%	±	2,	at	P4	it	was	49%	±	6	and	at	E19	it	

was	60%	±	13.	Entry	into	the	adult	CSF	was	significantly	lower	than	that	at	E19	

(p<0.001)	and	P4	(p<0.001).	Entry	into	the	P4	CSF	was	also	lower	than	that	at	

E19	but	this	did	not	reach	statistical	significance	(p=0.16).	

	

The	CSF	to	plasma	concentration	ratios	for	paracetamol	following	chronic	

treatment	are	compared	to	acute	treatment	in	Figure	5.15B	for	E19,	P4	and	adult	

animals.		The	amount	of	radioactive	paracetamol	that	entered	the	CSF	following	

chronic	treatment	was	significantly	lower	compared	to	acute	treatment	in	for	

adults	(0.62	fold,	p<0.001)	and	at	P4	(0.87	fold,	p<0.05)	but	was	significantly	

higher	at	E19	(1.43	fold,	p<0.001).		

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	lateral	ventricular	choroid	plexuses	of	acute	and	chronic	

paracetamol	treated	rats	is	shown	in	Figure	5.16.	In	chronically	treated	adults	

there	was	an	increase	in	abcb1b	expression	levels	(1.36	fold,	p<0.05).	At	P4	there	

was	a	significant	decrease	in	both	abcc1	(0.61	fold,	p<0.01)	and	abcb1a	(0.32	

fold,	p<0.05)	expression.	In	E19	choroid	plexuses	all	biological	(>6)	replicates	

were	pooled	into	one	measurement	due	to	very	small	amounts	of	tissue	

collected.	There	was	an	increase	in	expression	of	abcc1	(1.32	fold),	abcc3	(1.28	

fold)	abcc4	(1.38	fold)	and	abcb1a	(1.49	fold)	and	a	decrease	in	abcg2	(0.73	fold).	

The	expression	of	all	other	transporters	was	not	significantly	different	between	

chronic	and	acute	treatment	groups	(Table	5.1).	
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Figure	5.15.	CSF/plasma	concentration	ratios	for	paracetamol	at	three	developmental	

stages.	A)	Ratios	for	acute	entry	of	paracetamol	(15mg/kg)	at	E19	(light	blue,	circles),	

P4	(medium	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	B)	Ratios	following	

acute	paracetamol	exposure	(same	as	in	A;	white,	open	symbols)	are	compared	to	those	

following	chronic	paracetamol	exposure	(bi-daily,	5	days;	grey,	closed	symbols).	

Significant	differences	are	indicated:	*	(p<0.05),	**	(p<0.01)	and	***	(p<0.001;	t-test,	

Mann-Whitney	U).	
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Figure	5.16.	Expression	levels	in	the	rat	lateral	ventricular	choroid	plexus	of	abcc1	

(MRP1;	A),	abcc2	(MRP2;	B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	

(BCRP;	F),	abcb1a	(PGP;	G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	

with	paracetamol	(15mg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	

closed	circles)	are	shown	at	three	ages:	E19,	P4	and	adult.	Relative	expression	is	

expressed	as	2-ΔCt	with	respect	to	the	housekeeper	gene	ppib.	Significant	differences	

between	chronic	and	acute	treatment	groups	at	each	age	were	determined	using	two-

tailed	t-test	for	normally	distributed	data	and	Mann-Whitney	U	for	non-normal	data	(*	

p<0.05,	**	p<0.01,	***p<0.001).	
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Transfer	of	paracetamol	across	the	placenta	

The	transfer	of	paracetamol	from	mother	to	fetus	across	the	E19	placenta	is	

shown	in	Figure	5.17.	Following	acute	exposure	the	concentration	ratio	of	fetal	

plasma	compared	to	time	matched	maternal	plasma	was	42%	±	6.	Over	the	

course	of	the	experiment	(30-150min)	both	the	maternal	plasma	and	fetal	

plasma	levels	gradually	decreased	(Figure	5.17B).	This	resulted	in	concentration	

ratios	between	the	two	compartments	remaining	relatively	stable	over	the	

course	of	the	experiment	at	around	41%	between	40	and	144min.		

	

The	fetal	to	maternal	plasma	concentration	ratios	of	paracetamol	following	

chronic	treatment	are	compared	to	acute	measurements	in	Figure	5.17A.	The	

amount	of	radioactive	paracetamol	that	entered	the	fetus	following	maternal	

chronic	treatment	was	not	statistically	different	to	the	acute	treatment	(43%	±	5	

compared	to	42%	±	6,	p=0.77).	Over	the	timecourse	of	the	experiment	(similar	to	

the	acute	condition)	both	maternal	and	fetal	plasma	levels	decreased	(Figure	

5.17C).	The	concentration	ratio	following	chronic	treatment	remained	stable	

over	the	experimental	period	from	36%	at	30	minutes	to	43%	at	104	minutes.		

	

Expression	of	ABC	efflux	transporters	(abcc1,	abcc2,	abcc3,	abcc4,	abcc5,	acbg2,	

abcb1a,	abcb1b)	in	the	placenta	of	acute	and	chronic	paracetamol	treated	

animals	is	shown	in	Figure	5.18.	In	chronically	treated	adults	compared	to	acute	

there	was	a	significant	increase	in	the	expression	of	abcc1	(1.69	fold,	p<0.05)	and	

abcg2	(2.0	fold,	p<0.01).	There	was	no	significant	change	the	expression	of	any	of	

the	other	transporters	(Table	5.1).		
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Figure	5.17.	Transfer	of	paracetamol	(15mg/kg)	across	the	placenta	at	E19.	A)	

Concentration	ratios	between	fetal	plasma	and	maternal	plasma	(placental	transfer,	%)	

for	acutely	treated	(white,	open	circles)	and	chronically	treated	(bi-daily,	5	days;	grey,	

closed	circles)	groups.	Each	dot	represents	a	single	pup	compared	to	maternal	blood	

collected	at	the	time	the	pup	was	taken.	B)	The	raw	disintegrations	per	minute	

(DPM)/μl	values	for	the	acute	group	-	maternal	plasma	(filled	squares)	and	the	fetal	

plasma	(open	circles).	C)	The	raw	DPM/μl	values	for	the	chronic	group	-	maternal	

plasma	(filled	squares)	and	the	fetal	plasma	(open	circles).	Each	maternal	dot	equals	one	

measurement,	with	blood	taken	serially	from	the	femoral	artery	(see	General	Methods).	

Each	fetal	dot	indicates	individual	pup	taken	throughout	the	experiment.	Time	is	post-

injection.	

A) 

C) B) 
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Figure	5.18.	Expression	levels	in	the	E19	rat	placenta	of	abcc1	(MRP1;	A),	abcc2	(MRP2;	

B),	abcc3	(MRP3;	C),	abcc4	(MRP4;	D),	abcc5	(MRP5;	E),	abcg2	(BCRP;	F),	abcb1a	(PGP;	

G)	and	abcb1b	(PGP;	H),	as	measured	by	RT-qPCR.	Rats	treated	with	paracetamol	

(15mg/kg)	acutely	(open	circles)	and	chronically	(bi-daily,	5	days;	closed	circles)	are	

shown.	Relative	expression	is	expressed	as	2-ΔCt	with	respect	to	the	housekeeper	gene	

ppib.	Significant	differences	between	chronic	and	acute	groups	at	each	age	were	

determined	by	two-tailed	t-test	for	normally	distributed	data	and	Mann-Whitney	U	for	

non-normal	data	(*	p<0.05).	
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Comparative	analysis	of	all	three	drugs	

A	comparison	between	the	results	from	digoxin,	cimetidine	and	paracetamol	

experiments	can	provide	an	indication	of	how	variable	medication	transfer	can	

be	across	the	blood-brain,	blood-CSF	and	placental	barriers.	These	three	

compounds	are	substrates	for	different	efflux	mechanisms,	vary	in	molecular	

weight	and	have	different	sites	and	mechanisms	of	action	(see	General	

Introduction).	Together,	their	results	provide	examples	of	the	degree	of	drug	

entry	into	the	CNS	at	different	developmental	stages	and	highlight	potential	

differences	that	may	exist	between	the	transfer	rates	of	multiple	compounds.	

	

Transfer	of	drugs	into	brain	cortices	

The	transfer	of	digoxin,	cimetidine	and	paracetamol	into	the	brain	at	E19,	P4	and	

adult	ages	is	summarized	in	Figure	5.19A.	A	comparison	between	acute	and	

chronic	transfer	at	each	age	is	shown	in	Figure	5.19B-D.	Paracetamol	entry	into	

brain	was	higher	than	both	cimetidine	and	digoxin	at	all	three	ages	under	acute	

conditions,	whereas	the	entry	of	digoxin	and	cimetidine	was	quite	similar	at	each	

of	the	three	ages	tested.		

	

The	variation	in	transfer	of	a	drug	into	the	brain	between	individual	animals	was	

much	larger	at	E19	compared	to	P4	and	adult	rats.	This	was	reflected	in	the	large	

standard	deviations	for	paracetamol,	digoxin	and	cimetidine	brain/plasma	ratios	

respectively	at	the	E19	age	group	(SD	17.7%,	14.1%,	9.3%)	compared	to	P4	(SD	

8.7%,	5.1%,	1.4%)	and	adult	(4.1%,	3.3%,	5.0%).	The	range	of	results	obtained	
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also	indicates	age-dependent	variability:	brain/plasma	ratios	for	all	drugs	

combined	was	highest	at	E19	(15-88%)	compared	to	P4	(10-70%)	and	adult	

(4%-42%).	

	

Chronic	treatment	caused	a	decrease	in	drug	entry	to	the	brain,	compared	to	

acute	treatment,	in	adult	animals	exposed	to	paracetamol	or	digoxin	(Figure	

5.19).	There	was,	however,	no	difference	in	the	transfer	of	cimetidine	into	the	

adult	brain,	or	the	transfer	of	any	of	the	three	drugs	into	the	P4	or	E19	brain.		

These	results	indicate	that	the	effect	of	chronic	treatment	on	drug	transfer	is	

variable	between	different	types	of	drugs	and	between	different	developmental	

ages.	In	contrast	to	the	decreased	entry	observed	in	the	adult	brain,	chronic	

paracetamol	exposure	at	E19	resulted	in	increased	brain/plasma	concentration	

ratios,	a	phenomenon	not	observed	for	any	other	drug	or	at	other	ages.	

Paracetamol	entry	into	the	brain	and	CSF	following	chronic	treatment	was	highly	

age-dependent:	increased	compared	to	acute	treatment	at	E19,	no	change	at	P4	

and	decreased	in	the	adult	(Fig	5.19).	
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Figure	5.19.	Comparisons	between	the	brain/plasma	concentration	ratios	for	all	three	

drugs	(paracetamol,	digoxin,	cimetidine)	at	E19,	P4	and	adult	developmental	stages	in	

the	rat.	A)	Acute	brain	to	plasma	concentration	ratios	for	paracetamol	(15mg/kg;	pink	

circles,	white	bars),	digoxin	(30μg/kg;	blue	squares,	light	grey	bars)	and	cimetidine	

(11mg/kg;	purple	triangle,	dark	grey	bars).	Brain	to	plasma	concentration	ratios	under	

chronic	conditions	(bi-daily,	5	days;	filled	symbol,	grey	bar)	are	compared	to	acute	

conditions	(open	symbols,	white	bars)	for	the	three	drugs	in	Figures	B	(E19),	C	(P4)	and	

D	(adult).	Each	dot	represents	an	individual	animal.	Significant	differences	are	

indicated:	*	(p<0.05),	**	(p<0.01;	t-test,	Mann-Whitney	U).	
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Transfer	of	drugs	into	CSF	

The	transfer	of	digoxin,	cimetidine	and	paracetamol	into	the	CSF	at	E19,	P4	and	

adult	ages	is	summarized	in	Figure	5.20A.	Comparisons	between	acute	and	

chronic	drug	transfer	at	each	age	are	shown	in	Figure	5.20B-D.	Results	indicate	

that	under	acute	conditions	the	entry	into	CSF	was	highest	for	paracetamol,	

followed	by	cimetidine,	with	digoxin	entry	the	lowest	at	all	ages	(<5%	for	

adult/P4	and	<20%	E19).	

	

The	variation	of	drug	transfer	into	the	CSF	between	individual	animals	was	(like	

brain)	much	greater	at	E19	compared	to	P4	and	adult	ages.	There	were	large	

standard	deviations	of	CSF/plasma	ratios	between	animals	within	one	treatment	

at	E19	(SD	12.6%,	4.4%,	10.6%),	with	less	variation	at	P4	(SD	5.8%,	0.8%,	0.6%)	

and	adult	(SD	1.6%,	0.4%,	2.84%).	The	range	of	results	also	indicates	higher	

variability	at	E19,	with	CSF/plasma	ratios	of	all	drugs	combined	highest	at	E19	

(5-77%)	compared	to	P4	(3%-54%)	and	adult	(4%-31%)	ages.	The	CSF/plasma	

ratios	had	a	much	smaller	variation	between	individual	animals	within	one	

treatment	compared	to	the	brain/plasma	ratios	(see	above;	Figure	5.19).	

	

Chronic	treatment	resulted	in	decreased	drug	entry	into	CSF	compared	to	acute	

treatment	in	adult	animals	given	either	paracetamol	or	digoxin	(Figure	5.20).	

There	was	also	a	significant	reduction	in	the	transfer	of	paracetamol	into	CSF	at	

P4	following	chronic	treatment.	Entry	of	cimetidine	into	CSF,	just	like	into	brain	

tissue,	was	unchanged	following	chronic	treatment.	At	E19	paracetamol	entry	

into	CSF	increased	following	chronic	treatment,	once	again	mirroring	

brain/plasma	results.		
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Figure	5.20.	Comparisons	between	the	CSF/plasma	concentration	ratios	for	all	three	

drugs	(paracetamol,	digoxin,	cimetidine)	at	E19,	P4	and	adult	developmental	stages	in	

the	rat.	A)	Acute	CSF	to	plasma	concentration	ratios	for	paracetamol	(15mg/kg;	pink	

circles,	white	bars),	digoxin	(30μg/kg;	blue	squares,	light	grey	bars)	and	cimetidine	

(11mg/kg;	purple	triangle,	dark	grey	bars).	CSF	to	plasma	concentration	ratios	under	

chronic	conditions	(bi-daily,	5	days;	filled	symbol,	grey	bar)	are	compared	to	acute	

conditions	(open	symbols,	white	bars)	for	each	of	the	three	drugs	in	Figures	B	(E19),	C	

(P4)	and	D	(adult).	Each	dot	represents	an	individual	animal.	Significant	differences	are	

indicated:	*	(p<0.05)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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For	paracetamol	and	cimetidine	the	concentration	ratios	for	brain/plasma	and	

CSF/plasma	were	both	very	similar	(Figure	5.21A-B).	For	these	drugs	they	apper	

to	transfer	into	both	compartments	to	similar	extents,	with	this	being	observed	

at	all	ages	investigated.	Digoxin,	however,	had	much	higher	brain/plasma	ratios	

compared	to	CSF/plasma	ratios.	At	E19	digoxin	entry	into	brain	was	3.85	fold	

higher	than	into	the	CSF	(p<0.001),	5.26	fold	higher	at	P4	(p<0.01)	and	2.9	fold	

higher	in	adults	(p<0.05;	Figure	5.21C).	These	results	suggest	that	paracetamol	

and	cimetidine	enter	the	brain	and	CSF	to	similar	extents,	while	digoxin	enters	

the	brain	to	a	much	greater	extent	than	the	CSF.	
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Figure	5.21.	Comparison	of	the	entry	of	three	compounds:	paracetamol	(A),	cimetidine	

(B)	and	digoxin	(C)	into	the	brain	and	CSF	of	E19,	P4	and	adult	rats.	Brain/plasma	

concentration	ratios	are	shown	(green	bars,	circles),	along	with	the	CSF/plasma	

concentration	ratio	(blue	bars,	squares).	Results	are	from	acute	exposure	experiments.	

Each	dot	represents	an	individual	animal.	Significant	differences	are	indicated:	*	

(p<0.05),	**	(p<0.01)	and	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Transfer	of	drugs	across	the	placenta	

The	transfer	of	digoxin,	cimetidine	and	paracetamol	from	the	maternal	

circulation	into	the	fetal	circulation	at	E19	is	summarized	in	Figure	5.22	for	both	

acute	and	chronic	conditions.	Results	indicate	that	trans-placental	transfer	of	

paracetamol	was	significantly	greater	(higher	ratios)	than	that	of	cimetidine	

under	acute	conditions	(1.4	fold,	p<0.05).	However,	differences	in	transfer	

between	the	three	compounds	across	the	placental	barrier	were	much	less	

compared	to	the	differences	in	the	transfer	of	the	three	drugs	into	brain	(Figure	

5.19)	or	CSF	(Figure	5.20).	There	were	no	significant	differences	between	the	

concentration	ratios	obtained	for	digoxin	and	either	paracetamol	or	cimetidine.		

	

While	the	average	entry	of	cimetidine	into	fetal	circulation	was	the	lowest	of	the	

three	compounds,	results	for	this	drug	had	the	highest	variance	(SD	12.9%)	

compared	to	digoxin	(SD	7.6%)	and	paracetamol	(SD	6.1%).	The	total	range	of	

results	indicated	that	drug	entry	across	the	placenta	at	E19	varied	between	10%	

and	56%.	On	average	the	entry	of	medications	across	the	placenta	was	between	

30%	(cimetidine)	and	42%	(paracetamol),	suggesting	approximately	a	third	of	

the	drug	concentration	in	maternal	rat	circulation	will	reach	the	fetus	under	the	

conditions	examined.	

	

Comparisons	between	acute	and	chronic	results	indicate	that	at	E19	the	

placental	tissue	did	not	respond	to	chronic	challenge	by	these	compounds	in	a	

manner	that	altered	subsequent	transfer	(Figure	5.22).		
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Figure	5.22.	Concentration	ratios	between	fetal	and	maternal	plasma	(placental	

transfer,	%)	at	E19	for	3	drugs	administered	to	pregnant	rats:	paracetamol	(15mg/kg),	

digoxin	(30μg/kg)	and	cimetidine	(11mg/kg).	Acute	experiments	(open	symbols,	white	

bar)	and	chronic	experiments	(bi-daily,	5	days;	closed	symbols,	grey	bar)	are	shown.	

Each	dot	represents	an	individual	fetus	compared	to	maternal	blood	at	the	time	of	

sampling.	Note	the	very	similar	transfer	ratios	between	acutely	and	chronically	treated	

rats	for	each	drug	as	well	as	the	similarity	in	transfer	ratios	between	the	different	drugs.		

No	significant	differences	were	observed	between	acute	and	chronic	groups	(p<0.05;	t-

test,	Mann-Whitney	U).	
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Likely	distribution	of	drugs	taken	by	a	pregnant	mother	

The	results	from	the	present	Chapter	describe	the	transfer	of	medications	into	

the	adult	brain	as	well	as	across	the	placenta	into	the	fetus	and	from	fetal	blood	

to	the	fetal	brain.	Combined,	these	results	may	indicate	interesting	information	

about	the	likely	disposition	of	compounds	taken	during	pregnancy.	In	Figure	

5.23	the	results	described	for	the	rat	in	the	present	Chapter	are	summarized	in	

terms	of	potential	implications	for	pregnant	women	if	similar	degrees	of	drug	

transfer	were	to	be	found	to	exist	in	the	humans.	The	diagrammatic	summary	in	

Figure	5.23A-C	illustrates	that	following	maternal	administration	very	similar	

concentrations	are	reached	in	both	the	fetal	brain	and	the	maternal	adult	brain.	

It	appears	that	the	higher	transfer	from	fetal	blood	to	fetal	brain	(compared	to	

from	adult	blood	to	adult	brain)	is	somewhat	offset	by	the	level	of	protection	

provided	by	the	placenta	for	these	compounds	when	administered	maternally.		

	

However,	following	chronic	exposure	the	three	drugs	exhibit	very	different	

transfer	patterns.	Chronic	paracetamol	exposure	(Figure	5.23A)	resulted	in	a	

decreased	entry	into	the	maternal	brain	(down	from	30%	to	21%)	but	increased	

transfer	into	the	fetal	brain	(up	from	28%	to	45%).	This	means	that	over	the	

course	of	treatment	this	CNS-directed	medication	may	reach	the	mother’s	active	

site	less,	while	gaining	access	to	the	fetal	brain	in	higher	concentrations.	Entry	of	

digoxin	(Figure	5.23B)	into	the	maternal	brain	also	decreased	following	chronic	

exposure	whilst	entry	into	the	fetal	brain	remained	the	same.	For	cimetidine	

(Figure	5.23C)	the	entry	into	fetal	and	maternal	brain	was	unaffected	by	chronic	

exposure,	with	transfer	ratios	similar	for	both	acute	and	chronic	groups.		
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Figure	5.23.	Summary	diagram	estimating	the	likely	transfer	of	selected	medications	

from	maternal	blood	into	maternal	and	fetal	(E19)	brains.	Values	are	averages	from	

Figure	5.19	and	Figure	5.22.	All	data	are	for	the	rat	obtained	in	the	present	study	and	

illustrated	as	applied	to	human	pregnancy	for	discussion	of	the	potential	implication	of	

the	findings.	All	data	for	maternal	brain	entry	was	taken	from	non-pregnant	adult	

experiments	(see	Chapter	3	for	discussion).		
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Permeability	of	passive	markers	

Differences	in	the	expression	and	functional	capacity	of	ABC	efflux	transporters	

at	blood-CNS	interfaces	have	the	potential	to	be	a	major	contributor	to	age-

dependent	differences	in	drug	transfer	into	the	brain.	However,	as	described	in	

the	Introduction	of	this	Chapter,	there	are	multiple	factors	that	could	lead	to	the	

age-dependent	differences	observed.	In	order	to	examine	the	possibility	that	

general	biological	differences	over	development,	such	as	surface	area	of	

exchange,	blood-flow	and	CSF	secretion	(Saunders,	1992b;	Johansson	et	al.,	

2008;	Takahashi	et	al.,	1999),	might	contribute	to	differences	in	transfer	a	series	

of	experiments	using	“passive	markers”	was	conducted.	Three	passive	markers	

(14C-sucrose,	14C-L-glucose	and	3H-glycerol)	were	administered	under	the	same	

biological	and	experimental	conditions	as	the	drugs,	the	main	difference	being	

that	these	markers	are	not	known	to	bind	to	any	influx	or	efflux	transporters	at	

the	blood-brain	or	blood-CSF	barriers	(Levin,	1980;	Garberg	et	al.,	2005;	

Habgood	et	al.,	1993).	

	 	

The	acute	transfer	of	the	passive	markers	14C-L-glucose,	14C-sucrose	and	3H-

glycerol	is	shown	in	Figures	5.24A,C,E	for	brain	and	Figures	5.24B,D,F	for	CSF.	

The	transfer	of	the	highly	hydrophilic	compounds	(14C-sucrose	and	14C-L-

glucose)	into	the	brain	and	CSF	was	very	low	under	the	conditions	examined,	

while	the	more	lipophilic	3H-glycerol	reached	relatively	higher	concentration	

ratios.	There	were	also	contrasting	age-dependent	effects	on	the	entry	of	these	

passive	markers	into	brain	and	CSF.	L-Glucose	entry	at	E19	was	higher	than	at	

P4	(brain:	1.8	fold,	p<0.001;	CSF:	1.15	fold,	p=0.36)	and	higher	than	adult	(brain:	
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2.1	fold,	p<0.01;	CSF:	3.2	fold,	p<0.001).	This,	however,	was	not	apparant	for	

sucrose,	with	brain	levels	at	E19	not	significantly	different	to	that	of	P4	(brain:	

0.90	fold,	p=0.24)	or	adult	(1.3	fold,	p=0.24).	CSF	entry	of	sucrose	was	

significantly	different	between	E19	and	adult	(0.54	fold,	p<0.05)	but	not	between	

E19	and	P4	(1.08	fold,	p=0.74).	In	contrast,	glycerol	showed	the	opposite	trend,	

with	entry	at	E19	significantly	lower	than	that	in	adults	(brain:	0.55	fold,	

p<0.001;	CSF:	0.45	fold,	p<0.001)	and	P4	(brain:	0.57	fold,	p<0.01;	CSF:	0.49	fold,	

p<0.001).	

	

The	acute	entry	of	passive	markers	14C-L-glucose	and	3H-glycerol	across	the	E19	

placenta	is	shown	in	Figure	5.25.	The	concentration	ratios	of	fetal	plasma	to	

maternal	plasma	for	L-glucose	were	between	8%	and	28%	with	an	average	

transfer	of	16.7%	±	6.5.	The	concentration	ratios	of	glycerol	transfer	across	the	

placenta	were	much	larger	than	for	L-glucose,	within	a	range	of	68%	to	135%	

and	an	average	transfer	of	106.5%	±	20.7.	This	indicates	that	glycerol	

equilibrates	between	the	maternal	and	fetal	plasma,	with	equal	concentrations	in	

both	circulations.	As	can	be	seen	in	Figure	5.25B	the	counts	for	radioactive	L-

glucose	in	the	maternal	circulation	steadily	decreased	over	the	course	of	the	

experiment,	with	levels	in	fetal	circulation	remaining	relatively	stable.	Glycerol	

also	followed	a	similar	trend	(Figure	5.25C),	although	the	decrease	in	maternal	

plasma	concentrations	was	not	as	steep.		
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Figure	5.24.	Entry	of	three	passive	markers	14C-sucrose	(A,B),	14C-L-glucose	(C,D)	and	
3H-glycerol	(E,F)	into	the	brain	(A,C,E)	and	CSF	(B,D,F).	Ratios	were	calculated	as	

concentration	in	the	brain	or	CSF	compared	to	the	concentration	in	the	plasma	

(expressed	as	a	%).	Results	are	shown	for	three	age	groups:	E19	(light	blue,	circles),	P4	

(medium	blue,	squares)	and	adult	(dark	blue,	triangles).	Each	dot	represents	and	

individual	animal.	Significant	differences	are	indicated:	*	(p<0.05),	**	(p<0.01)	and	***	

(p<0.001;	t-test,	Mann-Whitney	U).	
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Figure	5.25.	Transfer	of	passive	markers	14C-L-glucose	and	3H-glycerol	across	the	

placenta	at	E19.	A)	Concentration	ratios	between	the	fetal	plasma	and	time	matched	

maternal	plasma	(placental	transfer,	%)	for	L-glycerol	(black	circles)	and	glycerol	(black	

squares)	at	E19.	Each	dot	represents	a	single	pup	compared	to	maternal	blood	at	the	

time	the	pup	was	taken.	B)	The	raw	disintegrations	per	minute	(DPM)/μl	values	for	the	

L-glucose	group	-	maternal	plasma	(filled	squares)	and	the	fetal	plasma	(open	circles).	

C)	The	raw	DPM/μl	values	for	the	glycerol	group	-	maternal	plasma	(filled	squares)	and	

the	fetal	plasma	(open	circles).	Each	maternal	dot	represents	a	single	measurement,	

with	blood	taken	serially	from	the	femoral	artery	(see	General	Methods).	Each	fetal	dot	

indicates	individual	pup	taken	throughout	the	experiment.		
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Effect	of	lipophilicity	on	the	rate	of	transfer	

Previous	work	in	the	field	of	molecular	transfer	across	brain	barrier	interfaces	

has	shown	a	positive	correlation	between	the	lipid	solubility	of	a	compound	and	

its	ability	to	enter	the	brain	(Levin,	1980;	Garberg	et	al.,	2005).	The	literature	

states	that	there	will	be	a	line	of	predicted	entry	of	compounds	into	the	brain	

based	on	their	lipid	solubility,	unless	the	compounds	are	actively	transferred	

into	(above	the	line)	or	actively	excluded	from	(below	the	line)	the	brain.	Using	

the	values	obtained	for	passive	marker	entry	into	the	brain	described	in	this	

Chapter,	the	results	for	paracetamol,	digoxin	and	cimetidine	can	be	plotted	

against	their	lipid	solubility	(LogD	values)	and	compared	to	see	if	they	are	

consistent	with	passive	transfer	or	likely	to	be	actively	excluded	from	the	brain	

at	each	developmental	age.	

	
	

Cortical	transfer	vs	lipid	solubility	

The	comparison	between	brain/plasma	concentration	ratios	and	lipid	solubility	

is	shown	in	Figure	5.26	for	three	passive	markers	(14C-sucrose,	14C-L-glucose	and	

3H-glycerol)	and	three	drugs	(paracetamol,	digoxin	and	cimetidine).	The	highly	

hydrophilic	compounds	(sucrose	and	L-glucose)	have	minimal	brain	entry	

compared	to	a	much	greater	entry	of	the	more	lipid	soluble	glycerol	at	all	ages.	In	

the	adult	brain,	the	entry	of	the	three	lipophilic	drugs	was	well	below	the	

glycerol	value,	instead	entering	the	brain	to	similar	extents	as	sucrose	and	L-

glucose.	At	P4	a	similar	result	was	observed	for	digoxin	and	cimetidine,	but	with	

paracetamol	much	migher	coming	closer	to	the	line	of	passive	entry	(ableit	still	
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below).	At	E19,	the	entry	of	all	three	of	the	drugs	was	at	or	above	the	level	of	

glycerol,	indicating	that	at	this	early	stage	of	development	their	entry	is	not	

restricted	to	a	large	degree	and	is	close	to	that	predicted	by	the	line	of	passive	

entry	based	on	lipophilicity.	
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Figure	5.26.	Mean	brain/plasma	concentration	ratios	for	the	3H-labelled	drugs	digoxin	

(blue	triangles),	cimetidine	(purple	diamonds)	and	paracetamol	(pink	hexagons)	in	E19	

fetal	(A),	P4	postnatal	(B)	and	adult	(C)	rats	plotted	against	their	lipid	solubility	

(LogDOctanol	partition	coefficient)	and	compared	with	the	“passive”	permeability	markers	
14C-sucrose,	14C-L-glucose	and	3H-glycerol.	Filled	symbols	indicate	acute	experiments	

(30min	after	i.p.	injection)	and	open	symbols	indicate	chronic	experiments	(bi-daily,	5	

days).	Arrows	indicate	significant	changes	between	acute	and	chronic	groups	(p<0.05,	t-

test,	Mann-Whitney	U).	For	n	numbers	refer	to	Figure	5.21,	5.24.	
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CSF	transfer	vs	lipid	solubility	

The	comparison	between	CSF/plasma	concentration	ratios	and	lipid	solubility	is	

shown	in	Figure	5.27	for	three	passive	markers	(14C-sucrose,	14L-glucose	and	3H-

glycerol)	and	three	drugs	(paracetamol,	digoxin	and	cimetidine).	Similar	to	the	

results	described	for	the	brain	(Figure	5.26),	passive	marker	entry	into	the	CSF	

was	highest	for	glycerol	and	much	lower	for	L-glucose	or	sucrose.	Additionally,	

the	results	for	paracetamol	and	cimetidine	entry	into	CSF	mirrored	those	of	their	

entry	into	brain;	paracetamol	entry	approaching	the	passive	line	progressively	

from	adult	to	P4	to	E19,	while	cimetidine	had	extremely	low	entry	in	adult	and	

P4	CSF	with	a	large	jump	to	near	the	passive	line	at	E19.	Digoxin,	however,	had	

extremely	low	entry,	close	to	the	values	for	sucrose	and	L-glucose	at	all	ages.		
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Figure	5.27.	Mean	CSF/plasma	concentration	ratios	for	the	3H-labelled	drugs	digoxin	

(blue	triangles),	cimetidine	(purple	diamonds)	and	paracetamol	(pink	hexagons)	in	E19	

fetal	(A),	P4	postnatal	(B)	and	adult	(C)	rats	plotted	against	their	lipid	solubility	

(LogDOctanol	partition	coefficient)	and	compared	with	the	“passive”	permeability	markers	
14C-sucrose,	14C-L-glucose	and	3H-glycerol.	Filled	symbols	indicate	acute	experiments	

(30min	after	i.p.	injection)	and	open	symbols	indicate	chronic	experiments	(bi-daily,	5	

days).	Arrows	indicate	significant	changes	between	acute	and	chronic	groups	(p<0.05,	t-

test,	Mann-Whitney	U).	For	n	numbers	refer	to	Figure	5.21,	5.24.	
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Placental	transfer	vs	lipid	solubility	

The	comparison	between	fetal/maternal	plasma	concentration	ratios	and	lipid	

solubility	is	shown	in	Figure	5.28	for	two	passive	markers	(14C-L-glucose	and	3H-

glycerol)	and	three	drugs	(paracetamol,	digoxin	and	cimetidine).	The	ratios	for	

all	three	drugs	appear	to	be	below	the	line	of	predicted	passive	transfer	

suggesting	some	degree	of	exclusion	occurs	in	the	placenta.	However,	in	contrast	

to	the	values	obtained	for	the	adult	brain	(Figure	5.26C)	and	CSF	(Figure	5.27C),	

all	three	drugs	were	all	above	the	level	of	L-glucose,	which	may	indicate	that	the	

mechanisms	of	exclusion	at	the	E19	placenta	may	have	a	lower	functional	

capacity	compared	to	the	maternal	blood-brain	barriers.		
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Figure	5.28.	Mean	fetal	plasma/maternal	plasma	concentration	ratios	at	E19	for	the	3H-

labelled	drugs	digoxin	(blue	triangles),	cimetidine	(purple	diamonds)	and	paracetamol	

(pink	hexagons)	plotted	against	their	lipid	solubility	(LogDOctanol	partition	coefficient)	

and	compared	with	the	“passive”	permeability	markers	14C-L-glucose	and	3H-glycerol.	

Filled	symbols	indicate	acute	experiments	(30min	after	i.p.	injection)	and	open	symbols	

indicate	chronic	experiments	(bi-daily,	5	days).	For	n	numbers	refer	to	Figure	5.22,	5.25.	
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Discussion	
In	the	present	Chapter,	the	transfer	of	three	common	medications,	paracetamol,	

digoxin	and	cimetidine,	was	determined	across	key	barrier	interfaces	(blood-

brain	and	placental)	in	the	rat	at	three	developmental	stages:	E19,	P4	and	adult.	

The	results	form	an	overview	of	likely	drug	transfer	into	the	brain	at	each	age	

and	illustrate	the	differences	in	entry	of	different	drug	classes	and	following	

different	treatment	regimes.	Analysis	of	drug	transfer	across	the	placenta	and	

into	the	developing	brain	provided	an	insight	into	the	likelihood	of	common	

compounds	taken	during	pregnancy	to	access	the	developing	brain.	The	results	

in	this	Chapter	also	build	on	the	results	from	Chapter	4,	assessing	the	age-

dependent	capacity	of	brain	barrier	to	regulate	their	ABC	efflux	transporter-

mediated	protection	following	chronic	drug	exposure.	Finally,	this	Chapter	

concludes	with	a	comparative	analysis	between	the	transfer	of	“passive”	

compounds,	not	known	to	be	actively	transported	in	either	direction	across	

these	barrier	interfaces,	with	the	drugs	of	interest	that	are	known	to	be	

restricted	by	ABC	efflux	transporters.	The	comparison	between	the	lipid	

solubility	of	these	compounds	and	their	affinity	for	efflux	transporters	provides	a	

complex	analysis	of	molecular	transfer	across	the	blood-brain,	blood-CSF	and	

placental	barriers.	

	

As	explained	in	previous	Chapters,	the	development	of	the	rat	brain	has	been	

well	described,	allowing	meaningful	comparisons	to	be	made	to	the	human	

brain.	Studies	suggest	that	brain	cortices	of	early	postnatal	rats	are	at	a	similar	

developmental	stage	as	human	fetuses	at	22-24	weeks	gestation	(Clancy	et	al.,	
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2007),	an	age	that	is	the	earliest	for	viable	pre-term	birth	in	humans,	forming	a	

powerful	model	of	early	brain	development	devoid	of	placental	protection	

(Fischer	et	al.,	2009;	Stoll	et	al.,	2010,	Clancy	et	al.,	2007).	The	E19	stage	of	

development	used	in	the	present	study	allowed	analysis	of	early	brain	

development	with	placental	protection.	E19	specifically	was	chosen	as	at	this	

stage	there	is	sufficient	volume	of	CSF	present	in	the	brain	ventricles	to	allow	

measurements	of	drug	entry	in	individual	fetuses	without	the	need	to	pool	

samples	(Dziegielewska	et	al.,	1981).	Combined	with	analysis	from	the	adult,	

these	two	early	developmental	stages	illustrate	the	functional	level	of	protection	

to	drug	transfer	possessed	by	the	developing	brain.		

	

Acute	drug	transfer	into	the	developing	brain	and	CSF		

There	are	very	few	published	studies	using	rodent	models	of	pregnancy	that	

have	investigated	the	entry	of	drugs	into	the	developing	brain.	Oral	exposure	to	

fluoxetine	or	venlafaxine	in	pregnant	dams	between	E0	and	E10	has	shown	lack	

of	detectable	quantities	in	the	embryonic	brain	(Kaushik	et	al.,	2016).	Other	

studies	conducted	later	in	pregnancy	(E15-E21)	for	a	range	of	compounds	

(digoxin,	saquinavir,	paclitaxel,	cimetidine,	apipaxaban,	mitoxantrone,	talinolol,	

carbamazepine,	genisten,	genisten,	daidzein	and	coumestrol)	demonstrated	that	

some	of	these	drugs	were	detectable	in	fetal	brain	(Smit	et	al.,	1999;	Cygalova	et	

al.,	2008;	Petropolous	et	al.,	2010;	2011;	Saljé	et	al.,	2012;	Kaushik	et	al.,	2016;	

Enokizono	et	al.,	2007).	These	studies,	however,	did	not	analyse	levels	in	fetal	

blood	or	fetal	CSF	levels	independently,	making	comparisons	of	the	transfer	of	

these	compounds	across	the	placenta	or	from	fetal	circulation	to	fetal	brain/CSF	

impossible.	In	the	present	Chapter,	well-established	methods	(Dziegielewska	et	
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al.,	1979;	1982;	Habgood	et	al.,	1993;	Stolp	et	al.,	2005a;	2005b;	Johansson	et	al.,	

2006)	were	employed	to	investigate	the	concentration	ratios	that	result	from	

transfer	between	maternal	circulation	and	fetal	circulation,	and	from	fetal	

circulation	to	fetal	brain	and	CSF.		

	

In	the	present	study,	at	every	stage	of	development	paracetamol	entered	the	

brain	and	CSF	in	higher	amounts	than	digoxin	and	cimetidine	(Figure	5.19-5.20).	

This	suggests	that	transfer	across	the	blood-brain	barriers	will	vary	depending	

on	drug	properties.	As	paracetamol	does	not	have	higher	lipid	solubility	than	

digoxin	(Figure	5.26-5.27),	its	higher	apparent	entry	is	likely	to	be	due	to	a	

greater	level	of	barrier	exclusion	of	digoxin.	Unlike	the	other	compounds	tested	

(digoxin	and	cimetidine),	paracetamol	has	a	range	of	metabolites	that	each	have	

different	affinities	for	certain	efflux	transporters	(Mazaleuskaya	et	al.,	2015),	

some	of	which	are	not	thought	to	be	present	at	the	blood-brain	barriers	in	large	

amounts	(see	Chapter	3).	Other	factors	may	also	be	involved,	including	the	low	

degree	of	plasma	protein	binding	of	paracetamol	at	clinical	doses,	which	would	

otherwise	limit	the	transfer	of	this	compound	across	the	barriers	by	retaining	a	

large	bound	fraction	in	plasma	(McGill	et	al.,	2013).	A	study	by	Courade	and	

colleagues	(2001)	in	the	rat	found	paracetamol	brain/plasma	ratios	45min	after	

i.v.	administration	to	be	about	40%,	a	value	that	is	similar	to	the	results	in	this	

study	(30%	at	30min).		

	

Comparisons	between	CSF	and	brain	entry	of	the	test	compounds	(Figure	5.21)	

indicate	that	different	drugs	can	enter	the	two	compartments	with	varying	levels	

of	preference.	Paracetamol	and	cimetidine	entered	both	compartments	to	a	
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similar	degree	at	all	ages.	This	either	suggests	that	the	mechanisms	limiting	their	

transfer	are	equally	effective	at	both	the	blood-brain	and	blood-CSF	interfaces	or	

that	there	is	an	equilibrium	exchange	for	these	compounds	between	the	two	

compartments.	Digoxin,	however,	entered	the	brain	to	a	much	higher	extent	than	

the	CSF	at	all	ages	(Figure	5.21).	This	may	be	due	to	the	mechanisms	preventing	

barrier	transfer	for	digoxin	(for	example	PGP,	Mayer	et	al.,	1997;	Petropoulos	et	

al.,	2010),	being	more	effective	at	the	blood-CSF	interfaces	compared	to	the	

blood-brain	barriers.	However,	the	literature	states	that	PGP	has	a	much	higher	

physical	and	functional	presence	in	the	rat	blood-brain	barrier	than	in	sites	such	

as	the	choroid	plexus	(Gazzin	et	al.,	2008;	Kratzer	et	al.,	2013),	making	this	

theory	unlikely.	It	is	possible	that	digoxin,	which	has	the	highest	lipid	solubility	

of	the	three	compounds	(Figure	5.26-5.28),	is	less	able	to	partition	into	the	

predominantly	aqueous	CSF	fluid,	preferring	to	accumulate	in	the	more	lipid	

environment	of	the	brain	instead.		

	

All	three	drugs	entered	the	developing	brain	in	higher	amounts	than	the	adult	

brain,	suggesting	the	possibility	of	an	age-dependent	phenomenon	of	drug	

permeability	into	brain	that	may	exist	for	a	wide	range	of	medications.	However,	

the	results	in	this	Chapter	are	presented	as	concentration	ratios	compared	to	

plasma	and	are	therefore	dependent	on	the	plasma	concentration	at	the	time	of	

measurement.	Thus	a	more	rapid	decline	in	blood	levels	at	one	age	compared	to	

another	would	result	in	higher	concentrations	ratios	even	if	brain	levels	

remained	similar	at	all	ages.	In	order	to	investigate	the	potential	impact	of	this	

on	the	results	obtained,	a	comparison	was	made	between	the	concentration	of	

drug	in	the	brain	and	injectate	(which	was	measured	along	with	all	samples)	in	
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the	form	of	a	brain/injectate	ratio.	This	analysis	is	shown	in	Figure	5.29	and	

indicates	the	same	developmental	trend	of	higher	ratios	early	in	development	for	

both	brain/plasma	and	brain/injectate	ratios.	These	results	provide	a	valuable	

indication	that	the	amount	of	drug	reaching	the	brain	was	indeed	different	at	

different	ages	and	not	simply	a	reflection	of	varying	plasma	clearance	rates	

between	ages.	In	fact,	when	the	comparison	is	made	in	relation	to	injectate	

(Figure	5.29A)	the	difference	between	P4	and	adult	values	was	even	more	

pronounced	than	the	brain/plasma	ratios	(Figure	5.29B).	This	is	likely	due	to	

differences	in	the	amount	of	the	drug	that	reached	the	bloodstream	from	the	

peritoneum;	this	variability	is	one	reason	why	brain/plasma	ratios	are	usually	

preferable	for	accurate	transfer	analysis.	

	

A	further	consideration	is	the	single	time	point	post-injection	used	in	the	present	

study	and	whether	the	results	described	are	transient	or	persistent.	30min	post	

injection	was	selected	in	order	to	allow	for	enough	time	for	the	i.p.	injected	drugs	

to	cross	from	the	peritoneum	into	the	bloodstream	and	from	there	into	the	brain	

in	measurable	quantities.	A	longer	time	point	was	not	used	to	minimise	the	

effects	of	different	rates	of	clearance	from	either	the	CNS	via	the	CSF	sink	effect	

(Bito	et	al.,	1966)	or	from	the	plasma	via	the	kidneys,	with	all	3	drugs	having	

longer	half-lives	than	30	minutes	(Adedoyin	et	al.,	1987;	Harrison	&	Gibaldi,	

1976;	Lin	&	Levy,	1963).	In	addition,	30	minutes	is	also	short	enough	to	limit	the	

degree	of	drug	degradation	and	metabolism.	As	pregnancy	experiments	were	

conducted	over	a	longer	period	(up	to	2.5hr)	a	comparison	can	be	made	between	

the	final	fetal	brain/plasma	ratio	and	the	terminal	maternal	brain/plasma	ratio.	

These	data	are	displayed	in	Figure	5.30	and	indicate	that	even	at	the	time	of	over	
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Figure	5.29.	Concentration	ratios	comparing	drug	concentrations	in	the	brain	relative	

to	concentrations	in	either	the	injectate	(A)	or	plasma	(B).	Results	are	shown	for	two	

ages,	P4	(light	blue	bars,	circles)	and	adult	(dark	blue	bars,	squares),	and	for	3	drugs:	

paracetamol,	digoxin	and	cimetidine.	Note	that	P4	rats	have	higher	brain	entry	for	all	3	

drugs	compared	to	adult	rats	regardless	of	whether	plasma	or	injectate	drug	levels	are	

used	for	the	comparisons	to	brain.	Brain	ratios	compared	to	injectate	(A)	are	

substantially	lower	than	comparisons	to	drug	in	plasma	(B)	as	not	all	of	the	injectate	

was	likely	to	have	reached	the	blood	in	the	30min	time	period	with	a	large	fraction	likely	

remaining	in	the	peritoneum	or	distributing	in	other	tissues.	Each	dot	represents	and	

individual	animal.	Significant	differences	are	indicated:	*	(p<0.05),	**	(p<0.01)	and	***	

(p<0.001;	t-test,	Mann-Whitney	U).	
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2hr	post-injection	the	E19	brain/plasma	ratio	exceeds	that	of	the	adult,	similar	

to	the	measurements	taken	at	30min	post-injection.	

	

Brains	were	not	perfused	at	any	age	due	to	methodological	constraints	in	dealing	

with	fetal	experiments.	This	means	brain	to	plasma	ratios	are	slightly	

overestimated,	as	drug	remaining	inside	blood	vessels	in	brain	samples	

contributed	to	concentration	measurements.	However,	as	the	brain	to	plasma	

ratios	of	paracetamol,	digoxin	and	cimetidine	were	high	this	was	unlikely	to	have	

a	major	impact	on	results.	Studies	in	adult	rats	have	estimated	that	the	residual	

blood	space	in	which	a	drug	could	be	contained	within	the	cerebral	vessels	is	

0.7%	of	total	brain	volume	(Stolp	et	al.,	2005b),	with	P40	Monodelphis	domestica	

studies	estimating	approximately	1.7%	(Stolp	et	al.,	2007).	This	would	mean	that	

an	uncorrected	brain	to	plasma	ratio	of	paracetamol	in	an	adult	rat	of	32.4%	(57	

DPM/μl	brain,	176	DPM/μl	plasma)	would	be	corrected	to	31.7%	((57-

0.007*176)	DPM/μl	brain,	176	DPM/μl	plasma).	Therefore,	the	correction	for	

residual	blood	space	in	brain	would	not	be	expected	to	appreciably	affect	the	

results.	In	addition,	this	would	not	have	contributed	to	the	differences	observed	

between	brain/plasma	ratios	of	different	ages	as	adult	animals	have	larger	

vascularization	in	the	brain	(Caley	&	Maxwell,	1970;	Johannson	et	al.,	2008).	This	

means	that	the	potential	contribution	of	residual	blood	space	would	be	greater	in	

adults,	whereas	these	animals	had	the	lowest	brain/plasma	ratios.	

	

The	results	in	this	Chapter,	therefore,	indicate	that	for	three	drugs	(paracetamol,	

digoxin	and	cimetidine)	there	was	a	higher	entry	into	the	developing	brain	than	

the	adult	brain	in	the	rat.	This	appears	not	to	be	due	to	changes	in	plasma	
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Figure	5.30.	Comparison	of	the	brain/plasma	ratios	30	minutes	and	120	minutes	post-

injection	of	paracetamol	(A),	digoxin	(B)	and	cimetidine	(C).	Results	are	shown	for	E19	

(light	blue	circles)	and	adult	(dark	blue	triangles)	acute	experiments.	E19	animals	at	

30min	represent	the	first	fetus	sampled	during	the	experiment,	with	adult	30min	values	

taken	from	non-pregnant	adult	studies	(average,	n=4).	E19	animals	at	120	minutes	

represent	the	last	viable	fetus	sampled	during	the	experiment,	with	corresponding	adult	

120min	result	of	the	terminal	maternal	brain	to	plasma	ratio	from	the	same	experiment.	

Note	that	the	brain/plasma	ratios	are	higher	for	E19	pups	than	adult	rats	for	all	three	

drugs	at	both	30	and	120min	post-injection.	
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concentration,	time	post	injection	(within	0.5	and	2.5hr)	or	residual	blood	space	

in	the	brain.	The	developing	brain	appears,	therefore,	to	be	more	at	risk	than	the	

adult	brain	of	the	exposure	to	drugs	present	in	the	systemic	circulation.		

	

Physiochemical	properties	affecting	barrier	transfer	

The	transfer	of	a	drug	or	marker	into	the	brain	or	CSF	(or	fetal	circulation)	will	

depend	on	the	length	of	the	experiment,	biological	factors	limiting	transfer	or	

enhancing	clearance	(e.g.	flow	rate,	CSF	sink	effect,	renal	clearance,	metabolism),	

active	influx	or	efflux	by	transporters	and	the	ability	of	the	compound	to	

partition	the	lipid	bilayer	(lipid	solubity;	Log	Doctonol).	For	compounds	that	pass	

barriers	“passively”	(i.e.	are	not	subject	to	metabolic	activity	across	barriers	or	

exclusion	from	crossing	barriers),	an	increase	in	lipid	solubility	will	correlate	

with	an	increase	in	barrier	permeability	(Levin,	1980;	Garberg	et	al.	2005).	

These	observations	were	replicated	in	the	present	study,	with	the	blood-brain,	

blood-CSF	and	placental	interfaces	having	enhanced	permeability	to	passive	

markers	of	similar	molecular	size	but	higher	lipid	solubility	(glycerol	versus	L-

glucose,	Figure	5.26-5.28).		

	

These	results	provide	pertinent	insight	into	the	age-dependent	increase	in	drug	

transfer	into	the	brain	early	in	development.	Higher	apparent	drug	permeability	

earlier	in	development	appears	not	to	be	a	general	property	of	the	barrier	

interfaces	for	all	molecules,	as	glycerol	and	sucrose	did	not	follow	this	trend	

(lower	entry	in	E19	brain	an	CSF	compared	to	adult,	Figure	5.24,	5.26).	This	

result	is	important	as	it	suggests	that	biological	differences	between	ages	(such	

as	surface	area	of	exchange,	blood	flow	etc.)	may	not	be	able	to	fully	explain	the	
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age-dependent	differences	in	drug	transfer	for	digoxin,	cimetidine	and	

paracetamol.	In	fact,	early	in	development	the	entry	of	glycerol	was	lower	at	E19	

than	it	was	at	P4	and	adult.	Subsequent	analysis	(Figure	5.31)	indicates	that	the	

low	glycerol	transfer	at	E19	was	time	dependent,	with	longer	duration	

experiments	resulting	in	E19	values	approaching	those	seen	for	the	other	ages.	

This	could	indicate	that	biological	factors,	such	as	a	known	lower	cerebral	blood	

flow	early	in	life	(Takahashi	et	al.,	1999),	may	be	limiting	the	transfer	of	

compounds	earlier	in	development.	Such	a	result	would	actually	indicate	an	even	

more	pronounced	access	of	the	drugs	to	the	brain	early	in	development,	as	they	

are	doing	so	despite	the	flow	limitation	that	should	cause	a	lower	level	of	

transfer	compared	to	later	ages.		

	

As	the	major	difference	between	the	“passive”	markers	and	the	drugs	of	interest	

is	their	known	binding	to	ABC	efflux	mechanisms,	a	comparison	of	the	entry	of	

these	compounds	can	be	indicative	of	the	functional	effectiveness	of	barrier	

efflux	capacities	at	each	age.	This	was	investigated	and,	as	can	be	seen	in	Figures	

5.26-5.27,	the	values	for	paracetamol,	digoxin	and	cimetidine	approach	the	

extension	of	the	line	of	passive	permeability	progressively	from	adult	to	P4	to	

E19.	This	may	be	indicative	that	the	active	exclusion	mechanisms	preventing	

molecular	transfer	become	more	effective	or	functionally	important	later	in	

development.	Future	experiments	could	use	knock	out	models	or	

pharmacological	competition	to	investigate	whether	this	would	result	in	ratios	

closer	to	that	of	passive	molecules.	Such	results	would	assist	with	understanding	

the	association	between	one	particular	efflux	mechanism	and	drug	transfer.	
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Figure	5.31.	Entry	of	3H-glycerol	into	the	brain	at	E19	with	increasing	time	post-

injection.	Results	are	expressed	as	brain/plasma	concentration	ratios	(%)	with	each	dot	

representing	an	individual	animal.	Time	points	shown	are	15	minutes	post-injection	

(white	bar,	circles),	30min	(grey	bar,	squares)	and	60min	(black	bar,	triangles).	Each	dot	

represents	and	individual	animal.	Significant	differences	are	indicated:	*	(p<0.05)	and	**	

(p<0.01;	t-test).	Note	the	increased	entry	at	60min	compared	to	30min.	
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Acquired	drug	resistance	

The	present	study	suggests	that	drugs	may	differ	in	their	capacity	to	induce	

cellular	changes	in	barriers	that	can	further	limit	their	subsequent	transfer.	

Chronic	exposure	to	paracetamol	and	digoxin	in	adult	rodents	caused	the	blood-

brain	barriers	to	increase	the	level	of	exclusion	of	that	drug	on	the	5th	day	of	

treatment	to	below	the	amount	that	had	transferred	acutely.	Cimetidine,	on	the	

other	hand,	did	not	show	any	changes	in	transfer	under	acute	or	chronic	

conditions	despite	using	the	same	protocol.	This	highlights	the	ability	of	blood-

brain	barriers	to	dynamically	respond	to	some	compounds	(efflux	transporter	

substrate-inducers)	and	not	others	(efflux	transporter	substrate	but	a	non-

inducer;	see	General	Introduction).		

	

Digoxin	has	typically	been	found	to	be	a	substrate	for	the	PGP	(abcb1)	

transporter.	The	inverse	correlation	between	PGP	activity	and	digoxin	entry	into	

the	brain	has	been	made	in	rodents,	where	either	the	addition	of	a	PGP	inhibitor	

or	use	of	knockout	models	caused	increased	digoxin	brain/plasma	ratios	(Mayer	

et	al.,	1997).	Analysis	in	rodent	embryos	has	also	suggested	that	digoxin	entry	

into	the	fetal	brain	exhibits	a	correlation	with	the	expression	of	abcb1a	(PGP)	at	

different	developmental	stages	(Petropolous	et	al.,	2010).	In	the	present	study,	

following	chronic	treatment	the	transfer	of	digoxin	into	the	adult	brain	

decreased	(from	12%	to	5%,	Figure	5.1B).	RT-qPCR	analysis	revealed	that	this	

decreased	drug	entry	correlated	with	an	up-regulation	in	the	expression	of	

abcb1a	(PGP),	the	transporter	associated	with	digoxin	exclusion.	However,	this	

effect	of	up-regulation	of	abcb1a	in	response	to	chronic	treatment	(and	
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functional	transfer	decrease)	was	only	observed	in	adults	and	was	not	apparent	

at	P4	or	E19	ages	(Figure	5.2G).	These	results	mirror	those	described	in	Chapter	

4,	where	chronic	exposure	to	diallyl	sulfide	up-regulated	abcb1a	in	the	adult	

brain	only,	but	not	at	earlier	stages	of	development	(Figure	4.3G,	Koehn	et	al.,	

2019a).	Combined,	these	results	using	two	very	different	compounds	(digoxin	

and	diallyl	sulfide)	show	that	up-regulation	of	abcb1a	(PGP)	may	occur	more	

readily	in	adults	than	earlier	in	development.	It	also	builds	on	the	results	from	

Chapter	4,	suggesting	that	a	very	similar	and	small	change	in	abcb1a	expression	

(1.34	fold	change	for	diallyl	sulfide;	1.21	fold	change	for	digoxin)	can	correlate	

with	functional	decreases	in	substrate	transfer	into	the	brain	(Koehn	et	al.,	

2019a;	2019b).	As	there	was	a	decrease	in	the	entry	of	digoxin	into	both	the	

brain	and	CSF,	but	only	a	significant	increase	in	abcb1a	expression	in	the	adult	

brain	and	not	choroid	plexus,	the	explanation	could	be	that	an	exchange	of	the	

drug	may	also	be	occurring	between	the	brain	and	the	CSF	across	the	ventricular	

interface.	As	described	in	Chapter	3,	the	ventricular	interface	in	the	adult	has	gap	

junctions	and	an	absence	of	PGP	immunostaining	(Figure	3.12),	which	would	

support	this	interpretation.		

	

Restricted	transfer	of	cimetidine	across	barrier	interfaces	has	been	linked	to	the	

presence	of	BCRP	(abcg2).	This	has	been	shown	in	rat	placental	preparations	

highlighting	BCRP	but	not	PGP	as	rate	limiting	factor	for	the	transfer	(Staud	et	al.,	

2006).	BCRP	levels	have	also	been	associated	with	the	transfer	of	cimetidine	into	

the	rat	brain	(Liu	et	al.,	2007).	In	the	present	study	chronic	cimetidine	treatment	

did	not	result	in	any	significant	change	in	transfer	at	any	tissue	at	any	age	(Table	

7).	This	suggests	that,	while	the	compound	could	be	a	substrate	for	BCRP,	
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chronic	exposure	under	the	conditions	examined	was	not	capable	of	inducing	up-

regulation	of	this	transporter.	Previous	studies	have	shown	that	other	

compounds,	such	as	clofibrate,	can	induce	an	up-regulation	of	BCRP	(abcg2)	

expression	and	function	at	blood-brain	barriers	(Hoque	et	al.,	2015).	This	

indicates	that	regulation	of	efflux	transporter	expression	is	most	likely	due	to	the	

properties	of	the	substrate	compound	rather	than	the	overall	inability	of	the	

brain	barriers	to	dynamically	regulate	the	BCRP	(abcg2)	transporter.		

	

Paracetamol	has	yet	been	conclusively	linked	to	any	specific	efflux	mechanisms	

at	the	blood-brain	barriers.	However,	it	is	metabolised	in	vivo	to	glucuronidated,	

sulphated	and	(via	an	intermediate)	glutationated	metabolites	that	are	likely	to	

interact	with	BCRP	(abcg2)	and	the	family	of	MRPs	(abcc;	Mazaleuskaya	et	al.,	

2015;	Zamek-Gliszczynsk,	et	al.,	2006a;	2006b).	Following	chronic	treatment	in	

the	adult	rat,	brain/plasma	and	CSF/plasma	ratios	decreased	(~10%)	compared	

to	acute	measurements.	Analysis	by	RT-qPCR	was	unable	to	reveal	any	distinct	

correlation	with	up-regulation	of	ABC	efflux	transporters,	although	abcg2	

(BCRP)	was	up-regulated	in	the	P4	brain	and	abcb1b	(PGP)	in	the	adult	choroid	

plexus.	It	is	possible	that	the	change	in	transfer	was	due	to	other	aspects	of	the	

efflux	process,	such	as	the	metabolising	enzymes	that	conjugate	glucuronide,	

sulphate	or	glutathione	to	paracetamol	for	efflux.	This	notion	will	be	explored	

further	in	Chapter	6.	In	fetal	animals,	an	increase	in	transfer	into	the	brain/CSF	

of	around	100%	was	observed	following	chronic	treatment	(Figure	5.13,	5.15).	

This	indicates	minimal,	if	any,	restriction	in	transfer,	as	the	concentration	in	all	

three	compartments	(brain,	CSF	and	plasma)	was	similar.	It	is	possible	that	over	

the	course	of	chronic	treatment	paracetamol	was	accumulating	in	the	fetus	
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causing	the	dose	to	be	much	higher	than	expected	for	the	final	transfer	

measurement	and	overwhelmed	efflux	transporter	capacity.	This	theory	will	also	

be	investigated	in	Chapter	6.		

	

Drug	transfer	in	pregnancy	

The	present	study	analysed	the	transfer	of	three	medications	across	the	placenta	

at	E19	in	a	rat	model.	The	results	indicate	that	approximately	a	third	of	the	dose	

present	in	the	maternal	circulation	reached	the	fetal	circulation	for	all	drugs	

30min	after	application.	While	this	level	of	protection	is	substantial,	no	drug	was	

completely	occluded	from	fetal	entry.	The	transfer	for	cimetidine	(~30%)	was	

significantly	lower	than	that	of	paracetamol	(~40%,	p<0.05),	with	the	transfer	of	

digoxin	in	between	(Figure	5.22).	In	Chapter	3	(Figure	3.9)	the	relative	level	of	

expression	of	abcg2	(BCRP)	at	the	placenta	(the	transporter	responsible	for	

cimetidine	efflux,	Staud	et	al.,	2006;	Liu	et	al.,	2007)	was	not	notably	higher	than	

others	such	as	abcb1	(PGP)	or	abcc1/4	(MRP1/4).	BCRP	has,	however,	been	

highlighted	by	recent	reviews	as	an	integral	component	of	the	

syncytiotrophoblast	layer	of	molecular	exclusion	at	the	maternal-fetal	interface	

(Mao,	2008).	

	

Following	chronic	treatment,	the	placenta	did	not	appear	to	acquire	any	further	

resistance	to	the	transfer	of	any	of	the	three	medications	under	experimental	

conditions	used	in	the	present	study	(Figure	5.22).	In	addition	to	the	lack	of	

change	in	functional	measurements,	there	were	only	minimal	changes	to	ABC	

efflux	transporter	expression	following	chronic	treatment.	Chronic	paracetamol	
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treatment	did	result	in	a	significant	up-regulation	of	abcc1	(MRP1)	and	abcg2	

(BCRP),	while	digoxin	and	cimetidine	caused	a	down-regulation	of	abcc1	(Table	

5.1).	The	up-regulation	of	efflux	transporters	in	certain	tissues	but	not	others,	

such	as	abcb1a	in	the	brain	following	digoxin	exposure	but	no	change	in	the	

placenta,	further	demonstrates	the	clinically	important	result	outlined	in	Chapter	

4	of	tissue-specific	regulation.	

	

The	results	from	the	present	Chapter	indicate	that	the	overall	transfer	of	

paracetamol,	digoxin	and	cimetidine	from	maternal	blood	to	both	the	fetal	and	

maternal	brain	is	similar	(Figure	5.23).	The	level	of	exclusion	provided	by	the	

placenta	for	all	3	drugs	was	offset	by	the	increased	brain	entry	from	blood	at	

E19.	In	acute	experiments	digoxin	transfer	into	the	fetal	brain	(when	compared	

to	maternal	plasma)	was	17%,	which	was	similar	to	the	transfer	into	the	

maternal	brain	(12%).	Paracetamol	(30%	maternal	brain,	28%	fetal	brain)	and	

cimetidine	(13%	maternal	brain,	18%	fetal	brain)	also	followed	a	similar	trend.		

	

In	contrast	to	the	acute	experiments,	the	three	drugs	followed	different	response	

patterns	following	chronic	treatment.	Cimetidine	did	not	up-regulate	expression	

of	any	ABC	efflux	transporter	or	show	decreased	transfer	following	chronic	

treatment.	Therefore	the	transfer	of	cimetidine	from	maternal	blood	to	maternal	

and	fetal	brains	was	very	similar	for	both	acute	and	chronic	conditions	(Table	

5.1,	Figure	5.7).	Digoxin	entry	into	the	maternal	brain	decreased	following	

chronic	treatment,	whereas	entry	across	the	placenta	and	into	fetal	brain	was	

not	affected	(Figure	5.1,	5.5).	This	indicates	that	while	the	transfer	of	compound	

into	the	maternal	and	fetal	brain	may	be	similar	under	acute	conditions,	this	may	
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not	be	the	case	as	treatment	progresses.	Paracetamol	entry	following	chronic	

treatment	showed	the	largest	discrepancy	between	drug	entry	into	the	maternal	

brain	(21%)	compared	to	fetal	brain	(45%).	As	paracetamol	is	CNS	directed,	

these	results	indicate	that	as	the	treatment	progressed	the	drug	may	become	less	

effective	for	the	mother	whilst	becoming	potentially	more	harmful	for	the	child.	

If	these	measurements	in	the	rats	reflect	those	in	human	patients	it	would	

suggest	that	limiting	the	length	of	treatment	in	pregnant	women	and	newborns,	

where	possible,	would	increase	drug	safety	for	the	offspring.		

	

Summary	and	conclusions		

The	present	Chapter	outlines	the	transfer	of	three	common	medications	

(paracetamol,	digoxin	and	cimetidine)	into	the	brain	at	three	developmental	

stages.	All	three	drugs,	even	those	with	peripheral	acting	properties	(digoxin,	

cimetidine),	entered	the	brain	to	some	extent	at	all	ages	investigated.	

Paracetamol	transferred	to	a	higher	degree	than	digoxin	and	cimetidine.	For	

each	drug,	entry	was	highest	in	the	youngest	animals	(E19)	and	lowest	in	adult	

animals.	This	highlights	the	potential	for	the	same	dose	of	a	compound	to	be	

more	neurologically	toxic	if	administered	early	in	development	compared	to	

adulthood	due	to	the	enhanced	brain	entry.	Following	chronic	exposure,	the	

developing	brain	appears	to	be	at	even	higher	risk,	with	adult	brains	able	to	up-

regulate	efflux	transporter	expression	and	therefore	decrease	drug	entry	over	

the	course	of	treatment	while	brains	at	younger	ages	did	not	have	this	capacity.	

Not	only	were	the	developing	brains	(E19)	unable	to	up-regulate	efflux	defences,	

but	the	entry	of	paracetamol	was	even	higher	following	chronic	drug	exposure	
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than	under	acute	conditions.	Combined,	the	paracetamol	results	suggest	that	

entry	into	the	embryonic	brain	was	not	only	higher	than	the	adult	brain	after	an	

acute	dose	but	this	discrepancy	may	be	exacerbated	the	longer	treatment	

continues.	These	results	regarding	paracetamol	entry	into	the	developing	brain	

combined	with	the	fact	that	it	is	also	the	drug	most	widely	taken	by	pregnant	

women	(Werler	et	al.,	2005)	indicates	that	this	compound	warrants	further	

investigation.	Detailed	analysis	of	the	entry	of	paracetamol	across	the	placenta	

and	into	the	developing	brain	is	described	in	Chapter	6.	
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Abstract	
In	order	to	assess	the	safety	of	paracetamol	treatment	in	pregnant	women	and	

newborn	children,	the	distribution	of	this	drug	and	the	cellular	responses	to	it	

must	be	known	in	these	patients.	In	the	present	Chapter,	transfer	across	

placental,	blood-brain	and	blood-CSF	barriers	was	measured	for	2	paracetamol	

doses	(3.75mg/kg,	15mg/kg)	and	two	treatment	lengths	(acute,	chronic	5	day).	

UPLC-MS/MS	analysis	allowed	quantification	of	paracetamol	as	well	as	its	

metabolites	(glucuronide,	glutathione,	sulfate)	in	blood.	Results	indicated	that	

chronic	exposure	at	E19	to	the	clinical	dose	of	paracetamol	(15mg/kg	injected;	

6mg/L	in	plasma)	caused	an	increase	in	brain	entry	compared	to	a	single	acute	

dose,	while	application	of	the	drug	at	a	lower	dose	(3.75mg/kg	injected;	1mg/L	

in	plasma)	did	not	have	this	effect.	Metabolite	analysis	suggested	that	the	

paracetamol-glucuronide	and	–sulfate	conjugates	are	more	restricted	in	terms	of	

placental	transfer	than	the	parent	paracetamol	itself,	and	that	chronic	15mg/kg	

exposure	may	decrease	the	amount	of	these	metabolites	that	reach	fetal	

circulation.	Autoradiography	identified	paracetamol	to	be	distributed	widely	

across	the	entire	rat	brain,	with	increased	concentrations	in	some	white	matter	

areas	such	as	the	corpus	callosum	and	striatum.	Transcriptomic	analysis	

(RNAseq)	of	paracetamol	(15mg/kg)	treated	rats	revealed	that	some	ABC	

transporters	(abcg2)	and	metabolising	enzymes	(sult5a1)	were	up-regulated	in	

the	adult	but	not	fetal	brain	following	chronic	treatment.	In	the	E19	placenta	a	

large	inflammatory	profile	was	observed	following	chronic	treatment.	This	

Chapter	suggests	that	paracetamol	widely	distributes	in	the	rat	brain	and	

identifies	differences	between	pregnant,	newborn	and	adult	rats	in	the	transfer	

of	paracetamol	and	its	metabolites	across	placental,	blood-brain	and	blood-CSF	

barriers	for	particular	doses	and	treatment	lengths.	
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Introduction	

Paracetamol	is	one	of	the	most	common	medications	worldwide,	taken	either	by	

prescription	or	over	the	counter	to	treat	pain	and	fever.	It	is	the	only	analgesic	

considered	safe	by	the	World	Health	Organization	for	use	in	newborn	children	

and	is	considered	by	most	doctors	to	be	safe	for	use	by	mothers	during	

pregnancy	(Tyler	et	al.,	2012;	World	Health	Organisation,	2012).	However,	there	

have	been	a	range	of	recent	studies	to	suggest	that	paracetamol	exposure	early	

in	development	may	lead	to	negative	outcomes	later	in	life,	including	

neurological	deficits	(Liew	et	al.,	2014;	Brandlistuen	et	al.,	2013;	Blecharz-Klin	et	

al.,	2017;	Hay-Schmidt	et	al.,	2017).	In	Chapter	5	the	entry	of	paracetamol	into	

the	brain	was	found	to	be	higher	than	other	compounds,	higher	earlier	in	

development	and	higher	following	chronic	exposure	at	E19.	In	the	present	

Chapter,	the	biological	factors	that	contribute	to	these	differences	will	be	

examined	in	order	to	gain	an	understanding	of	the	major	determinants	of	

paracetamol	transfer	into	the	brain	and	its	safety	in	early	developmental	stages.		
	

As	described	throughout	this	Thesis	(Chapter	3-5),	the	expression	of	many	ABC	

efflux	transporters	is	higher	at	brain	interfaces	in	the	adult	compared	to	earlier	

in	development.	It	is	therefore	possible	that	earlier	in	development	the	

concentration	of	paracetamol	in	blood	that	saturates	efflux	transporter	binding	

capacity	at	brain	barriers	may	be	less	than	the	concentration	required	in	the	

adult.	This	may	explain	the	increased	paracetamol	entry	in	chronic	E19	

experiments,	with	accumulation	of	the	compound	overwhelming	barrier	

transport	to	the	point	where	the	final	injection	would	transfer	largely	
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unimpeded.	In	order	to	investigate	this	possibility,	chronic	exposure	to	a	lower	

dose	of	paracetamol	(3.75mg/kg)	was	examined	to	investigate	if	this	would	

produce	a	similar	increased	drug	entry	into	the	brain	as	was	observed	with	the	

higher	clinical	dose	(15mg/kg).		

	

In	addition	to	measurements	of	paracetamol	using	liquid	scintillation	counting,	

experiments	were	completed	with	unlabelled	paracetamol	measured	by	UPLC-

MS/MS.	This	method	allowed	for	quantification	of	total	paracetamol	in	the	blood	

rather	than	a	relative	estimation	by	radioactivity.	UPLC-MS/MS	also	allowed	

analysis	of	the	amount	of	paracetamol	metabolites	present	in	each	sample.	The	

metabolites	analysed	were	paracetamol-sulfate,	paracetamol-glutathione	and	

paracetamol-glucuronide	(see	General	Introduction;	Figure	1.2).	These	

measurements	enabled	the	plasma	concentration	obtained	from	the	treatment	

protocols	to	be	determined	and	indicate	whether	any	of	the	differences	in	

transfer	observed	in	Chapter	5	may	be	due	to	differences	in	barrier	exclusion	of	

one	particular	paracetamol	metabolite.		

	

In	Chapter	5	RT-qPCR	analysis	was	unable	to	fully	elucidate	any	up-regulation	of	

ABC	efflux	transporters	in	the	adult	brain	associated	with	the	reduced	

paracetamol	transfer	following	chronic	exposure.	In	the	present	Chapter,	a	large-

scale	RNAseq	analysis	was	conducted	on	E19	placenta,	E19	brain	and	adult	brain	

of	rats	treated	with	paracetamol	(15mg/kg)	either	acutely	or	chronically.	

Analysis	identified	changes	in	ABC	efflux	transporters	as	well	as	metabolising	

enzymes,	which	are	also	a	key	component	of	the	barrier	efflux	mechanisms.	

RNAseq	data	were	also	examined	for	any	signs	of	tissue	damage,	which	may	

indicate	toxicological	implications	of	chronic	exposure	at	each	age.		
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Experimental	protocol		

In	the	present	Chapter,	paracetamol	(15mg/kg	or	3.75mg/kg)	was	injected	i.p.	

into	pregnant	E19,	newborn	P4	or	adult	(6-10	week)	rats	either	as	one	acute	

dose	(sampling	30min	post-injection)	or	chronically	(bi-daily	for	4	days,	as	acute	

on	the	5th	day).	For	liquid	scintillation	counting	measurements,	the	final	dose	

applied	to	each	rat	contained	trace	amounts	of	3H-labelled	paracetamol	(see	

General	Methods).	For	UPLC-MS/MS	and	RNAseq	studies	the	final	dose	was	

unlabelled,	which	was	the	same	as	that	given	for	all	injections	in	the	chronic	

condition.	Samples	taken	were	plasma,	CSF	and	brain	(see	General	Methods).	

UPLC-MS/MS	analysis	measured	paracetamol	in	reference	to	a	13C-paracetamol	

internal	standard;	each	metabolite	(paracetamol-sulfate,	paracetamol-

glucuronide,	paracetamol-glutathione)	was	quantified	with	an	external	standard	

curve	of	serially	diluted	samples.	

	

Autoradiography	was	conducted	on	P4	and	adult	(6-10	week)	rats:	exposed	

acutely	to	paracetamol	(15mg/kg;	20μCi	adult,	2μCi	P4	of	3H-paracetamol),	

exposed	acutely	to	digoxin	(30μg/kg;	20μCi	adult,	2μCi	P4	of	3H-digoxin)	or	

control	animals	not	exposed	to	radioactivity.	Brains	were	snap	frozen,	sectioned	

(sagittal)	and	exposed	to	3H-sensitive	autoradiography	film	(see	General	

Methods).	The	resulting	images	were	used	to	identify	regional	localisation	of	

paracetamol	and	digoxin	in	the	brain.	

	

RNAseq	was	conducted	on	rats	exposed	to	the	clinical	paracetamol	dose	

(15mg/kg)	either	acutely	or	chronically.	Ages	investigated	were	E19	(brain	and	
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placenta)	and	adult	(brain;	see	General	Methods).	RNAseq	data	were	mapped	

using	HISAT2,	before	analysis	through	three	pipelines:	Cufflinks/CuffDiff,	HT-seq	

Counts/quasi-EdgeR	or	HT-seq	Counts/DEseq2.	Data	are	presented	(tables)	for	

all	three	methods	along	with	the	unaltered	raw	count	values	from	HT-seq	

Counts.	Genes	were	selected	as	statistically	different	if	multiple	(2	or	3)	pipelines	

reached	adjusted	p-values	of	p<0.05.	This	method	minimizes	false	positive	

results	due	solely	to	the	statistical	package	selected,	while	also	minimizing	false	

negatives	that	would	occur	if	a	gene	were	significant	in	all	but	one	method.	In	

text,	fold	changes	were	presented	from	the	EdgeR	pipeline	(see	Discussion)	and	

p	values	were	agreed	upon	by	all	three	methods	unless	otherwise	stated.	
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Results	

Liquid	scintillation	counting	

Transfer	of	paracetamol	into	the	brain	and	CSF	following		
a	low	dose	treatment	regime		

Figure	6.1A	summarizes	the	entry	of	two	paracetamol	doses	(3.75mg/kg	and	

15mg/kg)	into	the	brain	at	E19	under	acute	and	chronic	conditions.	Entry	of	

3.75mg/kg	dose	of	paracetamol	into	the	brain	at	E19	was	not	significantly	

different	between	acute	(72.1%	±	10.4)	and	chronic	(65.2%	±	14.9)	conditions.	

This	contrasted	with	the	15mg/kg	treatment	group	where	chronic	transfer	

(104.1%	±	20.9)	was	significantly	higher	than	acute	transfer	(65.6%	±	17.7;	1.59	

fold,	p<0.001).	Entry	of	paracetamol	into	the	E19	brain	following	the	chronic	

15mg/kg	dose	was	also	significantly	higher	than	the	3.75mg/kg	acute	(1.44	fold;	

p<0.01)	and	3.75mg/kg	chronic	(1.44	fold,	p<0.01)	treatment	groups.	

	

The	entry	of	paracetamol	(3.75mg/kg	and	15mg/kg	doses)	into	the	CSF	at	E19	

under	acute	and	chronic	conditions	is	summarized	in	Figure	6.1B.	There	was	no	

significant	difference	for	the	entry	of	a	3.75mg/kg	paracetamol	dose	into	the	CSF	

at	E19	between	acute	(72.0%	±	6.9)	and	chronic	(64.7%	±	12.3)	conditions	

(p=0.18).	This	contrasted	with	the	15mg/kg	treatment	group	where	chronic	

transfer	(85.0%	±	10.4)	was	significantly	higher	than	acute	transfer	(59.6%	±	

12.6;	1.42	fold,	p<0.001).	Entry	of	paracetamol	into	the	E19	CSF	following	

chronic	15mg/kg	exposure	was	also	significantly	higher	than	in	the	3.75mg/kg	

acute	(1.18	fold;	p<0.05)	and	3.75mg/kg	chronic	(1.20	fold,	p<0.05)	groups.	
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Figure	6.1.	Comparison	of	the	entry	of	two	paracetamol	doses	(15mg/kg	and	

3.75mg/kg)	into	the	E19	brain	(A)	and	CSF	(B).	Brain/plasma	and	CSF/plasma	

concentration	ratio	are	shown	for	acute	treatment	(white	bars,	open	circles)	and	

following	chronic	treatment	(grey	bars,	filled	circles).	Each	dot	represents	an	individual	

pup,	with	brain/CSF	concentrations	compared	to	fetal	plama.	Significant	differences	are	

indicated	as	***	(p<0.001;	t-test,	Mann-Whitney	U).	
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Transfer	of	paracetamol	across	the	placenta	following	a		

low	dose	treatment	regime	

A	comparison	between	the	transfer	of	paracetamol	treatment	(3.75mg/kg	and	

15mg/kg)	across	the	placenta	at	E19	under	acute	and	chronic	conditions	is	

summarized	in	Figure	6.2.	For	the	low	dose	paracetamol	treatment	group	

(3.75mg/kg)	the	concentration	ratio	between	fetal	plasma	and	maternal	plasma	

was	47.7%	±	6.7	under	acute	conditions.	Following	chronic	treatment	

(3.75mg/kg	twice	daily	for	5	days),	entry	of	paracetamol	across	the	placenta	

appeared	lower	than	in	the	acute	group	but	this	difference	was	not	significant	

(41.9%	±	6.7;	p=0.10).	These	ratios	were	also	not	significantly	different	to	the	

transfer	of	paracetamol	in	animals	treated	with	high	dose	(15mg/kg)	under	

acute	(42.1%	±	6.1)	or	chronic	(43.1%	±	5.0)	conditions	(Figure	6.2A).	Combined	

the	results	indicate	that	paracetamol	will	transfer	across	the	placenta	(from	30-

150min	post	injection)	at	between	34	and	61%	(with	an	average	of	43%)	over	a	

wide	range	of	concentrations	(3.75-15mg/kg).		

	

As	outlined	in	Figure	6.2B-C	the	fetal/maternal	plasma	concentration	ratios	

showed	a	slight	increasing	trend	over	time	post-injection	for	the	acute	and	

chronic	3.75mg/kg	paracetamol	groups	as	well	as	the	chronic	15mg/kg	group.	

The	acute	15mg/kg	group	had	stable	(or	slightly	decreasing)	concentration	

ratios	over	time	post-injection.	Figure	6.2D-G	displays	the	maternal	and	fetal	

plasma	concentrations	over	time	post-injection.	For	all	doses	and	conditions	the	

maternal	and	fetal	plasma	concentrations	decreased	with	time	in	a	linear	

fashion.	
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Figure	6.2.	Transfer	of	paracetamol	(3.75mg/kg	or	15mg/kg)	across	the	placenta	at	

E19.	A)	Concentration	ratios	between	the	fetal	plasma	and	the	maternal	plasma	

(placental	transfer,	%)	for	paracetamol	(3.75mg/kg	or	15mg/kg)	under	acute	(white	

bar,	open	circles)	and	chronic	(grey	bar,	filled	circles)	conditions.	The	fetal/maternal	

plasma	concentration	ratios	over	time	post-injection	are	shown	for	acute	(open	circles)	

and	chronic	(filled	circles)	exposure	to	3.75mg/kg	paracetamol	(B)	and	15mg/kg	

paracetamol	(C).	(D-G)	Display	the	maternal	plasma	(grey	squares)	and	fetal	plasma	

(open	circles)	raw	disintegrations	per	minute	(DPM)/µl	over	time	post-injection.	The	

3.75mg/kg	dose	is	displayed	for	acute	(D)	and	chronic	(F)	and	the	15mg/kg	dose	is	

displayed	for	acute	(E)	and	(G)	chronic	conditions.	
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Concentration	of	paracetamol	and	its	metabolites		

UPLC-MS/MS:	establishing	the	method	

The	linear	range	for	quantification	of	each	metabolite	was	determined	by	spiking	

10μl	plasma	samples	with	serial	concentrations	(10μg/L-1mg/ml)	of	

paracetamol,	paracetamol-sulfate,	paracetamol-glucuronide	and	paracetamol-

glutathione.	The	results	are	shown	in	Figure	6.3.	The	linear	concentration	range	

in	plasma	for	paracetamol	and	paracetamol-glucuronide	was	10-33,333μg/L,	for	

paracetamol	sulphate	was	100-333,333μg/L	and	for	paracetamol	glutathione	

was	10-μg/L-1mg/ml.	

	

Paracetamol	concentration	in	plasma		

The	concentration	of	paracetamol	and	each	of	its	metabolites	in	the	plasma	

(blood)	of	the	dam	and	E19	fetuses	are	shown	in	Figure	6.4.	In	the	dam	the	main	

form	of	paracetamol	in	blood	was	the	sulfated	metabolite,	present	in	

concentrations	more	than	2	fold	higher	than	the	glucuronidated	metabolite	and	

6	fold	higher	than	the	un-metabolised	form.	The	glutathione	metabolite	was	

present	200	fold	lower	than	the	un-metabolised	form,	near	the	limit	of	detection.	

This	trend	was	observed	in	the	acute	and	chronic	treatment	groups	and	for	both	

3.75	and	15mg/kg	doses.	In	the	E19	plasma	the	sulphated	form	was	also	the	

major	metabolite	present.	Unlike	the	adult,	however,	paracetamol-sulphate	was	

only	2	fold	higher	than	the	un-metabolised	form	(compared	to	over	6	times).	

Paracetamol-glucuronide	was	present	in	similar	(or	slightly	lower)	levels	to	the	

un-metabolised	form,	with	paracetamol-glutathione	below	the	limit	of	detection.		
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Figure	6.3.	Standard	linear	ranges	for	UPLC-MS/MS	measurements	of	paracetamol	(A),	

paracetamol-glucuronide	(B),	paracetamol-sulfate	(C)	and	paracetamol	glutathione	(D)	

in	10μl	samples	of	plasma.	Linear	regression	lines	cross	X	and	Y	at	the	origin.	For	full	

UPLC-MS/MS	methods	see	General	Methods.	Peak	area	is	area	under	the	associated	

peak	for	that	metabolite,	indicating	the	quantity	detected	by	the	UPLC-MS/MS.		
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Similar	to	observations	in	the	dam,	at	E19	both	treatment	regimes	and	

paracetamol	doses	had	the	same	order	of	metabolite	concentrations	in	plasma.	

	

Maternal	concentrations	of	un-metabolised	paracetamol	were	similar	between	

acute	and	chronic	treatments	for	both	the	3.75mg/kg	and	15mg/kg	groups.	The	

plasma	concentration	measured	in	the	dams	that	received	3.75mg/kg	was	

1.5mg/L	(10μM)	for	both	the	acute	and	chronic	groups	(Figure	6.4A,	6.5A).	For	

the	15mg/kg	paracetamol	group	the	concentration	of	paracetamol	in	dam’s	

plasma	was	approximately	6mg/L	(40μM),	with	6.4mg/L	in	the	acutely	treated	

dam	and	6.0mg/L	in	the	chronically	treated	dam	(Figure	6.4A).	Similar	to	the	

maternal	values,	fetal	concentrations	of	paracetamol	were	similar	between	acute	

and	chronic	conditions.	In	the	E19	fetal	plasma,	the	concentration	of	paracetamol	

was	approximately	1mg/L	(7μM)	for	the	3.75mg/kg	group	(1.1mg/L	±	0.2	acute,	

1.6mg/L	±	0.7	chronic)	and	3mg/L	(20μM)	for	the	15mg/kg	dose	(3.3mg/L	±	0.7	

acute,	2.7mg/L	±	0.7	chronic).	Estimated	placental	transfer	of	paracetamol	for	

the	3.75mg/kg	group	was	73%	±	13	for	acute	and	108%	±	46	chronic	treatment	

groups.	For	the	15mg/kg	treatment,	placental	transfer	was	approximately	50%	

for	both	treatment	lengths	(51%	±	10	acute,	46%	±	10	chronic;	Figure	6.5B).		

	

Unlike	the	parent	paracetamol	molecule,	there	were	some	differences	between	

the	concentration	of	paracetamol-glucuronide	in	acute	and	chronic	groups	

exposed	to	15mg/kg	paracetamol.	The	glucuronide	metabolite	was	present	in	

maternal	plasma	of	the	15mg/kg	chronically	treated	dam	(33.0mg/L)	at	almost	

twice	the	levels	of	the	acutely	treated	dam	(17.3mg/L;	Figure	6.4B).	In	contrast,	

paracetamol-glucuronide	concentration	in	the	E19	plasma	of	the	chronic	group	
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was	significantly	less	(1.9mg/L	±	1.1;	0.4	fold,	p<0.05)	than	in	the	acute	group	

(4.6mg/L	±	0.8).	These	results	corresponded	to	an	estimated	placental	transfer	

of	6%	±	3	in	the	chronic	group	that	was	significantly	lower	(0.2	fold,	p<0.01)	

than	the	acute	group	(27%	±	5).	However,	for	the	3.75mg/kg	group	there	was	no	

such	discrepancy	observed	between	acute	and	chronic	treatments.	Paracetamol-

glucuronide	was	present	in	the	acute	dam’s	plasma	at	4.3mg/L	and	the	chronic	

dam’s	plasma	at	6.0mg/L	chronic.	The	metabolite	was	present	in	the	E19	plasma	

at	approximately	1mg/L	in	both	acute	and	chronic	groups	(acute	0.8mg/L	±	0.2,	

chronic	1.0	mg/L	±	0.5),	resulting	in	an	estimated	placental	transfer	of	around	

20%	(acute	19%	±	5	acute,	chronic	16%	±	9;	Figure	6.5D).		

	

The	concentration	of	paracetamol-sulfate	in	dam’s	plasma	following	3.75mg/kg	

treatment	was	10mg/L	for	acute	exposure	and	19.1mg/L	for	chronic	exposure.	

E19	plasma	was	not	significantly	different	between	acute	exposure	(1.8mg/L	±	

0.7)	and	chronic	exposure	(2.0mg/L	±	1.1;	Figure	6.4C).	Pregnant	rats	that	

received	15mg/kg	treatment	had	a	plasma	concentration	of	39.5mg/L	following	

acute	exposure	and	48.1mg/L	for	chronic	exposure.	As	was	observed	with	

paracetamol-glucuronide,	the	concentration	of	paracetamol-sulfate	was	

significantly	lower	(0.4	fold,	p<0.05)	in	E19	pups	exposed	chronically	to	

15mg/kg	paracetamol	(4.0mg/L	±	1.4)	compared	to	those	exposed	acutely	

(9.2mg/L	±	2.4).	The	estimated	placental	transfer	of	paracetamol-sulfate	(Figure	

6.5F)	was	not	significantly	different	between	the	acute	and	chronic	groups	

exposed	to	the	3.75mg/kg	dose	(acute	18%	±	7,	chronic	11%	±	6).	However,	the	

placental	transfer	was	significantly	lower	for	the	chronic	group	exposed	to	

15mg/kg	(acute	23%	±	6,	chronic	8%	±	3;	Figure	6.5F).	
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Figure	6.4.	Plasma	concentrations	of	paracetamol	(A)	and	three	metabolites,	

paracetamol-glucuronide	(paracetamol-gluc;	B),	paracetamol-sulfate	(paracetamol-sulf;	

C)	and	paracetamol-glutathione	(paracetamol-GSH;	D)	in	dams	(triangles)	and	E19	pups	

(circles),	as	determined	by	UPLC-MS/MS.	Acute	experiments	are	shown	as	open	symbols	

and	chronic	experiments	as	closed	symbols,	3.75mg/kg	doses	in	red	and	15mg/kg	doses	

in	blue.	All	concentrations	were	determined	by	standard	linear	ranges	in	Figure	6.2,	

except	for	paracetamol	which	was	determined	in	reference	to	an	internal	spiked	in	C13	

molecule.	The	time	of	sampling	(post-injection)	for	each	rat	is	shown	on	the	x-axis.	Note	

the	differences	in	scales	on	the	y-axis	(concentration),	ranging	from	μg/L	for	glutathione	

to	mg/L	for	other	metabolites.	Each	dot	represents	an	individual	animal.	
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Figure	6.5.	E19	plasma	concentrations	(A,	C,	E)	and	placental	transfer	concentration	
ratios	(B,	D,	F)	for	paracetamol	(A,	B),	paracetamol-glucuronide	(paracetamol-gluc;	C,	

D)	and	paracetamol-sulfate	(paracetamol-sulf;	E,	F).	The	15mg/kg	treatment	is	in	blue	

and	the	3.75mg/kg	treatment	in	red,	with	acute	treatment	shown	as	open	symbols	

(white	bars)	and	chronic	treatment	as	closed	symbols	(grey	bars).	Significant	

differences	are	indicated	as	*	(p<0.05;	t-test,	Mann-Whitney	U).	Each	dot	represents	an	

individual	animal.	
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The	levels	of	paracetamol-glutathione	were	very	low	in	all	treatment	groups	

(Figure	6.4D).	Following	15mg/kg	treatment	the	metabolite	was	present	in	

maternal	plasma	at	33μg/L	for	the	acute	group	and	40μg/L	for	the	chronic	

group.	Paracetamol-glutathione	was	present	in	the	maternal	plasma	of	the	

3.75mg/kg	chronic	group	at	11μg/L	and	was	below	the	limit	of	detection	for	the	

3.75mg/kg	acute	group.	E19	plasma	levels	were	on	average	below	the	limit	of	

detection	for	all	groups,	with	only	one	E19	pup	in	the	15mg/kg	acute	(10μg/L)	

and	one	in	the	15mg/kg	chronic	(24μg/L)	groups	reaching	detectable	

concentrations.		

	

The	combined	molar	concentration	of	paracetamol	and	its	metabolites	is	

displayed	in	Figure	6.6	for	both	doses	(3.75,	15mg/kg)	and	for	both	treatment	

lengths	(acute,	chronic).	This	figure	illustrates	the	large	contribution	of	

paracetamol-glucuronide	and	paracetamol-sulfate	to	the	overall	concentration	of	

paracetamol	in	the	plasma	of	the	dams	(Figure	6.6A)	and	pups	(Figure	6.6B).	In	

Figure	6.6C	the	estimation	of	placental	transfer	from	the	combined	drug	molarity	

is	shown.	This	figure	illustrates	the	larger	degree	of	molecular	restriction	across	

the	placenta	in	the	high	dose	(15mg/kg)	chronic	group	compared	to	the	acute	

group.	
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Figure	6.6.	Paracetamol	and	paracetamol	metabolite	transfer	between	maternal	and	

fetal	circulation.	The	molar	plasma	concentration	(μM)	of	each	metabolite	are	shown	for	

dams	(A)	and	E19	fetuses	(B);	paracetamol	(light	pink),	paracetamol-glucuronide	(lilac)	

and	paracetamol-sulfate	(dark	purple).	Results	are	shown	for	the	acute	and	chronic	

groups	following	either	3.75mg/kg	or	15mg/kg	paracetamol	treatment.	(C)	The	

placental	transfer	of	all	metabolites	of	paracetamol	in	fetal	plasma	compared	to	

maternal	plasma.	The	15mg/kg	treatment	is	shown	in	blue	and	the	3.75mg/kg	

treatment	in	red,	with	acute	treatment	as	open	symbols	(white	bars)	and	chronic	

treatment	as	closed	symbols	(grey	bars).	Significant	differences	for	C	are	indicated	as	**	

(p<0.01;	t-test,	Mann-Whitney	U).	Each	dot	represents	an	individual	animal.	
	



	
	
	 278	

Paracetamol	distribution	in	the	brain	

Autoradiography	was	used	to	visualise	the	regional	distribution	and	localisation	

of	paracetamol	in	the	rodent	brain.	As	outlined	in	Chapter	5,	the	concentration	

ratio	between	paracetamol	in	the	cerebral	cortices	compared	to	the	plasma	

(Figure	5.13)	was	approximately	30%	in	adults	and	60-70%	in	fetal	and	

newborn	rats.	These	values	indicate	that	in	the	brain	region	sampled	for	liquid	

scintillation	counting	paracetamol	should	be	present	in	large	quantities.	In	order	

to	investigate	whether	paracetamol	is	uniformly	distributed	in	all	brain	regions	

or	might	pregerentially	accumulate	in	specific	areas,	autoradiography	of	3H-

labelled	paracetamol	was	used.	

	

In	Figure	6.7	autoradiography	of	sagittal	sections	of	brains	are	displayed	from	

adult	and	P4	rats	exposed	in	vivo	to	3[H]-paracetamol	(15mg/kg)	acutely.	Figure	

6.7A-B	reveal	the	minimal	background	level	obtained	from	a	control	brain	that	

was	not	exposed	to	a	radiolabelled	drug	(Figure	6.7A)	and	a	brain	that	was	

exposed	to	radiolabelled	digoxin,	a	drug	that	does	not	enter	the	adult	brain	to	a	

large	degree	(Figure	6.7B;	see	Chapter	5).	When	compared	to	radioactive	

standards	on	the	same	film,	the	level	of	3H-radioactivity	in	both	Figure	6.7A	and	

Figure	6.7B	were	below	the	lowest	detection	of	3.1nCi/mg.	Figure	6.7C	shows	

paracetamol	present	in	large	amounts	all	over	the	P4	brain,	with	granular	

deposits	situated	throughout.	Quantification	in	relation	to	3H	standards	on	the	

film	indicates	that	radioactivity	in	the	P4	brain	was	approximately	18.4nCi/mg.	

Figure	6.7D	shows	paracetamol	in	a	similar	uniform	distribution	across	the	adult	

brain,	with	dark	deposits	in	the	corpus	callosum	and	the	striatum.	Quantification	
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in	relation	to	3H	standards	on	the	film	indicates	that	radioactivity	in	the	adult	

brain	was	approximately	5.1nCi/mg.	
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Figure	6.7.	Autoradiography	images	of	rat	brains.	(A)	Control	P4,	(B)	adult	exposed	

acutely	to	30μg/kg	digoxin	with	20μCi	3[H]-digoxin,	(C)	P4	exposed	acutely	to	15mg/kg	

paracetamol	with	2μCi	3[H]-paracetamol	or	(D)	adult	exposed	acutely	to	15mg/kg	

paracetamol	with	20μCi	3[H]-paracetamol.	Note	the	absence	of	3H-exposure	of	the	film	

(dark	colour)	in	the	control	(A)	or	digoxin	treated	(B)	rat	brains	when	compared	to	the	

paracetamol	treated	rat	brains	(C	and	D).	There	was	widespread	paracetamol	

distribution	in	the	adult	brains	with	accumulation	in	the	corpus	callosum	and	striatum	

white	matter	(D).	The	much	darker	colour	in	the	P4	brain	(C)	indicates	widespread	

distribution	and	greater	entry	of	paracetamol	compared	to	adults	(note,	all	films	were	

exposed	for	the	same	length	of	time).	Adult	control	not	depicted	due	to	the	absence	of	

exposure	in	(B),	therefore	showing	no	background	color	in	adult	brains.	Images	are	

representative	illustrations	from	n=2	per	group,	6	or	more	sections	were	imaged	per	

animal.	
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RNAseq	analysis	of	gene	expression	in	the	rat		
brain	and	placenta	

ABC	efflux	transporters	in	the	brain	and	placenta	

The	expression	of	ABC	efflux	transporters	in	the	E19	and	adult	rat	brain	as	well	

as	in	the	E19	placenta	is	summarized	for	the	acute	groups	in	Table	6.1.	The	

differences	in	transporter	expression	in	each	tissue	and	at	each	age	provide	

evidence	of	the	likely	level	of	protection	present	to	limit	substrate	transfer	into	

the	brain.	This	is	useful	information	to	guide	future	experimentation	to	

investigate	the	underlying	cause	of	differences	in	drug	transfer	into	the	brain	at	

different	ages	(such	as	those	described	in	Chapter	5),	or	to	assist	with	the	design	

of	new	compounds	that	would	be	more	restricted	at	one	barrier	compared	to	

others	due	to	grater	specificity	for	a	transporter	that	is	more	highly	expressed	a	

that	barrier	interface.		

	

ABC	efflux	transporter	levels	(Table	6.1-6.4)	exhibit	a	great	degree	of	variability	

between	the	tissues	and	ages	examined.	In	the	adult	brain,	for	example,	the	

transporters	abca2,	abcd2,	abcb9,	abca8a	and	abcc8	were	not	only	expressed	at	

higher	levels	compared	to	other	ABC	efflux	transporters	(Table	6.1),	but	were	

also	expressed	more	than	2.5	fold	higher	in	the	adult	brain	compared	to	both	the	

E19	brain	and	E19	placenta	(Table	6.2,6.4).	In	the	E19	brain	both	abce1	and	

abcb6	were	expressed	more	than	2	fold	higher	than	in	the	adult	brain	and	E19	

placenta	(Table	6.2-6.3).	In	the	E19	placenta	a	host	of	transporters	were	

expressed	at	higher	amounts	than	in	the	brain	at	both	ages	including	abcf1,	

abcg1,	abca1,	abcb11,	abcd1,	abcc1,	abcb1a	and	abcb1b	(Table	6.3-6.4).		
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Adult	Brain	 		 E19	Brain	 		 E19	Placenta	
NCBI	Code	 Gene	 Counts	 		 NCBI	Code	 Gene	 Counts	 		 NCBI	Code	 Gene	 Counts	

NM_024396	 abca2	 478	 		 NM_001108446	 abce1	 274	 	 NM_001109883	 abcf1	 511	
NM_001109883	 abcf1	 138	 		 NM_001109883	 abcf1	 211	 	 NM_053502	 abcg1	 370	
NM_053924	 abcc5	 136	 		 NM_024396	 abca2	 171	 	 NM_012623	 abcb1b	 227	
NM_001109666	 abcf2	 128	 		 NM_053924	 abcc5	 134	 	 NM_178095	 abca1	 112	
NM_012804	 abcd3	 127	 		 NM_001109666	 abcf2	 122	 	 NM_001011896	 abcf3	 109	
NM_001108446	 abce1	 127	 		 NM_012804	 abcd3	 115	 	 NM_001108446	 abce1	 105	
NM_053502	 abcg1	 112	 		 NM_080582	 abcb6	 82	 	 NM_133401	 abcb1a	 96	
NM_033352	 abcd2	 105	 		 NM_001011896	 abcf3	 72	 	 NM_001012166	 abcb10	 89	
NM_001011896	 abcf3	 102	 		 NM_053502	 abcg1	 47	 	 NM_001007796	 abcb8	 66	
NM_022238	 abcb9	 80	 		 NM_001007796	 abcb8	 45	 	 NM_012804	 abcd3	 64	
NM_001106816	 abcg4	 76	 		 NM_033352	 abcd2	 41	 	 NM_001108821	 abcd1	 57	
NM_133401	 abcb1a	 65	 		 NM_001106816	 abcg4	 35	 	 NM_022281	 abcc1	 51	
NM_001007796	 abcb8	 57	 		 NM_013040	 abcc9	 35	 	 NM_001109666	 abcf2	 36	
NM_001281824	 abca8a	 55	 		 NM_001012166	 abcb10	 33	 	 NM_053924	 abcc5	 34	
NM_013039	 abcc8	 50	 		 NM_022281	 abcc1	 31	 	 NM_133411	 abcc4	 33	
NM_001012166	 abcb10	 39	 		 NM_173307	 abca5	 25	 	 NM_001108201	 abcc10	 26	
NM_080582	 abcb6	 36	 		 NM_178095	 abca1	 21	 	 NM_207598	 abca7	 25	
NM_178095	 abca1	 31	 		 NM_212518	 abcb7	 21	 	 NM_173307	 abca5	 21	
NM_173307	 abca5	 29	 		 NM_001108201	 abcc10	 20	 	 NM_080582	 abcb6	 19	
NM_013040	 abcc9	 23	 		 NM_001108821	 abcd1	 17	 	 NM_032055	 abcb2	 19	
NM_181381	 abcg2	 22	 		 NM_133411	 abcc4	 16	 	 NM_031760	 abcb11	 15	
NM_207598	 abca7	 20	 		 NM_001281824	 abca8a	 16	 	 NM_181381	 abcg2	 14	
NM_001108821	 abcd1	 19	 		 NM_001013100	 abcd4	 14	 	 NM_080581	 abcc3	 12	
NM_212518	 abcb7	 19	 		 NM_013039	 abcc8	 11	 	 NM_212518	 abcb7	 10	
NM_133411	 abcc4	 17	 		 NM_133401	 abcb1a	 9	 	 NM_024396	 abca2	 10	
NM_022281	 abcc1	 16	 		 NM_207598	 abca7	 7	 	 NM_001013100	 abcd4	 9	
NM_001108201	 abcc10	 14	 		 NM_022238	 abcb9	 5	 	 NM_013040	 abcc9	 7	
NM_012690	 abcb4	 9	 		 NM_012623	 abcb1b	 4	 	 NM_001031637	 abca17	 6	
NM_032055	 abcb2	 6	 		 NM_181381	 abcg2	 4	 	 NM_022238	 abcb9	 5	
NM_012833	 abcc2	 6	 		 NM_012833	 abcc2	 3	 	 NM_001107721	 abca4	 4	
NM_001013100	 abcd4	 5	 		 NM_032055	 abcb2	 2	 	 NM_001107205	 abcg3l3	 3	
NM_031013	 abcc6	 3	 		 NM_012690	 abcb4	 2	 	 NM_001106816	 abcg4	 3	
NM_001107721	 abca4	 2	 		 NM_031013	 abcc6	 2	 	 NM_001128311	 abcg3	 1	
NM_080581	 abcc3	 2	 		 NM_080581	 abcc3	 1	 	 NM_032056	 abcb3	 1	
NM_001004076	 abcg3	 2	 		 NM_001107721	 abca4	 1	 	 NM_012833	 abcc2	 1	
NM_012623	 abcb1b	 1	 		 NM_001107205	 abcg3l3	 1	 	 NM_031013	 abcc6	 1	
NM_032056	 abcb3	 1	 		 NM_001031637	 abca17	 0	 	 NM_013039	 abcc8	 1	
NM_001106020	 abca13	 1	 		 NM_001128311	 abcg3	 0	 	 NM_033352	 abcd2	 1	
NM_001107205	 abcg3l3	 1	 		 NM_001106020	 abca13	 0	 	 NM_001004076	 abcg3	 1	
NM_001031637	 abca17	 1	 		 NM_053754	 abcg5	 0	 	 NM_012690	 abcb4	 1	
NM_053754	 abcg5	 1	 		 NM_199377	 abcc12	 0	 	 NM_001106020	 abca13	 0	
NM_001128311	 abcg3	 0	 		 NM_001004076	 abcg3	 0	 	 NM_001281824	 abca8a	 0	
NM_199377	 abcc12	 0	 		 NM_130414	 abcg8	 0	 	 NM_053754	 abcg5	 0	
NM_031760	 abcb11	 0	 		 NM_001014133	 abcg3l2	 0	 	 NM_001014133	 abcg3l2	 0	
NM_130414	 abcg8	 0	 		 NM_031760	 abcb11	 0	 	 NM_130414	 abcg8	 0	
NM_001014133	 abcg3l2	 0	 		 NM_032056	 abcb3	 0	 	 NM_199377	 abcc12	 0	

Table	6.1.	Expression	levels	of	ABC	efflux	transporters	in	the	adult	brain,	E19	brain	and	
E19	placenta	as	measured	by	RNAseq.	Counts	are	an	average	of	normalised	counts	per	
million	(CPM)	from	rats	treated	acutely	with	paracetamol	(n=4),	as	produced	by	a	
pipeline	of	HISAT2,	HT-seq	Counts	and	EdgeR	programs	(see	General	Methods).	Values	
are	rounded	to	the	nearest	integer.	National	Centre	for	Biotechnology	Information	
(NCBI)	codes	are	shown	for	each	gene.	
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A	majority	of	ABC	efflux	transporters	(37/46)	were,	on	average,	expressed	more	

in	the	adult	than	the	E19	brain,	with	27	reaching	significance	(Table	6.2).	This	

included	more	than	a	2.5	fold	higher	expression	of	abcb1a,	abcb9,	abcg2,	abcg3,	

abcb4,	abcc8,	abca8a,	abcb2,	abca7	and	abca2	in	the	adult	brain.	In	the	E19	brain,	

two	transporters	had	a	3	fold	or	higher	expression	compared	to	the	adult:	abcd4	

and	abcb1b.	Of	the	ABC	efflux	transporters	considered	throughout	this	Thesis,	

abcb1a	(PGP)	and	abcg2	(BCRP)	were	expressed	significantly	higher	in	the	adult	

by	over	6	fold	(p<0.001),	while	expression	of	abcc1	(2	fold)	and	abcb1b	(4	fold)	

were	significantly	higher	at	E19	(p<0.001;	Table	6.2).		

	

A	comparison	between	the	expression	of	ABC	efflux	transporters	in	the	E19	

brain	and	the	E19	placenta	provide	information	about	the	combined	protection	

likely	to	be	present	to	limit	molecular	transfer	between	the	maternal	circulation	

of	a	pregnant	rat	and	the	fetal	brain.	The	transporter	abcf1	was	the	highest	

expressed	ABC	efflux	transporter	in	the	placenta	and	the	second	highest	in	the	

E19	brain	(Table	6.1).	In	addition,	the	highest	expressed	ABC	efflux	transporter	

in	the	E19	brain,	abce1,	was	also	the	6th	highest	in	the	placenta.	Many	

transporters	had	a	higher	expression	at	the	E19	placenta	compared	to	the	E19	

brain.	One	of	these	transporters,	abcb11,	had	high	expression	in	the	placenta	and	

near	no	expression	in	the	brain	at	E19.	Both	genes	that	encode	for	the	PGP	

transporter	had	significantly	higher	expression	in	the	placenta	compared	to	the	

E19	brain:	abcb1b	(53	fold,	p<0.001)	and	abcb1a	(11	fold,	p<0.001).	Other	

transporters	described	in	detail	in	this	Thesis	were	also	expressed	more	highly	

in	the	placenta	than	the	E19	brain	including	abcc3	(MRP3;	10	fold,	p<0.001),	

abcg2	(BCRP;	5	fold,	p<0.001),	abcc4	(MRP4;	2	fold,	p<0.001)	and	abcc1	(MRP4;	
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1.7	fold,	p<0.001).	The	transporter	abca2	was	the	third	highest	ABC	efflux	

transporter	expressed	in	the	E19	brain	(Table	6.1),	but	was	expressed	

significantly	lower	in	the	E19	placenta	(18	fold,	p<0.001).	Other	transporters	

that	had	significantly	higher	expression	in	the	E19	brain	compared	to	the	E19	

placenta	included	abca8a,	abcd2,	abcc8	and	abcg4	(>13	fold,	Table	6.3).	

	

Comparing	the	expression	of	ABC	efflux	transporters	at	the	adult	brain	and	the	

E19	placenta	provides	information	for	the	likely	distribution	of	a	compound	

originating	in	the	maternal	circulation	of	a	pregnant	rat.	Approximately	90%	of	

the	ABC	transporters	had	significantly	different	expression	levels	between	the	

adult	brain	and	E19	placenta,	with	an	even	split	between	those	higher	in	one	

tissue	or	the	other	(Table	6.4).	

	

Two	genes	stand	out	as	expressed	at	very	high	levels	in	the	placental	tissue	and	

very	low	levels	in	the	adult	brain:	abcb1b	(224	fold,	p<0.001)	and	abcb11	(145	

fold,	p<0.01).	The	transporters	abca17,	abcc3,	abcf1,	abca1	and	abcg1	are	further	

examples	of	transporters	that	had	a	higher	expression	(over	3	fold)	in	the	

placenta	compared	to	the	adult	brain	(Table	6.4).	In	contrast,	the	transporters	

abca8a	(1120	fold,	p<0.001	DEseq2/EdgeR),	abcd2	(199	fold,	p<0.001),	abcc8	

(82	fold,	p<0.01),	abca2	(51	fold,	p<0.001),	abcg4	(30	fold,	p<0.001)	and	abcb9	

(15	fold,	p<0.001)	all	had	high	levels	of	expression	in	the	adult	brain	and	very	

low	expression	in	the	E19	placenta.		

	

Of	the	ABC	efflux	transporters	described	throughout	this	Thesis,	a	majority	were	

expressed	at	higher	levels	in	the	placenta	than	the	brain.	The	placenta	had	a	
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much	larger	expression	of	the	genes	encoding	for	the	PGP	transporter	compared	

to	the	adult	brain,	with	abcb1b	expressed	over	200	fold	higher	(p<0.001)	and	

abcb1a	expressed	over	1.5	fold	higher	(p<0.001).	The	placenta	also	had	a	higher	

expression	of	abcc3	(MRP3;	8	fold,	p<0.001),	abcc1	(MRP1;	3	fold,	p<0.001)	and	

abcc4	(MRP4;	2	fold,	p<0.001).	The	adult	brain	had	a	higher	expression	of	abcc2	

(MRP2;	6	fold,	p<0.05),	abcc5	(4	fold,	p<0.001)	and	abcg2	(BCRP;	1.6	fold,	

p<0.01)	compared	to	the	E19	placenta.	
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NCBI	Code Gene Ad	B E19	B EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Adult	Brain
NM_032056 abcb3 16 0 6.98 5.42 NA 0.00094 1.32E-07 NA

NM_001004076 abcg3 26 1 4.48 4.31 3.69 2.32E-06 1.82E-09 0.00655

NM_022238 abcb9 1485 95 3.93 3.94 4.04 4.60E-10 3.0E-122 7.79E-05

NM_133401 abcb1a 1214 153 2.93 2.96 3.02 5.05E-12 3.0E-206 7.79E-05

NM_181381 abcg2 411 61 2.72 2.74 2.81 6.72E-09 1.13E-60 7.79E-05

NM_012690 abcb4 158 29 2.42 2.44 2.57 7.02E-06 4.42E-35 7.79E-05

NM_013039 abcc8 917 197 2.18 2.20 2.37 0.001157 3.5E-100 7.79E-05

NM_001106020 abca13 16 4 1.99 1.97 1.94 0.00239 0.00038 NA

NM_053754 abcg5 7 2 1.98 1.87 1.65 0.03823 0.03042 NA

NM_001281824 abca8a 1031 285 1.80 1.82 2.04 3.45E-09 2.66E-39 7.79E-05

NM_032055 abcb2 104 30 1.73 1.74 1.83 8.79E-07 1.85E-12 7.79E-05

NM_207598 abca7 367 120 1.58 1.60 1.81 7.29E-08 3.14E-22 0.17835

NM_024396 abca2 8943 3086 1.48 1.51 1.64 1.64E-10 4.9E-136 7.79E-05

NM_033352 abcd2 1946 732 1.37 1.40 1.47 5.20E-09 1.69E-52 7.79E-05

NM_001107721 abca4 33 13 1.36 1.37 1.70 0.002287 0.00141 NA

NM_053502 abcg1 2089 847 1.26 1.28 1.36 9.96E-10 5.0E-141 7.79E-05

NM_001106816 abcg4 1397 628 1.12 1.14 1.28 1.65E-06 2.01E-20 7.79E-05

NM_001107205 abcg3l3 14 7 0.97 0.98 1.48 0.039134 0.06340 0.01109

NM_012833 abcc2 100 53 0.88 0.90 0.98 0.240286 5.03E-06 7.79E-05

NM_031013 abcc6 49 29 0.73 0.75 0.87 0.03417 0.00516 NA

NM_178095 abca1 583 379 0.57 0.59 0.71 8.79E-05 9.26E-11 7.79E-05

NM_001011896 abcf3 1901 1302 0.50 0.52 0.64 7.42E-07 1.36E-23 0.00008

NM_001007796 abcb8 1050 818 0.32 0.34 0.57 8.79E-05 6.35E-08 0.00008

NM_001012166 abcb10 730 583 0.27 0.30 0.38 0.169996 0.00411 0.00073

NM_173307 abca5 545 444 0.25 0.27 0.37 0.021 0.00076 0.00232

NM_001108821 abcd1 361 297 0.23 0.26 0.39 0.021056 0.00693 0.00681

NM_012804 abcd3 2381 2078 0.15 0.17 0.30 0.029343 0.00305 0.00129

			Increased	Expression	in	E19	Brain
NM_012623 abcb1b 19 77 -2.07 -2.03 -1.79 4.53E-06 3.69E-13 7.79E-05

NM_001013100 abcd4 86 258 -1.63 -1.60 -1.35 7.35E-08 2.10E-30 7.79E-05

NM_080582 abcb6 660 1479 -1.21 -1.19 -0.99 1.59E-10 6.18E-56 7.79E-05

NM_001108446 abce1 2360 4941 -1.11 -1.09 -1.00 7.51E-12 7.25E-94 7.79E-05

NM_022281 abcc1 287 557 -1.00 -0.98 -0.87 3.60E-08 1.29E-22 7.79E-05

NM_001109883 abcf1 2569 3810 -0.62 -0.59 -0.52 1.61E-08 1.61E-42 7.79E-05

NM_013040 abcc9 419 622 -0.61 -0.58 -0.51 4.39E-05 1.43E-08 0.00015

NM_001108201 abcc10 265 366 -0.52 -0.50 -0.38 0.001287 1.16E-05 0.04468

			Not	statistically	different
NM_031760 abcb11 2 0 3.88 1.86 NA 0.04926 0.20587 NA

NM_001014133 abcg3l2 0 0 1.56 0.27 -0.96 0.337404 NA NA

NM_130414 abcg8 1 0 1.18 0.68 1.61 0.446595 NA NA

NM_199377 abcc12 4 2 1.11 1.04 1.53 0.253501 0.30132 NA

NM_001031637 abca17 9 5 0.78 0.79 1.23 0.069231 0.19188 NA

NM_001128311 abcg3 6 4 0.41 0.42 1.00 0.491877 0.55732 NA

NM_080581 abcc3 29 22 0.32 0.34 0.45 0.218694 0.31837 NA

NM_001109666 abcf2 2386 2201 0.07 0.10 0.24 0.223734 0.08210 0.01211

NM_133411 abcc4 309 289 0.05 0.07 0.16 0.82324 0.55275 0.27572

NM_053924 abcc5 2531 2425 0.02 0.04 0.17 0.841548 0.52657 0.20407

NM_212518 abcb7 349 370 -0.13 -0.11 -0.03 0.199241 0.25454 0.83969

Log2FC PadjHT-seq	Counts

Gene	Expression	in	Brain	Cortices	(Adult	/	E19)
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Table	6.2.	Differential	expression	of	ABC	efflux	transporters	in	brain	cortices	of	adult	

(Ad	B;	6-10	week)	and	E19	(E19	B)	rats,	as	determined	by	RNAseq.	Animals	were	

acutely	treated	with	paracetamol	(n=4).	Raw	reads	for	each	gene	were	determined	by	

HT-seq	Counts	and	expressed	as	an	average	to	the	nearest	integer.	Differential	

expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	determined	by	

three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	Methods).	Data	are	

presented	as	adult	brain	compared	to	E19	brain.	National	Centre	for	Biotechnology	

Information	(NCBI)	codes	are	shown	for	each	gene.	
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NCBI	Code Gene E19	P E19	B EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	E19	Placenta
NM_031760 abcb11 261 0 11.1 10.3 NA 1.75E-08 8.96E-25 7.79E-05

NM_032056 abcb3 17 0 7.09 6.25 NA 0.00070 2.07E-06 NA

NM_012623 abcb1b 4035 77 5.74 5.96 6.0 1.98E-13 8.3E-296 7.79E-05

NM_001031637 abca17 104 5 4.44 4.67 5.1 1.05E-09 8.90E-31 0.00015

NM_133401 abcb1a 1710 153 3.50 3.72 3.7 3.01E-13 2.8E-146 7.79E-05

NM_032055 abcb2 330 30 3.48 3.70 3.7 7.49E-11 5.58E-73 7.79E-05

NM_080581 abcc3 219 22 3.33 3.55 3.5 2.67E-10 2.03E-56 7.79E-05

NM_001004076 abcg3 19 1 3.04 3.28 2.7 0.00029 0.00054 0.017643

NM_053502 abcg1 6601 847 2.98 3.20 3.2 1.66E-14 3.8E-196 7.79E-05

NM_001107205 abcg3l3 45 7 2.74 2.96 3.1 4.49E-06 5.15E-12 7.79E-05

NM_001107721 abca4 72 13 2.54 2.76 3.0 3.58E-06 1.61E-13 NA

NM_178095 abca1 2006 379 2.42 2.64 2.6 1.44E-12 7.9E-111 7.79E-05

NM_001128311 abcg3 9 4 2.23 2.45 2.3 0.00036 2.89E-05 NA

NM_181381 abcg2 249 61 2.05 2.27 2.3 1.60E-07 5.11E-20 7.79E-05

NM_207598 abca7 435 120 1.88 2.10 2.2 6.08E-09 1.93E-35 0.11539

NM_001108821 abcd1 1014 297 1.80 2.02 2.0 5.02E-12 8.92E-90 7.79E-05

NM_001012166 abcb10 1594 583 1.46 1.68 1.6 2.80E-06 1.30E-19 7.79E-05

NM_001109883 abcf1 9083 3810 1.27 1.49 1.5 1.05E-12 1.5E-154 7.79E-05

NM_133411 abcc4 585 289 1.04 1.26 1.2 9.40E-06 4.73E-12 7.79E-05

NM_022281 abcc1 906 557 0.73 0.95 0.9 7.69E-07 6.46E-22 7.79E-05

NM_001011896 abcf3 1931 1302 0.59 0.81 0.8 7.65E-08 1.71E-26 7.79E-05

NM_001007796 abcb8 1165 818 0.54 0.76 0.8 2.02E-07 9.36E-28 7.79E-05

NM_001108201 abcc10 464 366 0.36 0.58 0.6 0.01249 6.09E-05 0.00023

			Increased	Expression	in	E19	Brain
NM_001281824 abca8a 1 285 -8.33 -8.10 -8.18 4.27E-13 4.13E-25 0.26944

NM_033352 abcd2 9 732 -6.26 -6.04 -6.13 1.53E-14 2.0E-114 7.79E-05

NM_024396 abca2 166 3086 -4.19 -3.97 -3.97 1.99E-15 1.7E-248 7.79E-05

NM_013039 abcc8 11 197 -4.17 -3.47 -4.14 0.00017 0.05622 7.79E-05

NM_001106816 abcg4 45 628 -3.78 -3.56 -3.56 2.01E-11 4.57E-61 7.79E-05

NM_013040 abcc9 121 622 -2.34 -2.12 -2.15 7.06E-12 3.31E-55 7.79E-05

NM_080582 abcb6 331 1479 -2.14 -1.92 -1.88 1.23E-13 8.02E-90 7.79E-05

NM_053924 abcc5 594 2425 -2.00 -1.78 -1.79 2.44E-13 3.39E-79 7.79E-05

NM_012690 abcb4 8 29 -1.81 -1.59 -1.51 0.00112 0.00806 NA

NM_001109666 abcf2 629 2201 -1.78 -1.56 -1.54 3.05E-14 1.6E-114 7.79E-05

NM_001108446 abce1 1853 4941 -1.39 -1.17 -1.20 2.52E-13 1.59E-90 7.79E-05

NM_031013 abcc6 12 29 -1.27 -1.05 -1.14 0.00209 0.01880 NA

NM_212518 abcb7 174 370 -1.07 -0.85 -0.85 1.93E-08 2.06E-14 7.79E-05

NM_012804 abcd3 1135 2078 -0.85 -0.63 -0.66 7.72E-10 6.13E-25 7.79E-05

NM_001013100 abcd4 159 258 -0.69 -0.47 -0.28 0.00045 0.00328 0.10197

			Not	statistically	different
NM_001014133 abcg3l2 0 0 1.60 0.64 NA 0.31086 0.81258 NA

NM_001106020 abca13 4 4 0.12 0.33 0.38 0.87273 0.7543 NA

NM_022238 abcb9 94 95 0.01 0.22 0.20 1 0.50873 0.35894

NM_173307 abca5 366 444 -0.26 -0.04 -0.04 0.01720 0.78559 0.78002

NM_053754 abcg5 1 2 -1.37 -1.14 -1.50 0.29817 0.61262 NA

NM_130414 abcg8 0 0 -1.59 -0.31 NA 0.33109 0.90418 NA

NM_012833 abcc2 17 53 -1.68 -1.45 -1.46 0.05287 NA NA

NM_199377 abcc12 0 2 -3.71 -2.27 NA 0.03597 0.28821 NA

Gene	Expression	at	E19	(E19	Placenta	/	E19	Brain)

HTseq	Counts Log2FC Padj
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Table	6.3.	Differential	expression	of	ABC	efflux	transporters	in	two	rat	tissues	at	E19:	

placenta	(E19P)	and	brain	cortices	(E19B),	as	determined	by	RNAseq.	Animals	were	

acutely	treated	with	paracetamol	(n=4).	Raw	reads	for	each	gene	were	determined	by	

HT-seq	Counts	and	expressed	as	an	average	to	the	nearest	integer.	Differential	

expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	determined	by	

three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	Methods).	Data	is	

presented	as	E19	placenta	compared	to	E19	brain.	National	Centre	for	Biotechnology	

Information	(NCBI)	codes	are	shown	for	each	gene.	
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NCBI	Code Gene E19	P Ad	B EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	E19	Placenta
NM_012623 abcb1b 4035 19 7.81 7.80 7.81 4.83E-14 2.7E-271 7.79E-05

NM_031760 abcb11 261 2 7.18 7.19 7.22 3.18E-08 7.97E-39 0.00439

NM_001031637 abca17 104 9 3.66 3.66 3.87 4.74E-09 1.21E-26 7.79E-05

NM_080581 abcc3 219 29 3.01 3.00 3.02 6.98E-10 3.11E-47 7.79E-05

NM_001109883 abcf1 9083 2569 1.89 1.89 1.98 9.29E-15 3.3E-227 7.79E-05

NM_178095 abca1 2006 583 1.85 1.85 1.92 3.10E-11 6.9E-58 7.79E-05

NM_001128311 abcg3 9 6 1.81 1.81 1.26 0.00147 0.00095 NA

NM_001107205 abcg3l3 45 14 1.77 1.77 1.64 0.00019 2.76E-06 0.00094

NM_032055 abcb2 330 104 1.75 1.75 1.88 9.93E-08 9.49E-22 7.79E-05

NM_022281 abcc1 906 287 1.73 1.73 1.80 2.27E-11 7.83E-63 7.79E-05

NM_053502 abcg1 6601 2089 1.72 1.72 1.80 9.06E-12 6.46E-61 7.79E-05

NM_001108821 abcd1 1014 361 1.56 1.56 1.63 2.55E-11 2.03E-52 7.79E-05

NM_001012166 abcb10 1594 730 1.19 1.18 1.24 1.93E-05 3.64E-11 7.79E-05

NM_001107721 abca4 72 33 1.18 1.18 1.25 0.00226 2.62E-06 NA

NM_133411 abcc4 585 309 0.99 0.99 1.06 1.50E-05 5.67E-08 7.79E-05

NM_001013100 abcd4 159 86 0.94 0.93 1.07 3.88E-05 2.93E-06 7.79E-05

NM_001108201 abcc10 464 265 0.89 0.88 0.94 6.39E-06 6.12E-09 7.79E-05

NM_133401 abcb1a 1710 1214 0.57 0.56 0.63 0.00013 9.95E-06 7.79E-05

NM_001007796 abcb8 1165 1050 0.22 0.22 0.25 0.00196 0.00015 0.01475

			Increased	Expression	in	Adult	Brain
NM_001281824 abca8a 1 1031 -10.13 -10.09 -10.22 9.57E-15 5.10E-40 0.26944

NM_033352 abcd2 9 1946 -7.64 -7.64 -7.61 9.64E-16 9.5E-193 7.79E-05

NM_013039 abcc8 11 917 -6.35 -5.53 -6.51 3.24E-06 0.00193 7.79E-05

NM_024396 abca2 166 8943 -5.67 -5.68 -5.61 1.02E-16 0 7.79E-05

NM_001106816 abcg4 45 1397 -4.90 -4.90 -4.84 8.44E-13 5.9E-248 7.79E-05

NM_199377 abcc12 0 4 -4.82 -3.80 NA 0.00529 0.01217 NA

NM_012690 abcb4 8 158 -4.23 -4.23 -4.08 5.65E-08 1.25E-37 7.79E-05

NM_022238 abcb9 94 1485 -3.92 -3.93 -3.85 3.12E-10 5.2E-156 7.79E-05

NM_053754 abcg5 1 7 -3.35 -3.44 -3.16 0.00496 0.00386 NA

NM_012833 abcc2 17 100 -2.56 -2.48 -2.44 0.00595 0.02656 7.79E-05

NM_053924 abcc5 594 2531 -2.02 -2.02 -1.96 2.17E-13 1.0E-140 7.79E-05

NM_031013 abcc6 12 49 -2.00 -2.01 -2.01 2.66E-05 2.05E-08 NA

NM_001106020 abca13 4 16 -1.88 -1.89 -1.55 0.00316 0.00106 NA

NM_001109666 abcf2 629 2386 -1.86 -1.86 -1.78 1.91E-14 1.8E-215 7.79E-05

NM_013040 abcc9 121 419 -1.73 -1.74 -1.65 3.60E-10 2.87E-44 7.79E-05

NM_001004076 abcg3 19 26 -1.4 -1.4 -0.97 0.00469 0.00191 0.01134

NM_012804 abcd3 1135 2381 -0.99 -1.00 -0.96 1.02E-10 1.63E-47 7.79E-05

NM_212518 abcb7 174 349 -0.94 -0.94 -0.82 1.04E-07 3.08E-17 7.79E-05

NM_080582 abcb6 331 660 -0.93 -0.93 -0.89 6.41E-09 4.71E-30 7.79E-05

NM_181381 abcg2 249 411 -0.67 -0.67 -0.55 0.00363 0.00081 7.79E-05

NM_173307 abca5 366 545 -0.51 -0.51 -0.41 9.09E-05 1.51E-06 0.00037

NM_001108446 abce1 1853 2360 -0.28 -0.28 -0.20 0.00010 1.14E-06 0.03621

			Not	statistically	different
NM_207598 abca7 435 367 0.30 0.30 0.39 0.05757 0.01669 0.61926

NM_032056 abcb3 17 16 0.11 0.12 -1.04 0.89402 0.88402 NA

NM_001011896 abcf3 1931 1901 0.09 0.09 0.15 0.14899 0.21402 0.11035

NM_001014133 abcg3l2 0 0 0.04 0.04 -10.93 0.99137 0.98791 NA

NM_130414 abcg8 0 1 -2.76 -1.28 NA 0.11320 0.63986 NA

Gene	Expression	in	Adult	Brain	and	E19	Placenta

HTseq	Counts Log2FC Padj
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Table	6.4.	Differential	expression	of	ABC	efflux	transporters	in	rat	E19	placenta	(E19	P)	

and	adult	brain	cortices	(Ad	B;	6-10	week)	as	determined	by	RNAseq.	Animals	were	

acutely	treated	paracetamol	(n=4).	Raw	reads	for	each	gene	were	determined	by	HT-seq	

Counts	and	expressed	as	an	average	to	the	nearest	integer.	Differential	expression	(Log2	

fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	determined	by	three	statistical	

packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	Methods).	Data	is	presented	as	E19	

placenta	compared	to	adult	brain.	National	Centre	for	Biotechnology	Information	(NCBI)	

codes	are	shown	for	each	gene.	
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Conjugating	enzymes	in	the	brain	and	placenta	

For	some	ABC	efflux	transporters,	enzymatic	conjugation	of	substrates	is	a	major	

factor	in	their	capacity	to	efflux,	as	they	recognise	and	bind	the	conjugate	group	

(Saunders	et	al.,	2016;	Chanas	et	al.,	2002;	Zamek-Gliszczynski,	et	al.,	2006a;	

2006b;	Leier	et	al.,	1994;	Jedlitschky	et	al.,	1996;	1997).	For	this	reason,	the	level	

of	conjugating	enzymes	in	each	tissue	may	be	a	valuable	indicator	for	the	likely	

capacity	of	the	barrier	to	restrict	the	entry	of	certain	compounds.	The	level	of	

glutathione-S-transferase	(GST),	UDP-glucuronosultransferase	(UGT)	and	

sulfotransferase	(SULT)	enzymes	that	are	present	in	the	rat	brain	at	E19	and	

adult,	as	well	as	in	the	placenta	at	E19,	is	summarized	for	acute	rats	in	Table	6.5.	

	

As	was	observed	with	ABC	efflux	transporters,	the	expression	of	conjugating	

enzymes	was	different	not	only	between	placental	tissue	and	brain	but	also	

between	the	two	stages	of	brain	development	(E19	and	adult).	In	the	adult	brain	

expression	of	sult4a1	was	not	only	over	3	fold	greater	than	the	next	highest	

enzyme	(gstm3),	but	was	also	expressed	over	3	fold	higher	than	any	enzyme	in	

the	E19	brain	and	E19	placenta.	The	adult	brain	also	had	higher	expression	

compared	to	the	E19	brain	or	E19	placenta	for	other	enzymes,	including	over	a	5	

fold	higher	expression	of	gsta1,	sult1d1,	ugt8a,	gstt3	and	gsta6	than	the	other	two	

tissues.	The	E19	brain	did	not	have	any	highly	specific	enzymes,	with	no	gene	

expressed	2	fold	or	more	higher	in	the	E19	brain	than	the	other	tissues.	The	E19	

placenta,	however,	had	a	significantly	higher	expression	of	gsta4	compared	to	

both	the	adult	brain	(4	fold)	and	the	E19	brain	(10	fold).		
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Table	6.5.	Expression	of	conjugating	enzymes	(GST,	UGT,	SULT)	in	the	adult	brain,	E19	

brain	and	E19	placenta,	as	measured	by	RNAseq.	Counts	are	an	average	of	normalised	

counts	per	million	(CPM)	from	rats	acutely	treated	with	paracetamol	(n=4),	as	produced	

by	a	pipeline	of	HISAT2,	HT-seq	counts	and	EdgeR	programs	(see	General	Methods).	

Values	are	rounded	to	the	nearest	integer.	National	Centre	for	Biotechnology	

Information	(NCBI)	codes	are	shown	for	each	gene.	
	

`

NCBI	Code Gene Counts NCBI	Code Gene Counts NCBI	Code Gene Counts

NM_031641 Sult4a1 601 NM_133596 Uggt1 159 NM_133596 Uggt1 182

NM_031154 Gstm3 197 NM_031641 Sult4a1 113 NM_001007602 Gsto1 55

NM_019276 Ugt8a 194 NM_017014 Gstm1 103 NM_012577 Gstp1 54

NM_017014 Gstm1 148 NM_001007602 Gsto1 75 NM_001106840 Gsta4 51

NM_012577 Gstp1 98 NM_012577 Gstp1 71 NM_001024304 Gstm4 22

NM_001007602 Gsto1 82 NM_031154 Gstm3 66 NM_017014 Gstm1 13

NM_031509 Gsta1 77 NM_001109445 Gstz1 35 NM_001109445 Gstz1 13

NM_133596 Uggt1 76 NM_001024304 Gstm4 24 NM_177426 Gstm2 7

NM_001137643 Gstt3 68 NM_001107725 Gstcd 10 NM_031834 St1a1 7

NM_001109445 Gstz1 27 NM_019276 Ugt8a 7 NM_001107725 Gstcd 6

NM_001024304 Gstm4 22 NM_181371 Gstk1 7 NM_031154 Gstm3 4

NM_181371 Gstk1 18 NM_001039665 Sult2b1 6 NM_181371 Gstk1 2

NM_001024361 Gsta6 18 NM_001106840 Gsta4 6 NM_053293 Gstt1 2

NM_031834 St1a1 15 NM_177426 Gstm2 3 NM_001201369 Sult5a1 2

NM_021769 Sult1d1 13 NM_001137643 Gstt3 2 NM_201423 Ugt1a2 2

NM_001106840 Gsta4 11 NM_001024361 Gsta6 1 NM_001137643 Gstt3 2

NM_177426 Gstm2 11 NM_001012071 Gsto2 1 NM_001024361 Gsta6 1

NM_001039665 Sult2b1 7 NM_053293 Gstt1 1 NM_001012071 Gsto2 1

NM_053293 Gstt1 4 NM_001109192 Gstm6 1 NM_001039665 Sult2b1 1

NM_001107725 Gstcd 2 NM_001201369 Sult5a1 0 NM_031509 Gsta1 1

NM_001201369 Sult5a1 2 NM_012796 Gstt2 0 NM_001192017 Sult6b1 1

NM_001109192 Gstm6 1 NM_031834 St1a1 0 NM_001109192 Gstm6 0

NM_001012071 Gsto2 1 NM_001192017 Sult6b1 0 NM_012796 Gstt2 0

NM_012796 Gstt2 1 NM_001039549 Ugt1a5 0 NM_019276 Ugt8a 0

NM_001192017 Sult6b1 0 NM_031509 Gsta1 0 NM_001039549 Ugt1a5 0

NM_172038 Gstm5 0 NM_021769 Sult1d1 0 NM_031641 Sult4a1 0

NM_001013177 Sult1c1 0 NM_172038 Gstm5 0 NM_001013177 Sult1c1 0

NM_020540 Gstm3l 0 NM_020540 Gstm3l 0 NM_021769 Sult1d1 0

NM_130407 Ugt1a7c 0 NM_001013177 Sult1c1 0 NM_172038 Gstm5 0

NM_001039549 Ugt1a5 0 NM_130407 Ugt1a7c 0 NM_020540 Gstm3l 0

NM_201423 Ugt1a2 0 NM_201423 Ugt1a2 0 NM_130407 Ugt1a7c 0

Adult	Brain E19	Brain E19	Placenta
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A	comparison	between	the	expression	of	conjugating	enzymes	in	adult	brain	and	

the	E19	brain	(Table	6.6)	reflect	a	similar	profile	to	that	observed	for	the	ABC	

efflux	transporters	(Table	6.2).	24/32	enzymes	examined	had	a	higher	average	

expression	in	the	adult	brain	compared	to	the	E19	brain,	with	18	reaching	

significance	(Table	6.6).	This	included	high	expression	of	a	series	of	enzymes	

minimally	expressed	in	the	E19	brain,	such	as	gsta1	(2067	fold,	p<0.001),	sult1d1	

(495	fold,	p<0.001),	sult1a1	(46	fold,	p<0.001),	gstt3	(32	fold,	p<0.001)	and	

ugt8a	(28	fold,	p<0.001).	Additional	enzymes	sult4a1	(5	fold,	p<0.001)	and	gstm3	

(3	fold,	p<0.001)	were	very	highly	expressed	in	the	adult	brain	compared	to	the	

E19	brain.		

	

Only	three	enzymes	had	a	significantly	higher	expression	in	the	E19	brain	

compared	to	adult:	gstcd,	uggt1	and	gstz1.	The	uggt1	enzyme	(2	fold,	p<0.001)	

was	not	only	significantly	higher	at	E19	but	was	the	highest	expressed	enzyme	in	

that	tissue	(Table	6.5,	6.6).	Gstcd	(4.6	fold,	p<0.001)	also	had	a	significantly	

higher	expression	in	the	E19	brain	compared	to	adulthood.	
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Table	6.6.	Expression	of	conjugating	enzymes	(GST,	UGT,	SULT)	in	the	rat	brain	at	two	

ages:	adult	(Ad	B)	and	E19	(E19	B),	as	determined	by	RNAseq.	Animals	were	acutely	

treated	with	paracetamol	(n=4).	Raw	reads	for	each	gene	were	determined	by	HT-seq	

Counts	and	expressed	as	an	average	to	the	nearest	integer.	Differential	expression	(Log2	

fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	determined	by	three	statistical	

packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	Methods).	Data	is	presented	as	adult	

brain	compared	to	E19	brain.	National	Centre	for	Biotechnology	Information	(NCBI)	

codes	are	shown	for	each	gene.	

NCBI	Code Gene Ad	B E19	B EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Adult	Brain
NM_031509 Gsta1 1452 1 11.1 10.5 11.4 1.12E-13 2.29E-52 0.181414

NM_021769 Sult1d1 258 0 9.36 8.54 NA 1.24E-10 1.13E-24 7.79E-05

NM_031834 St1a1 271 6 5.43 5.41 5.73 6.41E-09 4.37E-64 7.79E-05

NM_001137643 Gstt3 1298 41 4.94 4.94 5.07 4.3E-11 1.5E-149 7.79E-05

NM_019276 Ugt8a 3681 129 4.77 4.78 4.88 1.1E-12 6.3E-266 7.79E-05

NM_001024361 Gsta6 335 24 3.75 3.77 3.95 6.17E-12 1.14E-83 7.79E-05

NM_172038 Gstm5 4 0 3.20 2.68 NA 0.018907 0.02778 NA

NM_031641 Sult4a1 11179 2039 2.41 2.43 2.55 1.74E-13 0 7.79E-05

NM_001192017 Sult6b1 5 1 2.17 2.04 2.73 0.01787 0.03432 1.00E+00

NM_001201369 Sult5a1 34 7 2.16 2.14 2.77 1.67E-04 2.18E-06 7.79E-05

NM_053293 Gstt1 65 16 1.95 1.97 2.06 2.46E-06 1.20E-12 7.79E-05

NM_177426 Gstm2 203 61 1.71 1.73 1.86 5.72E-07 5.37E-21 7.79E-05

NM_031154 Gstm3 3770 1203 1.58 1.60 1.72 1.65E-06 2.03E-32 7.79E-05

NM_181371 Gstk1 337 121 1.42 1.44 1.53 8.74E-08 1.57E-29 7.79E-05

NM_001109192 Gstm6 25 11 1.15 1.17 1.28 0.00776 0.00331 0.00359

NM_001106840 Gsta4 207 98 1.03 1.05 1.14 9.83E-06 1.45E-12 7.79E-05

NM_017014 Gstm1 2765 1855 0.53 0.55 0.68 1.79E-04 5.48E-19 7.79E-05

NM_012577 Gstp1 1828 1278 0.46 0.49 0.58 5.07E-03 3.03E-13 7.79E-05

			Increased	Expression	in	E19	Brain

NM_001107725 Gstcd 40 185 -2.24 -2.21 -2.16 2.13E-08 1.93E-28 7.79E-05

NM_133596 Uggt1 1413 2871 -1.07 -1.04 -0.95 5.68E-09 5.27E-75 7.79E-05

NM_001109445 Gstz1 509 633 -0.37 -0.34 -0.23 0.00371 0.00026 0.10862

			Not	statistically	different

NM_001013177 Sult1c1 2 0 3.85 2.00 NA 0.02448 0.16067 NA

NM_130407 Ugt1a7c 0 0 1.57 0.27 2.14 0.36143 NA NA

NM_020540 Gstm3l 1 0 0.70 0.37 0.00 0.66953 NA NA

NM_012796 Gstt2 8 6 0.31 0.32 0.33 0.53212 0.58721 NA

NM_001039665 Sult2b1 129 114 0.13 0.15 0.25 0.45076 0.33689 0.22329

NM_001007602 Gsto1 1513 1357 0.12 0.14 0.22 0.18683 0.05353 0.02711

NM_201423 Ugt1a2 0 0 0.00 NA NA NA NA NA

NM_001024304 Gstm4 408 427 -0.12 -0.09 0.13 0.31327 0.39148 0.31144

NM_001012071 Gsto2 13 17 -0.49 -0.46 -0.30 0.21331 0.29495 NA

NM_001039549 Ugt1a5 0 1 -0.77 -0.39 2.74 0.67232 NA NA

NM_173338 GST-2 0 0 NA NA NA NA NA NA

Gene	Expression	in	Brain	Cortices	(Adult	/	E19)

Htseq	Counts Log2FC Padj
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A	comparison	between	the	expression	of	conjugating	enzymes	in	the	E19	brain	

and	the	E19	placenta	provide	information	about	the	combined	protection	likely	

to	be	present	to	prevent	molecular	transfer	between	the	maternal	circulation	

and	the	fetal	brain.	For	both	tissues	the	enzyme	with	the	highest	expression	was	

uggt1,	suggesting	that	this	may	play	an	important	role	in	molecular	conjugation	

of	compounds	at	barriers	protecting	the	fetal	brain.	Other	majorly	expressed	

enzymes	were	gsto1,	gstp1	and	gstm1,	all	of	which	were	in	the	top	6	conjugating	

enzymes	expressed	in	each	tissue	(Table	6.5).	

	

Some	conjugating	enzymes	had	a	higher	expression	in	the	E19	placenta	

compared	to	the	E19	brain	(Table	6.7).	These	include	higher	expression	of	

sult1a1	(23	fold,	p<0.001),	gsta4	(10	fold,	p<0.001)	and	sult5a1	(5	fold,	p<0.001).	

The	highly	expressed	enzyme	described	above,	uggt1,	also	had	a	significantly	

higher	expression	in	the	placenta	compared	to	the	brain	(1.3	fold,	p<0.001).	The	

E19	brain	had	some	highly	expressed	enzymes	that	were	not	expressed	in	the	

placenta	to	large	extents.	These	included	sult4a1	(1038	fold,	p<0.01),	ugt8a	(38	

fold,	p<0.001),	gstm3	(16	fold,	p<0.001),	sult2b1	(3	fold,	p<0.001)	and	gstm1	(7	

fold,	p<0.001).	
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Table	6.7.	Expression	of	conjugating	enzymes	(GST,	UGT,	SULT)	in	two	rat	tissues	at	

E19:	placenta	(E19	P)	and	brain	cortices	(E19	B),	as	determined	by	RNAseq.	Animals	

were	acutely	treated	with	paracetamol	(n=4).	Raw	reads	for	each	gene	were	determined	

by	HT-seq	Counts	and	expressed	as	an	average	to	the	nearest	integer.	Differential	

expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	determined	by	

three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	Methods).	Data	is	

presented	as	placenta	compared	to	brain.	National	Centre	for	Biotechnology	

Information	(NCBI)	gene	codes	are	shown	for	each	gene.	

NCBI	Code Gene E19	P E19	B EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	E19	Placenta
NM_201423 Ugt1a2 31 0 8.00 7.27 NA 0.00001 2.18E-11 0.13047

NM_031834 St1a1 121 6 4.34 4.55 4.66 9.31E-08 1.84E-20 7.79E-05

NM_031509 Gsta1 12 1 4.27 4.51 4.54 0.00005 5.47E-05 0.18348

NM_001192017 Sult6b1 11 1 3.31 3.56 3.92 0.00042 0.00008 0.26986

NM_001106840 Gsta4 913 98 3.23 3.45 3.40 3.68E-12 1.93E-94 7.79E-05

NM_001039549 Ugt1a5 3 1 2.47 2.69 4.43 0.04267 0.07516 NA

NM_001201369 Sult5a1 31 7 2.09 2.31 2.70 0.00020 2.78E-06 0.00015

NM_177426 Gstm2 124 61 1.05 1.26 1.21 0.00012 1.02E-07 7.79E-05

NM_053293 Gstt1 32 16 1.01 1.23 1.20 0.001860 4.74E-04 0.00129

NM_133596 Uggt1 3232 2871 0.20 0.43 0.36 0.029300 9.61E-05 0.00015

			Increased	Expression	in	E19	Brain 0

NM_031641 Sult4a1 2 2039 -10.1 -9.82 -10.17 2.05E-17 8.22E-77 0.00465

NM_019276 Ugt8a 3 129 -5.35 -5.14 -5.31 1.21E-09 2.75E-27 0.00023

NM_031154 Gstm3 66 1203 -4.16 -3.93 -3.91 9.17E-10 1.62E-84 7.79E-05

NM_017014 Gstm1 228 1855 -3.00 -2.78 -2.76 9.98E-13 3.05E-89 7.79E-05

NM_001039665 Sult2b1 14 114 -2.96 -2.74 -2.97 2.23E-10 5.66E-26 7.79E-05

NM_181371 Gstk1 42 121 -1.51 -1.28 -1.26 1.45E-07 3.78E-10 7.79E-05

NM_001109445 Gstz1 225 633 -1.48 -1.26 -1.27 1.49E-09 3.77E-21 7.79E-05

NM_001107725 Gstcd 108 185 -0.76 -0.53 -0.56 0.00095 0.00966 0.00353

NM_001007602 Gsto1 979 1357 -0.45 -0.22 -0.24 7.07E-05 0.02944 0.01851

			Not	statistically	different 0

NM_001013177 Sult1c1 1 0 3.49 2.60 NA 0.04031 0.16181 NA

NM_021769 Sult1d1 1 0 0.76 0.64 NA 0.62516 0.81258 NA

NM_130407 Ugt1a7c 0 0 0.00 NA NA NA NA NA

NM_173338 GST-2 0 0 0.00 NA NA NA NA NA

NM_001024361 Gsta6 23 24 -0.05 0.17 0.22 0.82493 0.64781 0.5348

NM_001024304 Gstm4 401 427 -0.08 0.15 0.18 0.50331 0.22756 0.1709

NM_001012071 Gsto2 16 17 -0.10 0.12 -0.13 0.79279 0.81258 NA

NM_012577 Gstp1 969 1278 -0.37 -0.14 -0.17 0.01957 0.42559 0.1060

NM_001137643 Gstt3 27 41 -0.58 -0.36 -0.40 0.08009 0.36531 0.1970

NM_012796 Gstt2 4 6 -0.64 -0.43 -0.70 0.20657 0.57820 NA

NM_001109192 Gstm6 4 11 -1.42 -1.21 -1.11 0.00639 0.06004 NA

NM_020540 Gstm3l 0 0 -1.59 -0.31 NA 0.31250 0.90418 NA

NM_172038 Gstm5 0 0 -1.59 -0.31 NA 0.33536 0.90418 NA

Gene	Expression	at	E19	(E19	Placenta	/	E19	Brain)

HTseq	Counts Log2FC Padj
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Comparing	the	expression	of	conjugating	enzymes	at	the	adult	brain	and	the	E19	

placenta	provides	information	for	the	likely	distribution	of	a	compound	

originating	in	the	maternal	circulation	of	a	pregnant	rat.	Over	50%	of	the	

conjugating	enzymes	analysed	had	a	higher	expression	in	the	adult	brain	

compared	to	the	E19	placenta	(Table	6.8).	The	highest	expressed	enzyme	in	the	

adult	brain	sult4a1	was	almost	completely	absent	in	the	E19	placenta	(5979	fold,	

p<0.001).	A	highly	significant	(p<0.001)	difference	was	also	observed	for	ugt8a	

(1125	fold),	sult1d1	(395	fold),	gsta1	(117	fold),	gstm3	(52	fold)	and	gstt3	(45	

fold).	In	the	E19	placenta	there	was	a	significantly	(p<0.001)	higher	(>2	fold)	

expression	of	ugt1a2,	gsta4,	gstcd	and	uggt1	compared	to	the	adult	brain.	
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Table	6.8.	Differential	expression	of	conjugating	enzymes	(GST,	UGT,	SULT)	in	rat	E19	

placenta	(E19	P)	and	adult	brain	cortices	(Ad	B;	6-10	week)	as	determined	by	RNAseq.	

Animals	were	acutely	treated	with	paracetamol	(n=4).	Raw	reads	for	each	gene	were	

determined	by	HT-seq	Counts	and	expressed	as	an	average	to	the	nearest	integer.	

Differential	expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	

determined	by	three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	

Methods).	Data	is	presented	as	placenta	compared	to	adult	brain.	National	Centre	for	

Biotechnology	Information	(NCBI)	codes	are	shown	for	each	gene.	

NCBI	Code Gene E19	P AdB EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	E19	Placenta

NM_201423 Ugt1a2 31 0 8.00 7.11 12.2 0.00001 5.30E-11 0.25766

NM_001039549 Ugt1a5 3 0 3.23 3.15 1.69 0.01837 0.04971 NA

NM_001106840 Gsta4 913 207 2.20 2.20 2.26 2.13E-10 2.59E-48 7.79E-05

NM_001107725 Gstcd 108 40 1.49 1.49 1.61 0.00000282 1.03E-10 0.00008

NM_133596 Uggt1 3232 1413 1.27 1.27 1.32 4.48E-10 1.94E-32 7.79E-05

			Increased	Expression	in	Adult	Brain

NM_031641 Sult4a1 2 11179 -12.5 -12.4 -12.7 1.80E-18 4.9E-127 0.00465

NM_019276 Ugt8a 3 3681 -10.12 -10.1 -10.19 2.15E-14 1.9E-124 0.00023

NM_021769 Sult1d1 1 258 -8.61 -8.58 -8.69 9.20E-11 1.23E-20 0.14665

NM_031509 Gsta1 12 1452.25 -6.85 -6.86 -6.91 9.56E-14 2.0E-170 7.79E-05

NM_031154 Gstm3 66 3770 -5.75 -5.73 -5.63 3.63E-11 9.2E-170 0.00008

NM_001137643 Gstt3 27 1298 -5.52 -5.52 -5.47 1.32E-11 1.9E-135 7.79E-05

NM_172038 Gstm5 0 4 -4.80 -3.73 NA 0.00526 0.01736 NA

NM_001024361 Gsta6 23 335 -3.81 -3.81 -3.73 2.88E-12 6.4097E-75 7.79E-05

NM_017014 Gstm1 228 2765 -3.52 -3.52 -3.44 1.56E-13 1.9E-151 7.79E-05

NM_001039665 Sult2b1 14 129 -3.09 -3.10 -3.22 1.27E-10 2.21E-33 0.00008

NM_181371 Gstk1 42 337 -2.92 -2.93 -2.79 2.32E-11 5.43E-61 7.79E-05

NM_001109192 Gstm6 4 25 -2.58 -2.59 -2.39 0.00002 2.03E-06 0.00080

NM_001109445 Gstz1 225 509 -1.11 -1.12 -1.04 5.85E-08 1.28E-23 7.79E-05

NM_031834 St1a1 121 271 -1.10 -1.10 -1.07 0.00176 3.26E-07 0.00008

NM_053293 Gstt1 32 65 -0.95 -0.95 -0.85 0.00147 0.00059 0.00177

NM_012577 Gstp1 969 1828 -0.83 -0.83 -0.75 0.00004 2.98E-07 7.79E-05

NM_177426 Gstm2 124 203 -0.66 -0.67 -0.65 0.00330 0.00054 0.00129

NM_001007602 Gsto1 979 1513 -0.56 -0.57 -0.45606 0.00000583 1.65E-09 0.00008

			Not	statistically	different 0

NM_001192017 Sult6b1 11 5 1.13 1.13 1.19 0.07095 0.10071 0.03658

NM_001012071 Gsto2 16 13 0.39 0.39 0.18 0.31160 0.37552 NA

NM_001024304 Gstm4 401 408 0.04 0.04 0.05 0.70834 0.77980 0.72776

NM_173338 GST-2 0 0 0.00 NA NA NA NA NA

NM_001201369 Sult5a1 31 34 -0.06 -0.07 -0.07 0.88172 0.86792 0.82849

NM_001013177 Sult1c1 1 2 -0.36 -0.32 0.27 0.73349 0.83590 NA

NM_012796 Gstt2 4 8 -0.95 -0.96 -1.03 0.06283 0.15592 NA

NM_130407 Ugt1a7c 0 0 -1.57 -0.44 NA 0.34672 0.86792 NA

NM_020540 Gstm3l 0 1 -2.29 -0.92 0.00 0.16921 0.74073 NA

Gene	Expression	in	Adult	Brain	and	E19	Placenta

HTseq	Counts Log2FC Padj
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The	effect	of	chronic	paracetamol	exposure	on		
gene	expression	

Gene	expression	was	analysed	in	rats	treated	acutely	(15mg/kg,	30min	

exposure)	and	chronically	(15mg/kg,	twice	daily	for	5	days)	with	paracetamol.	A	

comparison	between	these	two	groups	will	indicate	the	influence	that	long-term	

exposure	to	paracetamol	would	have	on	gene	expression.	Two	age	groups	were	

analysed,	E19	and	adult,	correlating	with	ages	investigated	for	paracetamol	

transfer	in	Chapter	5.	The	RNAseq	results	may,	therefore,	provide	evidence	to	

explain	the	increased	paracetamol	transfer	into	the	E19	brain	and	the	decreased	

entry	in	the	adult	brain	following	chronic	treatment.		

	

Gene	expression	in	the	adult	brain	

A	comparison	of	gene	expression	in	the	brain	of	adult	rats	treated	with	

paracetamol	acutely	or	chronically	revealed	that	most	genes	did	not	change	

expression	following	chronic	treatment	in	this	tissue,	with	over	98%	of	genes	not	

statistically	different	(p>0.05,	EdgeR,	DESeq2	and	CuffDiff).	Of	the	165	genes	

deemed	statistically	different	between	chronic	and	acute	groups,	60%	were	

lower	in	the	chronic	group	and	40%	were	higher.	The	genes	that	were	

statistically	different	between	the	two	groups	are	outlined	in	Table	6.9	(up-

regulated	in	chronic	group)	and	Table	6.10	(down-regulated	in	chronic	group).		

	

Following	chronic	treatment	there	was	over	a	2	fold	increase	in	the	adult	brain	of	

dio3	(3	fold,	p<0.05	DEseq2,	Cuffdiff),	egr2	(2	fold,	p<0.05)	and	npas4	(2	fold,	
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p<0.01,	DEseq2,	Cuffdiff).	Of	the	ABC	efflux	transporters	and	conjugating	

enzymes	described	above,	there	was	a	significant	increase	in	sult5a1	(1.9	fold,	

p<0.05	DEseq2,	CuffDiff)	and	abcg2	(1.3	fold,	p<0.05	DEseq2,	CuffDiff).	

	

In	the	adult	brain	there	was	a	higher	number	of	genes	that	were	down-regulated	

by	over	2	fold	compared	to	those	up-regulated,	including	fcrl2	(5.6	fold,	p<0.05),	

mis18a	(4	fold,	p<0.05)	that	reached	significance	by	all	three	statistical	tests.	In	

addition	there	was	a	significant	down-regulation	of	the	highly	expressed	voltage	

gated	sodium	channel	transcripts	scn4b	(1.9	fold,	p<0.01	DEseq2,	CuffDiff)	and	

scn1a	(1.8	fold,	p<0.01	DEseq2,	CuffDiff).	There	were	no	ABC	efflux	transporters	

or	conjugating	enzymes	(GST,	UGT,	SULT)	significantly	down-regulated	in	the	

adult	brain	following	chronic	treatment.	

	

Pathway	analysis	revealed	that	chronic	paracetamol	treatment	caused	a	down-

regulation	of	a	series	of	functionally	related	genes.	Of	interest,	there	was	a	

significant	(p<0.05,	GO:BP)	down-regulation	of	4	genes	involved	in	‘the	detection	

of	mechanical	stimulus	involved	in	the	sensory	perception	of	pain’.	These	

included	the	voltage	gated	ion	channel	genes	kcna1	and	scn1a	as	well	as	

serotonin	receptor	htr2a	and	apoptotic	regulator	pawr.	These	genes	may	provide	

an	insight	into	the	mechanism	by	which	paracetamol	relieves	pain.	Of	the	genes	

that	were	significantly	up-regulated	following	chronic	treatment	a	series	were	

involved	in	transcription	(Table	6.11),	as	well	as	up-regulation	of	‘skeletal	

muscle	cell	differentiation’	(p<0.01,	GO:BP)	and	‘response	to	cAMP’	(p<0.05,	

GO:BP).		
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Chronic
1 NM_017210 Dio3 17 6 1.71 0.31 1.91 0.06184 1.75E-02 0.02927

2 NM_053633 Egr2 2098 1005 1.21 0.80 1.22 0.02899 4.03E-11 0.00344

3 NM_153626 Npas4 732 383 1.08 0.61 1.09 0.07200 5.82E-06 0.00344

4 NM_024388 Nr4a1 5999 3448 0.95 0.59 0.94 0.12481 8.57E-06 0.00344

5 NM_001201369 Sult5a1 57 34 0.89 0.36 0.88 0.15668 0.03927 0.01337

6 NM_023985 Trib1 578 353 0.84 0.57 0.85 0.03831 8.57E-06 0.00344

7 NM_021836 Junb 2680 1642 0.84 0.60 0.84 0.04786 9.69E-07 0.00344

8 NM_024400 Adamts1 310 192 0.83 0.40 0.84 0.23455 0.01687 0.00344

9 NM_053349 Sox11 67 42 0.81 0.37 0.80 0.13142 0.03104 0.01980

10 NM_019137 Egr4 1012 653 0.77 0.55 0.77 0.04271 9.72E-06 0.00344

11 NM_001105987 Tatdn3 211 136 0.75 0.52 0.75 0.04005 5.34E-05 0.00344

12 NM_030868 Ccn3 2925 1944 0.73 0.60 0.74 0.00894 6.52E-10 0.00344

13 NM_019361 Arc 14181 9532 0.71 0.49 0.70 0.15556 2.68E-04 0.00344

14 NM_022197 Fos 1787 1216 0.70 0.55 0.69 0.01891 5.88E-07 0.00344

15 NM_001002829 Rasl11a 285 196 0.67 0.47 0.65 0.04927 6.36E-04 0.00344

16 NM_030997 Vgf 1271 886 0.66 0.47 0.65 0.07137 3.01E-04 0.00344

17 NM_031628 Nr4a3 1430 1016 0.66 0.37 0.67 0.34726 0.02934 0.00344

18 NM_001137564 Mt2A 641 444 0.66 0.44 0.63 0.09775 0.00240 0.00344

19 NM_133578 Dusp5 265 186 0.65 0.45 0.64 0.06100 0.00098 0.00344

20 NM_017193 Aadat 263 184 0.64 0.41 0.60 0.09564 0.00847 0.00630

21 NM_031678 Per2 1118 801 0.63 0.38 0.63 0.29380 0.02186 0.00344

22 NM_012551 Egr1 9332 6752 0.62 0.49 0.61 0.03986 8.57E-06 0.00344

23 NM_017232 Ptgs2 954 687 0.62 0.44 0.60 0.06864 8.82E-04 0.00344

24 NM_053883 Dusp6 1945 1422 0.60 0.50 0.59 0.01249 1.53E-07 0.00344

25 NM_001106519 Ovol2 126 92 0.59 0.38 0.56 0.10832 0.01956 0.03267

26 NM_021693 Sik1 278 205 0.58 0.44 0.56 0.04271 0.00029 0.00344

27 NM_031623 Grb14 372 279 0.56 0.42 0.54 0.06507 0.00144 0.00344

28 NM_001168633 Irs2 4141 3178 0.54 0.39 0.53 0.15232 0.00549 0.00344

29 NM_001013081 Phyhd1 189 145 0.53 0.35 0.55 0.15232 0.03135 0.00630

30 NM_001191577 Midn 1199 921 0.53 0.43 0.55 0.02780 3.73E-05 0.00344

31 NM_022005 Fxyd6 2138 1666 0.51 0.40 0.51 0.07261 0.00175 0.00344

32 NM_001107315 Prag1 1744 1360 0.51 0.38 0.50 0.08923 0.00451 0.00344

33 NM_031823 Wfs1 3528 2752 0.51 0.37 0.50 0.17069 0.01007 0.00344

34 NM_001110055 RGD1564664 436 337 0.50 0.41 0.49 0.04475 0.00025 0.00344

35 NM_001108015 Trib2 1123 873 0.50 0.46 0.50 0.00894 1.76E-10 0.00344

36 NM_053727 Nfil3 380 298 0.49 0.38 0.49 0.07543 0.00307 0.00344

37 NM_173123 Cyp4f4 162 125 0.49 0.33 0.50 0.17072 0.04532 0.043453

38 NM_001007735 Sertad1 422 329 0.48 0.39 0.47 0.06276 0.00115 0.00344

39 NM_017009 Gfap 9896 7861 0.48 0.40 0.48 0.04271 0.00025 0.00344

40 NM_182842 Camk1g 942 759 0.46 0.37 0.47 0.06507 0.00277 0.00344

Gene	expression	in	the	adult	brain	(Chronic/Acute)

HTseq	Counts Log2FC Padj
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Table	6.9.	Significantly	up-regulated	genes	in	the	adult	brain	of	rats	chronically	treated	

with	paracetamol	(15mg/kg,	bi-daily	5	days;	n=4)	compared	to	rats	treated	acutely	with	

paracetamol	(15mg/kg,	30min;	n=4),	as	determined	by	RNAseq.	Raw	reads	for	each	

gene	were	determined	by	HT-seq	Counts	and	expressed	as	an	average	to	the	nearest	

integer.	Differential	expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	Padj)	as	

determined	by	three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	General	

Methods).	National	Centre	for	Biotechnology	Information	(NCBI)	codes	are	shown	for	

each	gene.	

	

	

NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Chronic
41 NM_053769 Dusp1 3044 2439 0.45 0.36 0.44 0.10331 0.00595 0.00344

42 NM_017086 Egr3 1363 1106 0.45 0.33 0.45 0.19037 0.03388 0.00344

43 NM_001108310 Cep131 1194 951 0.45 0.38 0.45 0.04554 0.00042 0.00344

44 NM_001108004 Dnajb5 5036 4085 0.45 0.39 0.44 0.02780 2.10E-05 0.00344

45 NM_001106061 Arhgef3 3351 2752 0.43 0.37 0.44 0.04360 0.00063 0.00344

46 NM_022937 Doc2a 959 787 0.43 0.37 0.40 0.04271 0.00043 0.18908

47 NM_172336 Atf5 910 741 0.43 0.33 0.40 0.10535 0.013684 0.00344

48 NM_181381 Abcg2 505 411 0.42 0.31 0.43 0.17093 0.04395 0.011194

49 NM_013151 Plat 1814 1492 0.41 0.32 0.41 0.16552 0.02902 0.00344

50 NM_001107052 Arl4d 983 809 0.41 0.34 0.40 0.06184 0.00152 0.00344

51 NM_001108049 Gpr68 279 235 0.40 0.30 0.41 0.17492 0.04781 0.04733

52 NM_001025137 Ier5 3659 3058 0.40 0.36 0.39 0.02282 1.85E-06 0.00344

53 NM_022187 Plk3 345 292 0.39 0.30 0.39 0.16552 0.04648 0.04733

54 NM_001009966 Pacsin3 973 814 0.39 0.33 0.39 0.05847 0.00106 0.01556

55 NM_031135 Klf10 1776 1498 0.39 0.33 0.38 0.06359 0.00222 0.00344

56 NM_031328 Bcl10 492 420 0.37 0.31 0.36 0.08526 0.00509 0.03717

57 NM_134432 Agt 2535 2132 0.37 0.29 0.36 0.17389 0.03800 0.00344

58 NM_001108100 Dyrk2 1404 1207 0.36 0.32 0.36 0.04107 9.56E-05 0.01980

59 NM_001195564 Uaca 550 473 0.36 0.31 0.35 0.07543 0.00463 0.04621

60 NM_031091 Rab3b 1343 1156 0.35 0.31 0.34 0.05009 0.00064 0.01119

61 NM_001007727 Lypd1 1098 948 0.35 0.30 0.36 0.07134 0.00500 0.01556

62 NM_212544 Prr3 996 854 0.35 0.30 0.35 0.08196 0.00549 0.01337

63 NM_138849 Syt17 2174 1899 0.34 0.29 0.34 0.07543 0.00608 0.00630

64 NM_133415 Necab2 1030 900 0.34 0.29 0.33 0.10489 0.01497 0.02927

65 NM_001271090 Marcks 3731 3269 0.34 0.29 0.33 0.08204 0.00659 0.00894

66 NM_001191113 Cpne6 2386 2106 0.31 0.27 0.29 0.13073 0.02657 0.04345

67 NM_019359 Cnn3 2830 2557 0.28 0.27 0.28 0.04475 1.03E-05 0.05956

HTseq	Counts Log2FC Padj

Gene	expression	in	the	adult	brain	(Chronic/Acute)
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Decreased	expression	in	Chronics
1 NM_001008839 RT1-CE16 6 107 -3.94 -0.44 -5.91 0.08086 8.57E-06 0.00344

2 NM_001107702 Fcrl2 15 93 -2.49 -0.75 -2.46 0.01017 6.52E-10 0.00344

3 NM_001195471 Rpl39l 4 19 -2.25 -0.31 -2.42 0.06864 0.00797 0.03993

4 NM_001127523 Mis18a 7 30 -2.03 -0.39 -2.11 0.04271 0.00175 0.00344

5 NM_001008827 RT1-A1 79 259 -1.54 -0.55 -1.31 0.09739 0.00005 0.00344

6 NM_001008833 RT1-CE10 15 48 -1.51 -0.39 -1.04 0.07200 0.00570 0.03267

7 NM_017110 Cartpt 57 161 -1.41 -0.47 -1.45 0.10847 0.00079 0.00344

8 NM_001047851 Galns 62 163 -1.20 -0.40 -1.14 0.17650 0.00945 0.00344

9 NM_001109613 Tmem215 304 658 -1.02 -0.50 -1.00 0.19939 0.00074 0.00344

10 NM_012778 Aqp1 38 84 -1.01 -0.40 -1.01 0.10592 0.01241 0.00344

11 NM_001107276 Piwil2 57 123 -0.96 -0.56 -0.91 0.02899 0.00004 0.00344

12 NM_001008880 Scn4b 2168 4443 -0.92 -0.61 -0.93 0.09073 2.85E-06 0.00344

13 NM_001107009 Ccdc42 34 69 -0.91 -0.39 -0.95 0.11075 0.01702 0.00344

14 NM_001108551 Tmem144 184 382 -0.90 -0.60 -0.88 0.02282 3.88E-06 0.00344

15 NM_001106984 Prss22 65 127 -0.85 -0.43 -0.85 0.08923 0.00791 0.00344

16 NM_201417 Rxfp1 59 117 -0.85 -0.46 -0.78 0.06947 0.00240 0.00344

17 NM_001029924 Stra6 47 93 -0.83 -0.36 -0.87 0.16552 0.04050 0.00344

18 NM_033485 Pawr 47 89 -0.83 -0.41 -0.80 0.10167 0.01167 0.00344

19 NM_001100527 Frzb 144 276 -0.83 -0.53 -0.83 0.04005 0.00010 0.00344

20 NM_030875 Scn1a 2638 5106 -0.82 -0.55 -0.81 0.09739 0.00002 0.00344

21 NM_016994 C3 266 491 -0.75 -0.59 -0.74 0.01017 3.31E-08 0.00344

22 NM_031652 Kcnab3 630 1131 -0.75 -0.40 -0.79 0.33213 0.01443 0.00344

23 NM_017254 Htr2a 209 380 -0.73 -0.50 -0.75 0.04312 0.00025 0.00344

24 NM_012665 Syt2 852 1510 -0.69 -0.49 -0.70 0.07134 0.00021 0.00344

25 NM_001191800 Dclk3 830 1444 -0.69 -0.43 -0.70 0.22530 0.00443 0.00344

26 NM_001105872 Meltf 198 349 -0.69 -0.45 -0.68 0.06947 0.00153 0.00344

27 NM_001034855 Gpr153 375 638 -0.66 -0.41 -0.68 0.16552 0.00906 0.00344

28 NM_173095 Kcna1 713 1244 -0.65 -0.37 -0.64 0.31086 0.02934 0.00344

29 NM_001108398 Hapln4 3209 5434 -0.64 -0.50 -0.65 0.04881 0.00002 0.00344

30 NM_133584 Pde5a 149 248 -0.61 -0.40 -0.60 0.08923 0.00796 0.00344

31 NM_001047913 Sqor 84 142 -0.61 -0.36 -0.61 0.17389 0.04498 0.01119

32 NM_001271261 Pxdn 61 102 -0.60 -0.36 -0.61 0.11106 0.03320 0.03422

33 NM_001270958 Rorb 479 796 -0.59 -0.39 -0.61 0.15556 0.01181 0.00344

34 NM_001136229 Trpm4 173 285 -0.59 -0.40 -0.56 0.08627 0.00672 0.00630

35 NM_001191811 Sgpp2 185 301 -0.58 -0.40 -0.54 0.08718 0.00758 0.00630

36 NM_001305171 Fam184b 184 300 -0.57 -0.44 -0.56 0.04475 0.00039 0.00344

37 NM_023966 Kcns2 224 364 -0.57 -0.41 -0.57 0.06947 0.00267 0.00344

38 NM_001107219 Lgi2 509 826 -0.56 -0.38 -0.55 0.13073 0.01087 0.00344

39 NM_178106 Entpd3 433 695 -0.56 -0.47 -0.57 0.01853 9.69E-07 0.00344

40 NM_001170403 Orai2 991 1560 -0.54 -0.39 -0.55 0.13662 0.00599 0.00344

HTseq	Counts Log2FC Padj

Gene	expression	in	the	adult	brain	(Chronic/Acute)
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Decreased	expression	in	Chronics
41 NM_053997 Kcnc3 3368 5309 -0.53 -0.47 -0.54 0.01017 3.31E-08 0.00344

42 NM_053518 Lyst 943 1511 -0.53 -0.34 -0.53 0.28732 0.04683 0.00344

43 NM_001170326 Gpr158 6772 10718 -0.52 -0.42 -0.53 0.04881 0.00025 0.00344

44 NM_001134884 Scube1 691 1095 -0.52 -0.34 -0.51 0.26466 0.04537 0.00344

45 NM_022390 Qdpr 3223 5066 -0.52 -0.45 -0.53 0.01853 6.11E-07 0.00344

46 NM_001106868 Hhatl 343 530 -0.51 -0.35 -0.53 0.17286 0.03195 0.00344

47 NM_022525 Gpx3 222 351 -0.51 -0.37 -0.52 0.10489 0.01285 0.00344

48 NM_031016 Chrm2 167 260 -0.51 -0.34 -0.54 0.15556 0.03905 0.01119

49 NM_012832 Chrna7 167 256 -0.49 -0.37 -0.54 0.08627 0.00842 0.01119

50 NM_001191662 Hunk 191 294 -0.49 -0.39 -0.48 0.04701 0.00075 0.01556

51 NM_016991 Adra1b 239 367 -0.48 -0.36 -0.49 0.10832 0.01290 0.00344

52 NM_001008829 RT1-A2 186 283 -0.48 -0.36 -0.45 0.11783 0.01464 0.03535

53 NM_182672 Cbr4 307 471 -0.48 -0.41 -0.48 0.02780 9.55E-06 0.00344

54 NM_173154 Clmp 421 639 -0.47 -0.37 -0.48 0.07200 0.00434 0.00344

55 NM_001169578 Diras2 1744 2672 -0.46 -0.34 -0.47 0.18221 0.02342 0.00344

56 NM_001122975 Lrrc55 225 342 -0.46 -0.34 -0.49 0.13142 0.02344 0.04223

57 NM_138900 C1s 155 234 -0.46 -0.34 -0.46 0.12402 0.02299 0.04900

58 NM_001025064 Tigar 849 1264 -0.45 -0.38 -0.46 0.04271 0.00014 0.00344

59 NM_001008886 RT1-S3 353 532 -0.44 -0.32 -0.46 0.17286 0.04395 0.00344

60 NM_013090 Vamp1 7079 10407 -0.44 -0.36 -0.44 0.06947 0.00148 0.00344

61 NM_017029 Nefm 8015 11784 -0.43 -0.33 -0.44 0.23714 0.02486 0.00344

62 NM_022931 Rims3 1094 1626 -0.43 -0.37 -0.41 0.04271 0.00036 0.00344

63 NM_033097 Vps52 1413 2122 -0.43 -0.34 -0.42 0.08923 0.00796 0.00344

64 NM_053696 Rbm3 708 1045 -0.42 -0.32 -0.43 0.14097 0.02344 0.00344

65 NM_198727 Tmem132d 1057 1551 -0.42 -0.34 -0.42 0.08086 0.00762 0.003442

66 NM_001108153 Sema7a 6298 9150 -0.42 -0.34 -0.42 0.10535 0.00695 0.00344

67 NM_001012748 Cdh20 539 788 -0.42 -0.31 -0.40 0.15940 0.04359 0.01337

68 NM_001107322 Ank1 1176 1701 -0.40 -0.32 -0.44 0.11075 0.01718 0.00344

69 NM_139115 Coro6 308 443 -0.40 -0.31 -0.43 0.18557 0.04937 0.01769

70 NM_001108844 Map6d1 699 1017 -0.40 -0.33 -0.40 0.08204 0.00796 0.00630

71 NM_012727 Camk4 1242 1783 -0.40 -0.33 -0.41 0.08627 0.00847 0.00344

72 NM_001105783 Wnt9a 620 888 -0.39 -0.32 -0.39 0.09739 0.01368 0.01556

73 NM_001107683 Slitrk3 865 1246 -0.38 -0.32 -0.39 0.07137 0.00549 0.00344

74 NM_001107846 Steap2 481 684 -0.38 -0.30 -0.38 0.17308 0.04532 0.00630

75 NM_138535 Grip2 480 689 -0.38 -0.32 -0.38 0.08196 0.00534 0.02927

76 NM_001007732 Serpinb9 501 712 -0.37 -0.32 -0.38 0.08526 0.00549 0.01769

77 NM_031610 Kcnj3 1514 2132 -0.36 -0.30 -0.37 0.08923 0.01050 0.00344

78 NM_024158 Dck 648 911 -0.36 -0.30 -0.37 0.11106 0.02186 0.01556

79 NM_053879 Cntn4 993 1399 -0.34 -0.29 -0.35 0.09739 0.01442 0.00630

80 NM_001191681 Nat8l 10440 14441 -0.34 -0.31 -0.35 0.04881 0.00074 0.00894

Gene	expression	in	the	adult	brain	(Chronic/Acute)
HTseq	Counts Log2FC Padj
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Table	6.10.	Significantly	down-regulated	genes	in	the	adult	brain	of	rats	chronically	

treated	with	paracetamol	(15mg/kg,	bi-daily	5	days;	n=4)	compared	to	rats	treated	

acutely	with	paracetamol	(15mg/kg,	30min;	n=4),	as	determined	by	RNAseq.	Raw	reads	

for	each	gene	were	determined	by	HT-seq	Counts	and	expressed	as	an	average	to	the	

nearest	integer.	Differential	expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	

Padj)	as	determined	by	three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	

General	Methods).	National	Centre	for	Biotechnology	Information	(NCBI)	codes	are	

shown	for	each	gene.	

	

	

	

	

	

NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Decreased	expression	in	Chronics
81 NM_001107890 Tspan9 1251 1734 -0.34 -0.29 -0.34 0.11075 0.02094 0.01337

82 NM_030830 Luzp1 2320 3198 -0.33 -0.29 -0.34 0.09775 0.01368 0.01337

83 NM_001191602 C2cd3 609 845 -0.33 -0.28 -0.35 0.10969 0.01878 0.02182

84 NM_001109086 RGD1562136 2145 2935 -0.33 -0.29 -0.33 0.09073 0.00776 0.00894

85 NM_001109183 Lhfpl6 1604 2203 -0.33 -0.31 -0.33 0.03969 3.98E-06 0.02563

86 NM_183327 Gabrg2 2398 3318 -0.33 -0.28 -0.32 0.08923 0.01227 0.01980

87 NM_001106932 Fem1c 744 1020 -0.32 -0.28 -0.33 0.11075 0.02086 0.03831

88 NM_001109528 Tmem25 1344 1845 -0.32 -0.29 -0.34 0.06184 0.00096 0.01769

89 NM_024353 Plcb4 2461 3335 -0.31 -0.27 -0.32 0.13142 0.03135 0.01337

90 NM_001191892 Micu3 1337 1811 -0.31 -0.27 -0.30 0.08627 0.00596 0.04137

91 NM_001107252 Nkiras1 3790 5095 -0.30 -0.27 -0.30 0.06100 0.00096 0.02182

92 NM_001108498 Nrip3 3301 4445 -0.30 -0.28 -0.30 0.04675 0.00011 0.02927

93 NM_012508 Atp2b2 23681 31937 -0.29 -0.25 -0.30 0.13662 0.04573 0.03535

94 NM_001025046 Fam131b 6087 8209 -0.29 -0.25 -0.29 0.11075 0.02218 0.02927

95 NM_001100697 Eif5a2 2668 3562 -0.29 -0.26 -0.29 0.06910 0.00110 0.02386

96 NM_031662 Camkk1 6073 8026 -0.28 -0.25 -0.28 0.09575 0.00797 0.03535

97 NM_012923 Ccng1 6021 7965 -0.27 -0.25 -0.28 0.09101 0.00964 0.04464

98 NM_017041 Ppp3ca 13680 18039 -0.27 -0.25 -0.28 0.07137 0.00306 0.04464

Gene	expression	in	the	adult	brain	(Chronic/Acute)
HTseq	Counts Log2FC Padj
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Table	6.11.	Gene	pathways	identified	as	significantly	up-regulated	and	down-regulated	

in	the	adult	brain	following	chronic	paracetamol	treatment.	Groups	investigated	were	

chronically	(15mg/kg,	bi-daily	5	days)	paracetamol	treated	rats	compared	to	acutely	

(15mg/kg,	30min)	treated	rats.	Gene	expression	determined	by	RNAseq	and	

significance	as	p<0.05	by	multiple	statistical	methods	(EdgeR,	DEseq2,	CuffDiff;	see	

General	Methods).	Pathway	analysis	was	completed	using	DAVID	6.8,	with	a	threshold	of	

p<0.05	following	Benjamini-Hochberg	FDR	correction.	Gene	Ontology	Biological	

Processes	(GO:BP),	Reactome	pathawys	(REACT)	and	Kypto	Encyclopedia	of	Genes	and	

Genomes	(KEGG)	were	the	three	pathway	databases	selected	for	analysis.		

	

	

	

	

Source Term	ID Term	Name Padj Genes

		Go	Categories:	Biological	Processes
1 GO:BP GO:0045893 positive	regulation	of	transcription,	DNA-templated 0.0026 12

2 GO:BP GO:0006366 transcription	from	RNA	polymerase	II	promoter 0.0031 10

3 GO:BP GO:0035914 skeletal	muscle	cell	differentiation 0.0085 5

4 GO:BP GO:0051591 response	to	cAMP 0.0255 5

Up-regulated	Pathways	in	the	Adult	Brain	(Chronic/Acute)

Source Term	ID Term	Name Padj Genes

		Go	Categories:	Biological	Processes
1 GO:BP GO:0002474 antigen	processing	and	presentation	of	peptide	antigen	via	MHC	class	I 0.021 5

2 GO:BP GO:0050966 detection	of	mechanical	stimulus	involved	in	sensory	perception	of	pain 0.044 4

		KEGG	Pathways
1 KEGG rno04020 Calcium	signaling	pathway 0.001 9

2 KEGG rno05320 Autoimmune	thyroid	disease 0.020 5

3 KEGG rno05330 Allograft	rejection 0.023 5

4 KEGG rno04940 Type	I	diabetes	mellitus 0.023 5

5 KEGG rno05416 Viral	myocarditis 0.025 5

6 KEGG rno05169 Epstein-Barr	virus	infection 0.025 6

7 KEGG rno05332 Graft-versus-host	disease 0.027 5

8 KEGG rno04612 Antigen	processing	and	presentation 0.029 5

9 KEGG rno04725 Cholinergic	synapse 0.043 5

			REACTOME	Pathways
1 REACT R-RNO-983170 Antigen	Presentation,	Folding,	assembly	and	peptide	loading	of	class	I	MHC 0.01 5

2 REACT R-RNO-198933 Immunoregulatory	interactions	between	a	Lymphoid	and	a	non-Lymphoid	cell 0.01 6

3 REACT R-RNO-1296072 Voltage	gated	Potassium	channels 0.03 4

Down-regulated	Pathways	in	the	Adult	Brain	(Chronic/Acute)
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Gene	expression	in	the	E19	brain	

A	comparison	of	gene	expression	in	the	brain	of	E19	rats	treated	with	

paracetamol	acutely	or	chronically	revealed	that	only	7	genes	significantly	

changed	expression,	with	no	gene	having	a	statistical	significance	according	to	all	

3	methods	(Table	6.12).	There	was	an	up-regulation	in	chronic	animals	of	np4	

(20	fold,	p<0.05	EdgeR,	DEseq2),	s100a9	(5	fold,	p<0.05	DEseq2,	CuffDiff),	tf	(2	

fold,	p<0.05	DEseq2,	CuffDiff)	and	polq	(2	fold,	p<0.05	DEseq2,	CuffDiff).	There	

was	a	down-regulation	of	sbk1	(3	fold,	p<0.05	DEseq2,	CuffDiff),	pnpla1	(3	fold,	

p<0.05	DEseq2,	CuffDiff)	and	lancl1	(1.4	fold,	p<0.05	DEseq2,	CuffDiff).	No	ABC	

efflux	transporters	or	conjugating	enzymes	were	statistically	different	between	

treatment	groups	in	the	E19	brain.	

	

Due	to	the	low	number	of	genes	significantly	different	between	treatment	

groups,	no	gene	pathways	were	identified	as	significantly	different	between	

treatment	groups.	
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Table	6.12.	Significantly	up-regulated	and	down-regulated	genes	in	the	E19	brain	of	

rats	chronically	treated	with	paracetamol	(15mg/kg,	bi-daily	5	days;	n=4)	compared	to	

rats	treated	acutely	with	paracetamol	(15mg/kg,	30min;	n=4),	as	determined	by	

RNAseq.	Raw	reads	for	each	gene	were	determined	by	HT-seq	Counts	and	expressed	as	

an	average	to	the	nearest	integer.	Differential	expression	(Log2	fold	change,	Log2FC	and	

adjusted	p-value,	Padj)	as	determined	by	three	statistical	packages:	DEseq2,	EdgeR	and	

CuffDiff	(see	General	Methods).	National	Centre	for	Biotechnology	Information	(NCBI)	

codes	are	shown	for	each	gene.	

	

	

	

	

	

	

	

	

	

	

NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Chronic
1 NM_173299 Np4 27 1 4.34 0.24 5.17 0.02210 0.00023 0.99943

2 NM_053587 S100a9 45 9 2.32 0.26 2.32 0.12934 0.00184 0.01428

3 NM_001013110 Tf 49 22 1.16 0.27 1.22 0.43048 0.02726 0.04933

4 NM_001105878 Polq 215 113 0.90 0.30 0.88 0.50902 0.02835 0.01428

			Decreased	expression	in	Chronics
1 NM_147135 Sbk1 85 264 -1.63 -0.23 -3.16 0.89176 0.02726 0.01428

2 NM_001191841 Pnpla1 26 77 -1.53 -0.26 -1.56 0.39444 0.01496 0.01428

3 NM_053723 Lancl1 1019 1381 -0.44 -0.30 -0.42 0.44602 0.02439 0.03786

Gene	expression	in	the	E19	brain	(Chronic/Acute)

HTseq	Counts Log2FC Padj
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Gene	expression	in	the	E19	placenta	

A	comparison	of	gene	expression	in	the	E19	placenta	of	dams	treated	with	

paracetamol	acutely	or	chronically	indicated	that	there	were	a	large	number	of	

genes	significantly	different	between	treatment	groups.	In	contrast	to	the	7	

genes	that	changed	in	the	E19	brain	and	the	165	in	the	adult	brain,	241	genes	

were	significantly	different	in	the	placenta.	This	indicates	a	much	larger	

response	to	chronic	paracetamol	treatment,	with	a	general	profile	of	gene	up-

regulation	(67%	of	genes	up-regulated,	33%	down-regulated).		

	

Genes	significantly	up-regulated	in	the	E19	placenta	following	chronic	treatment	

are	summarised	in	Table	6.13.	Of	the	genes	up-regulated	in	the	chronic	group	by	

over	10	fold,	several	were	immune	response	and	inflammation-related	genes.	

These	include	ccl4	(87	fold,	p<0.01),	ccl3	(34	fold,	p<0.05),	cxcl2	(17	fold,	p<0.01	

DEseq2,	CuffDiff),	il1b	(16	fold,	p<0.01	DEseq2,	CuffDiff),	ccl9	(16	fold,	p<0.05),	

cxcl3	(12	fold,	p<0.05	DEseq2,	CuffDiff),	cxcl13	(11	fold,	p<0.05)	and	grem1	(10	

fold,	p<0.01).	

	

There	were	also	a	large	number	of	genes	significantly	down-regulated	in	the	

placenta	following	chronic	treatment	(Table	6.14).	Of	these,	gcm2	had	the	

highest	fold	change	(15	fold,	p<.05	EdgeR,	DEseq2),	but	overall	counts	were	low	

(Table	6.14).	Of	genes	with	larger	expression	palm	(5	fold,	p<0.05	EdgeR,	

DEseq2),	tuba1c	(3	fold,	p<0.05	DEseq2,	CuffDiff)	and	hspa1a	(2	fold,	p<0.05	

DEseq2,	CuffDiff)	all	showed	statistical	decreases	following	chronic	treatment.	
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All	three	statistical	packages	reached	significance	for	the	genes	igsf5	(3	fold,	

p<0.05),	prl3c1	(3	fold,	p<0.05)	and	def6	(2	fold,	p<0.01).	

	

None	of	the	79	genes	significantly	down-regulated	following	paracetamol	

treatment	were	connected	as	part	of	a	pathway,	as	determined	by	the	

parameters	examined.	There	were,	however,	a	series	of	pathways	significantly	

up-regulated	following	chronic	treatment	(Table	6.15).	A	majority	of	these	were	

immune	and	inflammation	responses,	including	the	pathways	‘inflammatory	

response’	(p<0.001,	GO:BP),	‘chemokine	signalling	pathway’	(p<0.01,	KEGG)	and	

‘chemokine	receptors	bind	chemokines’	(p<0.01,	REACT).			
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Chronic
1 NM_031150 Zp2 13 0 6.70 0.50 inf 0.02265 0.00068 1.00000

2 NM_053858 Ccl4 80 1 6.45 1.01 7.43 0.00458 6.16E-11 0.45100

3 NM_001107282 Acod1 161 4 5.21 1.48 5.16 0.00122 1.39E-20 0.00219

4 NM_013025 Ccl3 573 16 5.07 0.84 5.17 0.04146 5.16E-08 0.00219

5 NM_001107310 Spock3 18 1 4.68 0.54 4.83 0.02265 0.00038 1.00000

6 NM_173329 Defa5 60 3 4.17 0.59 4.22 0.04713 1.53E-04 0.00549

7 NM_053647 Cxcl2 394 22 4.11 0.43 4.03 0.11901 4.75E-03 0.00219

8 NM_031512 Il1b 722 43 4.04 0.71 4.12 0.06327 0.00001 0.00219

9 NM_001012357 Ccl9 89 5 3.98 0.74 4.05 0.03930 0.00000 0.00219

10 NM_001079898 RatNP-3b 50 4 3.66 0.77 3.82 0.01312 3.05E-06 0.00219

11 NM_173299 Np4 60 4 3.65 0.68 3.79 0.02992 2.90E-05 0.00399

12 NM_138522 Cxcl3 155 13 3.56 0.37 3.95 0.12774 1.65E-02 0.00219

13 NM_001017496 Cxcl13 61 6 3.41 0.66 3.35 0.04082 6.21E-05 0.00219

14 NM_019282 Grem1 512 48 3.25 1.85 3.23 0.00229 1.55E-32 0.00219

15 NM_001106885 Trem1 118 13 3.16 0.82 3.31 0.04396 1.21E-06 0.00219

16 NM_175756 Fcgr2b 223 26 3.07 0.88 3.04 0.07858 2.58E-07 0.00219

17 NM_031530 Ccl2 208 27 2.90 0.73 2.94 0.11948 0.00002 0.00219

18 NM_001100724 Camp 47 6 2.80 0.94 2.98 0.01312 0.00000 0.00219

19 NM_001191982 Spaca1 26 4 2.71 0.43 3.05 0.07841 0.01358 0.01888

20 NM_013185 Hck 107 16 2.67 0.88 2.76 0.02349 0.00000 0.00219

21 NM_022194 Il1rn 607 93 2.63 1.16 2.65 0.06770 0.00000 0.00219

22 NM_201992 Fcar 58 9 2.60 0.58 2.55 0.06770 1.04E-03 0.00219

23 NM_001012466 Enpp7 43 7 2.49 0.68 2.21 0.03562 1.58E-04 0.54765

24 NM_001191581 Trem3 38 6 2.49 0.59 2.38 0.04885 1.00E-03 0.00399

25 NM_001106418 Il7r 61 11 2.41 0.56 2.49 0.07841 0.00201 0.00219

26 NM_053313 F2rl2 51 9 2.38 0.66 2.39 0.03595 0.00026 0.00219

27 NM_001005897 Clec4e 76 15 2.30 0.75 2.58 0.02992 0.00004 0.00219

28 NM_022179 Hk3 53 10 2.27 0.62 2.20 0.05174 0.00090 0.00219

29 NM_053822 S100a8 355 70 2.23 1.48 2.24 0.00122 0.00000 0.00219

30 NM_001191940 Aoah 50 10 2.22 0.60 2.23 0.05113 1.24E-03 0.00219

31 NM_001109421 Ebi3 84 17 2.22 0.93 2.27 0.01312 0.00000 0.00219

32 NM_001031658 Slc11a1 134 29 2.16 0.74 2.29 0.06923 0.00006 0.00219

33 NM_001134602 Mcemp1 128 28 2.15 0.91 2.04 0.02265 0.00000 0.00219

34 NM_001013894 Lilrb4 130 28 2.14 0.77 2.16 0.05428 0.00004 0.00219

35 NM_001003707 Clec4d 50 11 2.09 0.58 2.78 0.06009 2.34E-03 0.00219

36 NM_133542 Igsf6 170 39 2.05 0.92 2.03 0.02728 0.00000 0.65164

37 NM_001100123 Lilrc2 25 6 2.02 0.44 2.41 0.11746 0.02374 0.043183

38 NM_139089 Cxcl10 99 23 2.02 0.49 2.01 0.20838 0.01226 0.02073

39 NM_001025750 Plek 231 54 2.01 1.12 1.98 0.00700 0.00000 0.00219

40 NM_001012089 Dusp2 46 11 2.00 0.45 2.12 0.12927 0.01983 0.00219

Gene	expression	in	the	placenta	(Chronic/Acute)
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Chronic
41 NM_001106250 Siglec10 35 8 1.99 0.49 1.93 0.09706 0.01344 0.01191

42 NM_134327 Cd69 29 7 1.98 0.45 1.97 0.10130 0.02167 0.01191

43 NM_130741 Lcn2 554 134 1.97 0.40 1.99 0.25598 0.04344 0.00219

44 NM_001009632 G0s2 100 25 1.95 0.74 1.90 0.04396 9.94E-05 0.00219

45 NM_001191954 Cd274 62 15 1.94 0.79 1.97 0.02286 0.00003 0.00219

46 NM_001013243 Slc30a3 83 20 1.94 0.55 1.99 0.12774 0.00526 0.00219

47 NM_053587 S100a9 940 237 1.89 1.30 1.90 0.01571 0.00000 0.00219

48 NM_001131001 Fcer1g 427 113 1.85 0.87 1.84 0.10302 0.00000 0.00219

49 NM_031537 LOC24906 51 13 1.85 0.46 1.93 0.12779 0.02218 0.00219

50 NM_001107321 Htra4 150 36 1.83 0.43 1.80 0.31219 3.34E-02 0.00219

51 NM_053734 Ncf1 108 31 1.69 0.71 1.69 0.04885 0.00026 0.00219

52 NM_012711 Itgam 221 71 1.55 0.86 1.51 0.02992 0.00000 0.00219

53 NM_001173386 Clec7a 137 44 1.54 0.65 1.58 0.09311 0.00145 0.00219

54 NM_001008384 Rac2 253 84 1.50 0.86 1.50 0.03461 0.00000 0.00219

55 NM_012523 Cd53 291 99 1.48 0.74 1.52 0.10302 0.00015 0.00219

56 NM_001191939 Msr1 125 43 1.46 0.61 1.47 0.10495 3.67E-03 0.00219

57 NM_001309449 Tagap 82 28 1.45 0.74 1.49 0.03575 0.00016 0.00219

58 NM_198769 Tlr2 184 65 1.44 0.67 1.45 0.10302 0.00103 0.00219

59 NM_001127304 Ncf4 68 24 1.42 0.68 1.41 0.05333 0.00087 0.00219

60 NM_133416 Bcl2a1 203 72 1.41 0.48 1.46 0.32255 0.03177 0.00219

61 NM_001007694 Ifit3 1239 442 1.40 0.58 1.40 0.17421 0.00589 0.00219

62 NM_001134511 RGD1307595 43 16 1.35 0.51 1.37 0.10886 2.10E-02 0.01410

63 NM_181476 Niacr1 152 56 1.35 0.60 1.30 0.11687 0.00419 0.00219

64 NM_022221 Mmp8 41 14 1.35 0.58 1.32 0.07841 0.00676 0.02750

65 NM_001109176 Fyb1 65 24 1.33 0.62 1.41 0.07284 0.00285 0.00219

66 NM_001108051 Slc24a4 71 26 1.32 0.71 1.11 0.04713 0.00027 0.04093

67 NM_001106773 Bpifc 41 15 1.31 0.49 1.25 0.14893 0.02997 0.04397

68 NM_001195471 Rpl39l 64 23 1.30 0.45 1.31 0.15899 4.85E-02 0.00828

69 NM_001172120 Tlr1 32 12 1.29 0.50 1.46 0.11061 0.02551 0.02750

70 NM_212525 Tyrobp 252 98 1.28 0.63 1.29 0.14769 0.00254 0.00219

71 NM_001105971 Slamf9 82 32 1.27 0.53 1.23 0.11218 0.01668 0.00399

72 NM_001009489 Oas1k 56 22 1.26 0.58 1.49 0.08320 0.00786 0.00828

73 NM_001191923 Pik3r5 60 24 1.25 0.63 1.36 0.05975 0.00244 0.00399

74 NM_031670 Napsa 87 35 1.21 0.63 1.18 0.06327 2.54E-03 0.00549

75 NM_057193 Il10ra 31 13 1.20 0.46 1.23 0.12927 0.04855 0.04994

76 NM_020542 Ccr1 84 34 1.18 0.55 1.14 0.10564 0.01435 0.01532

77 NM_001107431 Chst5 1293 506 1.18 0.69 1.17 0.19713 0.00044 0.00219

78 NM_031593 Sv2c 62 25 1.16 0.51 1.25 0.12661 2.45E-02 0.01984

79 NM_080882 Tubb4a 228 93 1.15 0.72 1.14 0.04713 0.00015 0.00219

80 NM_012540 Cyp1a1 91 37 1.14 0.47 1.15 0.16221 0.04582 0.00399

Gene	expression	in	the	placenta	(Chronic/Acute)
HTseq	Counts Log2FC Padj
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Increased	Expression	in	Chronic
81 NM_024145 Fgr 221 95 1.12 0.47 1.17 0.31709 0.04866 0.00219

82 NM_031634 Mefv 48 21 1.10 0.51 1.15 0.12199 0.02782 0.03888

83 NM_152845 Brs3 139 59 1.10 0.65 1.16 0.06327 0.00128 0.00219

84 NM_001005892 Spi1 94 41 1.09 0.57 1.01 0.09311 8.81E-03 0.01191

85 NM_001106508 Acoxl 101 42 1.07 0.56 1.02 0.10193 0.01182 0.02073

86 NM_023965 Cybb 134 60 1.07 0.48 1.05 0.19920 0.04083 0.00219

87 NM_001107965 B4galt2 208 95 1.02 0.59 1.04 0.10130 0.00536 0.00219

88 NM_139341 Slc15a3 93 43 1.02 0.50 1.09 0.13532 0.03070 0.00696

89 NM_001013433 Arl11 73 34 1.01 0.48 1.06 0.15851 0.04592 0.02258

90 NM_001097582 Tlr7 117 55 1.00 0.48 0.99 0.16221 4.17E-02 0.00219

91 NM_001037660 Csf2ra 130 61 1.00 0.58 1.17 0.07841 0.00564 0.00219

92 NM_053565 Socs3 354 165 0.98 0.73 0.98 0.02265 0.00001 0.00219

93 NM_001014009 Ripor2 248 115 0.94 0.49 1.00 0.24359 0.03794 0.00219

94 NM_001109535 Rab20 779 375 0.92 0.65 0.91 0.10302 0.00032 0.00219

95 NM_130426 Tnfrsf1b 574 286 0.91 0.57 0.92 0.19713 0.00599 0.00219

96 NM_017051 Sod2 1332 665 0.91 0.62 0.90 0.16955 1.01E-03 0.00219

97 NM_001108988 Ephx3 161 77 0.90 0.59 0.89 0.07841 0.00348 0.00549

98 NM_133624 Gbp2 331 167 0.90 0.57 0.90 0.11948 0.00589 0.00219

99 NM_017336 Ptpro 77 39 0.88 0.52 0.98 0.11840 0.02050 0.02750

100 NM_001012039 Efemp1 94 47 0.88 0.52 0.86 0.12823 0.02106 0.04397

101 NM_020100 Ramp3 677 337 0.88 0.79 0.88 0.00122 0.00000 0.00219

102 NM_133555 Csf2rb 185 94 0.85 0.58 0.85 0.06604 2.54E-03 0.00219

103 NM_013069 Cd74 253 132 0.84 0.51 0.84 0.14817 0.01947 0.00219

104 NM_001105846 Fmnl1 142 74 0.83 0.55 0.87 0.07964 0.00662 0.02073

105 NM_001137564 Mt2A 701 353 0.82 0.50 0.82 0.30810 0.02802 0.00219

106 NM_021659 Syt7 129 65 0.81 0.50 0.83 0.12774 0.02374 0.02459

107 NM_001191662 Hunk 403 209 0.81 0.59 0.82 0.05975 0.00087 0.00219

108 NM_001012044 Lcp1 1173 635 0.78 0.49 0.78 0.31670 2.55E-02 0.00219

109 NM_001135874 Ston2 1072 559 0.78 0.48 0.79 0.33256 0.03177 0.00219

110 NM_021655 Chga 493 264 0.78 0.68 0.77 0.00458 0.00000 0.00219

111 NM_001044265 Steap4 249 137 0.75 0.55 0.75 0.06770 0.00285 0.00828

112 NM_001031642 Serpinb1a 739 400 0.75 0.54 0.74 0.14893 0.00540 0.00219

113 NM_022278 Glrx 197 110 0.73 0.49 0.73 0.11569 0.02222 0.01532

114 NM_023987 Birc3 372 207 0.72 0.56 0.71 0.05174 1.03E-03 0.00219

115 NM_001105842 Rdm1 222 127 0.68 0.48 0.69 0.11745 0.01916 0.01888

116 NM_001107312 Mtmr7 302 174 0.67 0.55 0.67 0.04396 0.00026 0.00828

117 NM_212505 Ier3 373 216 0.67 0.53 0.66 0.05174 0.00104 0.00399

118 NM_023959 Adamts4 719 403 0.66 0.52 0.66 0.07841 2.34E-03 0.00219

119 NM_001108971 Myorg 350 204 0.66 0.47 0.73 0.12095 0.01931 0.00219

120 NM_001105720 Nfkbia 3875 2280 0.65 0.55 0.65 0.05577 0.00014 0.00219

Gene	expression	in	the	placenta	(Chronic/Acute)
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Decreased	expression	in	Chronics
121 NM_001025420 Lsp1 348 206 0.64 0.50 0.66 0.06923 4.19E-03 0.01410

122 NM_012819 Acadl 3479 2056 0.64 0.50 0.64 0.15176 4.09E-03 0.00219

123 NM_001011898 Hcls1 230 139 0.60 0.47 0.63 0.08679 0.00853 0.02258

124 NM_030850 Bhmt 641 384 0.58 0.44 0.59 0.14817 0.02158 0.00219

125 NM_001256466 Cpne2 2195 1311 0.58 0.49 0.60 0.07280 0.00104 0.00219

126 NM_001100872 Map3k9 755 472 0.56 0.48 0.57 0.04750 0.00102 0.00219

127 NM_001105868 Ephb3 1432 906 0.55 0.44 0.57 0.14817 0.01410 0.00219

128 NM_001107714 Dennd2d 503 310 0.55 0.46 0.56 0.07284 0.00409 0.00696

129 NM_012701 Adrb1 261 162 0.55 0.42 0.56 0.13212 0.03070 0.04093

130 NM_012673 Thy1 461 290 0.54 0.43 0.55 0.10886 0.02213 0.00828

131 NM_001107336 Dok3 421 267 0.53 0.44 0.54 0.08320 0.00771 0.02162

132 NM_001108218 Hecw2 525 335 0.51 0.43 0.51 0.08058 8.56E-03 0.01191

133 NM_001191971 Stk31 341 219 0.50 0.43 0.50 0.06604 0.00287 0.03482

134 NM_001003959 Dnmt3b 991 637 0.49 0.45 0.47 0.02265 1.25E-05 0.00549

135 NM_001015008 Tcea3 1247 810 0.48 0.45 0.47 0.01571 0.00000 0.00219

136 NM_001113791 Insyn1 415 273 0.48 0.41 0.47 0.07284 0.00625 0.03957

137 NM_031764 Ddr2 389 251 0.48 0.39 0.50 0.12927 0.03119 0.03223

138 NM_030862 Marcksl1 482 320 0.47 0.38 0.50 0.12774 0.03504 0.02073

139 NM_001107942 Lad1 5462 3632 0.46 0.39 0.45 0.14744 0.01745 0.00219

140 NM_001106840 Gsta4 1350 913 0.45 0.37 0.37 0.14598 0.02984 0.04318

141 NM_001030020 Prkar2b 368 247 0.45 0.38 0.47 0.10302 1.87E-02 0.04669

142 NM_173135 Asic3 494 334 0.44 0.38 0.47 0.08591 0.01132 0.04159

143 NM_001011918 Anxa11 6086 4104 0.44 0.40 0.44 0.04176 0.00032 0.01092

144 NM_001108467 Eps8l1 1315 892 0.44 0.38 0.44 0.07284 0.00609 0.00971

145 NM_130746 Slc5a6 4647 3167 0.41 0.36 0.41 0.10311 0.01268 0.00219

146 NM_020086 Plvap 7697 5269 0.41 0.36 0.41 0.08320 0.00713 0.00696

147 NM_022624 Slc22a23 4186 2880 0.41 0.36 0.41 0.07841 0.00662 0.00696

148 NM_053576 Prdx6 9170 6317 0.41 0.37 0.41 0.05113 0.00087 0.00549

149 NM_001108101 Irak3 1282 892 0.41 0.37 0.42 0.05321 0.00209 0.00399

150 NM_001011939 Ehd1 9917 6839 0.41 0.36 0.40 0.06927 0.00391 0.00971

151 NM_001009271 Nt5dc2 1607 1101 0.40 0.37 0.39 0.03930 0.00016 0.01302

152 NM_001108149 Peak1 1850 1284 0.39 0.36 0.38 0.02992 0.00001 0.01302

153 NM_001107308 Gmip 1967 1388 0.38 0.34 0.39 0.09311 0.01358 0.01191

154 NM_053897 F2rl1 1059 752 0.37 0.34 0.37 0.05800 0.00272 0.03824

155 NM_001106286 Lyve1 1488 1067 0.35 0.32 0.35 0.07284 0.00465 0.03957

156 NM_001047893 Shroom2 1713 1235 0.35 0.31 0.35 0.10176 0.01979 0.03888

157 NM_001005556 Mavs 1607 1165 0.34 0.31 0.34 0.08915 0.01250 0.04159

158 NM_001108017 Cmpk2 2590 1868 0.34 0.32 0.34 0.04711 0.00016 0.03325

159 NM_017154 Xdh 3409 2471 0.33 0.31 0.34 0.04885 0.00030 0.02653

160 NM_001107783 Kif16b 2905 2109 0.33 0.31 0.33 0.04146 0.00004 0.03482

161 NM_012788 Dlg1 4089 2989 0.32 0.30 0.33 0.04885 1.93E-04 0.03641

162 NM_001108503 Polr3e 1838 1344 0.31 0.30 0.31 0.04146 0.00004 0.07219

Gene	expression	in	the	placenta	(Chronic/Acute)
HTseq	Counts Log2FC Padj
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Table	6.13.	Significantly	up-regulated	genes	in	the	E19	placenta	of	dams	chronically	

treated	with	paracetamol	(15mg/kg,	bi-daily	5	days;	n=4)	compared	to	dams	treated	

acutely	with	paracetamol	(15mg/kg,	30min;	n=4),	as	determined	by	RNAseq.	Raw	reads	

for	each	gene	were	determined	by	HT-seq	Counts	and	expressed	as	an	average	to	the	

nearest	integer.	Differential	expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	

Padj)	as	determined	by	three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	

General	Methods).	National	Centre	for	Biotechnology	Information	(NCBI)	codes	are	

shown	for	each	gene.	
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Decreased	expression	in	Chronics
1 NM_001106105 Gcm2 2 22 -3.95 -0.48 -4.12 0.04713 1.73E-03 1.00000

2 NM_130829 Palm 107 466 -2.21 -1.21 -1.95 0.02992 0.00000 0.51163

3 NM_001006990 Igsf5 19 52 -1.61 -0.72 -1.56 0.03820 0.00022 0.00219

4 NM_031316 Prl3c1 30 76 -1.48 -0.72 -1.45 0.04523 0.00026 0.00219

5 NM_001013973 Marchf10 25 59 -1.41 -0.48 -1.43 0.15430 2.90E-02 0.01191

6 NM_001011995 Tuba1c 106 240 -1.34 -0.61 -2.85 0.18300 0.00367 0.00219

7 NM_001191717 Def6 49 112 -1.31 -0.94 -1.30 0.00700 0.00000 0.00219

8 NM_017230 Padi3 33 66 -1.15 -0.53 -1.20 0.12774 0.01947 0.01092

9 NM_001107290 Il17rb 63 120 -1.11 -0.49 -1.18 0.19713 0.03732 0.00399

10 NM_001107071 Cbx2 170 326 -1.10 -0.55 -1.12 0.26320 0.01358 0.00219

11 NM_001012115 Creb3l3 96 184 -1.09 -0.48 -1.13 0.27355 0.03988 0.00219

12 NM_031971 Hspa1a 319 622 -1.08 -0.53 -1.07 0.33164 0.01873 0.00219

13 NM_133321 Kcnj15 43 78 -1.03 -0.51 -1.01 0.12898 2.48E-02 0.02554

14 NM_001108374 Armh4 52 91 -0.93 -0.53 -0.94 0.12774 0.01947 0.02363

15 NM_001109120 Mboat1 354 596 -0.92 -0.49 -0.94 0.36026 0.03794 0.00219

16 NM_198731 Chdh 484 823 -0.91 -0.53 -0.91 0.31798 0.01873 0.00219

17 NM_001106063 LOC290595 431 733 -0.91 -0.53 -0.90 0.30987 0.01853 0.00219

18 NM_001100527 Frzb 100 170 -0.91 -0.61 -0.93 0.06604 0.00164 0.00219

19 NM_001024255 Txk 74 120 -0.87 -0.57 -0.90 0.08320 0.00430 0.00828

20 NM_001011908 Spta1 233 386 -0.87 -0.56 -0.87 0.14817 0.00666 0.00219

21 NM_001256509 Fosb 110 178 -0.85 -0.50 -0.93 0.14817 0.02553 0.00219

22 NM_001191690 Triml2 252 416 -0.85 -0.76 -0.91 0.00229 0.00000 0.00219

23 NM_001014125 Pdia5 1137 1730 -0.79 -0.49 -0.80 0.35453 0.03070 0.00219

24 NM_001013105 Fkbp11 1043 1601 -0.79 -0.51 -0.82 0.31236 0.01821 0.00219

25 NM_001009831 Atl1 107 161 -0.77 -0.51 -0.80 0.11179 0.01697 0.006957

26 NM_031582 Aoc3 135 206 -0.73 -0.56 -0.72 0.05428 0.00101 0.01092

27 NM_001025024 Wdyhv1 382 555 -0.71 -0.51 -0.72 0.15899 0.01108 0.00219

28 NM_001012738 Ckmt1 626 920 -0.70 -0.53 -0.72 0.13212 0.00348 0.00219

29 NM_001002802 Bace2 250 354 -0.65 -0.45 -0.68 0.19570 0.04082 0.00399

30 NM_001010946 Ficd 401 542 -0.60 -0.48 -0.60 0.07841 0.00465 0.00219

31 NM_001105734 Dusp10 211 292 -0.59 -0.45 -0.57 0.11218 0.02005 0.01888

32 NM_198050 Kif27 143 195 -0.59 -0.46 -0.62 0.10302 0.01226 0.03134

33 NM_001017509 MGC114246 8303 11238 -0.58 -0.52 -0.59 0.02265 0.00000 0.00219

34 NM_001025147 Gpr160 749 1000 -0.58 -0.44 -0.58 0.19713 0.02213 0.00219

35 NM_001170438 Nfxl1 299 398 -0.55 -0.49 -0.56 0.02992 0.00006 0.00971

36 NM_001106645 Ddx58 541 728 -0.55 -0.47 -0.54 0.04713 0.00090 0.00219

37 NM_022389 Dhcr7 523 691 -0.53 -0.41 -0.55 0.17433 0.03445 0.00399

38 NM_001106191 Banp 513 675 -0.53 -0.49 -0.52 0.01571 0.00000 0.00399

39 NM_001031627 Kifbp 382 495 -0.52 -0.47 -0.52 0.02728 0.00003 0.00219

40 NM_012699 Dnajb9 1406 1798 -0.51 -0.46 -0.51 0.02992 0.00007 0.00219

HTseq	Counts Log2FC Padj

Gene	expression	in	the	placenta	(Chronic/Acute)
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NCBI	Code Gene Chronic Acute EdgeR DEseq2 CuffDiff EdgeR DEseq2 CuffDiff

			Decreased	expression	in	Chronics
41 NM_001134542 Pcyox1l 429 546 -0.51 -0.40 -0.50 0.15868 0.03797 0.01191

42 NM_001004249 Tmed3 2323 2935 -0.50 -0.40 -0.50 0.24517 0.03772 0.00219

43 NM_001037554 Bex4 375 480 -0.49 -0.42 -0.49 0.07941 0.00666 0.01410

44 NM_012904 Anxa1 6067 7661 -0.48 -0.38 -0.48 0.27007 0.04719 0.00219

45 NM_001309453 Sec24d 1160 1455 -0.48 -0.40 -0.48 0.13532 2.02E-02 0.00219

46 NM_001012188 Creb3l2 2369 2917 -0.46 -0.38 -0.47 0.22240 0.04002 0.00219

47 NM_001107183 Ro60 597 744 -0.45 -0.42 -0.45 0.03113 0.00008 0.08013

48 NM_019271 Hspa13 974 1188 -0.44 -0.39 -0.46 0.07284 0.00573 0.00399

49 NM_001134859 Sec23ip 1604 1972 -0.43 -0.38 -0.45 0.10130 0.01254 0.00219

50 NM_001191930 Uap1 666 811 -0.43 -0.38 -0.44 0.07841 0.00771 0.01191

51 NM_022502 Ppt1 765 929 -0.43 -0.38 -0.42 0.05975 0.00273 0.01191

52 NM_021264 Rpl35al1 550 674 -0.42 -0.37 -0.44 0.10495 0.02028 0.01984

53 NM_001047891 RGD1310507 534 644 -0.42 -0.36 -0.42 0.11061 0.02594 0.03482

54 NM_199373 Get1 1016 1233 -0.42 -0.40 -0.40 0.02265 0.00000 0.01532

55 NM_001271283 Casc4 1324 1613 -0.41 -0.38 -0.42 0.05687 0.00201 0.00219

56 NM_001108225 Zfp142 560 676 -0.41 -0.35 -0.41 0.13682 0.04492 0.02459

57 NM_031678 Per2 535 646 -0.41 -0.35 -0.42 0.14093 0.04582 0.02932

58 NM_031599 Eif2ak3 1008 1209 -0.41 -0.37 -0.42 0.05975 0.00261 0.00828

59 NM_031727 Limk1 805 964 -0.41 -0.35 -0.41 0.11948 0.02927 0.01410

60 NM_017136 Sqle 1003 1200 -0.40 -0.35 -0.40 0.10495 0.01874 0.01410

61 NM_001100472 Ccnc 1305 1563 -0.40 -0.36 -0.39 0.07284 0.00417 0.00399

62 NM_031987 Crot 599 720 -0.39 -0.37 -0.38 0.04094 0.00026 0.04159

63 NM_001013143 Terf2ip 1329 1588 -0.39 -0.35 -0.39 0.09854 0.01358 0.01191

64 NM_012863 Bhlha15 1095 1299 -0.39 -0.36 -0.39 0.05113 0.00101 0.01302

65 NM_130819 Dhrs9 933 1116 -0.39 -0.37 -0.40 0.02992 0.00003 0.02258

66 NM_001100804 Cd99 991 1185 -0.39 -0.36 -0.43 0.06327 0.00285 0.00828

67 NM_053604 Mgat2 1167 1391 -0.39 -0.37 -0.39 0.02728 0.00001 0.01092

68 NM_001277235 Sec23b 1130 1331 -0.39 -0.36 -0.40 0.05113 0.00092 0.01092

69 NM_133581 Wfdc1 1419 1699 -0.38 -0.34 -0.40 0.10564 0.02068 0.00549

70 NM_030836 Erap1 2003 2348 -0.38 -0.34 -0.39 0.07365 0.00493 0.01092

71 NM_012664 Syp 1050 1232 -0.36 -0.33 -0.37 0.09211 0.01101 0.03223

72 NM_133380 Il4r 1653 1919 -0.36 -0.34 -0.36 0.05174 0.00088 0.02363

73 NM_001106120 Usp6nl 2047 2370 -0.36 -0.32 -0.36 0.10130 0.01471 0.01984

74 NM_001009539 B4galt3 973 1129 -0.35 -0.32 -0.34 0.08320 0.00771 0.04994

75 NM_001013865 Tmem39a 1091 1260 -0.35 -0.33 -0.35 0.04885 0.00056 0.04397

76 NM_001009669 Uba5 1007 1154 -0.34 -0.31 -0.36 0.10886 0.02222 0.03824

77 NM_001271330 Txndc5 2614 3000 -0.33 -0.31 -0.34 0.09311 0.01116 0.02554

78 NM_001106023 Erlec1 3149 3567 -0.33 -0.30 -0.34 0.13204 0.03575 0.03411

79 NM_019217 Map1b 2032 2311 -0.32 -0.29 -0.32 0.12774 0.03220 0.04669

Gene	expression	in	the	placenta	(Chronic/Acute)
HTseq	Counts Log2FC Padj
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Table	6.14.	Significantly	down-regulated	genes	in	the	E19	placenta	of	dams	chronically	

treated	with	paracetamol	(15mg/kg,	bi-daily	5	days;	n=4)	compared	to	dams	treated	

acutely	with	paracetamol	(15mg/kg,	30min;	n=4),	as	determined	by	RNAseq.	Raw	reads	

for	each	gene	were	determined	by	HT-seq	Counts	and	expressed	as	an	average	to	the	

nearest	integer.	Differential	expression	(Log2	fold	change,	Log2FC	and	adjusted	p-value,	

Padj)	as	determined	by	three	statistical	packages:	DEseq2,	EdgeR	and	CuffDiff	(see	

General	Methods).	National	Centre	for	Biotechnology	Information	(NCBI)	codes	are	

shown	for	each	gene.	
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Source Term	ID Term	Name Padj Genes

		Go	Categories:	Biological	Processes
1 GO:BP GO:0030593 neutrophil	chemotaxis 1.0E-10 13

2 GO:BP GO:0032496 response	to	lipopolysaccharide 3.3E-09 20

3 GO:BP GO:0006954 inflammatory	response 6.1E-09 20

4 GO:BP GO:0045087 innate	immune	response 3.8E-07 17

5 GO:BP GO:0006955 immune	response 3.3E-06 16

6 GO:BP GO:0042742 defense	response	to	bacterium 5.1E-06 12

7 GO:BP GO:0070098 chemokine-mediated	signaling	pathway 5.8E-06 9

8 GO:BP GO:0071222 cellular	response	to	lipopolysaccharide 3.9E-05 12

9 GO:BP GO:0019221 cytokine-mediated	signaling	pathway 4.8E-04 10

10 GO:BP GO:0045576 mast	cell	activation 4.6E-04 5

11 GO:BP GO:0030595 leukocyte	chemotaxis 7.9E-04 5

12 GO:BP GO:0050830 defense	response	to	Gram-positive	bacterium 0.002 8

13 GO:BP GO:0050729 positive	regulation	of	inflammatory	response 0.002 7

14 GO:BP GO:0071347 cellular	response	to	interleukin-1 0.002 8

15 GO:BP GO:0009617 response	to	bacterium 0.002 6

16 GO:BP GO:0010332 response	to	gamma	radiation 0.004 6

17 GO:BP GO:0050665 hydrogen	peroxide	biosynthetic	process 0.004 4

18 GO:BP GO:0006952 defense	response 0.004 6

19 GO:BP GO:0090023 positive	regulation	of	neutrophil	chemotaxis 0.004 5

20 GO:BP GO:0032760 positive	regulation	of	tumor	necrosis	factor	production 0.008 6

21 GO:BP GO:0002548 monocyte	chemotaxis 0.010 5

22 GO:BP GO:0071356 cellular	response	to	tumor	necrosis	factor 0.009 8

23 GO:BP GO:0002544 chronic	inflammatory	response 0.009 4

24 GO:BP GO:0071346 cellular	response	to	interferon-gamma 0.010 6

25 GO:BP GO:0002523 leukocyte	migration	involved	in	inflammatory	response 0.011 4

26 GO:BP GO:0031640 killing	of	cells	of	other	organism 0.011 3

27 GO:BP GO:0070374 positive	regulation	of	ERK1	and	ERK2	cascade 0.011 9

28 GO:BP GO:0002374 cytokine	secretion	involved	in	immune	response 0.019 3

29 GO:BP GO:0002292 T	cell	differentiation	involved	in	immune	response 0.019 3

30 GO:BP GO:0050832 defense	response	to	fungus 0.020 4

31 GO:BP GO:0002224 toll-like	receptor	signaling	pathway 0.023 4

32 GO:BP GO:0042346 positive	regulation	of	NF-kappaB	import	into	nucleus 0.023 4

33 GO:BP GO:0038094 Fc-gamma	receptor	signaling	pathway 0.029 3

34 GO:BP GO:0048247 lymphocyte	chemotaxis 0.034 4

35 GO:BP GO:0050728 negative	regulation	of	inflammatory	response 0.033 6

36 GO:BP GO:0051607 defense	response	to	virus 0.033 7

37 GO:BP GO:0010043 response	to	zinc	ion 0.033 5

38 GO:BP GO:0046777 protein	autophosphorylation 0.042 8

Up-regulated	Pathways	in	the	E19	Placenta		(Chronic/Acute)

Source Term	ID Term	Name Padj Genes

		KEGG	Pathways
1 KEGG rno04062 Chemokine	signaling	pathway 7.7E-07 15

2 KEGG rno04380 Osteoclast	differentiation 8.7E-05 11

3 KEGG rno04060 Cytokine-cytokine	receptor	interaction 6.9E-05 13

4 KEGG rno04668 TNF	signaling	pathway 9.2E-05 10

5 KEGG rno05152 Tuberculosis 1.2E-04 12

6 KEGG rno04620 Toll-like	receptor	signaling	pathway 2.3E-04 9

7 KEGG rno05140 Leishmaniasis 0.003 7

8 KEGG rno04623 Cytosolic	DNA-sensing	pathway 0.006 6

9 KEGG rno04621 NOD-like	receptor	signaling	pathway 0.006 6

10 KEGG rno05134 Legionellosis 0.006 6

11 KEGG rno04145 Phagosome 0.017 9

12 KEGG rno04666 Fc	gamma	R-mediated	phagocytosis 0.031 6

13 KEGG rno05164 Influenza	A 0.031 8

14 KEGG rno05162 Measles 0.039 7

			REACTOME	Pathways
1 REACT R-RNO-380108 Chemokine	receptors	bind	chemokines 0.002 7

2 REACT R-RNO-5668599 RHO	GTPases	Activate	NADPH	Oxidases 0.017 4

Up-regulated	Pathways	in	the	E19	Placenta		(Chronic/Acute)
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Table	6.15.	Gene	pathways	identified	as	significantly	up-regulated	in	the	E19	placenta	

following	chronic	paracetamol	treatment.	Comparison	is	E19	placenta	from	chronically	

(15mg/kg,	bi-daily	5	days)	paracetamol	treated	dams	and	acutely	(15mg/kg,	30min)	

treated	dams.	Gene	expression	determined	by	RNAseq	and	significance	as	p<0.05	by	

multiple	statistical	methods	(EdgeR,	DEseq2,	CuffDiff;	see	General	Methods).	Pathway	

analysis	was	completed	using	DAVID	6.8,	with	a	threshold	of	p<0.05	following	

Benjamini-Hochberg	FDR	correction.	Gene	Ontology	Biological	Processes	(GO:BP),	

Reactome	pathawys	(REACT)	and	Kypto	Encyclopedia	of	Genes	and	Genomes	(KEGG)	

were	the	three	pathway	databases	selected	for	analysis.		
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Comparative	analysis	of	paracetamol	response	in	adult		

brain,	E19	brain	and	E19	placenta	

Chronic	paracetamol	exposure	regulated	gene	expression	in	a	tissue-	and	age-

dependent	manner	(Figure	6.8-6.9).	Overall,	the	E19	brain	had	a	minimal	

regulatory	response	(7	genes),	compared	to	the	adult	brain	(165)	and	E19	

placenta	(241).	In	the	adult	brain	the	key	response	was	gene	down-regulation,	

with	60%	of	significantly	different	genes	lower	in	the	chronic	group	contributing	

to	12	functional	pathways	that	reached	significance	levels	(4	pathways	up-

regulated).	In	the	E19	placenta,	up-regulation	was	the	dominant	response	with	

67%	of	regulated	genes	increasing	in	expression,	with	16	pathways	that	reached	

significance	levels	(0	pathways	down-regulated).	As	illustrated	in	Figure	6.9,	not	

only	was	there	a	difference	in	the	number	of	genes	regulated	but	also	the	

individual	genes	regulated	in	each	tissue	were	almost	entirely	specific	to	that	

tissue.	Only	4	genes	were	regulated	in	the	same	direction	for	multiple	tissues,	

with	no	genes	significantly	different	in	all	three	tissues	following	the	same	

treatment.	In	the	E19	placenta	and	E19	brain	there	was	a	significant	up-

regulation	of	np4	and	s100a9.	Np4	encodes	for	neutrophil	antibiotic	peptide	4,	

involved	in	neutrophil	immune	response,	and	s100a9	encodes	for	the	s100a9	

calcium	and	zinc	binding	protein	that	is	also	involved	in	neutrophil	and	immune	

response.	In	the	E19	placenta	and	the	adult	brain	there	was	a	significant	up-

regulation	of	mt2a	and	a	down-regulation	of	frzb.	The	up-regulated	mt2a	

encodes	for	metallothionein	that	can	bind	various	heavy	metals	and	the	down-

regulated	frzb	encodes	for	frizzled-related	protein	that	is	involved	in	WNT	

(wingless-related	integration	site)	signalling.	
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Of	the	genes	that	were	up-regulated	in	the	E19	placenta,	a	large	proportion	

relate	to	inflammation	and	immune	processes,	such	as	il1b,	ccl3/4/9	and	

cxcl2/3/13.	As	outlined	in	Figure	6.10,	this	immune	response	was	largely	related	

to	the	innate	immune	system	and	was	not	observed	in	either	the	adult	brain	or	

E19	brain.	This	placental-specific	immune	response	is	further	considered	in	the	

Discussion.	

	

In	contrast,	the	adult	brain	had	a	significant	up-regulation	of	ABC	efflux	

transporter	abcg2	(BCRP;	1.3	fold,	p<0.05	DEseq2,	CuffDiff),	which	was	not	

observed	in	the	E19	placenta	(0.91	fold,	p>0.85).	There	was	also	a	significant	

increase	in	the	conjugating	enzyme	sult5a1	(1.9	fold,	p<0.05	DEseq2,	CuffDiff)	in	

the	adult	brain	but	not	in	the	E19	placenta	(1.2	fold,	p>0.72).	The	fold	change	

(EdgeR)	for	each	ABC	efflux	transporter	and	conjugating	enzyme	is	summarised	

in	Tables	6.16	and	6.17	respectively.		

	

	

	

	

	

	

	

	

	

	



	
	
	 324	

	

Figure	6.8.	Visual	representation	of	the	number	of	genes	up-regulated	(green)	and	

down-regulated	(red)	in	the	adult	brain,	E19	brain	and	E19	placenta	following	chronic	

paracetamol	treatment.	A)	Gene	numbers	(x-axis)	are	RNAseq	genes	that	were	

significantly	different	(see	General	Methods)	between	chronically	paracetamol	treated	

(15mg/kg,	bi-daily	for	5	days)	and	acutely	treated	(15mg/kg,	30min)	rats	(n=4).	B)	

Adult	brain	C)	E19	brain	and	D)	E19	placenta	are	further	representations	of	the	RNAseq	

data	as	determined	by	EdgeR.	Average	expression	(Log	Counts	Per	Million)	is	plotted	

against	fold	change	(Log	Fold	Change;	LogFC),	with	black	dots	indicating	genes	not	

significantly	different,	red	significantly	down-regulated	and	green	significantly	up-

regulated	genes	as	determined	by	this	analysis	method.		
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Figure	6.9.	Overlap	of	genes	that	were	up-regulated	(A)	and	down-regulated	(B)	in	the	

E19	brain	(pink),	adult	brain	(orange)	and	E19	placenta	(green)	following	chronic	

paracetamol	treatment	(15mg/kg,	bi-daily	5	days)	compared	to	acute	(15mg/kg,	30min)	

treatment	(n=4).	Gene	expression	determined	by	RNAseq	and	significance	as	an	

adjusted	p	value	of	p<0.05	as	determined	by	multiple	statistical	methods	(EdgeR,	

DEseq2,	CuffDiff;	see	General	Methods).	
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Figure	6.10.	Pathway	analysis	from	the	Biological	GO	categories	(BP:GO)	(A)	“immune	

response”,	(B)	“immune	system”	and	(C)	“innate	immune	system”.	The	number	of	genes	

significantly	up-regualted	(green)	and	significantly	down-regulated	(red)	are	shown	for	

the	adult	brain,	E19	brain	and	E19	placenta,	as	determined	by	RNAsq.	Results	are	

displayed	for	chronic	paracetamol	treated	rats	(15mg/kg,	bi-daily	5	days)	compared	to	

acute	(15mg/kg,	30min;	n=4).	
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Table	6.16.	Log2	Fold	chance	(LFC)	of	ABC	efflux	transporters	in	the	E19	brain,	E19	

placenta	and	adult	brain	of	chronically	paracetamol	treated	(15mg/kg,	bi-daily	5	days)	

compared	to	acutely	treated	(15mg/kg,	30min)	rats,	as	determined	by	RNAseq.	Fold	

change	values	determined	by	EdgeR	(see	General	methods)	and	do	not	reflect	

significance.		Higher	average	expression	in	chronic	animals	is	shown	in	green,	lower	

expression	in	red.	2	fold	change	or	higher	is	shown	in	a	darker	colour.	National	Centre	

for	Biotechnology	Information	(NCBI)	codes	are	shown	for	each	gene.	

Gene	ID Name LFC Gene	ID Name LFC Gene	ID Name LFC
NM_199377 abcc12 5.75 NM_031760 abcb11 3.47 NM_001128311 abcg3 0.72

NM_001281824 abca8a 1.03 NM_032056 abcb3 2.81 NM_181381 abcg2 0.42
NM_001106020 abca13 0.67 NM_001004076 abcg3 1.68 NM_199377 abcc12 0.15
NM_001012166 abcb10 0.29 NM_178095 abca1 0.67 NM_001012166 abcb10 0.13
NM_032055 abcb2 0.28 NM_012623 abcb1 0.48 NM_080582 abcb6 0.11
NM_012623 abcb1 0.27 NM_001107205 abcg3l3 0.33 NM_012804 abcd3 0.08

NM_001013100 abcd4 0.27 NM_001107721 abca4 0.32 NM_001108201 abcc10 0.07
NM_001109883 abcf1 0.24 NM_032055 abcb2 0.31 NM_013040 abcc9 0.01
NM_001007796 abcb8 0.22 NM_033352 abcd2 0.11 NM_001109883 abcf1 0.00
NM_001108821 abcd1 0.19 NM_001011896 abcf3 0.10 NM_001011896 abcf3 0.00
NM_178095 abca1 0.19 NM_001109883 abcf1 0.06 NM_001108446 abce1 -0.01
NM_031760 abcb11 0.15 NM_181381 abcg2 0.06 NM_001007796 abcb8 -0.02
NM_012690 abcb4 0.12 NM_001108821 abcd1 0.05 NM_053502 abcg1 -0.05
NM_053502 abcg1 0.12 NM_013040 abcc9 0.04 NM_001109666 abcf2 -0.05
NM_013040 abcc9 0.11 NM_053924 abcc5 0.04 NM_001108821 abcd1 -0.05

NM_001128311 abcg3 0.06 NM_001108201 abcc10 0.03 NM_053924 abcc5 -0.07
NM_001011896 abcf3 0.04 NM_053502 abcg1 0.01 NM_001106816 abcg4 -0.07
NM_022238 abcb9 0.04 NM_080581 abcc3 0.01 NM_024396 abca2 -0.07
NM_080582 abcb6 0.04 NM_001007796 abcb8 0.01 NM_207598 abca7 -0.07
NM_024396 abca2 0.02 NM_001109666 abcf2 0.00 NM_133401 abcb1a -0.08
NM_133401 abcb1a 0.02 NM_001014133 abcg3l2 0.00 NM_001013100 abcd4 -0.08

NM_001107721 abca4 0.01 NM_199377 abcc12 -0.01 NM_012623 abcb1 -0.09
NM_001031637 abca17 0.01 NM_001281824 abca8a -0.01 NM_012690 abcb4 -0.10
NM_080581 abcc3 -0.01 NM_012804 abcd3 -0.01 NM_173307 abca5 -0.11

NM_001109666 abcf2 -0.01 NM_022281 abcc1a -0.02 NM_133411 abcc4 -0.12
NM_133411 abcc4 -0.02 NM_001108446 abce1 -0.02 NM_001281824 abca8a -0.14

NM_001107205 abcg3l3 -0.02 NM_173307 abca5 -0.02 NM_212518 abcb7 -0.16
NM_212518 abcb7 -0.03 NM_001013100 abcd4 -0.04 NM_022238 abcb9 -0.19

NM_001108446 abce1 -0.04 NM_013039 abcc8 -0.05 NM_013039 abcc8 -0.20
NM_001014133 abcg3l2 -0.07 NM_024396 abca2 -0.09 NM_001107205 abcg3l3 -0.21
NM_033352 abcd2 -0.09 NM_212518 abcb7 -0.09 NM_012833 abcc2 -0.21
NM_022281 abcc1a -0.11 NM_133401 abcb1a -0.10 NM_022281 abcc1a -0.22
NM_053924 abcc5 -0.12 NM_080582 abcb6 -0.10 NM_080581 abcc3 -0.23

NM_001108201 abcc10 -0.12 NM_031013 abcc6 -0.12 NM_001004076 abcg3 -0.24
NM_181381 abcg2 -0.14 NM_012833 abcc2 -0.12 NM_033352 abcd2 -0.27
NM_207598 abca7 -0.15 NM_001012166 abcb10 -0.16 NM_032056 abcb3 -0.27
NM_012804 abcd3 -0.15 NM_207598 abca7 -0.17 NM_178095 abca1 -0.40

NM_001106816 abcg4 -0.15 NM_001106816 abcg4 -0.22 NM_031013 abcc6 -0.44
NM_173307 abca5 -0.20 NM_053754 abcg5 -0.27 NM_032055 abcb2 -0.50
NM_130414 abcg8 -0.36 NM_001106020 abca13 -0.28 NM_001107721 abca4 -0.51

NM_001004076 abcg3 -0.67 NM_001128311 abcg3 -0.30 NM_001031637 abca17 -0.61
NM_031013 abcc6 -1.19 NM_001031637 abca17 -0.31 NM_031760 abcb11 -0.63
NM_032056 abcb3 -1.29 NM_012690 abcb4 -0.32 NM_001106020 abca13 -0.85
NM_053754 abcg5 -2.37 NM_133411 abcc4 -0.41 NM_053754 abcg5 -0.85
NM_012833 abcc2 -3.10 NM_022238 abcb9 -0.41 NM_001014133 abcg3l2 -1.54
NM_013039 abcc8 -4.90 NM_130414 abcg8 -1.58 NM_130414 abcg8 -2.74

E19	Placenta E19	Brain Adult	Brain
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Table	6.17.	Log2	Fold	chance	(LFC)	of	conjugating	enzymes	(GST,	UGT,	SULT)	in	the	

E19	brain,	E19	placenta	and	adult	brain	of	chronically	paracetamol	treated	(15mg/kg,	

bi-daily	5	days)	compared	to	acutely	treated	(15mg/kg,	30min)	rats,	as	determined	by	

RNAseq.	Fold	change	values	determined	by	EdgeR	(see	General	methods)	and	do	not	

reflect	significance.		Higher	average	expression	in	chronic	animals	is	shown	in	green,	

lower	expression	in	red.	2	fold	change	or	higher	is	shown	in	a	darker	colour.	National	

Centre	for	Biotechnology	Information	(NCBI)	codes	are	shown	for	each	gene.	

	

	

	
	

	
	

Gene	ID Name LFC Gene	ID Name LFC Gene	ID Name LFC
NM_172038 Gstm5 3.05 NM_172038 Gstm5 1.61 NM_172038 Gstm5 3.58

NM_001039549 Ugt1a5 1.83 NM_001013177 Sult1c1 1.59 NM_201423 Ugt1a2 2.86
NM_020540 Gstm3l 1.54 NM_021769 Sult1d1 0.73 NM_001192017 Sult6b1 1.01

NM_001013177 Sult1c1 1.32 NM_001109192 Gstm6 0.38 NM_001201369 Sult5a1 0.89
NM_031641 Sult4a1 0.97 NM_031834 St1a1 0.31 NM_012796 Gstt2 0.86
NM_130407 Ugt1a7c 0.64 NM_001039665 Sult2b1 0.27 NM_001106840 Gsta4 0.64

NM_001024361 Gsta6 0.51 NM_001024361 Gsta6 0.23 NM_001013177 Sult1c1 0.62
NM_001106840 Gsta4 0.45 NM_017014 Gstm1 0.22 NM_177426 Gstm2 0.45
NM_181371 Gstk1 0.37 NM_053293 Gstt1 0.20 NM_031834 St1a1 0.40
NM_031834 St1a1 0.36 NM_001106840 Gsta4 0.20 NM_001024304 Gstm4 0.27

NM_001201369 Sult5a1 0.29 NM_181371 Gstk1 0.14 NM_031509 Gsta1 0.25
NM_012796 Gstt2 0.26 NM_001107725 Gstcd 0.10 NM_001109445 Gstz1 0.21

NM_001109192 Gstm6 0.17 NM_001137643 Gstt3 0.03 NM_053293 Gstt1 0.20
NM_001192017 Sult6b1 0.11 NM_001192017 Sult6b1 0.01 NM_017014 Gstm1 0.15
NM_177426 Gstm2 0.06 NM_012577 Gstp1 0.00 NM_001109192 Gstm6 0.11

NM_001107725 Gstcd -0.07 NM_130407 Ugt1a7c 0.00 NM_181371 Gstk1 0.11
NM_001024304 Gstm4 -0.08 NM_031154 Gstm3 0.00 NM_019276 Ugt8a 0.10
NM_019276 Ugt8a -0.10 NM_201423 Ugt1a2 0.00 NM_001039665 Sult2b1 0.09
NM_201423 Ugt1a2 -0.14 NM_133596 Uggt1 -0.03 NM_012577 Gstp1 0.09
NM_133596 Uggt1 -0.15 NM_001007602 Gsto1 -0.05 NM_001007602 Gsto1 0.04
NM_017014 Gstm1 -0.20 NM_001109445 Gstz1 -0.07 NM_001107725 Gstcd 0.01

NM_001007602 Gsto1 -0.22 NM_001012071 Gsto2 -0.08 NM_001024361 Gsta6 0.00
NM_001137643 Gstt3 -0.28 NM_031641 Sult4a1 -0.10 NM_031641 Sult4a1 0.00
NM_012577 Gstp1 -0.29 NM_001024304 Gstm4 -0.14 NM_031154 Gstm3 0.00

NM_001109445 Gstz1 -0.35 NM_001201369 Sult5a1 -0.15 NM_001137643 Gstt3 -0.02
NM_053293 Gstt1 -0.36 NM_012796 Gstt2 -0.16 NM_001012071 Gsto2 -0.07
NM_031509 Gsta1 -0.40 NM_019276 Ugt8a -0.19 NM_133596 Uggt1 -0.12

NM_001012071 Gsto2 -0.41 NM_031509 Gsta1 -0.73 NM_021769 Sult1d1 -0.32
NM_031154 Gstm3 -0.77 NM_177426 Gstm2 -0.75 NM_001039549 Ugt1a5 -1.54
NM_021769 Sult1d1 -0.85 NM_020540 Gstm3l -1.58 NM_130407 Ugt1a7c -1.55

NM_001039665 Sult2b1 -1.04 NM_001039549 Ugt1a5 -2.32 NM_020540 Gstm3l -2.27

E19	Placenta E19	Brain Adult	Brain



	
	
	 329	

Discussion	

In	the	present	Chapter	the	distribution	of	paracetamol	and	cellular	responses	to	

treatment	were	investigated	for	different	stages	of	development.	This	involved	

visual	analysis	of	paracetamol	distribution	in	the	brain,	transfer	studies	of	the	

drug	at	two	doses	and	two	treatment	regimes	(single	dose	verses	prolonged	5	

day	exposure),	measurements	of	paracetamol’s	metabolites	in	plasma	and	

transcriptomic	analysis	(RNAseq)	of	gene	expression	changes	in	the	brain	and	

placenta	following	chronic	exposure.	The	results	suggest	that	responses	to	

paracetamol	may	be	very	different	for	pregnant,	newborn	or	adult	animals,	

indicating	important	considerations	for	the	safest	treatment	protocols	for	each	

of	these	patient	groups.	

	

Low	dose	paracetamol		

In	Chapter	5,	chronic	exposure	to	a	clinical	dose	(15mg/kg)	of	paracetamol	

during	pregnancy	caused	a	higher	amount	of	the	drug	to	enter	the	E19	brain	

(Figure	5.13)	and	CSF	(Figure	5.15)	compared	to	acute	exposure.	In	the	present	

Chapter	a	lower	dose	(3.75mg/kg)	was	analysed	using	the	same	protocol,	

revealing	that	chronic	and	acute	treatment	had	the	same	amount	of	drug	transfer	

into	the	brain	(Figure	6.1A)	and	CSF	(Figure	6.1B).	This	indicates	that	for	

paracetamol	exposure	at	E19,	there	is	a	distinct	difference	in	the	safe	dose	that	

can	be	taken	over	a	number	of	consecutive	days.	This	appears	to	be	age-

dependent,	as	the	same	clinical	high	dose	(15mg/kg)	did	not	cause	increased	

transfer	following	chronic	exposure	in	adult	or	P4	rats	(Figure	5.13,	5.15).	In	
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addition,	it	was	observed	that	the	percentage	of	paracetamol	that	crossed	the	

placenta	was	the	same	irrespective	of	dose	(3.75-15mg/kg)	and	treatment	length	

(chronic	v	acute;	Figure	6.2).		

	

As	directed	by	the	Australian	Medicines	Handbook	(2019),	the	safe	dose	for	both	

adults	and	1-month-old	children	(oral	or	i.v.)	is	15mg/kg.	The	only	information	

for	pregnant	and	breastfeeding	women	is	that	it	is	considered	to	be	safe	for	use,	

with	no	description	of	alterations	of	treatment	regime	or	dose.	There	have	been	

associations	made	between	the	frequency	of	paracetamol	use	in	humans	during	

pregnancy	and	neurological	defects	in	children	(Liew	et	al.,	2016),	with	members	

of	the	Federal	Agency	for	Medicines	and	Health	Products	in	Belgium	stating	that	

paracetamol	use	in	pregnancy	should	be	applied	at	the	“lowest	effective	dose	for	

the	shortest	possible	time”	(De	Fays	et	al.,	2015).	While	this	general	notion	

appears	to	be	widespread	within	the	medical	field,	there	is	a	lack	of	data	

regarding	the	specific	dose	ranges	and	treatment	lengths	that	are	associated	

with	safety.	The	present	study	has	begun	to	identify	broad	ranges	for	these	

factors	in	regards	to	drug	transport	into	the	brain.		

	

The	increased	paracetamol	transfer	into	the	E19	brain	following	chronic	

exposure	for	the	15mg/kg	group	but	not	the	3.75mg/kg	group	would	indicate	

that	the	higher	dose	taken	over	consecutive	days	is	somehow	altering	barrier	

transfer.	One	explanation	could	be	that,	as	earlier	stages	of	development	are	

known	to	have	immature	levels	of	metabolism	and	excretion	of	paracetamol	

(Bearer,	1995),	this	dose	is	accumulating	in	the	chronic	E19	rats	over	time.	It	is	

possible	that	the	drug	could	reach	a	concentration	in	the	blood	where	every	
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efflux	transporter	at	the	blood-brain	barriers	was	bound	and	hence	subsequent	

doses	could	enter	the	brain	largely	unimpeded.	This	may	not	have	occurred	at	P4	

or	adult	due	to	the	enhanced	drug	clearance	(Bearer,	1995)	or	due	to	the	

increased	expression	of	transporters	at	the	blood-brain	barriers	that	are	known	

to	bind	paracetamol	(Table	6.2,	Figure	3.8)	such	as	BCRP	and	MRP2-4	(Zamek-

Gliszczynsk,	et	al.,	2006a;	2006b;	Mazaleuskaya	et	al.,	2015),	meaning	that	drug	

accumulation	did	not	overwhelm	transporter	levels	at	this	age.	In	order	to	

develop	an	understanding	of	whether	paracetamol	was	accumulating	in	the	E19	

fetus	following	chronic	treatment	UPLC-MS/MS	was	used	to	measure	the	

concentration	of	the	drug	in	both	maternal	and	fetal	plasma.	

	

UPLC-MS/MS	measurements	of	paracetamol	and	its		
metabolites	

In	the	present	study	two	paracetamol	doses	(15mg/kg	and	3.75mg/kg)	were	

applied	to	rats.	These	values	were	selected	as	the	clinical	dose	and	a	quarter	of	

the	clinical	dose	in	humans,	and	administered	to	rats	adjusted	for	body	weight	

(Australian	Medicines	Handbook,	2019).	However,	studies	have	suggested	that	in	

order	to	properly	correlate	doses	between	species	other	calculations	should	be	

applied,	such	as	adjusting	for	body	surface	area	(Reagan-Shaw	et	al.,	2008).	

Using	this	method,	the	15mg/kg	rodent	dose	used	in	this	study	would	only	

equate	to	approximately	2-3mg/kg	dose	in	humans	(Reagan-Shaw	et	al.,	2008).	It	

is	also	known	that	paracetamol	metabolism	and	clearance	can	differ	between	

pregnant	and	non-pregnant	models	(Miners	et	al.,	1986)	and	between	different	

species	(Gregus	et	al.,	1988),	making	it	important	to	measure	not	just	the	parent	
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paracetamol	molecule	but	also	a	series	of	metabolites.	UPLC-MS/MS	analysis	

allowed	quantification	of	paracetamol	and	its	metabolites	in	the	blood	of	rats	

used	within	this	study,	identifying	whether	concentrations	were	within	the	range	

of	those	expected	in	human	blood	following	clinical	administration.	

	

The	results	indicate	that	the	15mg/kg	i.p.	dose	reached	the	maternal	plasma	at	

concentrations	of	approximately	6mg/L	and	the	3.75mg/kg	dose	of	

approximately	1.5mg/L	(Figure	6.4-6.5).	This	meant	that	per	body	weight	scaling	

of	a	quarter	of	the	dose	did	result	in	an	equivalent	quarter	of	the	un-metabolised	

paracetamol	molecule	in	plasma.	Reviews	of	the	literature	suggest	that	effective	

plasma	paracetamol	concentrations	may	be	between	5	and	10mg/L	(Gibb	&	

Anderson,	2008).	UPLC-MS/MS	quantification	studies	in	humans	have	suggested	

that	a	1g	dose	(approximately	15mg/kg)	would	result	in	a	plasma	concentration	

at	around	10mg/L	(Kam	et	al.,	2018)	and	a	dose	of	325mg	(approximately	

5mg/kg)	would	result	in	a	plasma	concentration	of	around	4mg/L	(Lu	et	al.,	

2018;	Mohamed	et	al.,	2018).	This	indicates	that	the	high	dose	group	in	the	

present	study	was	reaching	plasma	concentrations	within	the	clinical	range	

observed	in	humans,	with	the	low	dose	group	falling	below	the	plasma	

concentration	normally	observed	from	clinical	application.	

	

UPLC-MS/MS	analysis	suggested	that	while	paracetamol	was	in	plasma	within	

the	clinical	range,	it	was	present	in	lower	concentrations	than	certain	

metabolites.	In	maternal	plasma,	paracetamol-sulfate	was	present	at	twice	the	

level	of	paracetamol-glucuronide,	which	was	3	fold	higher	than	un-metabolised	

paracetamol.	Other	studies	in	the	mice	have	confirmed	that	paracetamol-
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glutathione	is	present	in	blood	in	extremely	low	concentrations	(Zhang	et	al.,	

2018).	Studies	in	both	rodent	and	humans	have	indicated	that	paracetamol-

glucuronide	might	be	the	major	metabolite	in	blood	rather	than	the	sulfate	

identified	in	this	study	(Zhao	et	al.,	2015;	Lin	&	Levy,	1983;	Gwilt	et	al.,	1994).	

There	are,	however,	some	human	studies	that	correlate	with	the	large	sulfate	

metabolites	in	plasma	shown	in	this	study	(Flint	et	al.,	2017),	suggesting	that	

further	research	is	required	to	fully	identify	the	relative	contribution	of	different	

paracetamol	metabolites.	What	can	be	said	from	all	of	these	studies,	as	well	as	

the	present	Chapter,	is	that	both	paracetamol-sulfate	and	paracetamol-

glucuronide	are	present	in	the	plasma	at	high	levels	even	after	a	short	30-minute	

exposure.	While	these	metabolites	are	thought	to	be	largely	pharmacologically	

inactive	(Mazaleuskaya	et	al.,	2015),	their	toxicological	profiles	have	not	been	

extensively	determined	and	warrant	more	in-depth	analysis	of	their	distribution	

in	the	body	at	different	developmental	stages.		

	

Measurements	of	paracetamol’s	metabolites	in	maternal	and	E19	plasma	suggest	

that	paracetamol-glucuronide	and	paracetamol-sulfate	have	much	higher	

maternal	plasma	and	fetal	plasma	concentrations	compared	to	paracetamol	itself	

(Figure	6.4).	It	must	be	noted	that	when	measuring	metabolite	concentrations	in	

maternal	and	fetal	compartments,	concentration	ratios	are	“estimates”	of	

placental	transfer,	as	the	metabolite	could	potentially	also	be	produced	by	either	

maternal	or	fetal	metabolism.	However,	it	does	appear	that	both	paracetamol-

glucuronide	and	paracetamol-sulfate	have	low	levels	of	placental	transfer	

(<25%)	compared	to	high	values	for	the	parent	molecule	(>50%;	Figure	6.5).	

This	would	correlate	with	previous	literature	stating	that	these	metabolites	are	
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known	to	bind	to	efflux	transporters	such	as	BCRP	and	MRP	and	therefore	are	

likely	to	be	restricted	at	the	placental	barrier	(Zamek-Gliszczynsk,	et	al.,	2006a;	

2006b;	Mazaleuskaya	et	al.,	2015).	

	

The	increased	entry	of	paracetamol	into	the	E19	brain	following	chronic	

15mg/kg	treatment	compared	to	acute	treatment	might	suggest	that	the	drug	

was	accumulating	in	the	fetal	blood	over	the	course	of	the	experiment	(see	

above).	However,	the	results	from	UPLC-MS/MS	plasma	analysis	do	not	support	

this.	There	was	not	a	significant	difference	between	the	un-metabolised	

paracetamol	molecule	in	the	E19	plasma	in	the	15mg/kg	acute	(3.3mg/L)	or	

chronic	(2.7mg/L)	groups.	The	estimated	placental	transfer	of	paracetamol	as	

measured	by	UPLC-MS/MS	for	the	15mg/kg	group	was	51%	for	acute	and	46%	

for	chronic	(Figure	6.5B),	which	closely	resembled	the	measurements	taken	by	

liquid	scintillation	counting	of	42%	for	acute	and	43%	for	chronic	groups	(Figure	

6.2A).		

	

UPLC-MS/MS	analysis	did,	however,	indicate	a	difference	between	acute	and	

chronic	groups	in	terms	of	the	amount	of	paracetamol-glucuronide	and	

paracetamol-sulfate	in	maternal	and	E19	plasma.	Both	metabolites	were	higher	

in	maternal	blood	and	lower	in	fetal	blood	in	the	chronic	15mg/kg	group	

compared	to	the	15mg/kg	acute	group	(Figure	6.4-6.5).	This	suggests	that	the	

metabolites	may	be	crossing	the	placenta	less	following	chronic	treatment	

(Figure	6.5).	As	will	be	discussed	in	detail	below,	RNAseq	analysis	revealed	that	

chronic	15mg/kg	treatment	was	able	to	up-regulate	metabolising	enzymes	

(sult5a1)	and	efflux	transporters	(abcg2).	It	is	possible	that	chronic	treatment	is	
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decreasing	the	transfer	of	paracetamol	metabolites	that	are	able	to	cross	to	fetal	

circulation.	The	combined	transfer	of	paracetamol	and	its	metabolites	across	the	

placenta	(Figure	6.6C)	was	significantly	lower	following	chronic	15mg/kg	

treatment;	this	result	was	not	observed	with	liquid	scintillation	counting	(Figure	

5.22).	This	may	indicate	that	the	UPLC-MS/MS	method	has	a	higher	sensitivity	of	

measuring	the	metabolites	of	paracetamol	compared	to	liquid	scintillation	

counting.	Combining	the	UPLC-MS/MS	results	suggesting	differences	in	

metabolite	plasma	concentrations	following	chronic	15mg/kg	treatment	with	

the	liquid	scintillation	counting	results	of	increased	E19	brain	entry,	long-term	

high	dose	paracetamol	appears	to	have	unique	transfer	profiles	compared	to	

lower	doses.	Future	studies	that	can	optimize	the	extraction	of	paracetamol	

metabolites	from	brain	tissue	to	analyse	the	blood	to	brain	transfer	of	each	at	

varying	developmental	stages	would	assist	in	understanding	whether	the	

increased	brain	transfer	following	chronic	15mg/kg	exposure	was	due	to	specific	

differences	in	metabolite	transfer.		

	

Paracetamol	distribution	in	the	brain	

Autoradiography	was	used	to	visualize	the	regional	distribution	of	paracetamol	

in	the	brain	of	P4	and	adult	rats.	Control	P4	tissue	(Figure	6.7A)	showed	that	

there	was	no	background	staining	present	on	the	film	from	brains	that	did	not	

receive	radioactive	drug	injections.	In	addition,	adult	brains	exposed	acutely	to	

3H-digoxin	(20μCi)	indicated	that	radiolabelled	drugs	that	reach	the	brain	in	very	

low	quantities	(a	brain/plasma	ratio	of	12%;	Figure	5.1)	would	fall	below	the	

limit	of	detection	over	the	exposure	parameters	investigated.	In	contrast,	P4	and	
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adult	brains	both	showed	noticeable	3H-paracetamol	in	the	brain	after	i.p.	

injections	(Figure	6.7C-D).	In	the	P4	brain,	where	brain/plasma	ratios	were	

estimated	at	60%	(Figure	5.13),	autoradiography	exposure	was	measured	at	

18.4nCi/mg.	In	the	adult	brain,	where	brain/plasma	ratios	were	estimated	to	be	

lower	than	P4	(30%;	Figure	5.13),	lower	autoradiography	exposure	levels	were	

detected	(5.1nCi/mg).	The	autoradiography	images,	therefore,	indicate	the	same	

profile	as	the	liquid	scintillation	counting	described	in	Chapter	5,	with	higher	

drug	entry	into	the	developing	brain	compared	to	the	adult	brain.	

	

As	displayed	in	Figure	6.7C-D	paracetamol	appears	to	distribute	throughout	the	

entire	brain	at	both	P4	and	adult	ages.	This	indicates	that	the	results	obtained	

from	the	cortical	regions	selected	for	liquid	scintillation	counting	are	likely	to	

reflect	most	areas	of	the	brain.	This	result	is	also	logical	considering	the	high	

60%	brain	to	plasma	ratios	at	P4,	which	would	only	be	possible	if	paracetamol	

was	able	to	diffusely	cover	brain	tissue	in	a	similar	manner	to	its	distribution	in	

plasma	or	was	highly	aggregating	in	certain	brain	areas.	In	the	adult	brain	

(Figure	6.7D)	darker	exposure	can	be	observed	in	the	myelin	rich	corpus	

callosum	and	white	matter	bundles	within	the	striatum	(Mengler	et	al.,	2014).	As	

described	in	Chapter	5	(Figure	5.26-5.28),	paracetamol	is	a	lipid	soluble	

compound	and	therefore	it	will	likely	prefer	to	localise	in	lipid	environments	of	

the	brain	such	as	myelin.	Other	highly	lipid	soluble	drugs,	such	as	14C-Carbaryl,	

have	also	shown	corpus	callosum	localisation	in	autoradiography	images	

(Declume	&	Bernard,	1977).	The	P4	brain	contains	noticeable	granular	deposits	

of	paracetamol	spotted	throughout	the	tissue	as	well	as	highlighted	staining	in	

the	hippocampal	region.	It	is	possible	that	these	areas	of	3H-paracetamol	indicate	
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localisation	within	certain	cerebral	blood	vessels	or	affinity	for	certain	cell	types	

within	the	brain.	Future	analysis	into	why	this	pattern	of	localisation	presented	

at	P4	would	be	beneficial,	including	co-localisation	with	myelin	deposits	to	see	if	

the	regional	exposure	was	due	to	accumulation	in	lipid	soluble	pockets,	as	was	

observed	in	the	adult	brain.	

	

RNAseq	pipelines	

In	text,	fold	change	values	were	described	from	the	EdgeR	pathway.	This	

selection	was	made	as	the	fold	change	modelling	of	this	program	best	

represented	the	genes	being	analysed	in	the	present	project.	As	the	main	focus	of	

the	RNAseq	analysis	was	the	expression	of	ABC	efflux	transporters	and	

conjugating	enzymes,	it	was	important	to	use	a	fold	change	model	that	accurately	

described	the	differential	expression	of	these	genes	where	counts	may	be	low	

and	highly	variable.	As	can	be	seen	in	Table	6.2-6.14	the	CuffDiff	program	has	a	

minimum	count	cut-off	point	which	does	not	run	fold	change	or	statistical	testing	

when	reads	in	one	group	are	close	to	zero.	The	DEseq2	model	has	a	well-

described	“shrinkage”	of	low	and	variable	counts	(Love	et	al.,	2014),	which	is	

important	if	you	are	completing	an	explorative	study	and	are	worried	about	false	

positive	or	overestimated	values,	as	the	limitations	it	places	on	low	expression	

data	decreases	the	chance	of	a	fold	change	result	being	high	due	to	the	inherent	

variability	of	low	counts.	However,	these	methods	would	make	it	difficult	to	

accurately	estimate	the	differential	expression	of	transporters	or	enzymes	with	

low	counts,	as	they	would	either	be	not	represented	if	one	group	does	not	

express	the	transporter	(CuffDiff)	or	be	assigned	a	fold	change	not	entirely	
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representative	of	the	raw	counts	(DEseq2).	For	analysis	of	genes	with	low	count	

values	the	EdgeR	program	had	the	closest	correlation	with	the	raw	input	counts	

and	therefore	was	the	most	appropriate	representation	of	the	likely	fold	change	

between	genes	that	have	low	counts	in	any	one	treatment	group.	In	each	table	

the	raw	counts	(HT-seq	Counts)	are	displayed,	allowing	readers	to	make	their	

own	interpretation	regarding	the	likelihood	of	the	results	being	due	to	actual	

genetic	regulation	or	the	variability	of	low	total	reads.	

	

Statistical	analysis	(Figure	6.11)	revealed	that	the	EdgeR	found	the	fewest	

number	of	statistically	significant	genes,	however	the	genes	determined	as	

significant	were	almost	entirely	overlapped	with	one	other	statistical	method.	

This	makes	the	results	from	EdgeR	the	least	likely	of	the	three	packages	to	have	

false	positive	errors	and	would	therefore	be	the	most	appropriate	choice	if	

minimizing	these	were	the	highest	priority	of	the	study.	In	contrast,	DEseq2	and	

CuffDiff	found	a	large	number	of	genes	as	statistically	different,	both	determining	

many	significant	changes	that	were	not	agreed	upon	by	the	other	two	methods	

(false	positives).	These	methods	would,	therefore,	be	most	appropriate	when	

running	a	completely	explorative	analysis	that	was	going	to	be	later	

complemented	by	further	testing.	Figure	6.11	describes	the	overlap	between	the	

three	methods	in	terms	of	the	genes	determined	as	significantly	different.	This	

figure	reflects	previous	publications,	suggesting	that	robust,	quasi-likelihood	

EdgeR	testing	is	more	stringent	in	terms	of	the	number	of	genes	determined	as	

significantly	different	for	the	same	adjusted	P	value	(Li	et	al.,	2019).	
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Figure	6.11.	Significantly	different	(padj<0.05)	genes	between	acute	and	chronic	

paracetamol	rats	(n=4,	see	General	Methods)	in	the	adult	brain	(A),	E19	brain	(B)	and	

the	E19	placenta	(C).	Gene	expression	was	assessed	by	RNAseq	and	mapped	with	

HISAT2	before	being	tested	for	significant	differences	by	CuffDiff	(green),	DEseq2	

(orange)	or	EdgeR	(pink)	programs.	Values	are	the	number	of	significantly	different	

genes,	indicating	those	used	for	analysis	within	this	Chapter	(padj<0.05)	,	which	are	

those	found	by	all	three	programs	(centre)	or	by	two	programs	(overlapping	circles).	All	

genes	found	just	by	one	statistical	method	(within	the	green,	orange	or	pink	circles	

without	overlap)	were	not	included	for	analysis	as	significantly	different	(see	General	

Methods).	
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Control	levels	of	enzymes	and	transporters	

abca2	was	the	highest	expressed	ABC	efflux	transporter	in	the	adult	brain	and	

the	third	highest	expressed	in	the	E19	brain.	Studies	have	localized	the	abca2	

transporter	to	oligodendrocyte	cells	in	both	the	adult	and	newborn	rodent	brain,	

with	an	increase	in	expression	over	development	(Zhou	et	al.,	2001;	Tanaka	et	

al.,	2003;	Vanlandewijck	et	al.,	2018).	Despite	cell	line	studies	linking	abca2	to	

drug	acquired	resistance	of	mitoxantrone	(Boonstra	et	al.,	2004)	and	

estramustine	(Laing	et	al.,	1998),	its	major	role	does	appear	to	be	lipid	transport	

in	oligodendrocytic	cells	rather	than	drug	transport	at	endothelial	cells.	Of	the	

major	efflux	transporters	linked	to	drug	exclusion,	in	the	adult	brain	abcc5	and	

abcb1a	were	the	highest	expressed,	followed	by	abcg2,	abcc4,	abcc1	and	abcc2.	

abcc3	and	abcb1b	had	lower	than	a	2	count	read	per	million	transcripts	in	the	

tissue.	In	Chapter	3,	RT-qPCR	analysis	also	suggested	very	high	levels	of	the	

abcb1a	transporter	and	very	low	levels	of	abcc3	and	abcb1b.	These	results	have	

also	been	reported	in	single	cell	RNAseq	studies,	suggesting	results	are	similar	

for	both	cerebral	blood	vessels	and	the	brain	as	a	whole	(Vanlandewijck	et	al.,	

2018).	As	was	found	in	the	adult	brain,	at	E19	abcc5	was	the	highest	expressed	

ABC	transporter	in	the	brain,	followed	by	abcc1	and	abcc4.	The	genes	abcb1a,	

abcb1b,	abcg2	and	abcc2	were	all	expressed	in	lower	amounts,	with	abcc3	

expressed	lower	than	1	read	per	million.	RT-qPCR	from	Chapter	3	confirmed	the	

high	expression	of	abcc4,	abcc1,	abcc4	and	abcb1a	in	the	E19	brain,	with	low	

expression	of	abcc3	and	abcg2.	The	RNAseq	results	indicate	that	over	the	course	

of	development	(E19	to	adult)	there	is	a	large	fold	change	(>6	fold)	increase	in	

the	expression	of	abcb1a	and	abcg2	in	the	brain.	This	reflects	the	results	from	
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Chapter	4	that	indicate	that	digoxin	(PGP;	abcb1a	substrate)	had	greater	entry	

into	the	E19	brain,	as	did	cimetidine	(BCRP;	abcg2	substrate).	

	

In	the	placenta,	abcf1	was	the	highest	expressed	transporter	and	it	was	the	

second	highest	expressed	in	the	adult	and	E19	brain.	This	transporter	has	been	

linked	to	endothelial	cells	within	the	brain,	although	expression	in	human	

endothelial	cells	has	been	reported	to	be	lower	than	in	the	mouse	

(Vanlandewijck	et	al.,	2018;	Warren	et	al.,	2009).	This	gene	is	essential	for	

viability,	with	gene	knockouts	being	fatal	at	E3.5	(Wilcox	et	al.,	2017).	In	the	

placenta	abcb1b	and	abcb1a	are	the	highest	expressed	transporters	linked	to	

restricting	drug	transfer,	followed	by	high	expression	of	abcc1,	abcc5,	abcc4,	

abcg2	and	abcc3.	abcc2	is	expressed	at	lower	than	1	read	per	million.	These	

results	correlate	well	with	the	RT-qPCR	in	Chapter	3,	with	abcb1b	and	abcb1a	

the	highest	expressed,	followed	by	abcc1	and	abcg2.		

	

When	attempting	to	choose	a	CNS-directed	medication	for	use	during	pregnancy,	

it	is	important	to	maximise	the	amount	entering	the	maternal	brain	while	

minimizing	the	amount	entering	the	fetal	brain.	One	way	in	which	this	could	be	

achieved	is	to	select	a	drug	that	binds	to	an	efflux	transporter	that	is	highly	

expressed	in	the	combination	of	the	placenta	and	the	developing	brain	and	

expressed	lower	at	the	adult	blood-brain	interfaces.	One	interesting	transporter	

that	has	high	expression	in	the	placenta	and	E19	brain	compared	to	the	adult	

brain	is	the	abcb1b	isoform	of	the	PGP	transporter.	While	studies	have	identified	

differences	between	rodent	abcb1a	and	abcb1b	in	terms	of	distribution	and	

functional	capacity,	combined	they	are	thought	to	act	similarly	to	the	single	
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ABCB1	gene	in	humans	(Booth-Genthe	et	al.,	2006;	Mason	et	al.,	2012;	Ambudkar	

et	al.,	2008).	As	this	is	the	case	it	is	unlikely	to	be	a	translational	target.	More	

effective	targets	might	be	ones	that	are	expressed	highly	in	the	placenta	but	

extremely	low	in	the	adult	brain,	such	as	abcb11	and	abcc3,	or	transporters	with	

high	expression	in	both	tissues	but	significantly	more	at	the	placental	interface,	

such	as	abca1	and	abcc1	(Table	6.4).	

	

Analysis	of	conjugating	enzymes	in	the	adult	brain	indicate	that	sult4a1	is	

expressed	3	fold	higher	than	any	other	enzyme,	although	it	isn’t	expressed	highly	

in	blood	vessel	endothelia	(Vanlandewijck	et	al.,	2018).	Major	GST	enzymes	

linked	to	cerebral	endothelial	cells	in	humans	include	gstp1,	gstm3	and	gsto1	

(Agúndez	et	al.,	2014),	were	present	in	high	amounts	in	the	rat	brain	RNAseq	

from	the	present	study	(Table	6.5).	In	the	E19	placenta	uggt1	was	expressed	3	

times	higher	than	any	other	enzyme,	with	the	same	gene	the	highest	expressed	

enzyme	in	the	E19	brain.		

	

Chronic	paracetamol	exposure	

Chronic	paracetamol	exposure	altered	gene	expression	in	an	age-	and	tissue-

dependent	manner.	The	E19	brain	had	minimal	response	to	chronic	treatment,	

with	only	7	of	the	15,000	genes	tested	reaching	significance	between	acute	and	

chronic	groups	(Table	6.12)	and	no	gene	pathways	significantly	different.	This	

RNAseq	result	for	paracetamol	exposure	correlates	with	the	RT-qPCR	study	in	

Chapter	5,	where	chronic	paracetamol,	digoxin	or	cimetidine	exposure	at	E19	

caused	no	significant	up-regulation	in	efflux	transporter	expression	in	the	brain	
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(Table	5.1).	Previous	studies	have	shown	that	fetal	Sprague	Dawley	rats	are	

capable	of	up-regulating	efflux	transporters	in	the	fetal	brain	following	chronic	

drug	exposure,	including	BCRP	(abcg2)	in	response	to	maternal	ziduvudine	

treatment	(Filia	et	al.,	2017).	Therefore	it	is	likely	that	there	may	be	a	difference	

in	the	dose	or	treatment	length	required	to	initiate	efflux	transporter	up-

regulation	early	in	development,	or	that	only	certain	inducer	types	are	able	to	

alter	gene	expression	at	these	stages.	As	outlined	in	the	General	Introduction,	a	

host	of	regulatory	pathways	have	been	linked	to	ABC	efflux	transporter	

regulation	including	PXR,	CAR,	PPARα,	AHR	and	NRF2	(Maglich	et	al.,	2002;	Cui	

et	al.,	2009;	Hoque	et	al.,	2015;	Chanas	et	al.,	2002).	The	RNAseq	analysis	

completed	in	the	present	Chapter	indicates	that	of	these	receptor	pathways,	only	

PPARα	(ppara)	and	NRF2	(nfe2l2)	were	detectable	in	the	E19	or	adult	rat	brain.	

As	was	described	in	this	Chapter,	for	many	ABC	efflux	transporters	these	two	

nuclear	receptors	are	expressed	significantly	lower	in	the	E19	brain	compared	to	

the	adult	brain	(Figure	6.12).	If	less	nuclear	receptors	are	present	for	the	drugs	

to	bind	to	in	order	to	initiate	gene	transcription,	this	may	explain	why	there	was	

less	up-regulation	observed	at	E19	brain	compared	to	the	adult.		
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Figure	6.12.	Expression	of	nuclear	receptors	PPARα	(ppara)	and	NRF2	(nfe2l2)	in	the	

rat	brain	at	E19	(light	blue,	squares)	and	adult	(dark	blue,	triangles)	ages.	Expression	is	

normalized	counts	per	million	(CPM)	from	EdgeR	analysis	of	RNAseq	data.	Each	dot	

represents	an	individual	animal.	Significant	differences	are	indicated:	**	(p<0.01)	and	

***	(p<0.001;	FDR,	EdgeR).	
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In	the	adult	brain,	chronic	paracetamol	treatment	caused	a	range	of	significant	

changes	in	gene	expression	with	an	overall	down-regulation	response	(60%	of	

significantly	different	genes,	14	pathways	reaching	significance).	There	were,	

however,	some	key	drug	efflux	mediating	genes	up-regulated	following	chronic	

exposure	including	abcg2	(BCRP)	and	sult5a1	(sulfotransferase	family	5A,	

member	1).	As	described	in	Chapter	5,	chronic	paracetamol	exposure	led	to	a	

lower	entry	of	the	drug	into	the	adult	brain	compared	to	acute	exposure	(Figure	

5.13).	The	results	in	the	present	Chapter	indicate	that	this	may	be	due	to	an	

increase	in	the	metabolism	of	paracetamol	to	its	sulfated	metabolite,	which	can	

then	be	exported	from	brain	barriers	by	increased	levels	of	BCRP	(abcg2).	

Members	of	the	sulfotransferase	(SULT)	family	have	been	linked	to	paracetamol	

metabolism,	with	paracetamol-sulfate	previously	shown	to	be	exported	by	the	

BCRP	(abcg2)	transporter	among	others	(Zamek-Gliszczynsk,	et	al.,	2006b;	

Mazaleuskaya	et	al.,	2015).	In	addition,	as	described	in	the	UPLC-MS/MS	section	

of	this	Chapter,	paracetamol-sulfate	is	present	in	plasma	in	reasonably	high	

concentrations.	This	means	that	it	is	possible	that	changes	in	the	export	of	just	

this	substrate	could	be	enough	to	elicit	the	fold	change	in	transfer	described	in	

Chapter	5.	RT-qPCR	analysis	in	Chapter	5	did	not	report	any	significant	up-

regulation	in	abcg2	(BCRP)	expression	in	the	adult	brain	following	chronic	

paracetamol	treatment	(Figure	5.14).	There	was,	however,	a	significant	up-

regulation	in	abcg2	(BCRP)	expression	in	the	P4	brain.	The	RNAseq	and	RT-qPCR	

studies	therefore	do	provide	some	evidence	that	the	postnatal	brain	may	be	able	

to	up-regulate	the	abcg2	(BCRP)	transporter	following	chronic	paracetamol	

exposure.	
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In	the	placenta	at	E19	a	large	scale	up-regulation	was	observed,	with	almost	as	

many	genes	significantly	up-regulated	(162	genes)	as	a	combination	of	every	

gene	up-	or	down-regulated	in	the	adult	and	E19	brains.	This	included	a	

significant	up-regulation	of	inflammatory	and	immune	pathways	(Table	6.15),	

particularly	an	innate	immune	response	that	was	activated	in	the	placenta	

specifically	compared	to	the	E19	and	adult	brain	(Figure	6.10).	Several	cytokines	

were	up-regulated	by	over	10	fold	in	the	E19	placenta,	including	ccl3,	ccl5,	ccl9,	

cxcl2,	cxcl3,	cxcl13	and	il1b	(Table	6.13).	This	inflammatory	profile	in	the	

placenta	has	a	range	of	potential	dangers	and	may	suggest	a	risk	of	fetal	toxicity	

following	a	chronic	treatment	regime.		

	
Inflammatory	profiles	during	pregnancy	have	been	linked	to	a	range	of	clinical	

complications	including	pre-term	birth,	fetal	cardiac	conditions,	neurological	

deficiencies	and	even	pregnancy	termination	(Salafia	et	al.,	1989;	Challis	et	al.,	

2009;	Huleihel	et	al.,	2004;	Romero	et	al.,	2007).	Whether	or	not	this	

inflammation	resulted	in	changes	in	placental	permeability	and	function	would	

be	important	to	consider,	as	this	could	lead	to	a	range	of	health	complications	

(Wright	&	Sibley,	2011).	However,	as	outlined	in	Figure	6.2	and	Figure	6.5	the	

permeability	of	paracetamol	across	the	placenta	was	not	significantly	increased	

in	chronic	groups,	indicating	that	permeability	from	mother	to	fetus	is	unlikely	to	

be	affected	by	the	inflammatory	profile.	An	important	consideration	for	future	

studies	is	whether	this	placental	profile	led	to	up-regulation	of	cytokine	levels	in	

fetal	plasma.	High	cytokine	levels	in	blood	have	been	linked	to	increases	blood-

brain	barrier	permeability	(Stolp	et	al.,	2005a;	Anthony	et	al.,	1997),	and	this	
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may	explain	the	increased	paracetamol	entry	into	the	E19	brain	following	

chronic	15mg/kg	treatment	(Figure	6.1).	

	

Conclusions	

In	this	Chapter	the	effects	of	paracetamol	exposure	early	in	development	were	

examined	in	order	to	identify	any	differences	that	may	exist	in	in	relation	to	safe	

administration	compared	to	the	non-pregnant	adult	population.	The	clinical	dose	

of	paracetamol	(15mg/kg)	applied	i.p.,	as	used	in	this	study,	was	measured	by	

UPLC-MS/MS	to	be	in	the	plasma	at	6mg/L	concentrations,	which	is	within	the	

clinical	range	expected	in	humans.	Chronic	exposure	to	this	dose	in	adult	rats	

caused	an	up-regulation	of	abcg2	(BCRP	transporter)	and	sult5a1	(SULT	

enzyme)	in	the	brain,	correlating	with	decreased	drug	entry.	However,	the	same	

response	was	not	observed	at	E19,	with	no	up-regulation	and	an	increase	in	drug	

entry	to	the	brain	following	chronic	exposure.	This	increased	drug	entry	was	

dose-dependent,	with	5-day	exposure	to	3.75mg/kg	(1.5mg/L	plasma)	not	

increasing	drug	entry	into	the	brain.	This	may	be	in	part	due	to	differences	in	the	

distribution	of	paracetamol	metabolites	in	the	15mg/kg	chronic	group,	with	

paracetamol-sulfate	and	paracetamol-glucuronide	measured	in	decreased	

concentrations	in	fetal	circulation	compared	to	their	concentrations	following	

acute	exposure.	Another	possible	explanation	is	that	the	large	inflammatory	

profile	observed	in	the	placenta	following	chronic	15mg/kg	exposure	may	be	

resulting	in	fetal	cytokine	levels	that	can	alter	brain	permeability.	

Autoradiography	identified	that	paracetamol	is	able	to	access	the	entire	

newborn	and	adult	brains,	with	consistent	distribution	throughout	the	tissue	and	
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some	localisation	in	highly	myelinated	regions.	Overall,	this	Chapter	identified	

that	there	may	be	differences	in	the	safe	dose	and	treatment	length	for	

paracetamol	exposure	early	in	development.	This	suggests	that	current	clinical	

practice	should	minimize	these	factors	for	young	and	pregnant	patients	and	

provides	a	direction	for	future	studies	to	identify	precise	safety	ranges	for	each	

stage	of	development.		
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Overview	

In	the	present	Thesis	the	functional	capacity	of	efflux	mechanisms	that	restrict	

molecular	transfer	at	brain	and	placental	barrier	interfaces	was	investigated.	

Experiments	were	conducted	using	a	Sprague	Dawley	rat	model	comprising	fetal,	

newborn	and	adult	stages	of	development.	The	results	described	provide	

insights	into	the	likely	transfer	of	medications	into	the	brain	at	stages	of	life	

where:	(i)	placental	protection	is	present	in	addition	to	the	developing	(fetal)	

brain	barriers,	(ii)	placental	protection	is	not	present	but	the	brain	is	still	

developing	(postnatal),	and	(iii)	neurodevelopment	is	complete	(adult).	Each	

Chapter	provides	some	novel	insights	to	guide	future	clinical	practice	and	drug	

development	research,	and	these	are	summarised	in	the	present	Chapter.		

	

The	first	results	Chapter	(Chapter	3)	of	this	Thesis	analysed	the	baseline	level	of	

ABC	efflux	transporters	present	in	the	placenta,	choroid	plexus	and	brain	of	the	

Sprague	Dawley	rat	at	various	developmental	stages.	Results	indicated	that	

transporters	were	not	only	expressed	at	different	levels	to	each	other,	but	also	at	

different	levels	depending	on	the	tissue	and	developmental	stage.	While	age-

dependent	profiles	have	been	previously	published	for	the	blood-brain	barrier,	

immunohistochemical	analysis	revealed	novel	age-dependent	ABC	efflux	

transporter	profiles	at	the	ventricular	interface	between	CSF	and	the	brain.	This	

included	PGP	and	BCRP	staining	at	the	newborn	(P0-4)	and	early	neonatal	(P10-

14)	ventricular	CSF-brain	barrier	that	was	notably	absent	in	the	adult.	
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In	Chapter	4	the	increased	levels	of	abcb1a	(PGP)	in	the	adult	rat	brain	compared	

to	earlier	developmental	stages	was	tested	for	functional	significance.	This	was	

done	by	measuring	the	entry	of	a	known	PGP	substrate	R123	into	the	brain	of	

E19,	P4,	P14	and	adult	rats.	Results	suggested	that	earlier	in	development,	when	

abcb1a	(PGP)	in	the	brain	had	lower	expression,	R123	entered	the	brain	in	

higher	concentrations,	thus	implying	a	relationship	between	transporter	

expression	and	substrate	entry	into	the	brain.	Chapter	4	also	investigated	

whether	chronic	exposure	to	a	compound	could	alter	the	baseline	transporter	

levels	described	in	Chapter	3.	Diallyl	sulfide	exposure	up-regulated	several	ABC	

efflux	transporters	in	a	manner	specific	to	both	the	tissue	and	age.	Transporter	

expression	in	the	liver	was	up-regulated	to	a	similar	extent	at	all	ages	tested,	

whilst	the	brain	only	up-regulated	transporter	expression	in	adult	but	not	

newborn	rats.	

	

In	Chapter	5	the	results	from	Chapter	4	were	strengthened	with	experiments	

testing	the	transfer	of	three	common	medications:	digoxin,	cimetidine	and	

paracetamol.	All	three	compounds	transferred	into	the	developing	brain	at	

higher	concentrations	than	the	adult	brain,	similar	to	the	results	of	R123	from	

Chapter	4.	Passive	molecules	(sucrose,	L-glucose,	glycerol)	did	not	follow	this	

trend,	suggesting	that	changes	in	efflux	transporter	functionality	may	be	

responsible	for	the	differences	in	drug	entry	into	the	brain	over	the	course	of	

development.	Chronic	exposure	to	digoxin	and	paracetamol	caused	increases	in	

blood-brain	barrier	efflux	capacity	in	the	adult	brain,	with	both	compounds	

exhibiting	lower	entry	following	chronic	exposure.	In	contrast,	chronic	exposure	

to	these	drugs	early	in	development	did	not	cause	any	increase	in	barrier	efflux	
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capacity,	similar	to	the	results	of	diallyl	sulfide	in	Chapter	4.	Paracetamol	

experiments	highlighted	the	potential	vulnerability	of	the	developing	brain	to	

repeat	medication	exposure,	as	this	drug	reached	higher	concentrations	in	the	

E19	brain	following	chronic	exposure	than	was	observed	with	acute	exposure.	

		

Paracetamol	transfer	into	the	brain	was	further	investigated	in	Chapter	6,	where	

the	biological	factors	underlying	the	differences	in	transfer	between	early	

developmental	and	adult	ages	were	studied.	Autoradiography	of	P4	and	adult	

brains	following	paracetamol	exposure	identified	that	the	drug	was	widely	

distributed	throughout	the	brain,	with	evidence	of	increased	accumulation	in	

some	white	matter	regions.	RNAseq	transcriptomic	analysis	of	adult	rat	brains	

following	chronic	treatment	correlated	decreased	drug	entry	into	the	brain	with	

up-regulation	of	the	ABC	transporter	abcg2	and	the	conjugating	enzyme	sult5a1.	

Chronic	exposure	at	younger	ages	did	not	up-regulate	the	expression	of	these	

genes	or	decrease	drug	entry	compared	to	acutely	treated	rats.	Analysis	of	

different	doses	of	paracetamol	revealed	that	transfer	into	the	E19	brain	over	the	

course	of	treatment	was	dose-dependent.	The	increased	transfer	into	the	E19	

brain	following	chronic	treatment	with	the	higher	dose	(15mg/kg)	was	not	

observed	in	animals	injected	with	the	drug	at	a	lower	dose	of	3.75mg/kg,	with	

paracetamol	entry	into	the	brain	similar	following	acute	and	chronic	exposure.	

UPLC-MS/MS	and	RNAseq	analysis	showed	that	chronic	exposure	to	the	higher	

clinical	dose	of	paracetamol	(15mg/kg)	at	E19	could	alter	the	transfer	of	certain	

paracetamol	metabolites	across	the	placenta	and	induce	an	inflammatory	profile	

of	gene	expression	in	placental	tissue.	
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Combined,	the	results	from	this	Thesis	suggest	that	the	developing	brain	may	be	

more	at	risk	than	the	adult	brain	to	the	exposure	of	certain	drugs.	This	appears	

to	be	due	to	several	reasons,	including	the	developing	brain	having	a	lower	

functional	capacity	of	baseline	efflux	transporters	at	brain	barriers,	a	reduced	

ability	to	up-regulate	efflux	defences	following	chronic	drug	exposure,	and	a	

lower	capacity	to	restrict	the	entry	of	a	certain	dose	of	drug	into	the	brain	over	

the	course	of	treatment.	The	potential	limitations	of	this	work,	the	interplay	

between	the	results	and	current	medical/research	practice	and	future	directions	

for	experimentation	are	discussed	below.	

	

Limitations	of	the	study	

As	with	all	research,	it	is	important	to	fully	understand	the	limitations	of	the	

project	design	and	how	this	may	influence	the	interpretation	of	results.	As	it	is	

not	possible	to	undertake	experimentation	in	a	life	form	resembling	the	

complexity	of	humans,	interpretation	of	results	from	the	rat	model	must	be	

considered	carefully	for	relevance	to	possible	human	translation.	The	Sprague	

Dawley	rat	model,	and	rodent	models	in	general,	have	a	long	history	of	use	in	the	

blood-brain	barrier	field	of	research,	meaning	that	there	is	a	large	body	of	

evidence	available	in	the	literature	with	which	to	compare	results.	As	outlined	in	

Chapter	1,	the	rat	age	groups	used	in	this	Thesis	were	selected	to	match	aspects	

of	cortical	development	in	fetal,	prematurely	born	and	adult	humans	(Semple	et	

al.,	2013;	Clancy	et	al.,	2007).	Studies	have	also	suggested	that	the	developmental	

profile	of	many	key	ABC	efflux	transporters	at	brain	interfaces	show	many	



	
	
	 354	

similarities	between	rodents	and	humans	(Møllgård	et	al.,	2017;	Daood	et	al.,	

2008;	Ek	et	al.,	2010;	Gazzin	et	al.,	2008).	Transporter	expression	and	stage	of	

cortical	development	does	not,	however,	necessarily	assume	identical	drug	

transport	into	the	brain,	meaning	that	more	extensive	research	in	the	field	is	

required	to	compare	transport	capacity	between	species.	While	ethical	

limitations	prevent	this	from	being	undertaken	in	controlled	human	trials,	

research	studies	have	made	measurements	of	drug	transfer	into	the	CSF	of	

patients	of	different	ages.	Data	on	paracetamol	exposure	in	adults	(Bannwarth	et	

al.,	1992)	and	children	(Kumpulainen	et	al.,	2007)	for	example	have	shown	that	

over	a	period	of	0-2hr	post-injection	adults	(31-73	years)	have	a	lower	transfer	

of	paracetamol	into	the	CSF	than	children	(0-12	years;	Figure	7.1).	These	studies	

are	concordant	with	the	results	of	the	present	Thesis	in	rats,	which	also	showed	

increase	entry	of	paracetamol	into	the	CSF	of	newborn	rats	compared	to	adult	

rats	(Figure	5.15).	However,	these	two	human	studies	were	completed	

separately	and	employed	slightly	different	protocols.	The	adult	study	by	

Bannwarth	and	colleagues	(1992)	for	example	applied	a	2g	dose	of	

propacetamol,	while	the	study	in	children	by	Kumpulainen	and	colleagues	

(2007)	applied	a	15mg/kg	dose	of	paracetamol.	While	it	is	suggested	that	2g	of	

propacetamol	equates	to	a	15mg/kg	dose	of	paracetamol	(Bannwarth	et	al.,	

1992;	Kumpulainen	et	al.,	2007),	future	analysis	comparing	both	age	groups	

within	one	study	using	identical	protocols	would	strengthen	the	association.		
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Figure	7.1.	Concentration	ratios	for	paracetamol	in	human	CSF	compared	to	plasma	

(%),	over	time	post-injection.	Adults	(dark	blue	squares;	31-73	years	old)	are	from	a	

study	by	Bannwarth	and	colleagues	(1992)	and	children	(light	blue	circles;	0-12	years	

old)	are	from	a	study	by	Kumpulainen	and	colleagues	(2007).	Doses	were	15mg/kg	i.v.	

of	paracetamol	or	equivalent	(adults	2g	propacetamol).	Each	dot	represents	an	

individual	human.	Time	is	post-injection.	
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A	number	of	methodological	limitations	also	need	to	be	considered	in	the	

interpretation	of	results	in	this	Thesis.	The	ABC	efflux	transporter	quantities	

described	throughout	the	research	Chapters	of	this	Thesis	are	of	gene	expression	

and	not	protein	products.	Studies	have	shown	there	can	be	discrepancies	

between	genetic	expression	of	a	transporter	and	the	amount	of	the	associated	

protein	in	a	tissue	(Yeboah	et	al.,	2006).	In	addition,	it	is	difficult	to	determine	

the	biological	significance	that	low	gene	counts	or	small	fold	changes	in	

expression	may	have.	The	ultimate	assessment	of	a	transporter’s	importance	at	a	

barrier	is	its	functional	capacity.	This	means	that	for	transporters	where	

substrate	drug	measurements	matched	gene	expression	(e.g.	PGP,	BCRP),	

interpretations	about	efflux	transporter	profiles	can	be	made	with	a	large	degree	

of	confidence.	Future	studies	that	are	able	to	expand	the	substrate	

measurements	in	this	study	to	include	drugs	with	specific	affinities	for	the	MRP	

transporters	would	assist	in	confirming	the	functional	importance	of	the	

expression	profiles	described	throughout	this	Thesis	for	this	class	of	

transporters.	

	

The	transfer	measurement	of	drugs	and	markers	within	this	study	was	

undertaken	using	radiolabels	rather	than	UPLC-MS/MS	analysis	of	each	

compound	and	any	metabolites.	While	the	UPLC-MS/MS	analysis	of	the	parent	

paracetamol	molecule	in	blood	did	correlate	well	with	the	placental	transfer	

measurements	using	3H-paracetamol,	measurements	into	brain	and	CSF	were	

not	conducted,	nor	were	measurements	of	digoxin	or	cimetidine.	The	possibility,	

therefore,	does	remain	as	to	whether	any	of	the	radiolabel	may	have	dissociated	

from	the	parent	molecule	and	the	extent	to	which	this	might	have	impacted	the	
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liquid	scintillation	measurements.	The	low	brain	to	plasma	ratios	for	digoxin,	

however,	suggests	that	a	major	degree	of	degradation	with	the	label	coming	off	

onto	smaller	more	permeable	fragments	did	not	occur.	In	addition,	the	ratios	for	

digoxin	are	very	similar	to	that	of	fellow	PGP	substrate	R123	obtained	in	Chapter	

4	via	fluorescence	readings,	as	were	the	adult	paracetamol	brain/plasma	ratios	

compared	to	previous	3H-labelled	and	HPLC	measurements	(Courade	et	al.,	

2001).	For	Cimetidine,	the	tritium	radiolabel	was	not	located	at	primary	sites	of	

metabolism	(see	Chapter	1),	however	general	breakdown	and	dissociation	of	the	

label	cannot	be	fully	discounted	in	the	experiments	described.	

	

The	brain	samples	used	for	analysis	were	collected	following	exsanguination	but	

without	vascular	perfusion	to	remove	residual	blood,	meaning	that	some	counts	

were	due	to	drug	present	in	the	residual	blood	remaining	within	brain	vessels.	

Perfusion	was	not	conducted	in	order	to	keep	the	protocols	of	all	ages	consistent,	

with	embryonic	animals	not	amenable	to	perfusion.	Previous	studies	have	been	

conducted	investigating	blood	space	within	the	brain,	estimating	that	

approximately	0.7%	of	the	adult	rat	brain	by	weight	is	residual	blood	remaining	

within	the	circulation	(Stolp	et	al.,	2005b).	This	suggests	that	for	brain/plasma	

ratios	of	paracetamol	and	glycerol	that	approached	100%,	the	contribution	of	

drug	within	vessels	would	be	minimal	as	concentration	in	tissue	was	so	high	(see	

Chapter	5).	However,	for	sucrose	and	L-glucose	that	had	very	low	counts,	there	

may	be	a	slight	over-estimation	of	actual	brain	concentrations,	particularly	for	

adults	that	have	denser	vascularisation	in	the	brain	(Caley	&	Maxwell,	1970).		
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The	RNAseq	and	RT-qPCR	data	from	the	present	study	were	derived	from	bulk	

tissue	analysis	of	brain	cortex	homogenates.	These	tissues	contain	not	only	the	

endothelial	cells	of	the	blood-brain	barrier	but	also	other	cell	types	in	the	brain,	

such	as	neurons	and	glia.	This	means	that	in	the	present	study	it	was	not	possible	

to	say	precisely	in	which	cell	types	in	the	brain	there	was	up-regulation	of	

transcription	following	chronic	exposure,	whether	in	endothelial	cells	of	the	BBB	

or	other	cell	types.	While	regulation	by	other	cells	in	the	brain	do	not	necessarily	

warrant	exclusion,	as	they	are	likely	to	play	an	important	role	in	the	prevention	

of	damage	to	those	cells	by	drugs	that	manage	to	bypass	the	BBB,	future	studies	

at	the	single	cell	level	would	strengthen	the	results	described	and	identify	the	

exact	cell	types	in	the	brain	where	up-regulation	was	occurring.		

	

Conclusions	

The	results	in	this	Thesis	highlight	a	range	of	potential	differences	in	safe	

medical	practices	for	patients	of	different	ages.	Drug	transfer	and	cellular	

response	experimentation	suggest	an	age-dependence	in	the	capacity	of	drugs	to	

reach	the	brain	following	both	acute	and	chronic	exposures.	These	findings	

indicate	that	medical	practitioners	and	drug	developers	need	to	be	aware	that	

different	aged	patients	may	have	differing	levels	of	potential	toxicity	depending	

on	the	drug,	its	dose	and	the	length	of	treatment.	Toxicological	and	efficacy-

based	research	can	no	longer	assume	that	results	in	adult	models	can	be	directly	

transferrable	to	other	developmental	stages.	It	is	now	time	for	research	to	build	

on	the	results	described	in	this	Thesis,	to	further	the	understanding	of	what	drug	
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types	will	be	most	safe	for	vulnerable	patients	such	as	children	and	pregnant	

women.		

	

Throughout	this	Thesis	the	results	clearly	show	that	different	drugs	can	access	

the	brain	to	different	extents.	As	outlined	in	Chapter	5,	highly	water-soluble	

molecules,	such	as	sucrose,	have	a	very	low	penetration	into	brain	over	a	30min	

period	at	all	ages.	Passive	markers	with	the	highest	lipid	solubility	reached	the	

brain	at	the	highest	concentrations,	confirming	results	from	previous	studies	

(Levin,	1980;	Garberg	et	al.,	2005).	However,	novel	work	in	this	Thesis	identified	

that	these	highly	lipid	soluble	passive	markers	access	the	developing	brain	(E19)	

less	than	the	adult	brain.	Garberg	and	colleagues	(2005)	suggested	that	beyond	a	

certain	level	of	lipid	solubility	molecules	could	pass	through	barriers	with	such	

ease	that	their	rate	of	entry	into	brain	is	dependent	on	how	quickly	the	drug	is	

delivered	to	the	barrier;	this	being	determined	by	the	rate	of	blood	flow.	As	early	

developmental	stages	are	known	to	have	lower	total	cerebral	blood	volumes	and	

rates	of	cerebral	blood	flow	(Caley	&	Maxwell,	1970;	Takahashi	et	al.,	1999),	this	

may	explain	why	the	entry	of	lipid	soluble	glycerol	into	the	E19	brain	is	lower	

than	into	the	postnatal	brain.	These	results	indicate	that	for	passive	molecules,	

lipid	solubility	and	blood	flow	rate	are	key	factors	determining	the	degree	of	

transfer	into	the	brain.		

	

In	contrast	to	the	passive	molecules,	four	actively	effluxed	drugs	(paracetamol,	

digoxin,	cimetidine	and	R123)	were	measured	in	this	Thesis	and	found	to	enter	

the	developing	brain	more	than	the	adult	brain.	Whilst	the	entry	of	passive	

molecules	was	largely	determined	by	their	lipid	solubility,	the	entry	of	actively	
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effluxed	drugs	appeared	to	be	due	to	their	capacity	to	bind	to	efflux	transporters.	

The	entry	of	these	drugs	correlated	with	the	measured	expression	of	the	

transporters	that	they	are	known	to	be	substrates	for,	entering	the	brain	at	

higher	rates	when	less	efflux	transporters	were	expressed	at	blood-brain	

interfaces.	It	appears	that	PGP	may	have	the	greatest	functional	efflux	capacity	at	

the	blood-brain	barriers,	as	its	substrate	digoxin	reached	the	lowest	

concentrations	in	brain	despite	having	the	highest	lipid	solubility	of	the	three	

drugs.	The	correlation	between	the	brain/plasma	ratios	obtained	from	liquid	

scintillation	counting	of	digoxin	(E19:	47%,	P4:	20%,	adult:	12%;	Figure	5.1)	and	

the	brain/plasma	ratios	obtained	from	spectrofluorometry	measurements	of	

Rhodamine-123	into	the	brain	(E19:	43%,	P4:	22%,	adult:	6%;	Figure	4.10)	

provide	strong	evidence	of	the	restriction	and	age-dependence	of	PGP	substrate	

transfer	across	brain	interfaces.	These	data	are	also	consistent	with	previous	

reports	highlighting	the	importance	of	PGP	at	blood-brain	interfaces	(Löscher	et	

al.,	2005;	Daood	et	al.,	2008;	Daneman	et	al.,	2010a;	Ek	et	al.,	2010;	Gazzin	et	al.,	

2008).	Overall,	the	drug	transfer	studies	from	this	Thesis	indicate	that	the	higher	

the	lipid	solubility	of	a	drug,	the	more	it	will	passively	enter	the	brain	at	all	ages.	

However	if	the	drug	binds	to	efflux	transporters,	its	entry	will	be	restricted	in	

proportion	to	the	functional	capacity	of	those	transporters	at	the	brain	barriers	

at	that	stage	of	development.	

	

While	the	present	Thesis	discovered	interesting	age-dependent	differences	in	

the	regulatory	capacity	of	ABC	efflux	transporters	at	different	developmental	

stages,	only	a	small	number	of	compounds	were	analysed.	Cimetidine	appears	to	

be	an	example	of	a	drug	that,	under	the	conditions	examined,	is	a	substrate	for	
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efflux	transporters	but	not	an	inducer,	as	it	was	not	able	to	up-regulate	gene	

expression	or	induce	functional	changes	at	a	range	of	barriers	and	ages.	In	

contrast,	chronic	exposure	to	diallyl	sulfide,	digoxin	and	paracetamol	did	induce	

drug-acquired	resistance	at	adult	blood-brain	interfaces.	However	the	inducers	

used	in	this	study	did	not	up-regulate	major	ABC	efflux	transporters	in	the	

choroid	plexus	(abcc1,	abcc4)	or	the	placenta	(abcb1b;	Table	4.1;	Table	5.1;	Table	

6.13).	As	this	is	the	case,	the	present	study	was	not	able	to	fully	determine	all	of	

the	age-dependent	differences	in	transporter	regulation	that	may	exist.	For	

example,	it	is	possible	that	as	the	CSF	is	considered	to	be	a	more	prominent	route	

of	molecular	entry	into	the	early	developing	brain	compared	to	later	in	

development	(Saunders	et	al.,	2015;	Johansson	et	al.,	2008),	chronic	exposure	to	

compounds	that	induce	abcc1	(MRP1)	or	abcc4	(MRP4)	expression	at	the	

choroid	plexus	may	be	important	in	fully	understanding	responses	to	

medications	over	a	prolonged	period.	Expanding	the	results	of	the	present	study	

to	additional	compounds	would	be	advantageous	in	understanding	the	full	scope	

of	the	results	described	and	how	reflective	they	are	of	all	drugs	on	the	market.	

The	present	results,	however,	indicate	an	age-dependent	profile	of	ABC	efflux	

transporter	up-regulation,	with	the	adult	brain	having	a	more	prominent	

response	than	earlier	developmental	stages.	This	suggests	that	there	may	be	

differences	in	the	safe	treatment	length	for	different	aged	patients,	with	drugs	

transferring	into	the	brain	in	lower	concentrations	over	the	course	of	treatment	

in	adults	but	not	earlier	in	development.		

	

Analysis	of	the	entry	of	paracetamol	into	the	brain	following	treatment	with	

different	doses	indicated	that	over	the	course	of	an	extended	treatment	period	
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the	same	concentration	might	be	tolerated	less	early	in	development	compared	

to	adulthood.	It	was	observed	that	paracetamol	entry	into	the	E19	brain	was	

increased	following	chronic	treatment,	with	a	15mg/kg	maternal	dose	reaching	a	

brain/plasma	ratio	of	100%,	compared	to	65%	in	acute	experiments.	However,	

when	a	lower	chronic	dose	(3.75mg/kg)	was	administered,	increased	entry	into	

brain	was	not	observed	over	the	course	of	treatment	(Figure	6.1).	Subsequent	

analysis	found	that	the	concentration	of	paracetamol	metabolites	in	maternal	

and	fetal	blood	differed	following	chronic	15mg/kg	maternal	dosing.	This	was	

accompanied	by	placental	up-regulation	of	a	host	of	inflammatory	and	immune	

response	genes.		

	

As	the	increased	drug	entry	into	E19	brain	following	chronic	15mg/kg	treatment	

was	not	observed	at	later	developmental	stages	(P4,	adult),	this	indicates	that	

the	safe	dose	that	can	be	applied	over	time	may	differ	for	different	aged	patients.	

Future	analysis	investigating	the	distribution	of	these	drugs	around	the	body	

may	be	useful	here,	as	the	lack	of	accumulation	of	digoxin	and	cimetidine	in	the	

brain	following	chronic	treatment	does	not	mean	that	they	were	not	

accumulating	in	other	areas	of	the	body.	The	results	from	the	paracetamol	

analysis	in	the	present	study	may	have	immediate	relevance	for	clinical	practice.	

During	pregnancy	the	compound	should	be	administered	at	the	lowest	possible	

doses	for	the	shortest	period	of	time	that	is	able	to	achieve	the	desired	effect,	as	

over	the	course	of	treatment	a	clinical	dose	that	appears	safe	for	adults	may	have	

age-specific	differences	in	distribution.		
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Future	directions	and	implications	for	clinical		

practice	

The	present	Thesis	highlights	several	factors	of	a	treatment	regime	that	need	to	

be	considered	in	terms	of	safe	drug	prescription	to	pregnant,	newborn	and	adult	

patients.	The	results	suggest	that	the	entry	of	a	particular	drug	into	the	brain	will	

be	dependent	on	how	lipid	soluble	it	is,	which	efflux	transporters	it	binds	to,	and	

the	functional	capacity	of	that	transporter	at	the	stage	of	development	in	

question.	The	length	of	a	treatment	regime	considered	safe	for	different	patients	

may	also	vary,	as	adults	have	a	higher	capacity	to	restrict	drug	entry	and	to	

acquire	resistance	to	drug	transfer	into	the	brain	than	at	younger	ages.	Finally,	

the	safe	dose	for	patients	at	different	stages	of	development	may	also	be	

different,	as	early	in	development	drugs	in	certain	doses	may	be	tolerated	more	

than	others	over	the	course	of	treatment.	

	

The	results	from	the	present	study	can	be	expanded	in	a	range	of	areas	to	

continue	to	gain	an	understanding	of	the	likelihood	of	medications	transferring	

into	the	developing	brain.	The	UPLC-MS/MS	methods	described	in	Chapter	6	

have	the	potential	to	form	a	really	powerful	analysis	of	the	transfer	of	drugs	and	

their	metabolites	across	barrier	interfaces	at	different	developmental	stages.	

While	the	metabolites	of	paracetamol	in	plasma	were	analysed,	studies	

measuring	levels	of	digoxin,	cimetidine	and	other	compounds	would	provide	

valuable	data	to	extend	this	study.	Optimizing	protocols	for	the	extraction	of	

different	drugs	of	interest	from	brain	tissue	samples	for	UPLC-MS/MS	analysis	
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would	also	allow	for	this	method	to	analyse	transfer	of	these	molecules	into	the	

brain.	These	studies	could	also	investigate	what	other	factors	may	create	within-

age	variation	in	drug	transfer,	including	sex,	diet	and	stimulating	environments.		

	

The	RNAseq	data	analysis	of	E19	placental	tissue	following	chronic	15mg/kg	

paracetamol	exposure	suggests	that	this	drug	is	able	to	induce	an	inflammation	

and	immune	response.	Future	studies	analysing	the	toxicological	impact	of	this	

result	on	pre-	and	post-natal	development	may	be	of	major	clinical	importance.	

This	could	involve	transfer	studies	of	a	range	of	proteins	and	lipid	

soluble/insoluble	markers	to	determine	whether	this	immune	response	alters	

placental	permeability.	Analysis	of	fetal	plasma	from	treated	animals	could	also	

indicate	whether	this	cytokine	up-regualtion	in	the	placenta	also	increases	

cytokine	levels	in	the	fetal	systemic	circulation.	Such	a	result	could	have	major	

impacts	on	our	understanding	of	the	safety	of	paracetamol	treatment	during	

pregnancy.		

	

A	host	of	studies	could	also	be	undertaken	to	expand	the	brain	entry	verses	lipid	

solubility	(logD)	graphs	described	in	this	Thesis	(Figure	5.26-5.28).	If	it	was	

possible	to	measure	enough	molecules	to	determine	lines	of	brain	entry	not	just	

for	passive	molecules	but	also	separate	lines	for	PGP	substrates,	BCRP	substrates	

etc.,	this	could	prove	to	be	an	extremely	valuable	tool	for	clinicians	and	drug	

developers.	All	new	drugs	could	then	be	tested	in	simple	assays	of	transporter	

selectivity,	affinity	and	lipid	solubility	in	order	to	use	those	graphical	tools	to	

predict	the	likely	entry	of	that	compound	into	the	brain	at	different	ages.	The	

results	presented	in	the	present	Thesis	provide	merit	to	this	idea,	with	the	
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higher	lipid	solubility	PGP	substrate	digoxin	entering	the	adult	brain	at	slightly	

higher	concentrations	(12%)	than	the	less	lipid	soluble	PGP	substrate	R123	

(6%).	Adding	a	range	of	molecules	to	this	profile	would	assist	in	confirming	the	

robustness	of	the	results	presented	and	understanding	the	feasibility	of	lipid	

solubility	graphs	to	predict	substrate	entry	into	the	brain.		

	

In	addition,	future	experimentation	using	the	brain	entry	versus	lipid	solubility	

graphs	could	strengthen	the	conclusions	in	this	Thesis	that	lower	efflux	

transporter	functionality	at	E19	contributes	to	higher	brain	entry	of	drugs	

compared	to	the	adult.	If	studies	were	able	to	optimise	competitive	transporter	

inhibition	(attempted	in	Chapter	4)	or	use	transporter	knockout	models,	the	

exact	contribution	of	particular	efflux	transporters	to	restrict	the	brain	entry	of	

its	substrates	could	be	measured.	For	example	if	the	entry	of	digoxin	into	the	

adult	brain	were	measured	in	a	PGP	(abcb1a,	abcb1b)	knockout	at	the	blood-

brain	barrier,	would	the	measured	value	for	digoxin	come	up	the	graph’s	y-axis	

to	the	line	of	passive	entry?	If	so	this	experimentation	could	provide	evidence	for	

a	strong	relationship	between	PGP	functionality	and	the	low	entry	of	digoxin	into	

the	brain.	If	the	ideas	discussed	in	the	current	Thesis	were	correct,	the	entry	of	

digoxin,	paracetamol	and	cimetidine	into	the	brain	would	not	change	as	

markedly	in	E19	knockout	animals	compared	to	controls	as	it	would	in	adults	

because	at	E19	the	drugs	already	appear	close	to	the	passive	line	of	entry.		

	

As	outlined	in	the	Introduction,	our	understanding	of	pharmacology	and	

toxicology	must	continue	to	grow	from	Paracelsus’	original	hypothesis	that	

drugs	may	be	safe	at	certain	doses	and	not	others.	The	results	described	
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throughout	this	Thesis	identify	that	not	only	will	the	selection	of	drug	and	dose	

determine	safety	but	also	the	length	of	time	that	drug	is	applied	and	the	age	of	

the	patient.	Research	investigating	toxicology,	drug	transfer,	cellular	response	

and	any	other	in	vivo	drug	analysis	need	to	investigate	the	influence	that	all	of	

these	factors	may	have	on	results.	As	a	medical	field	the	time	has	come	to	re-

focus	the	global	idea	of	medicine	down	to	the	individual	level	to	understand	

which	aspects	of	each	patient	will	contribute	to	drug	safety	so	that	we	can	ensure	

all	patients	can	receive	the	medications	they	need	in	the	safest	possible	manner.		
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Developmental differences in the 
expression of ABC transporters 
at rat brain barrier interfaces 
following chronic exposure to 
diallyl sulfide
Liam M. Koehn1, Katarzyna M. Dziegielewska1, Kjeld Møllgård  2, Elodie Saudrais3, 
Nathalie Strazielle3,4, Jean-Francois Ghersi-Egea3, Norman R. Saunders  1 & 
Mark D. Habgood1

Many pregnant women and prematurely born infants require medication for clinical conditions 
including cancer, cardiac defects and psychiatric disorders. In adults drug transfer from blood into brain 
is mostly restricted by efflux mechanisms (ATP-binding cassette, ABC transporters). These mechanisms 
have been little studied during brain development. Here expression of eight ABC transporters (abcb1a, 
abcb1b, abcg2, abcc1, abcc2, abcc3, abcc4, abcc5) and activity of conjugating enzyme glutathione-s-
transferase (GST) were measured in livers, brain cortices (blood-brain-barrier) and choroid plexuses 
(blood-cerebrospinal fluid, CSF, barrier) during postnatal rat development. Controls were compared 
to animals chronically injected (4 days, 200 mg/kg/day) with known abcb1a inducer diallyl sulfide 
(DAS). Results reveal both tissue- and age-dependent regulation. In liver abcb1a and abcc3 were up-
regulated at all ages. In cortex abcb1a/b, abcg2 and abcc4/abcc5 were up-regulated in adults only, 
while in choroid plexus abcb1a and abcc2 were up-regulated only at P14. DAS treatment increased GST 
activity in livers, but not in cortex or choroid plexuses. Immunocytochemistry of ABC transporters at 
the CSF-brain interface showed that PGP and BCRP predominated in neuroepithelium while MRP2/4/5 
were prominent in adult ependyma. These results indicate an age-related capacity of brain barriers to 
dynamically regulate their defence mechanisms when chronically challenged by xenobiotic compounds.

Most clinicians adopt a cautious approach when prescribing medications to pregnant women due to concerns that 
these compounds may reach the fetus, where they could adversely affect specific organs such as the brain1. There 
are many clinical situations, however, in which it is not reasonable to withhold drug therapy from a pregnant 
woman (e.g. epilepsy, cancer or severe psychiatric disorders). There are no clinical trial data available to doctors 
on which to base treatment advice, as such trials have not been carried out on pregnant women or neonates for 
obvious ethical reasons2. In the absence of human data animal experiments provide a means of understanding 
the biology and functional capacity of the protective mechanisms present in the developing brain. Understanding 
which classes of drugs, under what conditions and at which stages of development are likely to be restricted or 
excluded from entering the developing brain would allow for safer prescription of drugs deemed to be clinically 
essential for pregnant women and newborns, especially when premature3.

Molecules, including drugs, are restricted from crossing blood-brain interfaces by a number of cellular and 
metabolic defence mechanisms4–6. Lipid-insoluble compounds (unable to diffuse through cellular membranes) 
are prevented from intercellular transfer by tight junctions that link barrier-forming cells5,7. Lipid soluble com-
pounds, that in principle are able to traverse cellular membranes, can be restricted from crossing the barrier by 
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a range of mechanisms that include enzymatic conjugation and efflux transportation. At the blood-brain bar-
rier interface in adults the main efflux transporters that have been identified are P-glycoprotein (PGP, abcb1, 
MDR1), breast cancer resistance protein (BCRP, abcg2) and multidrug resistance-associated proteins 2 and 4 
(MRP2, abcc2; MRP4, abcc4)4,8. At the choroid plexus blood-CSF (cerebrospinal fluid) interface, multidrug 
resistance-associated protein 1 (MRP1, abcc1) is the predominant efflux transporter, with MRP4 (abcc4) and 
BCRP (abcg2) also identified previously8,9. ABC-transporters (PGP; abcb1a/b and BCRP; abcg2) have also been 
identified at the arachnoid barrier between the blood and outer CSF10.

In clinical practice medications are often administered chronically in order to treat a disease. It has been sug-
gested that the efflux capacity of blood-brain barriers can dynamically respond to prolonged drug exposure by 
increasing the amount/activity of ABC transporters present, thereby limiting subsequent drug transfer into the 
brain. For the blood-brain interfaces, where efflux transporter expression has been previously described, deter-
mining whether or not these levels can alter over the course of a therapy will be integral to our understanding of 
the total drug transfer over time.

Repeat exposure to dexamethasone or pregnenolone-16α-carbonitrile (PCN) in the adult rat11 has been 
shown to increase PGP (abcb1a/b) expression at the blood-brain barrier. A large-scale investigation in mice of 15 
compounds has highlighted diallyl sulfide (DAS) as the most prominent inducer of abcb1a/b (PGP) expression 
at this barrier12. Both ex vivo and in vivo adult mouse models have also revealed an increase in abcg2 (BCRP) 
expression in the mouse blood brain barrier in response to clofibrate administration13. These studies, however, 
have only been completed in adults but not in younger animals. It is possible that not all stages of development 
have the same capacity to dynamically regulate efflux transporters, meaning that repeat drug exposure may pose 
a greater risk at certain developmental stages.

Efflux transporters bind substrates either directly (PGP) or as conjugates (MRPs and BCRP) following phase 
II conjugation to attach an appropriate binding motif14. The series of conjugating enzymes therefore play a sig-
nificant role in the mechanism of efflux as either the enzyme or the transporter could be the limiting factor in the 
removal of certain xenobiotics that require conjugation before efflux. The presence and activity of certain conju-
gating enzymes, such as glutathione-s-transferase (GST), have been previously described in cortical endothelial 
cells and choroid plexus epithelial cells in both the rat and human15,16. Glutathione conjugation at the blood-CSF 
barrier is known to be important in xenobiotic exclusion from the brain, especially during development17.

Inducers known to up-regulate abcb1a (PGP) and abcc2 (MRP2) expression have been shown to also 
up-regulate GST at the adult rat blood-brain barrier18. Whether or not this ability to up-regulate the expression of 
efflux associated conjugation genes in response to drug exposure also occurs at earlier stages of development is yet 
to be investigated. A complex examination of both efflux transporter and conjugating enzyme regulation would 
provide a comprehensive understanding of barrier response to chronic drug exposure.

ABC-transporter studies have previously been largely focused on their presence or absence at the two main 
blood-brain interfaces: the blood-brain barrier proper (formed by tight junctions between endothelial cells in 
brain vasculature) and the blood-CSF barrier (formed by tight junctions between epithelial cells of the choroid 
plexus). Both have been extensively reviewed4–6,19–21. However, additional barrier interfaces are known to be pres-
ent at other sites within the brain4–6, including a CSF-brain barrier that is characteristically present only during 
early stages of development. This interface controls the exchange of molecules between the CSF and brain tissue 
at the level of the neuroepithelial ventricular lining22. It has been proposed that during early brain development 
the main route of access into the brain is via the CSF23,24. Thus establishing which efflux transporters are present 
at this interface is important for determining the overall blood to brain transfer of drugs.

The present study examines the regulation of efflux capacity at brain cortices (as a site of the blood-brain bar-
rier) and choroid plexuses (site of the blood-CSF barrier) early in development and identifies the efflux transport-
ers that are present at the developmentally specific CSF-brain interface. The results show not only that one inducer 
(diallyl sulfide, DAS) can up-regulate a range of efflux transporters, but also that the profile of up-regulation is 
both tissue specific and age-dependent. DAS induced up-regulation of brain cortical efflux transporters abcb1a/b 
(PGP), abcg2 (BCRP) and abcc4/5 (MRP4/5), but only in the adult. At the blood-CSF barrier abcb1a (PGP) and 
abcc2 (MRP2) up-regulation was observed at postnatal day 14 (P14), but not at adult or P4. These instances of 
efflux transporter up-regulation occur independently of up-regulation of conjugating enzymes such as GST. In 
addition, liver showed up-regulation of abcb1a (PGP) and abcc3 (MRP3) at all ages indicating that age related dif-
ferences in induction are tissue specific. Studies of the presence and developmental changes in efflux transporters 
at the ventricular interface between the CSF and brain parenchyma have not been comprehensively described 
previously. This interface is important in regulating the exchange of molecules between ventricular CSF and brain 
tissue, especially during early brain development. Together the results from this study describe the expression 
and regulation of the protective mechanisms present at three main brain interfaces over the course of postnatal 
rat brain development.

Results
Throughout this paper the ABC transporter terminology will reflect the experiment described. For RT-qPCR, 
genes will be listed with common protein names in brackets, e.g. abcc1 (MRP1), whereas for immunohistochem-
istry the protein will be listed with associated gene in brackets, e.g. MRP1 (abcc1). In addition, we refer to the 
treatment regime as chronic when the animals are injected over several consecutive days.

Expression of Efflux Transporters (RT-qPCR). The expression of eight main ABC efflux transporters was 
measured in liver, brain cortices (as a reflection of blood-brain barrier) and lateral ventricular choroid plexus (site 
of blood-CSF barrier) of chronically DAS-treated animals and untreated age-matched controls. Three postnatal 
age groups were investigated: P4, P14 and adult. The expression levels in the liver were used as an internal control 
in individual animals to confirm that the injection protocol of DAS was appropriate and sufficient to up-regulate 
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liver expression. DAS has been previously shown to up-regulate abcc3 (MRP3) in rat livers25,26. A summary of all 
RT-qPCR results is shown in Fig. 1. All RT-qPCR results can be found in Supplementary Fig. S1 for liver, supple-
mentary Fig. S2 for brain cortices and Supplementary Fig. S3 for choroid plexuses.

Liver. The hepatic expression levels of abcb1a (PGP) and abcc3 (MRP3) for both the DAS-treated and control 
groups at each postnatal age are shown in Fig. 2. There was a significant increase in abcb1a (PGP) expression 
in the DAS-treated group compared to controls in the adult (p = 0.012), P14 (p = 0.0001) and P4 (p = 0.00003) 
groups. There was also a significant increase in abcc3 (MRP3) expression in the DAS-treated group compared to 
controls in the adult (p = 0.001), P14 (p = 0.00002) and P4 (p = 0.0004) groups. Thus DAS treatment included 
a similar pattern of hepatic ABC transporter (abcc3 and abcb1a) up-regulation at all three postnatal ages inves-
tigated. Additional increases of abcc4 (MRP4) were observed in the adult (p = 0.028) and P14 (p = 0.011) liver 
along with a decrease in abcg2 (BCRP) expression at P4 (p = 0.006), although the level of expression of these 
transporters was comparatively low. The expression of abcb1b, abcc1, abcc2, or abcc5 in livers was not affected by 
DAS exposure (Fig. 1, Supplementary Fig. S1). Thus liver expression acted as an internal positive control to con-
firm that all animals used in the study had received a dose of DAS that was sufficient to induce ABC transporter 
up-regulation.

Figure 1. A summary of results from the RT-qPCR analysis of ABC transporter regulation following chronic 
diallyl sulfide (DAS; 200 mg/kg) treatment. The relative expression of every gene (for each tissue and age) was 
determined as 2−∆Ct with respect to an average of two housekeeping genes (β-actin and ppib). Transporter levels 
were compared between treated and control animals and results illustrated as green (↑) indicating significant 
up-regulation following treatment (p < 0.05), white (↔) indicating no significant change between groups and 
red (↓) indicating significant down-regulation (p < 0.05). Significance was determined by two-tailed students 
t-test for normal distributions and Mann-Whitney U for non-normal data. Note that expression levels were 
affected differently by DAS treatment in different tissues and also for some tissues at different ages.

Figure 2. Hepatic expression of abcb1a (PGP) and abcc3 (MRP3) for both untreated control animals (open 
symbols) and chronically DAS treated (200 mg/kg; filled symbols) animals. Relative expression was calculated 
as 2−∆Ct with respect to an average of two housekeeping genes: β-actin and ppib. Ages investigated were P4 
(a; n = 6), P14 (b; n = 4–5) and adult (c; n = 4), referring to the age when tissue was collected following the 
completion of the treatment protocol. * indicates a significant difference (p < 0.05) between treatment groups 
for each age and transporter. Note different scales on the y-axis of (a–c).
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Brain cortices (as a reflection of blood-brain barrier). The expression levels of abcb1a (PGP) and abcg2 (BCRP) 
in the cortices of both the DAS treated and control groups for each age are shown in Fig. 3. In the adult group 
there was a significant increase in abcb1a/b (PGP) expression in the DAS treated group compared to con-
trols (p = 0.0298; p = 0.0037). In contrast, there was no significant increase in abcb1a/b (PGP) expression in 
the P4 or P14 age groups following DAS treatment (Fig. 3). Significant increases in expression of abcg2 (BCRP; 
p = 0.0056), abcc4 (MRP4; p = 0.023) and abcc5 (MRP5; p = 0.017) were also only observed in the adult brain 
compared to controls (Fig. 1). DAS treatment, therefore, was capable of increasing cortical abcb1a/b (PGP), abcg2 
(BCRP) and abcc4-5 (MRP) expression in adults, but not in animals at earlier stages of development. No signifi-
cant up-regulation was observed for abcc1, abcc2 or abcc3 at any of the ages investigated (Fig. 1, Supplementary 
Fig. S2). There was, however, a significant decrease in abcg2 (BCRP) expression in the P4 group (p = 0.029; Fig. 3). 
The appropriateness of using the whole cortex for assessing blood-brain barrier efflux mechanisms is considered 
in the Discussion.

Lateral ventricular choroid plexuses (blood-CSF barrier). The expression of abcb1a (PGP) and abcc1 (MRP1) 
in the lateral ventricular choroid plexus is shown in Fig. 4. Despite DAS-treated adult animals exhibiting signifi-
cantly up-regulated expression of abcb1a (PGP) in the cortex (Fig. 3), no up-regulation of abcb1a was observed in 
the lateral ventricular choroid plexus. Notably, the level of abcb1a (PGP) expression in the choroid plexus (Fig. 4) 
was considerably lower than in cerebral cortex (Fig. 3). At younger ages, however, a significant up-regulation of 
abcb1a (PGP) occurred at P14 (p = 0.030) whereas a significant down-regulation was observed at P4 (p = 0.036). 
Expression of abcb1b (PGP) was also down-regulated at P4 (p = 0.004) with no change observed at P14 or adult 
(Fig. 1). Expression of abcc5 (MRP5) was down-regulated by DAS in adults (p = 0.012), but no change in expres-
sion levels at P4 or P14. Expression of abcc2 (MRP2) was up-regulated at P14 (p = 0.028), but not at any other 

Figure 3. Expression of abcb1a (a; PGP) and abcg2 (b; BCRP) in cortical samples of untreated control (open 
symbols) and chronically DAS treated (200 mg/kg; filled symbols) animals. Relative expression was calculated 
as 2−∆Ct with respect to an average of two housekeeping genes: β-actin and ppib. Ages investigated were P4 
(n = 5–6), P14 (n = 5) and adult (n = 5), referring to the age when tissue was collected following the completion 
of the treatment protocol. * indicates a significant difference (p < 0.05) between treatment groups for each age 
and transporter.

Figure 4. Expression of abcb1a (a; PGP) and abcc1 (b; MRP1) in lateral ventricular choroid plexus (LVCP) of 
untreated control (open symbols) and chronically DAS treated (200 mg/kg; filled symbols) animals. Relative 
expression was calculated as 2−∆Ct, with respect to an average of two housekeeping genes: β-actin and ppib. 
Ages investigated were P4 (n = 6), P14 (n = 6) and adult (n = 5) referring to the age when tissue was collected 
following the completion of the treatment protocol. * indicates a significant difference (p < 0.05) between 
treatment groups for each age and transporter. Note different scales on the y-axis of (a,b).
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age. No up- or down-regulation was observed for the primary choroid plexus efflux transporter abcc1 (MRP1; 
Fig. 4) or for abcg2 (BCRP), abcc3 (MRP3) and abcc4 (MRP4; Fig. 1, Supplementary Fig. S3). Results for the lat-
eral ventricular choroid plexus indicate a larger age-related variation in the response to DAS than was apparent 
for the cortex.

Glutathione-S-transferase (GST) Activity. The activity of GST was measured to determine if DAS was 
able to induce the expression of one of the conjugating enzymes that contribute, along with efflux transporters, 
to xenobiotic efflux. Hepatic GST activity was increased at both postnatal ages investigated in response to DAS 
treatment, P4 (p = 0.012) and adult (p = 0.024; Fig. 5). DAS treatment did not result in significant increase in GST 
activity compared to controls in the cortex, lateral ventricular choroid plexus or 4th ventricular choroid plexus at 
any age investigated (Fig. 5). DAS treatment, therefore, appears to have a tissue selective effect, increasing GST 
expression in the liver, but not affecting expression levels at the choroid plexuses and brain parenchyma.

Immunohistochemical analysis of ABC transporters at the CSF-brain interface. As outlined 
in the Methods, the interface between the CSF and the brain was included in the cerebral cortex samples for 
RT-qPCR and therefore would have contributed to the overall sample of RNA extracted. This cellular layer is 
known to change during development22. Morphologically it changes from a neuroepithelium (neuroependyma) 
in early stages of development to the ependymal layer in adults. It also changes its permeability properties. There 
is a diffusional restraint comprised of “strap” junctions during neuroepithelial stages whereas intercellular diffu-
sion is unrestricted in the ependymal layer due to lack of strap junctions and presence of gap junctions22. Glut927 
and MRP128 have both been identified at the CSF-brain barrier previously. A comprehensive study has not been 
completed to investigate which ABC transporters are present at this interface and whether they change during 
development. This information is important in the interpretation of RT-qPCR results.

Five-µm thick coronal sections through the cortex from P4, P14 and adult rat brains were immunostained 
with a battery of antibodies to the ABC transporters investigated for RT-qPCR (see Methods). A summary of the 
results is compiled in Table 1 and illustrated in Fig. 6 for three transporters: BCRP (abcg2), MRP5 (abcc5) and 
PGP (abcb1a/b). The immunostaining pattern for different ABC transporters seemed to fall into three general 
categories: (i) transporters that showed stronger immunostaining at the earlier ages, with minimal or no staining 
in the adult (PGP; abcb1a/b and BCRP; abcg2), (ii) transporters whose immunostaining did not appear to change 
between postnatal ages (MRP3; abcc3), and (iii) transporters that showed much stronger staining in the adult 

Figure 5. Glutathione-S-transferase (GST) activity in the liver (a), cortex (b), lateral choroid plexus (c) and 4th 
ventricular choroid plexus (d) of both untreated control (open symbols) or chronically DAS treated (200 mg/kg;  
closed symbols) animals. Relative GST activity was calculated as nmol/min/mg. Ages investigated were 
P4 (n = 4–7) and adult (n = 4), referring to the age when tissue was collected following the completion of 
the treatment protocol. Tissue for choroid plexus measurements were pooled from 3 animals. * indicates a 
significant difference (p < 0.05) between treatment groups for each age and tissue. Note different scales on the 
y-axis of (a–d).
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compared to younger ages (MRP2, 4 and 5; abcc2/4/5). No MRP1 (abcc1) staining was observed in the ependymal 
layer at any age, despite strong staining in the nearby choroid plexus (not illustrated; see Ek et al.9). It was also 
noticeable that for all transporters staining was more prevalent along the dorsal ventricular wall compared to 
ventral. These results indicate that at least some ABC transporters are present at the CSF-brain interface and their 
differential cellular distribution may relate to their role in brain development (see Discussion).

Age PGP BCRP MRP1 MRP2 MRP3 MRP4 MRP5
P4 + ++ − − +/− + +/−
P14 + ++ − + + + ++

Adult − − − ++ + ++ +++

Table 1. A summary of results from the immunohistochemical analysis of ABC transporter distribution at 
the ventricular neuroepithelial/ependymal interface. Animal ages are indicated on the left (P4, P14 and adult). 
Sections from at least two brains were used in each age group and 4–6 individual sections analysed. Intensity of 
the staining was scored by two independent observers. − indicates no observable staining, +/− indicates minor 
staining on some sections and no staining on others, + indicates light but consistent staining, ++ indicates 
distinct and consistent staining across the ventricular surface, and +++ indicates uniformly strong staining 
along the whole ventricular layer.

Figure 6. Immunohistochemical staining for ABC transporters at the CSF/brain ventricular interface in the rat. 
This layer changes from a neuroepithelium in the developing brain to ependyma in the adult. Coronal sections 
through lateral ventricles of postnatal P4 (a), P10-14 (c,e) and adult cortex (b,d,f). Sections are immunostained 
with antibodies to: MRP5 (abcc5) for (a,b), PGP (abcb1a/b) for (c,d) or BCRP (abcg2) for (e,f). Dorsal side is 
up. Note distinct immunostaining, indicated by filled arrowheads, of MRP5 in the adult brain (b) and PGP/
BCRP in the postnatal brain (c,e). This is in contrast to the absence of immunostaining, indicated by unfilled 
arrowheads, of PGP and BCRP in the adult (d,f). MRP5 staining in the postnatal brain (a) is lightly present in 
some regions, filled arrowheads, and absent in others, unfilled arrowhead. Also note positive immunostaining 
in choroid plexuses in (b,e,f) (indicated by *). For age-related differences in the immunostaining for other ABC-
transporters see Table 1. Scale bar 100 µm (bottom right) applies to all images.
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Discussion
The aim of the present study was to investigate the regulation of ABC transporters and GST enzymes in brain 
cortices (representing the blood-brain barrier as well as the overall brain protective mechanisms) and choroid 
plexuses (site of blood-CSF barrier) early in postnatal rat brain development in response to a drug challenge. In 
addition, we aimed to describe the cellular distribution of these transporters at a CSF-brain interface as this route 
of entry into the brain has been proposed to be of particular importance in early development5,23,24. The results 
provide information regarding the expression and presence of ABC transporters in three main brain barriers, 
thus contributing to the understanding of what properties are important to consider for safer drug prescription 
and future development of therapeutics.

Adult animals used in the present study covered an age-range from 6–10 weeks. There were no statistically 
significant differences in age or weight between adult groups in all experiments. Previous transcriptomic stud-
ies have also shown that over the period of 6–21 weeks of age the only difference in ABC transporters expres-
sion is a very minor increase of MRP1 (p = 0.04; FC = 1.05; supplementary dataset)29. Some previous studies in 
rodents have indicated that ABC-transporter expression at blood-brain and blood-CSF interfaces may be differ-
ent between sexes30. However other transcriptomic studies have established that for both P14 and 6 weeks adult 
rats there are no statistically significant differences in ABC transporter expression in the brain between male and 
female animals29. There appear to be no published studies reporting on the influence of sex on ABC transporter 
regulation at brain interfaces following xenobiotic challenge. The present study was not designed to look at differ-
ences between sexes. Nevertheless, future experiments addressing this would be of interest as well as expanding 
the study to include the developmental regulation of ABC transporters at the protein and functional levels.

In the present study cortical tissue samples (brain cortices) were used as a measure of the blood-brain bar-
rier expression of ABC transporters and related enzyme. This choice over other techniques, such as endothelial 
cell separation, was made for a number of reasons. Principally any transporters on cells within the brain will 
contribute to the prevention of molecular transfer into those cells where they can cause harm, and therefore do 
not necessarily warrant exclusion. Additionally, questions also remain over how endothelial cell separation tech-
niques may select for some blood vessel types over others31; extracted cells may have different properties from 
different regions of the central nervous system32,33 and show altered cell properties in culture, particularly in the 
case of immortalized cell types34. Previous studies already established the cellular distribution profiles of several 
ABC transporters both in the brain and choroid plexus in the fetal and postnatal rat brain confirming that efflux 
transporters are largely confined to brain barrier interfaces9. Nevertheless it is possible that in the present study 
small, and/or highly localized changes in expression levels at the blood-brain barrier were not detected because 
of dilution by brain tissue.

Diallyl sulfide (DAS) was used as the primary inducer based on previous studies identifying it as the most 
potent inducer, out of a range of compounds tested, of ABC-transporter expression at the blood-brain barrier 
in vivo12. The liver was used as a positive internal control. In all age groups chronic DAS (200 mg/kg) exposure 
resulted in significant up-regulation of hepatic abcc3 (MRP3) and abcb1a (PGP) expression (Fig. 2) as well as GST 
activity (Fig. 5). As the level of up-regulation in the liver was similar between all ages investigated it is likely that 
the DAS compound was in the circulation in similar effective quantitates. The observed up-regulation of GST and 
abcc3 (MRP3) in the adult liver is consistent with previous findings25,26,35,36. The present study expands on these 
previous adult findings to the early postnatal period (P4 and P14), suggesting similar levels of up-regulation to 
those observed in the adult. Up-regulation of abcb1a (PGP) in the liver at all ages also provides additional infor-
mation not previously reported. This result contradicts those previously described in the mouse, which suggested 
no abcb1a (PGP) up-regulation in the adult mouse liver12. This could be due to species differences or some tech-
nical discrepancy (see also below).

Previous studies have shown that GST up-regulation in response to DAS occurs not only in the liver but also 
in other tissues such as the lung37. In the present study no significant up-regulation was observed in the brain or 
choroid plexus (lateral ventricular or 4th ventricular). The tissue specific differences in up-regulation we observed 
between liver and brain add to existing evidence of the low induction capacity of metabolizing enzymes in the 
brain38. This may be due to a regulation pathway controlling GST induction by DAS that is more prevalent in tis-
sues other than the brain and choroid plexus. However, various transcription factors including CAR (constitutive 
androstane receptor) and NRF2 (nuclear factor (erythroid-derived 2)-like 2) linked to the inductive properties of 
DAS39 are well expressed in the choroid plexus40. As monochlorobimane is a common substrate for different GST 
isoenzymes, it is possible that the increase in activity could be due to DAS increasing certain GST isoenzymes 
in the liver that are not present in the cortex or choroid plexus. The isoenzymatic profile does differ between the 
liver, cerebral cortex and choroid plexus, with the liver rather immature at early postnatal developmental stages 
compared to the choroid plexus17. Although previous studies suggest that cortical abcb1a/b (PGP) up-regulators 
(dexamethasone and PCN, whose inductive activity is considered to by mediated by the PXR, pregnane X recep-
tor, pathway) also elicit GST up-regulation17, this was not the case with DAS in the present study. These results 
highlight the drug specific differences of up-regulation capacity as well as the multiple responses one drug can 
elicit on multiple organs.

While DAS did not detectably alter GST conjugating enzyme activity at brain barrier interfaces, it was able to 
alter the expression of ABC-transporters. This regulation appears to be age-dependent. In the adult up-regulation 
of cortical ABC-efflux transporters abcb1a/b (PGP), abcg2 (BCRP), abcc4 (MRP4) and abcc5 (MRP5) was 
observed, while earlier in development (P4, P14) this was not the case. DAS had no influence on the major 
choroid plexus transporter abcc1 (MRP1), although it did have varying influence on abcb1a (PGP) and abcc2 
(MRP2) levels including up-regulation at the P14 age group. It is noteworthy that in adults abcb1a/b (PGP) was 
up-regulated in cortical samples (“blood-brain barrier”) but not in the lateral ventricular choroid plexus. The 
contrast between cortical up-regulation in adulthood and choroid plexus up-regulation earlier in development 
(P14) fits with some current suggestions in the literature. It has been proposed that earlier in development the 
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choroid plexus may be the major route of molecular entry into the brain due to factors such as the choroid plexus 
being developed and functional23,24 long before complete vascularization of the brain, which in the rat is approxi-
mately P15-P2141. The pharmacological significance, however, of abcb1a (PGP) and abcc2 (MRP2) up-regulation 
in the P14 choroid plexus in this study remains elusive, due to very low choroidal expression of those transport-
ers. Further investigation into the up-regulation capacity of the choroid plexus early in development (directing 
up-regulation to major transporters abcc1; MRP1 or abcc4; MRP4) may be valuable in discerning if the above 
comments are confirmed.

The results obtained from brain cortical and choroid plexus samples provide an interesting comparison with 
the liver in terms of tissue specific up-regulation. The observed increase in GST activity and abcb1a (PGP)/abcc3 
(MRP3) expression in the liver, but not at the brain interfaces of most ages is consistent with other studies that 
have reported tissue specific responses to xenobiotics12,42. Additionally the RT-qPCR results from the adult indi-
cate that up-regulation at one of the blood-brain interfaces does not mean up-regulation will occur at all of them. 
This highlights the importance for regulation studies to investigate changes at multiple blood-brain interface sites, 
as it is likely that not all respond in the same way.

In the early postnatal period (P4) chronic DAS exposure resulted in down-regulation of ABC transporters 
in the cortex and choroid plexus. While it was hypothesized that the developing brain interfaces may have less 
capacity to up-regulate efflux transporters to the same extent as adults, down-regulation was an unexpected find-
ing. This is the first example of the developing brain barriers actually being reduced in effectiveness by repeat drug 
exposure, potentially leading to a weaker level of defences than we would see following acute administration. This 
result, combined with an increase in adult defences, may have major implications for our understanding of safe 
medication doses during pregnancy. Over time a mother taking a neurologically targeted medication may find the 
same dose becoming less effective for her (as efflux transporters up-regulate) while there is increased drug access 
to her baby’s brain (as their defences down-regulate). For different compounds the opposite may also occur; in 
sertraline treated pregnant mice abcb1 (PGP) expression increased in the placenta but decreased in both the fetal 
and maternal blood-brain barriers43. Future studies investigating a range of medications would assist in deter-
mining whether the result observed in this study is due to a developmentally specific toxic effect of DAS or to an 
age-specificity in regulation capacity for a range of compounds.

The cortical samples collected for RT-qPCR analysis in this study included the CSF-brain interface at the level 
of the ventricular neuroepithelium in postnatal animals and ependyma in adults. In the early developing brain, 
cells that line the ventricular system are connected by “strap” junctions first described in 1987 in sheep fetuses22. 
The function of these junctions appears to be to prevent free diffusion of lipid insoluble molecules between CSF 
and brain parenchyma. As development progresses these junctional complexes are replaced by gap junctions 
resulting in the adult ependymal layer, which does not pose a diffusional restrain44. Functional studies in the 
developing rat have shown that these junctional complexes restrict the CSF-to-brain transfer of compounds up to 
3 kDa from embryonic stages until P1044. At P10 entry of 10 kDa size proteins begins to occur, with up to 70 kDa 
compounds entering from P20 onwards44. This means that in the present study it could be expected that P4 and 
P14 animals would still have a restrictive CSF-to-brain barrier interface present. While “strap” junctions form a 
development-specific barrier to intercellular transfer, whether or not ABC efflux transporters are also present to 
restrict the exchange of lipid soluble compounds at this interface has not yet been conclusively described. Any 
changes in ABC transporter expression at this interface during development would be critical to molecular trans-
fer into the brain. Daood and colleagues28 identified MRP1 (abcc1) at the ventricular barrier suggesting constant 
levels over human development, whereas Tomioka and colleagues27 reported no BCRP (abcg2) immunostaining 
in the adult mouse ependyma. Determining whether or not each transporter is present at the CSF-brain interface 
would be important both in interpreting RT-qPCR results (as the layer contributed to the gene pool of cortical 
samples) and in understanding molecular transfer between the CSF and brain over development.

RT-qPCR analysis in the present study revealed that abcb1a/b (PGP), abcg2 (BCRP) and abcc4/5 
(MRP4/5) were up-regulated following DAS exposure in the adult rat cortex, but not earlier in development. 
Immunohistochemical analysis indicated that PGP (abcb1a/b) and BCRP (abcg2) were not present at the adult 
CSF-brain interface, suggesting that the RT-qPCR cortical up-regulation of these transporters was unlikely to be 
due to changes at this interface. In contrast, MRP4/5 (abcc4/5) were present at the adult CSF-brain ependymal 
layer, suggesting that mRNA obtained from cells forming this interface may have contributed to the overall cor-
tical RT-qPCR results. These transporters were, however, also present at the CSF-brain interface earlier in devel-
opment (P4, P14) when no RT-qPCR up-regulation was observed in cortical samples.

The present study has demonstrated that there are many efflux transporters present at the CSF-brain interface 
that could act to prevent or limit drug exchange between the CSF and the brain. As outlined in and Fig. 6 and 
Table 1 the intensity of the immunostaining for individual transporters appears to change during development. 
Immunostaining for PGP (abcb1a/b) and BCRP (abcg2) was only detected at P4 and 14 and not in the adult, while 
strong MRP2/4/5 (abcc2; abcc4; abcc5) staining was observed mostly in the adult ependyma. The lack of BCRP 
(abcg2) staining in the adult corresponds with reports by Tomioka and colleagues27 in the adult mouse, but our 
results suggest that earlier in development the transporter is present. An interesting aspect of the present results 
is the strong MRP2-5 (abcc2-5) staining at the ependymal layer in the adults. Exchange between the CSF and 
the brain in the adult is unrestricted as gap junctions connect ependymal cells22,44 allowing intercellular transfer. 
It is therefore possible that transporters such as MRP2/4/5 (abcc2; abcc4; abcc5) are responsible for removing 
compounds from the brain into the CSF rather than preventing transfer the other way. These transporters may 
allow the efflux of glutathione-conjugates formed in the CSF-brain interface by multiple isoenzymes that have 
been shown to exist at this barrier during development and adulthood17. The disappearance of “strap” junctions 
and expansion of gap junctions associated with the transformation of neuroepithelium to ependyma together 
with the increase in MRP transporters would, theoretically, work together to provide enhanced clearance from 
the brain to CSF in adults compared to early in development. The contribution of a drainage system, such as the 

https://doi.org/10.1038/s41598-019-42402-8


9SCIENTIFIC REPORTS |          (2019) 9:5998  | https://doi.org/10.1038/s41598-019-42402-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

recently described glymphatics45,46, to drawing compounds towards the brain-CSF exchange surface is yet to be 
investigated. The presence of PGP (abcb1a/b) and BCRP (abcg2) in the neuroepithelium at P4 and P14, however, 
could indicate that these transporters are preventing the unrestricted access of CSF-borne compounds into the 
brain early in development.

Conclusion
This study has expanded our knowledge of the defence capacity of the blood-brain interfaces over different devel-
opmental stages, contributing to a greater understanding of the mechanisms influencing the transfer of xenobi-
otic compounds into an immature brain. The ability of different blood-to-brain exchange interfaces (blood-brain 
barrier contained within the cortices and the blood-CSF barrier at the choroid plexuses) to dynamically regulate 
ABC-transporters’ expression has been investigated, revealing both tissue-specific and age-specific differences in 
regulation. Results from this study are consistent with the proposition that choroid plexuses play a prominent role 
in the regulation of blood to brain exchange early in development when it has a larger impact on brain transfer, 
compared to the blood-brain barrier which mostly regulates defences once the brain is fully vascularized. The 
profiles of cellular distribution of ABC-transporters at the ventricular interface are described, with PGP (abcb1a) 
and BCRP (abcg2) present early in development and strong MRP2-5 (abcc2-5) immunostaining present in adult-
hood, supporting the importance of this interface in the immature brain. Expansion of these results to studies of 
a wider range of drugs and drug classes would provide critical information to pharmaceutical companies and to 
medical practitioners who prescribe medications to pregnant women and neonates.

Materials and Methods
Gene Expression Studies (RT-qPCR). Animals. All procedures involving animals were approved by 
the University of Melbourne Animal Ethics Committee and conducted in compliance with Australian National 
Health and Medical Research Guidelines. Sprague Dawley rats were supplied by the University of Melbourne 
Biological Research Facility and housed in groups of 2–4 (adult) or full litters per cage, on a 12 h light/dark cycle 
with ad libitum access to food and water. Age groups investigated (listed as treatment completion) were P4, P14 
and adults (6–10 weeks). Postnatal litters were both males and females, while adults were females only. Rats from 
each age were randomly assigned to either DAS treated or control groups (n per group depicted in figure legends).

Treatment regime. Treated animals (referred as the chronically treated group) received 200 mg/kg of undiluted 
diallyl sulfide, DAS (SIGMA, A35801). Injections were given intraperitoneally (i.p.) once daily for 4 days with 
tissue taken on the 5th day, as described by Cui et al.12. Age-matched control animals received no injections.

Tissue Collection. At the end of the treatment regime animals were killed with an overdose of inhaled isoflurane 
followed by cardiac transection. Tissue samples were extracted under RNAse free conditions into cryovials and 
immediately frozen in liquid nitrogen and stored at −80 °C. Choroid plexuses (lateral ventricular) were removed 
from brains prior to cortex tissue sampling. Cortex samples were collected as a standard block of brain tissue 
dissected out above the ventricle of mainly frontal and parietal lobe tissue (see Fig. 7 for a diagram illustrating the 
position of cortex sampling).

RNA extraction and cDNA conversion. RNA was extracted using commercially available RNeasy Plus Mini Kits 
(Qiagen) and QIAshredder (Qiagen) for liver and cortex or using the RNeasy Plus Micro Kits (Qiagen) for cho-
roid plexus, as per manufacturers specifications. RNA quantity and purity was determined using a NanoDrop 
ND-1000 UV-VIS spectrophotometer (Thermo Scientific). cDNA conversion was conducted using the Applied 
Biosystems High Capacity RNA-cDNA Kits with each sample containing 20 µl (10 µl 2x reverse transcriptase 
buffer mix, 1 µl 20x RT enzyme mix and 9 µl combination of RNA and nuclease free water to standardize sam-
ple concentrations). Samples were incubated in a thermocycler (60 mins at 35 °C, 5 mins at 95 °C and 4 °C until 
removed) and cDNA stored at −20 °C until use.

Figure 7. Schematic diagram illustrating the position of the cortical segment collected for RT-qPCR, GST 
assay measurements and immunohistochemical analysis. The segment was dissected out from above the 
ventricle (outlined in blue) and included the ventricular layer (neuroepithelial or ependymal depending on 
developmental age). All pia mater and choroid plexuses were removed prior to brain sampling.
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Real-time quantitative polymerase chain reaction (RT-qPCR). The primers used for RT-qPCR gene expres-
sion measurements are shown in Table 2 and were pre-validated for single peak melt curves and efficiencies of 
90–100%. Measurements were conducted on 10 µl wells using Rt2 SYBR Green ROX qPCR Mastermix (Qiagen) 
on a ABI Prism 7900HT Real Time sequence analyzer (Applied Biosystems) as follows: 50 °C (2 min), 95 °C 
(10 min), 40 cycles of 95 °C (30 sec), 60 °C (1 min). No-template controls were run simultaneously and gave no 
signal (or occasional negligible signal >38Ct). Threshold cycle time (Ct) values were obtained as an average from 
triplicates for each gene. Relative gene expression was calculated as a comparison between the gene of interest and 
an average of two housekeepers (β-actin and cyclophilin b; peptidylprolyl isomerase B; ppib) and expressed as 
2−∆Ct (2−(GeneCt-HousekeeperCt)). Each dot in the figures represents an individual animal. Each age was run on a single 
RT-qPCR plate (with all transporters) and results combined for graphical representation.

GST Activity Assay. Animals. All procedures involving animals were approved by the French Ethical 
Committee (decret 87–848) and conducted in compliance with the European community directive (86-609-EEC). 
Sprague Dawley rats were supplied by Janvier Labs and housed in groups of 2–4 (adult) or single female with litter 
per cage, on a 12 h light/dark cycle with ad libitum access to food and water. Age groups (at treatment completion) 
included P4 pups (males and females) and 6–10 week-old adults (males).

Treatment regime. Treated animals received 200 mg/kg of undiluted diallyl sulfide, DAS (SIGMA) per injection. 
Injections were given i.p. once daily for 3 days with tissue taken on the 4th day as per previous protocols regarding 
NRF2 and CAR pathway induction of GST47,48. Age-matched control animals received no injections.

Tissue Collection. Animals were sacrificed by decapitation following isoflurane anesthesia. Tissue (liver, lateral 
and 4th ventricular choroid plexus, cerebral cortex) was extracted on ice and stored at −80 °C. Choroid plexuses 
and meningeal tissue were removed from brains prior to cortex tissue sampling to ensure that no choroid plexus 
tissue was present in cortex measurements (Fig. 7).

GST Assay conditions. GST specific activity was measured using the GST isoform multispecific substrate mon-
ochlorobimane (MCB; Sigma) as previously described17. Briefly, tissues were kept on ice and glass-glass homoge-
nized in a buffer (0.25 M sucrose, 50 nM K-phosphate, 1 mM EDTA, 0.1 mM DTT, pH 7.4). Homogenized samples 
were added in varying amounts to reaction buffer (10 mM K-phosphate, 0.02% BSA, pH 6.5) with 50 µM MCB 
and 1 mM glutathione (GSH; Sigma). The glutathione conjugate formed, MCB-SG, was measured spectrofluori-
metrically by using kinetic analysis with excitation/emission wavelengths of 355/460 nm (Tecan Infinite M200 
Pro). The linearity of fluorescence rates as a function of protein content in the assay was verified for each sample. 
Assays in the absence of homogenates were also run as controls to account for non-enzymatic conjugation.

The specific activity was calculated using a GSMCB standard prepared exactly as previously described17, 
and normalized for total protein content. Total protein content was measured by spectrophotometry using the 
Peterson49 method in a CARY 100 scan spectrophotometer set at 750 nm. A calibration curve was created using 
bovine serum albumin as a standard.

Immunohistochemistry. Bouin’s fixed, paraffin embedded five micron coronal sections of control rat brains were 
selected from serially sectioned tissue obtained from another study50,51. Sections were selected to correspond to 
the ages and brain region used for RT-qPCR (see above). At least two brains from each age group (P0-4 referred 
to as P4; P10-14 referred to as P14; adult: 180–200 g females) were included in the study.

Selected sections were de-paraffinized in xylene and rehydrated in graded ethanol following standard proce-
dures. For some antibodies the antigen retrieval step was applied. This involved boiling sections for 10 min in either 
citrate buffer (pH6) or TEG (1.211 g Calbiochem Tris base, 0.190 g SIGMA EGTA, 1 L distilled H2O, pH9). All 
sections were incubated with 0.5% hydrogen peroxide in TBS (Tris-buffered saline: 5 mM Tris-HCL, 146 mM NaCl, 
pH7.6) to quench endogenous peroxidase and in 10% normal goat serum for 30 min to block non-specific bind-
ing sites. Primary antibodies (listed with relevant details in Table 3) were incubated on sections overnight at 4 °C. 
Antibodies were diluted in 10% normal goat serum in TBS. Following extensive washings in TBS, REAL EnVision 
Detection System (Peroxidase/DAB + rabbit/mouse, code K5007, DakoCytomation, Denmark) was applied. 
The positive reaction product was visualised by incubating sections, washed again with TBS, for 10 min with the 

Target Forward Reverse NCBI
β-actin CCCTAGACTTCGAGCAAGAG GGATTCCATACCCAGGAAGG NM_031144.3
ppib AGTGACCTTTGGACTCTTTGG TCCTTGATGACACGATGGAAC NM_022536.2
abcb1a CAACCAGCATTCTCCATAATA CCCAAGGATCAGGAACAATA NM_133401.1
abcb1b CCATGTGGGCAAAGGTACTGA CTAAGACTTCTTCGGCAACT NM_012623.2
abcg2 CAGCAGGTTACCACTGTGAG TTCCCCTCTGTTTAACATTACA NM_181381.2
abcc1 CCTTGGGTCTGGTTTACTT ACAGGGGAACGACTGACAG NM_022281.2
abcc2 CAGGGCTGTGCTTCGAAAATCCAAAA GTGTGCAGCCTGTGAGCGATGGTGAT NM_012833.2
abcc3 CTCGCCCATCTTCTCCCACTTCTCGG CCGGTTGGAGGCGATGTAAGGATAAG NM_080581.1
abcc4 GAACGCTACGAGAAAGTCATC GCCCGTGCCAAGTTCAC NM_133411.1
abcc5 AACAGGAAGGATTCTCAACAGG TGAATGCTGGACGTGATATGG NM_053924.1

Table 2. List of the RT-qPCR primer sequences and the associated NCBI sequences.
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DAB + detection kit (DakoCytomation, Denmark). Positive staining appeared as dark brown deposit. Sections were 
washed (TBS), counter stained with Mayer’s hematoxylin (Sigma), dehydrated through graded ethanol and xylene 
and cover-slipped with Pertex mounting medium (HistoLab). Control sections were either incubated with unrelated 
rabbit/mouse immunoglobulin or for negative controls the primary antibody was omitted and these sections were 
always blank. Sections were photographed under bright field using an Olympus BX50 microscope (fitted with a 
DP60 digital camera) with minimal color manipulation used only to increase the contrast.

Statistics. Statistical significance was determined by 2-tailed students t-test. All data were tested for equal 
variance using an f-test and for normality using the Shapiro Wilk test (with a Mann-Whitney U correction if 
required).

Data Availability
Data from this study are included in this published article (and its Supplementary Information files). Any further 
information is available from the corresponding author on request.
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Abstract
: A major concern for clinicians in prescribing medications toBackground

pregnant women and neonates is the possibility that drugs might have
damaging effects, particularly on long-term brain development. Current
understanding of drug permeability at placental and blood-brain barriers
during development is poor. In adults, ABC transporters limit many drugs
from entering the brain; however, little is known about their function during
development.

: The transfer of clinically relevant doses of paracetamolMethods
(acetaminophen), digoxin and cimetidine into the brain and cerebrospinal
fluid (CSF) was estimated using radiolabelled drugs in Sprague Dawley rats
at three developmental stages: E19, P4 and adult. Drugs were applied
intraperitoneally either acutely or following chronic exposure (for five days).
Entry into brain, CSF and transfer across the placenta was measured and
compared to three markers (L-glucose, sucrose, glycerol) that cross
barriers by “passive diffusion”. The expression of ABC transporters in the
brain, choroid plexus and placenta was estimated using RT-qPCR.

: All three drugs entered the developing brain and CSF in higherResults
amounts than the adult brain and CSF. Comparisons with “passive”
permeability markers suggested that this might be due to age-related
differences in the functional capacity of ABC-efflux mechanisms. In adult
animals, chronic treatment reduced digoxin (12% to 5%, p<0.01) and
paracetamol (30% to 21%, p<0.05) entry compared to acute treatment, with
the decrease in digoxin entry correlating with up-regulation of efflux
transporter   (PGP). In fetal and newborn animals, no geneabcb1a
up-regulation or transfer decreases were observed. Instead, chronic
paracetamol treatment resulted in increased transfer into the fetal brain
(66% to 104%, p<0.001).

: These results suggest that the developing brain may beConclusions
more at risk from acute drug exposure than the adult brain due to reduced
efflux capacity and at greater risk from chronic treatment due to a lack of
efflux mechanism regulatory capacity.
Keywords
ABC transporter, Blood-brain barrier, fetus, neonate, cerebrospinal fluid,
placenta, permeability
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Abbreviations
ABC, ATP-binding cassette; BCRP, breast cancer resistance 
protein; CSF, cerebrospinal fluid; DPM, disintegrations per 
minute; E, embryonic (note that by longstanding convention all  
gestational ages in rodents are referred to as embryonic, but in this 
study E19 is a fetal stage); i.p., intraperitoneal; i.v., intravenous; 
MRP, Multidrug resistance-associated protein; P, postnatal; PGP,  
P-glycoprotein; RT-qPCR, Real time quantitative polymerase  
chain reaction; SD, standard deviation; µCi, micro Curie.

Introduction
The mechanisms that prevent or limit entry of drugs and tox-
ins into the adult brain are reasonably well known. For water-
soluble molecules, intercellular transfer is largely prevented by 
tight-junctions (Johansson et al., 2008; Saunders et al., 2008; 
Saunders et al., 2018). For lipid soluble compounds, transcel-
lular transfer of many compounds is limited by efflux transporter  
mechanisms (Mandal et al., 2017). Members of the ATP-bind-
ing cassette (ABC) transporter family, known to be located 
in the various brain barrier interfaces (Roberts et al., 2008;  
Saidijam et al., 2018; Strazielle & Ghersi-Egea, 2015), are major 
contributors to this protection. They are the main reason why 
it has proved so difficult to develop new drugs for neurologi-
cal and neuropsychiatric conditions. It has been estimated that  
98% of drugs developed by pharmaceutical companies for such 
conditions fail to enter the brain in therapeutically useful amounts 
(Pardridge, 2002).

In contrast to the knowledge about the adult brain, little is known 
about the presence and functional activity of ABC transport-
ers in the developing brain (Strazielle & Ghersi-Egea, 2015;  
Saunders et al., 2019). This information is essential for under-
standing the likelihood of a drug to enter the brain directly 
from the fetal circulation (once the substance has crossed the 
placenta) or from the circulation of a newborn (especially  
pre-term), who lacks placental protection. In the clinic, drugs 
are administered to pregnant women and newborns for a range 
of conditions and over 1200 drugs have been prescribed dur-
ing pregnancy and lactation (Briggs et al., 2017). Evidence of 
potential harms, except in a few cases, is unclear. The scale of 
the problem is illustrated by international surveys showing that 
in all countries studied the proportion of pregnant women who 
take medications during pregnancy is high (Wyszynski & Shields,  
2016). While the clinical application of these drugs in adults 
is supported by evidence from clinical trials, such trials have 
not been conducted in pregnant women and neonates because 
of obvious ethical concerns (Lyerly et al., 2008). In the  
absence of these data, doctors have to rely on their experi-
ence of observed side effects following the application of drugs 
to these patient populations. However, in the case of the cen-
tral nervous system (CNS) the harmful effects may not mani-
fest themselves until much later in baby’s development, making 
them difficult to track. While controlled clinical trials in these  
patient populations may remain difficult, enhancing the  
understanding of barrier permeability and ABC transporter 
functionality at different developmental stages would provide  
additional evidence to aid clinicians.

Animal studies on the entry of drugs into the developing brain 
following administration to pregnant animals or newborns are 
also very scarce. The few studies that have been published on 
pregnant rodents have been reviewed in Saunders et al. (2019) 
and will be further considered in the Discussion. To determine 
the relative contributions of the placental and brain barriers in 
drug protection of the developing brain, individual measure-
ments in fetal blood and cerebrospinal fluid (CSF) are required. 
Access of any molecule into the CNS is determined by: (i) their  
physicochemical properties, such as molecular size and lipid 
solubility; (ii) biological properties (facilitated transfer by 
influx mechanism, e.g. glucose, or restricted transfer by efflux 
mechanisms such as ABC transporters); and (iii) physiological 
properties of brain barriers that are developmentally regulated 
(e.g. CSF secretion). The actual level that a molecule reaches 
in brain and CSF is also influenced by the turnover of CSF 
(“sink action”, Davson, 1967), which is much less in the devel-
oping brain (Saunders, 1992). Transfer of lipid insoluble 
(hydrophilic) molecules that are passively transferring (i.e. not 
transported) from blood into the brain and CSF is determined 
by their molecular size at any stage of brain development  
(Dziegielewska et al., 1979; Habgood et al., 1993). For 
lipid soluble (hydrophobic) molecules, their permeability is  
dependent not only on their degree of lipid solubility (octo-
nol/water coefficient or logDoctonol, Davson, 1967; Rapoport 
et al., 1979) but also on their specificity, if any, for individual 
ABC transporters that play an active role in molecular exclusion 
at the barrier. It is this last function that is little understood dur-
ing brain development but is critical to understand their possible 
limitation of drug entry into the brain at different stages of its  
maturation.

A key biological problem, which has implications for under-
standing potential deleterious effects of drugs administered 
to pregnant women or new-born infants, is the stage of brain 
development when the efflux transporters appear and when 
they become functionally effective. It is not necessarily the case  
that once a transporter is present it will show the same level 
of activity throughout development; this might increase or 
decrease at different times (see Discussion and Ek et al., 2010;  
Møllgård et al., 2017).

The present paper describes experiments using three index drugs 
that are given to pregnant women and/or neonates (paracetamol, 
digoxin and cimetidine). Two of the drugs selected (digoxin and 
cimetidine) are used for their peripheral therapeutic effects (car-
diovascular and alimentary systems respectively) but there is some 
evidence that they do enter the brain to a limited extent in adult 
animals (digoxin: Liu et al., 2014; Mayer et al., 1997; Taskar  
et al., 2017 and cimetidine: Kodaira et al., 2011). There are a few 
reports of entry of digoxin and cimetidine into the brains in fetal 
rodents (see Discussion). The third drug, paracetamol, is the most 
widely used drug during pregnancy (Werler et al., 2005). It is the 
only analgesic that is regarded as “safe” in infants (Australian Med-
icines Handbook, 2019; World Health Organisation, 2012). These  
three drugs are thought to be substrates for different ABC  
transporters. There are studies linking PGP (abcb1) to digoxin  
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transfer (Mayer et al., 1996; Smit et al., 1999) and BCRP (abcg2) 
to cimetidine transfer (Liu et al., 2007; Staud et al., 2006). It 
is unclear from the literature which ABC transporter(s) para-
cetamol is a substrate for, although it has been suggested that 
MRP3 (abcc3) may limit paracetamol entry via its glucuroni-
dated metabolite (Manautou et al., 2005). Paracetamol’s other  
glutathione and sulphate metabolites may be substrates for 
BCRP (abcg2) or other MRP (abcc) transporters. All three 
drugs are available in a radiolabelled form. The use of radi-
olabelled drugs is essential for detection of a drug in the very 
small volumes of plasma and CSF available from fetal and  
neonatal rodents.

The results showed that there are clear age-dependent differ-
ences in the entry of the three drugs (paracetamol, digoxin, 
cimetidine) into brain and CSF. In addition, over the course of 
chronic exposure, drug entry was reduced only after a certain 
stage of brain maturation. Some of these differences appear to  
be accounted for by changes in the expression levels of indi-
vidual ABC transporters. The study provides a basis for future 
comprehensive research into the entry of a wide range of  
drugs into the developing brain.

Methods
Ethical statement
All procedures involving animals were approved by the Univer-
sity of Melbourne Animal Ethics Committee (Ethics Approval 
AEC: 1714344.1) and conducted in compliance with Austral-
ian National Health and Medical Research Guidelines. All 
efforts were made to ameliorate any suffering of animals. They  
were handled by experienced researchers in such a way as to 
minimise stress prior to being anaesthetised. All animals were 
assessed as healthy prior to commencement of experiments. 
Animals were monitored prior to and following every injec-
tion ensuring there was no abnormalities in weight (>15%), 
appearance (wounds, fur) or behaviour (vocalisation, respiration,  
movements).

Drug entry studies
Animals. Sprague Dawley rats were supplied by the Univer-
sity of Melbourne Biological Research Facility and housed 
in groups of 2–4 (adult) or full litters per cage (25cm x 35cm x 
25cm on Breeders Choice paper bedding, made from 99% recy-
cled paper; it is biodegradable with no added chemicals), on a 
12 h light/dark cycle with ad libitum access to food (dry pel-
lets of a fixed formulation diet for laboratory rats and mice  
fortified with vitamins and minerals to meet the requirements 
of breeding animals after the diet is autoclaved or irradiated, 
supplied by Speciality Feeds, Western Australia) and water. 
Age groups investigated (at treatment completion) were time 
mated pregnant females at E19 (350-400g body weight), post-
natal pups at P4 and non-pregnant female adults (175-230g  
body weight). E19 was chosen because this is a stage of 
development when adequate volumes of blood and CSF 
can be obtained for analysis from fetal rats without pooling  
(Dziegielewska et al., 1981) and individual pups can be 
injected intraperitoneally while still inside the uterine horn and  
kept viable for periods of time. P4 was chosen because its 

stage of brain development is similar to that of very prema-
turely born but viable human infants of 22–24 weeks gesta-
tion (Clancy et al., 2001). The numbers of animals (n) used 
for each experiment are indicated in Table 1 and Table 2. 
Animal numbers were based on previous experience of such  
experiments and were the minimum number required to detect 
a significant difference between groups at P <0.05. Animals 
were selected for treatment groups to ensure weights were  
statistically similar between direct comparisons.

Drug doses. Drug doses were selected based on use in clini-
cal practice (Australian Medicines Handbook, 2019) and 
adjusted for body weight. Cimetidine (C4522, Sigma-Aldrich) 
was applied at 11mg/Kg per dose, digoxin (D6003, Sigma-
Aldrich) at 30µg/Kg per dose and paracetamol (acetaminophen  

99.0%, Sigma-Aldrich) at 15mg/Kg per dose.

Cimetidine and paracetamol were dissolved in sterile 0.9%  
sodium chloride solution.

Table 1. Numbers of animals (n) used in the 
brain and CSF drug permeability experiments. 
The n numbers listed in brackets are where the 
numbers of CSF measurements were different from 
the number of brain measurements. No animal 
died before the termination of an experiment. E19 
and P4 pups were littermates and included both 
sexes. The differences in pup numbers between 
groups is due to natural variation in litter sizes. 
P4 and adult experiments were terminated 30 
minutes after tracer administration, whereas the 
E19 embryo experiments were terminated between 
30 minutes and 2.5 hours post-injection due to the 
time required to sequentially sample each embryo. 
Acute: experiments involved a single injection 
of unlabelled drug mixed with a tracer amount 
of radiolabelled drug. Chronic: animals received 
multiple drug injections of unlabelled drug over 
a period of five days (see Methods) with the final 
injection including the radiolabelled tracer. Adults 
were non-pregnant females.

Drugs Permeability RT-qPCR

Acute Chronic Acute Chronic

Digoxin

      E19 11 (6) 10 6 6

      P4 4 7 6 5

      Adult 4 4 4 4

Cimetidine

      E19 10 (9) 12 (11) 6 6

      P4 5 7 6 6

      Adult 4 4 4 4

Paracetamol

      E19 11 (7) 9 6 6

      P4 4 7 6 6

      Adult 4 4 4 4
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Digoxin was dissolved in ethanol before dilution in ster-
ile 0.9% sodium chloride solution for injection, with final  
injectate ethanol concentration <5%. Radiolabelled drugs and  
hydrophilic markers used are listed in Table 3.

Experimental procedure. In acute drug experiments, a sin-
gle dose was injected that included traces of [3H]-labelled drug 

(20µCi adults, 2µCi newborns). In chronic experiments, doses 
of unlabelled drug were given twice daily (09.00 and 17.00h) 
for four days before a final injection on the 5th day identical  
to acute experiments. In passive marker experiments, all dosing 
was acute and contained only the [3H]- or [14C]-labelled compound 
(20µCi adults, 2µCi newborns).

In all experiments involving postnatal animals, injections were 
intraperitoneal (i.p.). In pregnant animals for fetal drug entry 
studies, the final injection of the radiolabelled marker was given 
intravenously (i.v.), as the peritoneal cavity required open-
ing prior to the sampling period to gain access to the fetuses. 
For passive markers (L-glucose, sucrose and glycerol), fetal  
animals were individually injected i.p. while still within the 
uterine horn. All experiments took place between 09.00 and 
15.00h. All pregnancy studies were completed with a single 
treatment group on one day. Postnatal groups were conducted 
with a single treatment group on one day or with the chronic  
group completed prior to the acute group.

Sample collection. Samples were collected 30 minutes after 
the final injection. This duration was chosen partly to limit 
any potential metabolism of the drugs and markers used but 
also to allow enough time for i.p. injected markers to reach the 
blood stream and, from there, to access the brain parenchyma 
across brain barriers, as well as to limit the CSF sink effect  
that could influence drug levels (Bito et al., 1966). Thirty 
minutes is also within the half-life of these drugs (Adedoyin  
et al., 1987; Harrison & Gibaldi, 1976; Lin & Levy, 1963). The 
other reason a 30-minute duration was chosen is that in the case  
of exposed fetal rat pups, it is difficult to maintain them in a  
reasonable physiological state for long periods due to deterioration 
of placental perfusion. Therefore, for comparative purposes, all 
studies were conducted at the same time.

For adult and newborn (P4) experiments, animals were termi-
nally anaesthetized using inhaled isofluorane (IsoFlo 100% 
w/w, Abbott Laboratories). Blood samples were collected 
from the right cardiac ventricle, CSF from the cisterna magna  
(Habgood et al., 1992) and cortical segments of brain tissue dor-
sal to the ventricle of the frontal/parietal lobes, as previously 
described (Koehn et al., 2019). Blood and CSF sampling from 

Table 2. Numbers of animals 
(n) used in “passive” markers 
permeability experiments. All 
experiments were acute (single 
injection including the tracer) with 
samples collected at 30 minutes 
post-injection, except for placental 
transfer experiments where blood 
samples were collected between  
30 minutes to 105 minutes post 
injection. No animal died before the 
termination of an experiment. E19 
and P4 pups were littermates and 
included both sexes. Glycerol E19 
experiments were conducted in litters 
from two separate pregnant females. 
Adults were non-pregnant females.

Permeability

Markers Brain CSF Placenta

Sucrose

       E19 5 5 -

       P4 3 3

       Adult 4 3

L-Glucose

       E19 5 5 12

       P4 3 3

       Adult 2 2

Glycerol

       E19 11 11 10

       P4 4 3

       Adult 4 4

Table 3. List of radio-labelled markers, their suppliers and product codes.

Marker Radiolabel Molecular weight Supplier Code no.

Paracetamol [2,6-3H] 151 American Radiolabeled Chemicals, Inc. ART 0679

Digoxin [3H(G)] 781 American Radiolabeled Chemicals, Inc. ART 1323

Cimetidine [3H(G)] 252 American Radiolabeled Chemicals, Inc. ART 1548A

Glycerol [2-3H] 92 PerkinElmer NET022L001MC

Sucrose [U-14C] 342 Amersham International CFB146

L-glucose [1-14C] 180 Amersham International CFA328
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the P4 animals was terminal and would thus not have affected  
the physiological state of the animals during the experiment.

In pregnancy experiments, animals were anaesthetised i.p. with 
25% w/v urethane, Sigma, 1ml per 100g body weight, dose). 
Animals were placed on a 33°C heating plate in a supine posi-
tion and an endotracheal catheter inserted to maintain a clear 
airway. The femoral artery and vein of the left hindlimb were 
cannulated to provide access for collecting arterial blood sam-
ples and intravenous (i.v.) injection of the radio-labelled drug or 
marker solution; the cannula was flushed with 1ml of heparinized  
(Hospira Inc, five units per ml) saline. All injections were made 
by slow infusion. Starting at 30 minutes after injection blood, 
CSF and brain samples (following terminal exsanguination) 
were collected serially from each fetus. At the time of each 
fetus sampling, the state of the placental circulation to the fetus 
was assessed from the colour of the umbilical blood vessels 
(pink veins indicate reasonable oxygenation). Time matched  
blood samples (200µl) were collected from the maternal arte-
rial cannula to establish levels of radioactivity in the maternal 
circulation at the time of each fetal sampling. Maternal blood 
volume was maintained by intraarterial injection of equiva-
lent volumes of heparinized sodium chloride solution, which 
also served to maintain the patency of the cannula. Fetuses were 
sampled over a period of 30 minutes - 2.5-hours post-injection,  
the time during which placental circulation to the fetuses remained 
adequate.

Sample preparation. Samples were processed immediately 
after collection. Blood was centrifuged at 7000rpm for five min-
utes and the plasma separated. CSF samples were examined 
microscopically for traces of red blood cells and discarded if 
contaminated (Habgood et al., 1992). In all experiments, the 
radioactivity in the injectate was also measured to confirm the  
uniformity of the injected material. All samples were weighed 
and transferred into scintillation vials. Soluene350 (0.5ml,  
PerkinElmer) was added to the brain samples. After being incu-
bated at 36°C overnight to allow the tissue to solubilize, two 
drops of glacial acetic acid (Sigma) were added to neutral-
ize the strongly alkaline Soluene350. All samples were then  
mixed with 5ml of scintillation fluid (Emulsifier-safe,  
PerkinElmer) before being transferred into the liquid scintillation 
counter (Tri-Carb 4910 TR, PerkinElmer) to count radioactiv-
ity disintegrations per minute (DPM) over five minutes each with  
luminescence correction on. Blank vials containing the same 
tissues without radioactivity were also counted alongside the  
samples to establish the level of background counts, which 
were always subtracted from the radioactivity counts of the  
corresponding experimental samples.

Sample analysis. Background-corrected DPM data from the liq-
uid scintillation counter were normalized to the weight of the 
samples and expressed as DPM per µl or µg of sample. Ratios 
denoting brain and CSF transfer for all animals (Equation 1) 
and additional placental transfer between the fetus and the  
mother for fetal animals (Equation 2) were obtained:

Equation 1

/
100%

/
Brain or CSF DPM l

Brain or CSF transfer
plasma DPM l

Equation 2

/
100%

/
Fetal plasma DPM l

Placental transfer
Maternal plasma DPM l

Expression of ABC efflux transporters: RT-qPCR
Sample collection. For RT-qPCR studies, a new set of ani-
mals underwent the same experimental procedures as those 
for the drug entry experiments (above), except that no radioac-
tive tracers were included. Before tissue collection, all surgi-
cal instruments were cleaned with RNaseZAP (Thermo Fisher 
Scientific) to destroy any RNases. For the E19 group, the tissue 
collected from each pup was brain (see Drug Entry section) and  
placenta. The small lateral ventricular choroid plexuses were 
also collected and pooled from all pups into one sample.  
Tissue collected from P4 and adults (brain and choroid plexus) 
were processed individually. The samples were placed into 
sterile cryogenic vials, snap frozen in liquid nitrogen and  
then transferred into a -80°C freezer for storage.

RNA extraction and reverse transcription. RNA was extracted 
using RNeasy Plus Mini Kits (QIAGEN, Cat no 74134) for the 
brain samples in the postnatal animals and E19 placenta sam-
ples according to manufacturer’s specifications. For the fetal 
brain samples and all choroid plexuses, RNA was extracted using  
RNeasy Micro Kits (QIAGEN, Cat no 74004) according to manu-
facturer’s specifications. RNA purity and quantity were assessed 
using a Nano-drop (ND-1000 UV-VIS spectrophotometer,  
Thermo Scientific) and the concentration of all samples stand-
ardized in nuclease-free water (<300ng/µl). Each RNA sample 
was then converted to cDNA using the High Capacity RNA-
cDNA kits (Applied Biosystems, Cat no 4387406) containing 
9µl of RNA in Nuclease-free water, 10µl 2x reverse transcriptase  
buffer mix (RT buffer) and 1µl 20x RT enzyme mix, making 
a total volume of 20µL. RNA was converted to cDNA using 
a thermocycler (Veriti 96 Well, Applied Biosystems) set at 
35°C for 60 minutes, followed by 95°C for five minutes and 
then incubated at 4°C until collection. The more stable cDNA  
was stored at -80°C until ready to analyse with the RT-qPCR  
system (QuantStudio 6 Flex, Applied Biosystems).

RT-qPCR. Regulation of gene expression was measured 
using RT-qPCR and amplification detected with SYBR Green  
fluorescence. Primers listed in Table 4 were made at 800nM, 
except for abcc1, which was at 400nM to avoid reads in  
no-template control (NTC) wells. PCR efficiencies were vali-
dated. The final 10µl reaction volume contained 2µl 1/10 diluted 
cDNA and 8µL SYBR Green master mix (5µl Rt2 SYBR Green 
ROX qPCR master mix, [QIAGEN, Cat no 330529], 1µl each 
forward and reverse primer, 1µl RNase free water). No-template  
controls (NTCs) were prepared and analysed alongside the 
cDNA triplicates with every run. NTCs produced no signal, or 
the occasional negligible signal (> 38Ct). Plates were evalu-
ated using the Applied Biosystems Quantstudio6 Flex machine: 
two minutes at 50°C, 10 minutes at 95°C, 40 amplification 
cycles for 30 seconds at 95°C and one minute at 60°C. Tran-
script counts were compared to a housekeeper peptidylprolyl  
isomerase B (ppib) using the equation 2-ΔCt.

Statistical analysis
Group permeability data (brain/plasma and CSF/plasma con-
centration ratios) for the acute and chronic conditions at all ages 
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are presented as mean ± standard deviation (SD). Microsoft  
Excel 2011 was used for statistical analysis. Statistical  
differences between the acute and chronic groups for each drug 
were determined by unpaired, two-tailed Student’s t-test with  
p<0.05 accepted as significant and F-tests to confirm equal  
variance.

Results
The present study investigated the degree of protection that 
is present at different developmental stages to prevent or 
limit the transfer of drugs from the circulation into the brain. 
Rats were injected with either a single dose (acute experi-
ments) or multiple doses (chronic experiments) of one of three 
drugs (digoxin, cimetidine or paracetamol) and analysed at 
E19, P4 and adult (see Methods). Results from in vivo drug  
studies were compared with gene expression data to estab-
lish which ABC transporters changed their expression follow-
ing chronic exposure, in order to see if they correlated with 
observed changes in drug entry results. The transporters studied 
were: abcc1-5 (MRP1-5), abcg2 (BCRP) and abcb1a/abcb1b  
(p-glycoprotein, PGP, which in the rodent has two isoforms). For  
quality control, the radioactivity counts estimated in different  
compartments in all experiments are shown in Table 5. The 
results are then displayed as brain/plasma and CSF/plasma  
concentration ratios (Table 6). This representation is a con-
vention used in many blood-brain barrier experiments  
(Davson & Segal, 1996); this is because the entry of a marker 
will depend largely on its amount in circulating blood, which  
inevitably varies to some extent between experiments (as can 
be seen from the standard deviations in Table 5). The values 
in Table 6 and in Figure 1–Figure 3 for each drug repre-
sent a measure of “apparent permeability” rather than actual  
“permeability” because of the influence of the secretion of 
CSF, which is much lower in the developing brain (Saunders, 
1992). Changes in expression levels of eight main ABC trans-
porters in brain (cortex) and lateral choroid plexuses were 
investigated in chronically treated animals and compared to  
samples from acute experiments. Throughout this paper, the ABC 
transporter terminology will reflect the experiment described.  
For gene-based studies (RT-qPCR), genes will be listed with  
common protein names in brackets, e.g. abcc1 (MRP1), whereas 

for protein-based experimentation, the protein name will be 
listed with associated gene in brackets, e.g. MRP1 (abcc1).  
The full raw data are available as Underlying data (Habgood  
et al., 2019).

CNS drug entry
Digoxin. In acute digoxin experiments (Figure 1), the brain/
plasma concentration ratio at E19 (47%) was much higher than 
the corresponding CSF/plasma ratio (12%). At P4, the brain/
plasma (20%, p<0.05) and CSF/plasma (4%, p<0.05) ratios 
were both significantly lower than at E19. In the adults, the 
brain/plasma ratio declined further to 12% (p=0.06), while the  
CSF/plasma ratio remained at its already low level (4%). In 
chronic experiments (Figure 1), the brain/plasma and CSF/
plasma ratios were not significantly different from the acute 
experiments at E19 (45% and 18%, respectively) or at P4 (18% 
and 3%, respectively). In contrast, in adults following chronic  
administration, brain/plasma concentration ratio was significantly 
lower compared to acute experiments (5%, compared to 12%, 
p<0.01) and the CSF/plasma ratio also decreased significantly  
(3%, p<0.05).

Cimetidine. In acute cimetidine experiments (Figure 2), the 
brain/plasma and CSF/plasma concentration ratios were high-
est at E19 (56% and 54%, respectively). At P4, the brain/plasma 
(12%, p<0.001) and CSF/plasma (8%, p<0.001) ratios were 
significantly lower than at E19. In adults, the brain/plasma 
(13%) and CSF/plasma (12%) ratios were not statistically  
different from P4. There were no significant differences observed 
between the acute and chronic experiments for brain/plasma or 
CSF/plasma concentration ratios at any age.

Paracetamol. In acute (single dose) experiments (Figure 3), 
the brain/plasma and CSF/plasma ratios were highest at E19 
(66% and 60%, respectively). At P4, ratios were lower (60% 
and 49%, respectively), with the CSF/plasma concentration 
ratio significantly different from that of E19 (p<0.05). In adults, 
both ratios were substantially lower than at P4 and E19, at 30% 
and 29%, respectively (p<0.001 for all comparisons). In chronic 
experiments (Figure 3) at E19, the ratios were substantially  
higher than in the acute experiments for both brain (104%, 

Table 4. List of the RT-qPCR primer sequences and the associated NCBI sequences.

Target Forward Primer Reverse Primer NCBI

ppib AGTGACCTTTGGACTCTTTGG TCCTTGATGACACGATGGAAC NM_022536.2

abcb1a CAACCAGCATTCTCCATAATA CCCAAGGATCAGGAACAATA NM_133401.1

abcb1b CCATGTGGGCAAAGGTACTGA CTAAGACTTCTTCGGCAACT NM_012623.2

abcg2 CAGCAGGTTACCACTGTGAG TTCCCCTCTGTTTAACATTACA NM_181381.2

abcc1 CCTTGGGTCTGGTTTACTT ACAGGGGAACGACTGACAG NM_022281.2

abcc2 CAGGGCTGTGCTTCGAAAATCCAAAA GTGTGCAGCCTGTGAGCGATGGTGAT NM_012833.2

abcc3 CTCGCCCATCTTCTCCCACTTCTCGG CCGGTTGGAGGCGATGTAAGGATAAG NM_080581.1

abcc4 GAACGCTACGAGAAAGTCATC GCCCGTGCCAAGTTCAC NM_133411.1

abcc5 AACAGGAAGGATTCTCAACAGG TGAATGCTGGACGTGATATGG NM_053924.1
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Table 5. Brain (DPM/µg), CSF (DPM/µl) and plasma (DPM/µl) radioactivity 
levels of individual drugs 30 minutes after administration in adult and 
P4 animals and 30 minutes - 2.5 hours after administration in E19 
embryos. Acute experiments: a single dose of drug mixed with a tracer 
amount of radiolabelled drug was injected (i.p.). Chronic experiments: twice 
daily injections (i.p.) over five days of “cold” drug with a tracer amount of 
radiolabelled drug included in the final dose. Numbers (n) are the same 
as in Table 1 and indicate samples for brain and plasma, with values in 
brackets indicating numbers for CSF samples when they differed from those 
for brain and plasma. Adults were non-pregnant females and littermates 
of both sexes were included in the E19 and P4 age groups of pups. 
SD=standard deviation.

Acute Chronic
Digoxin n Brain CSF Plasma n Brain CSF Plasma
E19 Mean 11 

(6)
8.0 2.3 17.0 10 9.1 3.6 21.0

SD 2.6 0.9 2.1 2.2 1.6 3.6
P4 Mean 4 23.7 4.4 109.5 7 62.5 12.2 353.2

SD 6.8 0.5 16.8 16.2 3.6 81.3
Adult Mean 4 4.5 1.6 36.4 4 2.1 1.3 40.3

SD 1.2 0.2 5.3 0.8 0.8 19.4
Cimetidine n Brain CSF Plasma n Brain CSF Plasma
E19 Mean 10 

(9)
7.3 7.0 13.0 12 

(11)
8.8 8.4 13.3

SD 1.7 2.0 2.1 3.0 2.3 2.0
P4 Mean 5 37.2 24.3 310.9 7 45.7 27.8 373.2

SD 3.8 1.8 11.6 13.0 7.2 73.3
Adult Mean 4 6.2 6.0 55.9 4 11.6 11.1 90.7

SD 0.8 1.7 26.1 10.4 10.5 79.7
Paracetamol n Brain CSF Plasma n Brain CSF Plasma
E19 Mean 10 

(7)
39.6 35.3 57.8 9 146.1 119.0 140.5

SD 14.2 13.3 12.3 32.5 16.6 15.6
P4 Mean 4 117.5 96.5 193.6 7 84.4 71.0 166.8

SD 32.4 23.1 27.6 19.2 14.5 39.4
Adult Mean 4 27.3 25.4 90.1 4 17.6 14.9 83.3

SD 20.1 15.8 58.7 4.2 4.5 18.5

Table 6. Brain/plasma and CSF/plasma concentration 
ratios (%) for three drugs in acute and chronic 
experiments at the three developmental ages 
investigated (mean ± standard deviation). For n numbers 
see Table 5. Adults were non-pregnant females, E19 and 
P4 pups of both sexes were littermates respectively.

Brain/Plasma Ratio CSF/Plasma Ratio
Digoxin Acute Chronic Acute Chronic

      E19 47 ± 14 45 ± 14 12 ± 4 18 ± 8
      P4 20 ± 5 18 ± 2 4 ± 1 3 ± 1

      Adult 12 ± 3 5 ± 1 4 ± 0 3 ± 1
Cimetidine Acute Chronic Acute Chronic

      E19 56 ± 10 65 ± 19 54 ± 11 63 ± 15
      P4 12 ± 1 12 ± 2 8 ± 1 7 ± 1

      Adult 13 ± 5 13 ± 1 12 ± 3 12 ± 1
Paracetamol Acute Chronic Acute Chronic

      E19 66 ± 18 104 ± 21 60 ± 13 85 ± 10
      P4 60 ± 9 51 ± 7 49 ± 6 43 ± 3
Adult 30 ± 4 21 ± 2 29 ± 2 18 ± 2

p<0.01) and CSF (85%, p<0.05). At P4, ratios in chronically 
treated animals were lower than in acute experiments for brain 
(51%) and CSF (43%, p<0.05), with the CSF/plasma concen-
tration ratio significantly different from acute data. In adults, 
both ratios were substantially lower following chronic treatment  
compared with acute experiments (brain 21%, p<0.05; CSF 18%, 
p<0.001).

Gene expression of ABC efflux transporters in cerebral 
cortex and choroid plexus
Transcripts of all eight ABC transporters investigated were 
detected in brain cortex and choroid plexuses at all ages studied 
and in placental tissue at E19 (Table 7). In adult brain cortex, 
chronic digoxin exposure resulted in a significant up-regulation  
of abcb1a (PGP) expression (1.21 fold, p<0.05). In contrast,  
at E19, no significant up-regulation was observed in brain  
cortex. Instead, chronic digoxin treatment resulted in a sig-
nificant down-regulation of abcb1b (PGP) expression (0.63 
fold, p<0.05). At P4, the response to chronic drug exposure 
in the brain was more variable. For all three drugs there was a  
down-regulation of abcc2 (MRP2; Table 7), as well as an  
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Figure 2. Brain/plasma and cerebrospinal fluid (CSF)/plasma concentration ratios for [3H]-cimetidine in acute (white bars) and chronic 
(grey bars) experiments. Bars are group means with individual data points shown. At E19, cimetidine was administered by i.p. injection to 
the mother. Individual fetuses were serially sampled starting at 30 minutes following maternal injection up to approximately 2.5 hours (see 
Figure 6 for times of sampling and maternal and fetal plasma cimetidine levels). Adult and P4 animals were injected i.p. and samples taken 
at 30 minutes. Note that for both acute and chronic treatment groups, the ratios are higher in brain and CSF in younger animals. There were 
no significant differences between acute and chronic groups at any of the three developmental ages investigated.

Figure 3. Brain/plasma and cerebrospinal fluid (CSF)/plasma concentration ratios for [3H]-paracetamol, in acute (white bars) and 
chronic (grey bars) experiments. Bars are group means with individual data points shown, * p<0.05, ** p<0.01, *** P<0.001. At E19, 
paracetamol was administered by i.p. injection to the mother. Individual fetuses were serially sampled starting at 30 minutes following maternal 
injection up to approximately 2.5 hours (see Figure 6 for times of sampling and maternal and fetal plasma paracetamol levels). Adult and P4 
animals were injected i.p. and samples taken at 30 minutes. Note that for both acute and chronic treatment groups, the ratios were higher in 
brain and CSF in younger animals. At E19, following chronic doses, ratios for both brain and CSF were higher; in the adults they were lower.

Figure 1. Brain/plasma and cerebrospinal fluid (CSF)/plasma concentration ratios for [3H]-digoxin in acute (white bars) and chronic 
(grey bars) experiments. Bars are group means with individual data points shown, * p<0.05, ** p<0.01. Note that for both acute and chronic 
treatment groups, the ratios are higher in brain and CSF in younger animals. At E19, digoxin was administered by i.p. injection to the mother. 
Individual fetuses were serially sampled starting at 30 minutes following maternal injection up to approximately 2.5 hours (see Figure 6 for 
times of sampling and maternal and fetal plasma digoxin levels). Adult and P4 animals were injected i.p. and samples taken at 30 minutes.
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up-regulation of abcg2 (BCRP) following chronic paraceta-
mol (1.52 fold, p<0.05) and abcc5 (MRP5) following chronic 
digoxin (1.15 fold, p<0.05) and chronic cimetidine (1.24 fold, 
p<0.01) exposure. In the choroid plexus samples at all three ages,  
regulation in response to chronic drug exposure appeared to 
be variable. Regulation was different within each age for the 
three drugs, as well as for each drug between ages (Table 7).  
Possible correlations between ABC transporters expression  

and drug entry into the brain will be considered in the  
Discussion.

Entry of “passive” markers into the CNS
Access of any molecule into the developing brain and CSF is 
determined by its physical, chemical and physiological properties 
and the nature of the barrier interfaces at the time (see Intro-
duction). Therefore, a comparison was made between the drug 

Table 7. Expression of ABC transporters in brain cortex, choroid plexus (lateral 
ventricular) and placenta (E19) in E19, P4 and adult rats, RT-qPCR. The results 
are fold change differences between the chronic and acute treatments. They confirm 
the expression of MRP1-5 (abcc1-5), BCRP (abcg2) and P-glycoprotein/PGP 
(abcb1a, abcb1b) in these rat tissues. Statistically significant differences in transcript 
numbers in the chronic treatment group (p<0.05) are indicated by  where there 
was up-regulated expression of the target and by  where there was down-regulated 
expression. * indicates a large fold change increase that did not reach statistical 
significance due to extremely low expression in all acute and chronically treated 
animals except for two animals that expressed the transporter at a high level. Note 
the near total absence of changes in expression in brain and choroid plexus at E19 
compared to the large number of changes at P4.
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abcc1 0.95 0.99 1.00  0.73 1.06 1.11 1.00 0.89 1.20

abcc2 0.77 0.96 0.96  0.79  0.88  0.92 0.88 0.94 1.00

abcc3 0.28 0.92 0.81 0.78 1.16 1.12 0.81 0.62 1.18

abcc4 0.95 0.83 0.98 0.96 0.95 1.18 0.94 0.96 1.00

abcc5 1.49 1.13 0.97 0.92  1.15  1.24 0.91 0.90 1.11

abcg2 0.83 0.77 0.80  1.52 0.82 1.11 0.83 1.72 0.98

abcb1a 1.10 0.94 0.93 1.05 1.13  1.23 1.05  1.21 1.06

abcb1b 0.93  0.63 1.09 0.92 1.08 1.03 0.84 1.32 0.87
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abcc1 1.32 1.06 1.28  0.61 1.10 0.96 0.92 0.97 1.06

abcc2 0.89 0.88 1.19 0.62 1.02 1.04 0.83 1.09 0.86

abcc3 1.28 0.91 1.46 0.66  1.17 1.05 1.14 0.85 1.12

abcc4 1.38 1.14 1.17 0.83 1.02 1.12 0.89  0.73  1.49

abcc5 1.06 1.20 1.19 0.77  1.16 0.86 0.99 0.86 1.21

abcg2 0.73 0.86 1.01 0.80 0.93 0.73 0.92 1.72 0.91

abcb1a 1.49 1.05 1.73  0.32 1.93 1.72 0.90 1.13 1.06

abcb1b 0.98 0.81 1.66 1.12 1.00 1.00  1.36 1.00 1.15
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permeability results in this study with measurements of “pas-
sive” markers of similar molecular size (L-glucose, sucrose and 
glycerol). These markers are thought to not bind to any influx or  
ABC efflux transporters and have varying lipid solubility  
(log Doctonol). The brain/plasma (Figure 4) and CSF/plasma  
(Figure 5) ratios at 30 minutes after i.p. injection were  
determined for radiolabelled L-glucose, sucrose, and glycerol at 
E19, P4 and in adults. The ratios are plotted against log Doctonol  
for each marker and for each drug, with higher lipid solu-
bility, known to have the potential to result in increased  
barrier permeability (see Discussion). The brain/plasma and 
CSF/plasma ratios of the hydrophilic markers sucrose and  
L-glucose were very low at all ages, whereas the ratio for the 
more lipophilic glycerol was about 50% at E19 (46.8% brain 
and CSF) and approached 100% at P4 (82.2% brain and 95% 
CSF) and in adults (85.5% brain and 103.9% CSF). In sepa-
rate experimentation, 60-minute glycerol concentrations ratios  
reached approximately 80% in the brain and nearly 100% in 
the CSF at E19 (see Discussion), making values very similar 
to those of P4 and adult. The comparison of the brain/plasma  
(Figure 4) and CSF/plasma (Figure 5) ratios for the “passive” 
markers and the drugs at each age suggests drug exclusion, 
most likely by efflux transport mechanisms. By being excluded, 
we mean that the brain or CSF to plasma ratios are much lower  
than would be expected from their LogDoctonol position in the  
figure. However, this relation only applies directly to a  
comparison between CSF and plasma, as both compartments 
are water-based. The results for brain to plasma ratios can 
only be an indication, as both compartments are different in 
terms of their cellular composition; brain distribution space is a  
combination of intracellular and extracellular compartments.

As can be seen in the brain (Figure 4) and in the CSF  
(Figure 5), despite having the highest lipid solubility, digoxin 
transfer at P4 and in adults was at a level similar to the hydrophilic 
sucrose and L-glucose, suggesting active barrier exclusion of  
digoxin. If the transfer of digoxin was unobstructed, based on 

its logDoctonol value, it would be expected to reach much higher 
ratios at or above those for glycerol. For cimetidine, the exclu-
sion was similar to that of digoxin at P4 and adult. In con-
trast, digoxin and cimetidine transfer at E19 was similar to that 
of glycerol. As their lipid solubility is much higher, it would 
be expected that, if passively transferring, their transfer ratios  
would be higher than glycerol; therefore, it seems likely that 
the degree of exclusion of digoxin and cimetidine at E19 is less 
than what was observed at P4 and adult. Paracetamol was gener-
ally less excluded than digoxin and cimetidine at all ages. The 
most striking difference was at E19 following chronic treat-
ment, when it seems that this drug was not excluded at all  
(i.e. reached 100% distribution ratio between brain/CSF and 
plasma). In contrast to E19, the chronic treatment regime in the 
adult resulted in reduced entry of this drug (Figure 4). Pos-
sible reasons for this age-related difference in paracetamol  
ratios are considered in the Discussion.

In summary, it is clear that the brain/plasma and CSF/plasma 
ratios were much higher in the E19 fetuses, both for acute and 
chronic experiments. The highest ratios obtained were those 
for paracetamol. The concentration ratios decreased substan-
tially for all three drugs by P4, although less so for paraceta-
mol. For this drug there was a further decrease in adult brain and  
CSF ratios (Figure 1–Figure 3). This trend appeared to be 
specific to the lipid soluble, efflux substrate drugs and not 
due to general barrier permeability changes as glycerol did 
not follow the same trend. Entry of all three drugs into both 
the brain and the CSF was lower (except at E19 in chronic  
paracetamol experiments, see Discussion) than could be pre-
dicted from their LogDoctanol if their transfer was entirely  
unrestricted (Figure 4 and Figure 5).

Placental drug permeability
An estimate of the placental transfer of drug molecules 
at E19 was obtained by comparing the maternal and fetal 
plasma levels of radiolabelled drugs as illustrated in Figure 6.  
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abcc1  1.69  0.77  0.86

abcc2 0.55 0.42 *10.07

abcc3 1.59 0.87 0.96

abcc4 1.27 1.41 0.69

abcc5 1.50 0.94 1.14

abcg2  2.00 0.82 1.24

abcb1a 1.52 0.78 0.86

abcb1b 1.37  0.47 1.00
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Figure 4. Mean brain/plasma concentration ratios for the [3H]-labelled drugs. (A) digoxin, (B) cimetidine and (C) paracetamol in E19 fetal 
(green triangles), P4 postnatal (blue squares) and adult (red circles) rats plotted against their lipid solubility (LogDOctanol partition coefficient) 
and compared with the “passive” permeability markers sucrose, L-glucose and glycerol. Filled symbols indicate acute experiments (30 
minutes after IP injection) and open symbols indicate chronic experiments (after twice daily IP injections over five days). See Table 1 and 
Table 6 for full data and n numbers. Ratios less than 100% indicate restricted entry of the drug or marker into brain. Digoxin, despite being 
the most lipid soluble of the drugs was the most restricted at all ages in both the acute and chronic treatments. Cimetidine was similarly 
restricted at P4 and in adults, but less so at E19. Paracetamol was the least restricted of the drugs. Also note that following chronic treatment, 
paracetamol entry into brain decreased in adults, but was increased at E19 (direction of significant changes indicated by arrows). Chronic 
treatment also reduced the entry of digoxin into adult brain adults, but not at P4 and E19.

Maternal plasma was sampled from an arterial cannula periodi-
cally throughout the experiment (see Methods). The fetal values 
are from individual fetuses at the termination of their exposure 
to radiolabelled drug. A 2.5h post-injection cut off was estab-
lished to ensure these pups were collected whilst there was 
good placental circulation (see Methods). As can be seen in  
Figure 6, the maternal plasma level of all three drugs 

declined throughout the experimental period but remained  
consistently higher than fetal plasma drug levels. Fetal plasma 
values followed different patterns for all three drugs. The  
fetal plasma paracetamol level declined with time, but at a rate 
that was slower compared to the maternal plasma (Figure 6). 
Digoxin and cimetidine fetal plasma levels were relatively stable 
throughout the experiment. In order to obtain the rate of placental  
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Figure 5. Mean CSF/plasma concentration ratios for the [3H]-labelled drugs. (A) digoxin, (B) cimetidine and (C) paracetamol in E19 fetal 
(green triangles), P4 postnatal (blue squares) and adult (red circles) rats plotted against their lipid solubility (LogDOctanol partition coefficient) 
and compared with the “passive” permeability markers sucrose, L-glucose and glycerol. Filled symbols indicate acute experiments (30 
minutes after IP injection) and open symbols indicate chronic experiments (after twice daily IP injections over five days). See Table 1 and  
Table 6 for full data and n numbers. Ratios less than 100% indicate restricted entry of the drug or marker into CSF. Digoxin, despite being 
the most lipid soluble of the drugs, was the most restricted at all ages in both the acute and chronic treatments. Cimetidine was similarly 
restricted at P4 and in adults, but less so at E19. Paracetamol was the least restricted of the drugs. Also note that following chronic treatment, 
paracetamol entry into CSF decreased in adults, but was increased at E19 (direction of significant changes indicated by arrows). Chronic 
treatment did not significantly affect the entry of cimetidine into CSF at any of the three ages investigated.

transfer for each drug, individual fetal plasma values were time  
matched to the maternal plasma samples. An average of the 
two nearest maternal plasma values was used where there 
was not a direct time match. These ratios are presented  
in Table 8. For all three drugs, the placenta was restricting the  
transfer by about 60% (paracetamol/digoxin) to 70% (cimeti-
dine). This is indicated by the ratios of fetal to maternal plasma 
levels; 42% (paracetamol), 37% (digoxin) and 30% (cimetidine)  
(Table 8). No significant difference was found between the 

transfer of the drugs across the placenta between acute and 
chronic administration. There were, however, some changes in 
placental ABC transporter expression in response to chronic  
treatment (Table 7 and below).

Gene expression of ABC efflux transporters in the placenta
Despite no changes being observed in transfer of paracetamol, 
digoxin or cimetidine across the placenta following chronic 
treatment, some differences were observed in ABC-transporter 
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Figure 6. Activity levels (DPM/µl) of radiolabelled drugs (acute and chronic experiments) in E19 fetal plasma (open circles, dashed 
lines) and maternal plasma (filled squares, solid lines) after a single maternal i.p. injection. Note that the maternal plasma levels for 
both acute and chronic experiments declined progressively for all three drugs throughout the 2–2.5 hours experimental period, but the fetal 
plasma levels were stable for digoxin and cimetidine during the same period. The paracetamol levels in fetal plasma declined during this 
period. For digoxin and cimetidine, the levels of radiolabelled drugs in acute and chronic experiments were similar, but for paracetamol the 
levels in maternal and fetal plasma were much higher with chronic treatment. The much lower levels for each drug in fetal plasma indicates 
a substantial restriction of drug transfer across the placenta. Lines fitted by Least Squares Linear Regression, curve fitted by Least Squares 
Exponential Decay (one phase).

expression (Table 7). In placentas from the paracetamol treated 
dams, abcc1 (MRP1) and abcg2 (BCRP) were up-regulated 
(1.69 fold, p<0.05 and 2.0 fold, p<0.01 respectively). In  
contrast, abcc1 (MRP1) was down-regulated following chronic 
treatment with digoxin or cimetidine (0.77 fold, p<0.05 
and 0.87 fold, p<0.05 respectively) and abcb1b (PGP) was 

down-regulated only following digoxin treatment (0.47 fold,  
p<0.05).

Transfer of “passive” markers across the placenta
In the E19 animals, passive markers (L-glucose and glyc-
erol) indicated the extent to which placenta was able to restrict  
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passive entry of small water-soluble markers from maternal 
blood and into the fetal circulation (Figure 7) during the experi-
ments conducted. The levels of the hydrophilic marker L-glucose 
in the fetal plasma was low compared to the maternal plasma  
(16.7% ± 6.5%) during the 30 minute experimental period, 
whereas the more lipophilic glycerol reached 100% of the 
maternal  plasma, indicating unrestricted transfer (Table ).

In Figure 7, for comparative purposes, the values for the pla-
cental transfer of the three drugs are also included. Because 
of their high lipophilicity, it could be predicted that if they 
were not being actively excluded, their maternal to fetal trans-
fer ratios would have also been close to 100%. As illustrated in 
Figure 7, paracetamol, digoxin and cimetidine ratios were all  
much lower, indicating that the placenta was able to partly 
impede their passage, both in acute and chronic treatment 
groups. Potential effects of placental exclusion on the levels of 
drugs reaching the fetal brains from the maternal circulation  
are considered in the Discussion.

Discussion
In this study we aimed to determine the level of entry into the 
brain and CSF of three drugs at different ages. We also assessed 
the age-dependent functional capacity of brain barriers to  
prevent or limit the entry of potentially harmful drugs and how 
this may alter with a longer treatment regime. There is only lim-
ited information available about the expression and cellular dis-
tribution of key barrier defences such as ABC transporters in the 
developing brain, either in the human embryo/fetus (Møllgård  
et al., 2017) or in developing rodents (Ek et al., 2010). Whether 
these transporters are functionally active early in development 
or how chronic drug exposure might affect their functional-
ity has not yet been investigated. In this paper, drug entry has 
been studied at fetal day 19 (E19), postnatal day four (P4) and 
in adult rats using clinically relevant doses of paracetamol,  
cimetidine and digoxin, either as a single injection or as  

Figure 7. Placental transfer at E19 (fetal/maternal plasma concentration ratios) of compounds compared to their lipid solubility 
(LogDOctanol coefficient). [3H]-labelled “passive” permeability markers L-glucose and glycerol (both open circles) are shown; along with 
[3H]-labelled drugs digoxin (blue triangles), cimetidine (purple diamond) and paracetamol (pink hexagon). Filled symbols indicate acute 
experiments and open symbols indicate chronic experiments. Values are means, see Table 8 for full data and Table 1 and Table 2 for n 
numbers. Note that all three drugs showed a degree of restriction (values below the trend of passive permeability) provided by the placental 
barrier. There was no difference between acute and chronic treatment groups for any of the drugs tested.

Table 8. Drug and passive permeability 
marker transfer across the placenta at 
E19. Data shown are mean ± SD fetal/
maternal plasma concentration ratios (%) for 
the radiolabelled tracers in acute (drugs and 
permeability markers) and chronic (drugs 
only) experiments. The range of the ratios 
obtained are shown in brackets.

Fetal/Maternal Ratio

Digoxin Acute Chronic

      Mean 37.0 ± 7.6 38.6 ± 9.2

      Range (25.6 - 49.6) (18.6 - 52.8)

      n 11 12

Cimetidine Acute Chronic

      Mean 30.3 ± 12.9 28.8 ± 10.9

      Range (10.6 - 47.7) (14.0 - 46.9)

      n 10 12

Paracetamol Acute Chronic

      Mean 42.1 ± 6.1 43.1 ± 5.3

      Range (34.1 - 55.5) (35.8 - 53.2)

      n 11 9

L-Glucose Acute

      Mean 16.7 ± 6.5

      Range (8.3 - 27.7)

      n 12

Glycerol Acute

      Mean 106.5 ± 20.7

      Range (68.1 - 134.7)

      n 10
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multiple administration over five days. Well-established meth-
ods were employed to measure radiolabelled drugs/mark-
ers in the brain, blood and CSF of fetal and neonatal animals  
(Dziegielewska et al., 1979; Dziegielewska et al., 1982;  
Habgood et al., 1993; Johansson et al., 2006; Stolp et al., 2005). 
This has been combined with RT-qPCR to determine any changes 
in gene expression level of the ABC transporters that have been 
shown to be functionally important in the adult brain (Roberts  
et al., 2008; Saidijam et al., 2018) in response to chronic drug  
treatment.

The rat has been chosen because there is considerable knowl-
edge about brain development in this species compared with 
humans (Clancy et al., 2001). In particular, the stage of brain 
development of the cerebral cortex (the main region stud-
ied) in early postnatal rats is similar to that of human fetuses at  
22–24-week gestation (Clancy et al., 2001). This is impor-
tant because just past the mid-gestation is the earliest stage of 
viability for pre-term birth (Fischer et al., 2009; Stoll et al., 
2010), making the rat model noteworthy for investigating a 
time where the developing brain may be particularly vulnerable  
because of the loss of placental protection.

Permeability of the drugs into the brain and CSF was com-
pared to that of similarly small-sized molecules, but with differ-
ent diffusion coefficients and that are not actively transported, 
i.e. they enter the brain and CSF by “passive” diffusion only.
This provides a comparison that is useful in evaluating the level
of restriction of the drug’s penetration at different ages (the
functionality of the relevant ABC transporter). As indicated
above, the level of drug or marker attained in the brain in these
experiments is a measure of “apparent permeability” rather
than absolute permeability because of the influence of the
turnover of CSF, which is much less in the developing brain
(Saunders et al., 1992). Comparison of drug entry and passive
marker entry allows interpretation to take account of possible
effects of CSF turnover.

Acute and chronic drug transfer to the developing brain 
and CSF
There are very few published studies of drug permeability of 
the developing brain when they were administered to preg-
nant rats or mice. Of these, fluoxetine and venlafaxine admin-
istered via drinking water between E0 and E10 could not be 
detected in the brains of the embryos (Kaushik et al., 2016). All 
of the other drugs (digoxin, saquinavir, paclitaxel, cimetidine,  
apipaxaban, mitoxaurone, talinolol, carbamazepine, genisten, 
genisten, daidzein and coumestrol), which were administered i.v. 
or orally between E15 and E21, were detected in the fetal brain 
(Cygalova et al., 2008; Enokizono et al., 2007; Kaushik et al., 
2016; Petropolous et al., 2010; Petropolous et al., 2011; Saljé 
et al., 2012; Smit et al., 1999). However, neither fetal blood 
nor CSF were sampled and the brain level of the drug (usually  
radiolabelled) was related to maternal blood or to other fetal tis-
sues. This makes it difficult to assess the contribution of the 
different barrier interfaces (placenta, blood-brain and blood-
CSF barriers) that may be contributing to limiting entry of the 
drugs into the developing brain. The present study provides  

information on this, as both the maternal and fetal blood and  
CSF were sampled in addition to the brain tissue.

There are also very few investigations into the regulatory capac-
ity of the developing brain in response to chronic drug expo-
sure. Previous studies have shown that, following chronic drug 
challenge, blood-brain interfaces can increase their levels of 
protection (ABC transporters), which results in greater efflux  
capacity of compounds (Cui et al., 2009; Hoque et al., 2015). 
Our recent study suggested that adult animals may have a 
greater capacity to upregulate ABC transporters at blood-brain 
interfaces following chronic xenobiotic exposure than early in  
development (Koehn et al., 2019).

Digoxin has generally been found to be a substrate for PGP 
(abcb1). Increased brain/plasma ratios for digoxin have been 
reported in wild type mice when co-administered with a PGP 
inhibitor and also when administered to mdr1a/1b (PGP) 
knockout mice, indicating that this transporter is of par-
ticular importance in limiting entry of digoxin into the brain  
(Mayer et al., 1997). Petropoulos et al. (2010) suggested that lev-
els of radiolabelled digoxin (compared to the rest of the fetus) 
were higher earlier in gestation when fetal levels of abcb1a 
(PGP) were lower. Smit et al. (1999) reported a fetal brain to 
maternal plasma ratio of 25% (4hrs) and 100% (24hrs) after 
i.v. injection of radiolabelled digoxin in pregnant mice. These
would have been overestimates of the brain level, as the maternal
blood level would fall progressively following injec-
tion. This type of experiment requires a dosage regime that
maintains an approximately constant blood level of marker
(Dziegielewska et al., 1979) for a realistic estimate of the brain
level to be obtained. In the present study, digoxin transferred
into the adult and P4 brain (10–20%) and CSF (4%) at much
lower levels compared to E19 (brain 47%, CSF 12%). The
much lower entry into CSF suggests that the efflux mechanisms
are more effective in the choroid plexuses than in the brain
itself, even as early as E19. Following chronic treatment, trans-
fer into the adult brain decreased (12% to 5%) in a manner that
correlated with increased expression of abcb1a in the cerebral
cortex. This result correlates with the above finding that
digoxin is likely to be a PGP (abcb1) substrate. As this up- 
regulation (and functional transfer decrease) only occurred
in adults and not at P4 or E19, the results are consistent with
those described by Koehn et al. (2019). In both stud-
ies, chronic exposure to a PGP inducer up-regulated abcb1a
expression in the adult brain but not earlier in development,
suggesting that for a range of molecular inducers, regulation
of blood-brain barrier defences may be age-dependent.

Cimetidine has been typically linked to BCRP (abcg2) as its 
efflux mechanism. Experiments in dually perfused rat placenta 
suggested BCRP (abcg2), but not PGP (abcb1a/b), involve-
ment in cimetidine efflux (Staud et al., 2006) and changes in 
abcg2 (BCRP) expression in the rat brain have also been linked 
to differential transfer of cimetidine (Liu et al., 2007). Cygalova  
et al. (2008) found that the level of radiolabelled cimetidine 
in the fetal brain at E18 or E21 in pregnant rats one hour after 
i.v. infusion was less in the older fetuses but abcg2 (BCRP)
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mRNA expression was significantly less at E21 compared to 
E18, so presumably some other protective mechanisms may have 
been involved. In the present study, in acute experiments, cime-
tidine entry into the adult brain was similar to that of digoxin 
(13%) but entered the CSF to a higher ratio (12% compared to 
digoxin 4%). The higher degree of cimetidine transfer into the 
CSF compared to digoxin could be due to less ABC transporter 
efflux capacity at the choroid plexus or from its lower lipid  
solubility, allowing greater partition into the aqueous CSF fluid.  
There do not appear to be any cimetidine-induced changes in 
efflux capacity at different ages, as no differences in transfer 
were detected in chronically compared to acutely treated animals. 
Consistent with this finding are the RT-qPCR results, showing 
only limited changes in efflux transporter expression following 
chronic cimetidine treatment (Table 7). Most changes in ABC  
transporter expression in response to cimetidine occurred in 
the brain of P4 animals. In fact, this early postnatal period of 
rat brain development is characterised by increased expres-
sion of some efflux transporters in response to each of the 
three drugs and could indicate a maturation process that is  
not yet fully established (see Table 7).

So far, paracetamol has not been clearly linked to any spe-
cific efflux transport mechanism, although it is known to be 
metabolised via glucaronidation, sulfation and (via an interme-
diate) glutathionation, making it likely to interact with BCRP 
(abcg2) and the family of MRPs (abcc; Mazaleuskaya et al., 
2015). In adult rats, Courade et al. (2001) found brain/plasma  
ratios for 3H-paracetamol of around 40% at 45 minutes after 
i.v. administration in different brain regions; this is similar
to our value after 30 minutes (Figure 3). In the present study,
paracetamol’s brain/plasma and CSF/plasma ratios were con-
siderably higher than digoxin and cimetidine at E19 (66%
and 60%, respectively), P4 (~60% and ~50%, respectively)
and in the adult (~30% for both). This suggests that the mecha-
nisms preventing paracetamol entry may be less effective than
those targeting digoxin and cimetidine. As paracetamol has a
lower lipid solubility than digoxin (Figure 4 and Figure 5) and
therefore a predicted lower barrier permeability (Levin, 1980),
this result is even more pronounced. Most interesting were the
results obtained following chronic paracetamol treatment. In the
adult and P4 chronically treated animals, the brain/plasma and
CSF/plasma ratios decreased by approximately 10%. How-
ever, no clear regulatory mechanism could be established from
RT-qPCR results, as only abcg2 (BCRP) up-regulated at the
P4 brain and abcb1b (PGP) up-regulated in the adult choroid
plexus (Table 7). It is therefore possible that the up-regulation
occurred due to other aspects of efflux mechanisms such as the
metabolising enzymes required to conjugate glucuronic acid,
sulphate or glutathione groups onto paracetamol for efflux
by the appropriate transporters. In fetal animals the oppo-
site effect was observed, with an increase in both ratios to
around 100%, suggesting that there was no restriction on para-
cetamol entry. This might indicate that brain and CSF-barrier
efflux capacity was exceeded, resulting in accumulation of
paracetamol in the E19 fetuses. Experiments to better under-
stand the mechanisms regulating the entry of paracetamol into
the developing brain are in progress.

Blood-brain and blood-CSF permeability in the developing 
brain
The level of a drug or other marker in brain following adminis-
tration depends on the duration of the experiment, its diffusion 
coefficient (D), its lipid solubility (Log Doctonol), the turnover 
of CSF (sink effect) and the effectiveness of a specific trans-
port mechanism if present; the latter could be inward, as in the 
case of amino acids and a small number of drugs, but generally  
outward for drugs that are substrates for ABC efflux transporters.

As has been shown in multiple studies, one major factor in the 
degree of the transfer is the lipid solubility of the compound. 
For compounds that pass barriers “passively” without active 
efflux, as lipid solubility increases, the transfer across the bar-
rier interfaces should increase (Garber et al., 2005; Levin,  
1980). The graphical data in Figure 5 and Figure 6 display 
each compound’s brain/plasma and CSF/plasma ratios against 
their lipid solubilities. For E19, P4 and adults, brain to plasma  
concentration ratios for passive markers (sucrose, L-glucose,  
glycerol) increased as lipid solubility increased.

The comparison between the brain entry of the three drugs 
with that of markers that do not bind to efflux transporters pro-
vides valuable insight, as most factors contributing to barrier  
permeability should be the same, except for active transport. The 
increased drug transfer earlier in development (described above)  
appears not to be a general property of the barrier for all mol-
ecules as glycerol did not follow this trend. This, combined  
with the distance of the three lipid soluble drugs below the line 
of passive transfer (Figure 5 and Figure 6), indicate changes 
in the functional capacity of efflux transporters at the barriers  
over development.

The influence of the placenta on drug transfer from 
maternal circulation to fetal brain
In our experiments we have been able to obtain an estimate 
of the placental contribution to the overall protection of the 
fetus from drugs administered to the pregnant mother by com-
paring directly the drug levels in fetal and maternal plasma.  
The fetal/maternal plasma ratios varied between ~30% for 
cimetidine treatment to ~40% for paracetamol and dig-
oxin (Figure 6 and Figure 7; Table 8), indicating a substantial  
protective barrier for these drugs provided by the placenta 
in late gestation in the rat. The placenta did not, however,  
completely prevent molecular transfer. RT-qPCR estimates of  
ABC transporter expression in the rat placenta at E19 confirmed 
the presence of abcb1a, abcb1b, abcg2 and abcc1-5 in vary-
ing quantities, as has been shown in several published studies  
(Kalabis et al., 2007; Leazer et al., 2003; Novotna et al., 
2004). There were only a few small changes in expression 
in these transporters following chronic treatment with the  
drugs (Table 7). Chronic paracetamol resulted in significant 
up-regulation of abcc1 (MRP1) and abcg2 (BCRP), while  
digoxin and cimetidine caused a down-regulation of abcc1. How-
ever, these changes were not reflected in changes in placental  
transfer. This result may be of clinical importance as it  
demonstrated differences in the regulation of ABC transport-
ers expression that are tissue specific: up-regulation with  
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associated decreases in functional transfer into the brain, but  
not in the placenta.

Comparison of maternal plasma to brain transfer in 
mothers and fetuses
Taking into account the level of drug exclusion provided by the 
placenta for all three drugs, the transfer from maternal blood 
to fetal brain in acute experiments was at a relatively similar 
concentration ratio as that from maternal blood to the mater-
nal brain. Digoxin transfer into maternal brain was 12%,  
whereas the transfer from maternal blood to fetal brain was 
17%. Similar results were seen for paracetamol (30% mater-
nal brain, 28% fetal brain) and cimetidine (13% maternal brain, 
17% fetal brain). In contrast to the acute experiments, differ-
ent patterns of transfer were observed into the maternal and 
fetal brains following chronic treatment. Cimetidine, which did  
not up-regulate ABC transporter expression or decrease 
its transfer with chronic treatment, had the same ratio of  
transfer into both the maternal and fetal brains. Digoxin, how-
ever, decreased its entry into the maternal brain during chronic  
treatment, while the entry across the placenta and into the fetal  
brain remained the same. Paracetamol showed decreased entry 
into the maternal brain, while the amount entering fetal brain 
increased. For acute paracetamol treatment, transfer into brain  
(brain/maternal blood) was 30% for mother and 28% for the 
fetus, but after five days of twice-daily paracetamol, the transfer 
of a dose on the 5th day was 21% for the mother and 45% for the  
fetus. Thus, in chronic treatment, paracetamol may have 
become less effective for the mother, but potentially more harm-
ful for the fetus as more paracetamol reached its brain. If the 
same situation applies in patients, it would suggest that, where  
possible, duration of treatment should be as short as possible.

Limitations of the study
This study has been restricted to two treatment conditions; 
namely, a single acute dose and twice daily chronic treatment 
over a period of five days. The latter corresponds to about one 
third of gestation. It is possible that with an even longer period 
of treatment, greater effects on ABC transporter expression cor-
related with greater restriction of drug entry in fetuses, neonates 
and adults would have been observed. We studied only one  
dose concentration of each drug but this was chosen to be in the 
clinical range. It is possible that with smaller doses, a lower rate 
of entry would be obtained. This could be the case particularly 
in our paracetamol experiments at E19; it seems likely that 
the greater entry of paracetamol may have been due to the  
capacity of the efflux transporters for this drug having been 
exceeded.

We have estimated drug entry using only radiolabelled drugs, 
rather than direct measurement of unlabelled drugs, as the 
amounts of fetal/postnatal fluids would have been too small 
for other methods such as high-performance liquid chromatog-
raphy (HPLC). However, the similarity of our results in adult 
rats for paracetamol and those of Courade et al. (2001), who  
measured paracetamol using HPLC, suggests that the isotopi-
cally labelled drugs gave a reliable index of permeability in our  
experiments. There are always legitimate concerns about the 

extent to which results from animal studies can be extrapolated 
to humans. In terms of brain development, we chose P4 because 
of the general similarity of brain development in the rat to very 
preterm human infants (Clancy et al., 2001). There are differ-
ences in the detail of the structure of the placentas in humans and  
rats, but they are both haemochorial and are much more compa-
rable for studies such as those in this paper than, for example, 
the much “tighter” epitheliochorial multicotyledonary placenta 
of the ewe (Studert et al., 2011) that has been used for a lot of  
developmental studies.

Conclusions and significance of the study
Our results show that at the doses used, all three drugs entered 
the brain at all three ages studied. The entry of all of the drugs 
was highest in the youngest animals (E19). This is prob-
ably a combination of the negligible turnover of CSF at this age  
(Saunders, 1992), allowing greater accumulation and possi-
bly lesser activity of the relevant active efflux transporters. The 
entry into brain was also appreciably higher for paracetamol 
than the other two drugs at all three ages. The finding of entry of  
digoxin and cimetidine into the brain, particularly at E19, sug-
gests that these drugs should be studied for possible long-
term effects on brain development and behaviour of offspring. 
However, a much greater entry of paracetamol suggests that  
experiments to test for such effects in the offspring would be 
particularly appropriate, since this is the drug most commonly 
taken by pregnant women (Werler et al., 2005). A more complex  
matter that requires investigation is the possibility of multiple 
drug administration having untoward effects due, for example, to  
interactions with common ABC transporter efflux mechanisms.

This study provides an experimental basis for future exami-
nation of other drugs administered in pregnancy. If the extent 
of drug entry into the developing brain and its regional distri-
bution can be established, this would create a foundation for  
studying potential deleterious effects of drugs on brain devel-
opment and possible related changes in postnatal behaviour. In  
addition, paracetamol and digoxin results highlight the poten-
tial differences in how adults, neonates and fetuses respond 
to chronic drug exposure. Adults appear more capable of 
responding to drug challenge by regulating ABC transporter 
activity, thereby allowing less drug transfer into the CSF  
and brain.

Data availability
Underlying data
Figshare: Determinants of drug entry into the developing brain: 
raw data files. https://doi.org/10.26188/5d3e5539dca74 (Habgood 
et al., 2019)

This project contains the following underlying data:
- Koehn et al., 2019 qPCR Raw Data.xlsx

- Koehn et al., 2019 Sucrose Raw Data.xlsx

- Koehn et al., 2019 L-Glucose Raw Data.xlsx

- Koehn et al., 2019 Glycerol Raw Data.xlsx

- Koehn et al., 2019 Paracetamol Raw Data.xlsx
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- Koehn et al., 2019 Digoxin Raw Data.xlsx

- Koehn et al., 2019 Cimetidine Raw Data.xlsx

Data are available under the terms of the Creative Commons 
Zero “No rights reserved” data waiver (CC0 1.0 Public domain  
dedication).
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The rationale for this study is the potential for transfer of medicines into the fetal and infant brain, a subject
that is little understood through lack of research. It is a relevant question as there is considerable
exposure of the undeveloped brain to medicines via administration to pregnant women, breast feeding
women and directly to infants. The focus is upon the ABC transporter family, efficient at protecting the
adult brain from lipid soluble medicines, but about which little is known in the developing brain. This
question is addressed by using labelled digoxin, cimetidine and paracetamol, substrates for 3 different
ABC transporters. Transport into brain and CSF is measured using radioactively labelled drug, dosed
acutely or chronically and at different stages of brain development. Expression patterns of the
transporters are examined at different stages of animal development and correlations sought with the
transport of drugs into brain/CSF.
 
There were large contrasts between E19 animals and P4/Adults for brain/plasma and CSF/plasma ratios
for all three drugs, (but perhaps less so for paracetamol, especially acute administration) with E19 having
greater transport/permeability. Useful information regarding ratios of marker compounds with a range of
octanol-water coefficients, drug ratios and transporter expression for acute and chronic treatment was
obtained. The ‘system’ showed potential for investigation of new medicines, prioritising studies of drug
action on brain development on the basis of uptake into brain, e.g. paracetamol’s greater propensity for
transport into brain at E19, unravelling protective effects of transporters and adaptions to componentry of
the ‘system’ with dosage, duration of therapy and drug combinations. The work is well done, clearly
described, well illustrated and fairly presented.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes
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Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Clinical Pharmacologist; Rheumatologist

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.
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 Reina Bendayan
Department of Pharmaceutical Sciences, Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto,
ON, Canada

Summary-Study Objectives:
         
This is a very interesting and unique study performed by an excellent group of researchers with high
expertise in the field. Overall, the study provides novel data describing the permeability of three
commonly used drugs in the clinic, digoxin, cimetidine and paracetamol, into the blood, brain and CSF
compartments of Sprague Dawley rats at three developmental stages. These data are further
complemented by qPCR-based RNA expression studies for relevant ABC transporters in the placenta,
brain and choroid plexus. The findings highlight a link between novel age-specific differences in
transporter regulation and penetration of these drugs into blood, brain and CSF compartments. The work
significantly advances the knowledge in the field as there is a very important lack of information related to
this topic.

Overall Comments:

The supporting background information described in the introduction and discussion is a very thorough
representation of existing literature, and gives context to the results. Overall, the studies are carefully
planned and the methods applied are robust. Limitations of the study are thoroughly described in the
discussion. This work sets the stage for further investigation into the topic, and future directions are
highlighted by the authors. The work significantly advances the knowledge in the field as there is a very
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highlighted by the authors. The work significantly advances the knowledge in the field as there is a very
important lack of information related to this topic.

Specific Comments:
 

Additional details on the drug dosing would be helpful especially since there is ample literature
describing the use of the drugs in animal models. It is clear that the dosing was adapted from the
Australian Medicines Handbook; however, the authors should clarify if allometric scaling or existing
literature was used to adapt the drug doses for rodent studies. The authors should also address
whether the observed drug plasma concentrations in their animal model reflect clinical relevant
plasma concentrations.
 
The authors should consider the extent of drug plasma protein binding when they address the
various factors regulating drug permeability across the various tissue compartments; only free drug
will be able to permeate across biological membranes by diffusion.
 
Drug concentration in biological compartments is the result of the interplay of passive diffusion
across biological membranes, influx/efflux transport, and drug metabolism. While the authors have
nicely characterized the role of efflux transporters, they have not fully addressed the potential role
of influx transporters in the permeability of the drugs studied. Members of the Solute Carrier (SLC)
superfamily could be involved in the uptake of the drugs across the various compartments. The
expression of these transporters could also be very variable at the different development stages.
This could be further addressed in the discussion for completeness.
    
Measurement of radiolabeled drug in the tissue compartments will reflect total drug/metabolite
concentrations rather than parent drug; hence drug metabolites may present a confounding factor
in the interpretation of the data.  This should be addressed by the authors.
 
In the discussion section, p17 second paragraph, please correct the spelling of the terms “glucur
onidation” “glutathionylation”.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

 No competing interests were disclosed.Competing Interests:
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 No competing interests were disclosed.Competing Interests:
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I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.
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   Alan Leviton
Department of Neurology, Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA

As I scanned this manuscript (ms), I thought the introduction rather long. On reading it, however, I was
impressed how well it laid out the field succinctly, identified some of what was missing, how this report
would eliminate one deficiency, and then what was found. Well done, indeed.
The design is more than appropriate with the technically-sound assessment of multiple drugs and multiple
passive permeability markers
 
The methods and analysis are presented in sufficient detail for others to attempt replication. I was at first
frustrated that I could not find the number of animals identified in the text. Then I found Tables 1 and 2,
which, on consideration, seemed eminently reasonable given the numbers that were appropriately listed
for each age group for each assessment. The authors used Tables 3 and 4 to identify materials used.
Yes, the authors provided all the information needed.
 
The 4 data tables (#s 5, 6, 7, and 8) and the 7 figures present all the data needed very well.
 
The authors clearly document changes to support their conclusion that the functional capacities of efflux
transporters at the barriers are developmentally regulated.
 
I did NOT think that any revisions are called for.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes
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Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes
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