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Abstract 

 

Among the questions addressed by modern neuroscience is how distinct cellular structures 

within the nervous system give rise to particular behaviours and cognitive functions. Our ability 

to address such questions has been greatly enhanced with the emergence of ‘transgenic’ 

technologies, which allow the introduction of foreign or engineered genes into biological 

systems of interest, such as neural circuits. This capacity to introduce and express transgenes in 

neurons has led to the development of a diverse catalogue of genetically encoded markers, 

sensors, and actuators, which provide powerful insights into the structure and function of the 

nervous system. In addition to their intrinsic utility, mechanisms exist by which expression of 

these transgenic tools can be selectively directed to cell-types and subcellular structures of 

interest. Studies described in this thesis sought to establish new molecular tools and approaches 

for localised transgene expression in neural structures of scientific and therapeutic importance. 

 

Transgene delivery to neural circuits of interest was mediated here in rats using viral vectors, 

particularly adeno-associated viral (AAV) vectors, from which targeted transduction of neurons 

expressing the highly conserved neuropeptide, relaxin-3, was achieved using a novel cell-type 

specific promoter. Relaxin-3 is most abundantly expressed by a subpopulation of neurons in the 

pontine nucleus incertus (NI) and has been identified as an important modulator of arousal and 

other interrelated cognitive functions and behaviours, making the relaxin-3 system a promising 

therapeutic target. To better understand this circuitry using transgenic approaches, I sought to 

identify a promoter sequence capable of regulating cell-type specific transgene expression in 

relaxin-3 neurons. In parallel to a relaxin-3 promoter sequence (1,736 bp), I also characterised 

transgene expression under an 880 bp tropomyosin receptor kinase A (TrkA) promoter, as TrkA 

is exclusively co-expressed with relaxin-3 in rat NI neurons. Eight weeks following stereotaxic 

injection of an AAV vector, expressing mCherry under the TrkA promoter, to rat NI, widespread 

non-specific transduction was observed. However, rats receiving injections of an equivalent AAV 

vector, where transgene expression was regulated by the relaxin-3 promoter, displayed almost 

exclusive mCherry production in relaxin-3-expressing neurons, demonstrating targeted, cell-

type specific transgene delivery. 

 

Localisation of transgene expression at the subcellular level is also an important consideration. 

The need for rapid and efficient electrochemical communication between neurons has led these 
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cells to evolve highly complex morphologies, with subcellular compartments each having 

distinct structural, biochemical, and functional properties. These differences can impact 

transgene function, as seen with the chloride-conducting opsin, GtACR2, where differing 

subcellular ion gradients cause GtACR2 to have hyper- and depolarising effects in either the 

somatodendritic or axonal membrane, respectively. To resolve these paradoxical effects, whilst 

simultaneously providing a mechanism for the functional dissection of closely interconnected 

circuitry, I developed fusion constructs between GtACR2 and trafficking motifs derived from 

either neurexin 1 (GtACR2nrxn) or the potassium channel, Kv2.1 (GtACR2Kv2.1), which 

endogenously localise to the axonal or somatic membrane, respectively. The preBötzinger 

complex (preBötC), a key driver of inspiration and respiratory rhythm, with close but poorly 

understood functional connections to neighbouring cardiovascular nuclei in the medulla, was 

selected as an ideal system for characterisation of these GtACR2 constructs. AAV vectors 

expressing GtACR2Kv2.1, GtACR2nrxn, or a control GtACR2-EYFP construct, under constitutively 

active promoters, were injected into the rat preBötC. Fusion of GtACR2 with the Kv2.1 motif was 

associated with enriched neuronal expression of this construct, but did not eliminate axonal 

expression, while subcellular localisation of GtACR2nrxn could not be determined histologically. 

However, a selective dissociation of respiratory and cardiac responses to optical manipulation, 

both of which were seen in rats expressing GtACR2-EYFP, was observed in rats expressing 

GtACR2Kv2.1 or GtACR2nrxn, respectively, supporting their differential trafficking in vivo. 

 

To further clarify these results and optimise the utility of GtACR2 fusion constructs in future 

experiments, a capacity for cell-type specific expression was required. I therefore developed an 

additional AAV vector for recombinase-dependent GtACR2Kv2.1 expression in neurons. In 

characterising expression from this construct, I first validated a novel approach for cell-type 

specific transduction of an amygdaloid efferent population (CeA) projecting to the nucleus of 

the solitary tract (NST) in rats (referred to as CeA NST neurons), using locally injected AAV 

vectors in the amygdala and a retrogradely transported, Cre-recombinase expressing canine 

adenovirus (CAV) vector delivered into the rostral NST. The CeA NST pathway was chosen as a 

model system, given its empirically supported but poorly understood role in modulating 

autonomic function in response to emotional stimuli, which would benefit from cell-type specific 

transgenic investigations, and its long-range axonal projections, which provide a further 

opportunity to assess GtACR2Kv2.1 trafficking in vivo. While cell-type specific GtACR2Kv2.1 

expression in CeA NST circuitry was achieved, some axonal expression of GtACR2Kv2.1 was again 

present in these neurons. 
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Overall, studies described in this thesis provide valuable contributions to the available toolset 

for targeted neuronal transgene expression. Changes in GtACR2 trafficking observed, following 

fusion with the Kv2.1 motif, are supported by independent publications which appeared in the 

literature concurrently with my studies, where a somatic enrichment, and significant, but not 

complete, reduction in axonal expression, was demonstrated for analogous GtACR2-Kv2.1 

fusion constructs. As such, although effects arising from residual axonal expression must be 

considered and minimised, GtACR2Kv2.1 provides an improved and potent optogenetic construct 

for neuronal inhibition. Further studies may also establish GtACR2nrxn as a robust tool for 

manipulation of the axonal membrane. These, as well as a variety of other established and 

emerging transgenic actuators, sensors, and markers, can be selectively expressed in relaxin-3 

NI or CeA NST circuitry, among other precisely defined networks, using the strategies and 

resources developed here. In doing so, powerful insights into a range of neural systems of both 

scientific and therapeutic importance can be gained through future research. 
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C57BL/6J C57 black 6 strain of inbred mice, substrain 6J 

d day (unit of time) 

DAG diacylglycerol 

DB diagonal band 



 XX 

DCA cytomegalovirus/chicken -actin synthetic promoter (see also CAG) 

dEMG diaphragm electromyography 

DIO double-floxed inverse orientation (configuration that facilitates 

permanent gene reorientation by Cre-recombination of flanking Lox sites; 

synonymous with FLEX) 

DIV days in vitro (referring to primary cell cultures) 

DJ chimeric AAV-2, -8, and -9 vector capsid serotype 

Dlg1 discs large homolog 1 

DNA deoxyribonucleic acid 

DREADD designer receptor exclusively activated by a designer drug 

DsRed Discosoma striata-derived red fluorescent protein 

DTg dorsal tegmental nucleus 

DV dorsoventral axis (in reference to stereotaxic coordinates) 

D2 dopamine receptor 2 

E embryonic days of age (specified by accompanying number) 

EAC sublenticular extended amygdala, central part 

eArch3.0 modified Arch opsin with enhanced expression in mammalian cells 

ECFP enhanced cyan fluorescent protein 

ECG electrocardiogram 

EcoRI Escherichia coli strain RY13 restriction endonuclease I 

Ef1 elongation factor 1 (promoter) 

EGFP enhanced green fluorescent protein 

eNpHR3.0 modified NpHR opsin with enhanced expression in mammalian cells 

EnvA ASLV envelope glycoprotein (used to generate psuedotyped rabies 

vectors) 

ERK extracellular signal-regulated kinase 

EYFP enhanced yellow fluorescent protein 

FLEX flip excision (configuration that facilitates permanent gene reorientation 

by Cre-recombination of flanking Lox sites; synonymous with DIO) 

Flp flippase recombinase (recombines frt sites) 

fmol femtomole (measurement for the amount of a substance; 10-15 of a mole) 

FRET Förster resonance energy transfer 

frt flippase recognition target (targeted by Flp recombinase) 

g gram (unit of mass) 

G gauge (measurement of the inner diameter of a needle) 

GABA γ-aminobutyric acid 



 XXI 

GABAA γ-aminobutyric acid receptor type A 

GAL4p65 chimeric transactivator constituted by fusion of a GAL4-binding domain 

with the NF-κBp65 transcriptional activation domain 

gc genomic copies (reported per unit of volume to indicate viral vector titre) 

GCaMP a type of fluorescent calcium indictor based on fusion of a circularly 

permutated fluorescent protein fused with calmodulin and the 

calmodulin-binding M13 peptide 

GEVI genetically encoded voltage indicator 

GECI genetically encoded calcium indicator 

GFP green fluorescent protein 

GIRK G protein-coupled inwardly-rectifying potassium channel 

GluCl glutamate-gated chloride channel 

GlyR glycine receptor 

GMO genetically modified organism 

GPCR G-protein coupled receptor 

Gr gracile nucleus 

gRNA guide ribonucleic acid (confers target specificity for CRISPR/Cas9 gene 

editing) 

GtACR Guillardia theta-derived anion channelrhodopsin 

GtACR1 Guillardia theta-derived anion channelrhodopsin, type 1 

GtACR2 Guillardia theta-derived anion channelrhodopsin, type 2 

GtACR2Kv2.1 opsin fusion construct involving GtACR2 linked to the Kv2.1 trafficking 

motif by a muGFP fluorescent tag 

GtACR2nrxn opsin fusion construct involving GtACR2 linked to the Nrxn1 trafficking 

motif by a series of two HA tags 

GTPase type of enzyme that hydrolyses guanosine triphosphate (GTP) to 

guanosine diphosphate (GDP) 

h hour (unit of time) 

H+ hydrogen cation/proton 

HA haemagglutinin tag 

hCAR human coxsackievirus and adenovirus receptor 

HDB nucleus of the horizontal limb of the diagonal band 

HEK293FT human embryonic kidney cell line 293, expressing the SV40 large T antigen 

HindIII restriction endonuclease isolated from Haemophilus influenzae 

HK4-144-10 hybridoma cell line producing a monoclonal antibody against relaxin-3 

hM3Dq human muscarinic M3 receptor-derived DREADD, Gq protein-coupled 

hM3Ds human muscarinic M3 receptor-derived DREADD, Gs protein-coupled 



 XXII 

hM4Di human muscarinic M4 receptor-derived DREADD, Gi/o protein-coupled 

hM4Dnrxn chemogenetic fusion construct involving the hM4Di DREADD linked to the 

Nrxn1 trafficking motif by a series of two HA tags 

HR heart rate 

HRV heart rate variability 

HSV herpes simplex virus 

hSyn human synapsin 1 promoter 

Hz hertz (unit of frequency) 

ic internal capsule 

ICC immunocytochemistry 

IHC immunohistochemistry 

i.m. intramuscular (injection route) 

INSRR insulin receptor-related protein (gene) 

INTRSECT intronic recombinase sites enabling combinatorial targeting 

i.p. intraperitoneal (injection route) 

iP (rats) alcohol-preferring rats 

IP3 inositol triphosphate 

IP3R inositol triphosphate receptor 

IR immunoreactivity 

IRES internal ribosomal entry site (facilitates bicistronic transgene expression) 

IRt intermediate reticular nucleus 

IS inferior salivatory nucleus 

ITR inverted terminal repeat sequence 

i.v. intravenous (injection route) 

IVM ivermectin (used as a chemogenetic ligand to activate GluCl/GlyR 

receptors) 

K+ potassium cation 

KA2 kainate receptor subunit 2 

kb kilobase (one thousand base pairs of a nucleic acid molecule) 

KCC2 potassium chloride cotransporter 2 

kg kilogram (unit of mass) 

kHz kilohertz (unit of frequency) 

KIF1A kinesin family member 1A 

KORDi -opioid-derived DREADD, Gi/o protein-coupled 

Kv2.1 potassium voltage-gated channel 2.1 (or related trafficking motif) 
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L-ITR AAV inverted terminal repeat sequence, left 

Ld lambdoid septal zone 

LGIC ligand-gated ion channel 

Lox locus of crossing (x) over (targeted by Cre recombinase) 

LoxP locus of crossing (x) over, P1 variant (targeted by Cre recombinase) 

Lox2722 locus of crossing (x) over, 2722 variant (targeted by Cre recombinase) 

LSM laser scanning microscope 

LV lateral ventricle 

M molar (unit of concentration) 

MAP2 microtubule associated protein 2 

mCherry monomeric red fluorescent protein derived from DsRed 

MdD medullary reticular nucleus, dorsal part 

MDL mediodorsal thalamic nucleus, lateral part 

MDM mediodorsal thalamic nucleus, medial part 

MeAD medial amygdala, anterodorsal part 

mfb medial forebrain bundle 

mg milligram (unit of mass) 

mGFP membrane-bound green fluorescent protein 

min minute (unit of time) 

ml millilitre (unit of volume) 

ML mediolateral axis (in reference to stereotaxic coordinates) 

mlf medial longitudinal fasciculus 

mm millimetre (unit of length) 

mM millimolar (unit of concentration) 

mmHg millimetre of mercury (unit of pressure) 

mPFC medial prefrontal cortex 

mRFP1 monomeric red fluorescent protein 1 

mRNA messenger ribonucleic acid 

mRuby monomeric red fluorescent protein derived from Entacmaea quadricolor 

ms millisecond (unit of time) 

MS medial septum 

MSG monosodium glutamate 

muGFP monomeric ultra-stable green fluorescent protein 

mV millivolt (unit of electrical potential difference) 
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mW milliwatt (unit of power) 

M13 calmodulin-binding peptide derived from the myosin light-chain kinase 

n number (used to indicate number of subjects in a group) 

Na+ sodium cation 

NaCl sodium chloride 

NAmb nucleus ambiguus 

NKCC1 sodium potassium chloride cotransporter 1 

ng nanogram (unit of mass) 

NGF nerve growth factor 

NheI Neisseria mucosa heidelbergensis-derived restriction endonuclease 

NHS normal horse serum 

NH4Cl ammonium chloride 

NI nucleus incertus 

NIc NI pars compacta 

NId NI pars dissipata 

NIH United States National Institutes of Health 

nl nanolitre (unit of volume) 

nm nanometre (unit of length) 

NpHR Natronomonas-derived halorhodopsin (light-gated chloride pump) 

nrxn trafficking motif derived from neurexin 1 

Nrxn1 neurexin 1 

ns not (statistically) significant 

NST nucleus of the solitary tract 

NTRK1 Neurotrophic receptor kinase 1 (gene) (synonymous with TrkA) 

NVI neurovisceral integration (model) 

OX2 orexin receptor 2 

P postnatal days of age (specified by accompanying number) 

P P value (measure of statistical significance) 

pAAV DNA plasmid containing a recombinant AAV genome 

pAAV-RC plasmid containing AAV Rep and Cap genes, used for AAV vector 

production 

PacI Pseudomonas alcaligenes-derived restriction endonuclease 

PAG periaqueductal grey 

pAM DNA plasmid containing a recombinant AAV genome 

PBN parabrachial nucleus 



 XXV 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PCRt parvicellular reticular nucleus 

pDONR DNA plasmid containing a Gateway cloning cassette flanked by attP sites 

(used to generate pENTR plasmids by recombination with an attB-flanked 

PCR product)  

pDPI/pDPII helper plasmids containing AAV Rep and Cap genes, used for vector 

production 

PDZ structural domain first identified in PSD95, Dlg1, and zo-1 proteins 

pENTR DNA plasmid containing a Gateway cloning cassette flanked by either attL 

sites, or a combination of attL and attR sites (used to generate a final 

construct by recombination with other pENTR plasmid/s and a destination 

vector, such as pAM-Gateway) 

pFUGW plasmid containing a lentiviral vector genome 

PFA paraformaldehyde 

pH potential of hydrogen (scale measuring acidity/basicity an aqueous 

solution) 

pHelper plasmid containing adenovirus E2A, E4, and VA, genes, used for AAV vector 

production 

PIP2 phosphatidylinositol 4,5-bisphosphate 

PKA protein kinase A 

PKC protein kinase C 

PLC phospholipase C 

PLCo posterolateral cortical amygdaloid nucleus 

PN phrenic nerve 

polyA polyadenylation sequence 

preBötC preBötzinger complex 

PRV pseudorabies virus 

PSAM pharmacologically selective actuator module (receptors activated by 

PSEMs) 

PSEM pharmacologically selective effector molecule (ligands used to activate 

PSAMs) 

PSD95 post synaptic density protein 95 

PSol parasolitary nucleus 

pTYF plasmid containing a lentiviral vector genome 

pUC57 plasmid vector commonly used for cloning in E. coli, from a series 

originating at the University of California (UC) 

P2A porcine teschovirus-1 2A self-cleaving peptide (used for bicistronic 

transgene expression) 



 XXVI 

P2X family of purinergic receptors 

R-ITR AAV inverted terminal repeat sequence, right 

RASSL receptor activated solely by a synthetic ligand 

RFP red fluorescent protein 

Rln3 relaxin-3 (promoter) 

RLN3 relaxin-3 (gene/peptide) 

RNA ribonucleic acid 

RSA respiratory sinus arrhythmia 

RVLM rostral ventrolateral medulla 

rVRG rostral ventral respiratory group 

RXFP3 relaxin-family peptide receptor 3 

s second (unit of time) 

SALB salvinorin B (ligand used to activate KORDs) 

SEM standard error of the mean 

SN substantia nigra 

SNA sympathetic nerve activity 

SNAP soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein 

SNARE SNAP receptor protein (involved in vesicle fusion with target membrane) 

SNR signal-to-noise ratio 

sol solitary tract 

SolC nucleus of the solitary tract, commissural part 

SolCe nucleus of the solitary tract, central part 

SolDL nucleus of the solitary tract, dorsolateral part 

SolDM nucleus of the solitary tract, dorsomedial part 

SolG nucleus of the solitary tract, gelatinous part 

SolI nucleus of the solitary tract, interstitial part 

SolIM nucleus of the solitary tract, intermediate part 

SolL nucleus of the solitary tract, lateral part 

SolM nucleus of the solitary tract, medial part 

SolRL nucleus of the solitary tract, rostrolateral part 

SolV nucleus of the solitary tract, ventral part 

SolVL nucleus of the solitary tract, ventrolateral part 

SP substance P 

SpeI restriction endonuclease isolated from Sphaerotilus species 



 XXVII 

SST somatostatin 

sst2A somatostatin receptor subtype 2A 

st stria terminalis 

STV synaptic protein transport vesicle 

SubP subpostrema area 

SV40 simian virus 40 

Syp-mRuby fusion construct between a synaptophysin and mRuby 

tdTomato type of red fluorescent protein which forms tandem dimers 

TH tyrosine hydroxylase 

TH waves Traube-Hering waves (oscillations in blood pressure caused by respiratory 

modulation of sympathetic activity) 

TPH2 tryptophan hydroxylase 2 (promoter) 

TrkA tropomyosin receptor kinase A 

TRP transient receptor potential family of heat-sensitive cation channels 

TRPV TRP channels belonging to the vanilloid subfamily 

TVA receptor for avian leukosis viruses (allows uptake of EnvA-psuedotyped 

rabies vectors) 

T2A Thosea asigna virus 2A self-cleaving peptide (used for bicistronic 

transgene expression) 

UCSU University of California, Santa Cruz 

US/USA United States/United States of America 

v volume 

V volt (unit of electrical potential difference) 

vaf/VAF ventral amygdalofugal (pathway) 

VDB nucleus of the vertical limb of the diagonal band 

vGAT vesicular GABA transporter 

VGCC voltage-gated calcium channel 

VIIn facial motor nucleus 

VLM ventrolateral medulla 

VN vagus nerve 

VRC ventral respiratory column 

w weight 

WHBP working heart-brainstem preparation 

wk week (unit of time) 

WPRE woodchuck hepatitis virus post-transcriptional regulatory element 

W3SL condensed WPRE and SV40 polyadenylation signal 



 XXVIII 

zo-1 zonula occludens-1 protein 

10N dorsal motor nucleus of vagus 

12N hypoglossal nucleus 

2A self-cleaving peptide, used for bicistronic transgene expression 

293FT cell line used for AAV vector production (see also HEK293FT) 

4V fourth ventricle 

5-HT1A 5-hydroxytryptamine (serotonin) receptor 1A 

5-HT1B 5-hydroxytryptamine (serotonin) receptor 1B 

5-HT3 5-hydroxytryptamine (serotonin) receptor 3 

5N trigeminal nucleus 

dvgal a synthetic DNA construct containing phage  replication genes and the 

gal operon 

µg microgram (unit of mass) 

µl microlitre (unit of volume) 

µm micrometre (unit of length) 

˚C degrees Celsius (scale of temperature) 
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1.1 Foundations of neuroscience 

 

Endeavours to understand human experience and interactions with the natural world stretch 

back to our earliest recorded histories. Greek philosophers of antiquity, including Alcmaeon and 

Plato, were among the first to attribute thought, sensation, and behaviour to the nervous 

system (Crivellato et al. 2007). Despite experimental support from Hellenistic scholars, most 

notably the Egyptian anatomists Herophilus and Erasistratus (Wills 1999; Acar et al. 2005) and 

the Roman physician Galen (Gross 1998), progress in understanding the nervous system largely 

stagnated until the sixteenth century Scientific Revolution. Section 1.1 presents a summary of 

the key ideas and techniques developed over the following centuries which would contribute to 

the development of modern neuroscience, with a focus towards methods that are now 

complemented or, in some instances, essentially supplanted by transgenic technologies. 

 

1.1.1 Origins of localisation theory 

 

A key aspect of neuroscience is the attribution of specific functions to defined neural structures. 

Much of today’s research focuses on functional specialisation at the level of neuronal 

populations and networks, defined by features such as gene expression, firing properties, and 

connectivity. However, functional localisation at the cellular level is a quite recent development 

in neuroscience, being partly enabled by earlier localisation theories stemming from the first 

detailed anatomical and functional studies of the brain. 

 

The works of Herophilus and Galen led to the earliest version of localisation theory, taking the 

form of the ‘cell doctrine’. Under the cell doctrine, mystical or spiritual forces thought to 

mediate cognition and behaviour were assigned to different ventricles within the brain 

(Tascioglu et al. 2005). At the time of the Scientific Revolution, various forms of cell doctrine had 

been influential for over a millennium, stimulating further exploration of ‘ventricular 

localisation’ by many scientists and philosophers during this period. Among these scholars was 

Leonardo da Vinci, whose fascination with the cell doctrine led to the first accurate drawings of 

the ventricular system using a cast set from molten wax (Figure 1.1A), which da Vinci formed 

through injections into the ox brain (Pevsner 2002). 

 

The sixteenth-century also saw long-held taboos against human dissection begin to soften, 

allowing the first detailed studies of human neuroanatomy since those of Herophilus and 
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Erasistratus some eighteen centuries earlier (Wills 1999). Indeed, the main basis of anatomical 

education until this period came from the writings of Galen, who studied a variety of species but 

never humans (Wickens 2014). Based on his extensive experience in human dissection, Andreas 

Vesalius published his De humani corporis fabrica in 1543. This tome provided detailed 

illustrations of the human nervous system (see e.g. Figure 1.1B), while also showing numerous 

instances in which Galen’s long-accepted anatomy was in error (Gomes et al. 2015; Afshar et al. 

2019). The widely believed cell doctrine was also questioned by Vesalius, who saw no special 

differences between the ventricles of humans and other mammals. However, Vesalius did not 

speculate as to an alternative source for behavioural and cognitive functions, simply lamenting 

the limited capacity for anatomical insights to shed light on this question (Finger 1994). 

 

As the Scientific Revolution progressed into the seventeenth century, continued progress was 

made away from the cell doctrine and entrenched ideas of spiritual forces being required to 

animate behaviour. The first materialistic view of the nervous system can be attributed to René 

Descartes. Descartes asserted that living beings were part of the natural world, dependent on 

physical and chemical processes, and thus amenable to scientific investigation. He saw 

physiology as a mechanical process and described animals as ‘automatons’ (Ablondi 1998), 

although he maintained a ‘dualistic’ distinction between such bodily mechanics and the human 

mind (Baker et al. 1996). Descartes also used reflex processes, such as withdrawal from painful 

stimuli, to illustrate how behaviour could be explained without reference to mystical forces 

(Fearing 1929). A significant advance in neuroanatomy was provided by Descartes’ 

contemporary, Thomas Willis, whose Cerebri anatome became an authoritative text for two 

centuries following its 1664 publication (Figure 1.1C). Indeed, many terms in use today, including 

anterior commissure, corpus striatum, inferior olives, stria terminalis, and vagus nerve, can be 

traced back to Willis (Arraez-Aybar et al. 2015). Based on its structure and vascularisation, Willis 

also dismissed the cell doctrine in favour of assigning mental functions to the brain’s grey 

matter, seeing the ventricles as mere empty spaces for waste collection (Wickens 2014). 

 

Although the works of Vesalius and Willis moved conceptions of behavioural and cognitive 

function from the ventricles to the grey matter, the idea that specific modalities were associated 

with localised brain regions was not seriously considered until the nineteenth century. The first 

widely accepted example of functional localisation was provided by an 1812 publication from 

Julien Jean César Legallois. By removing the cerebrum, cerebellum, and progressively more 

caudal slices from the brainstem in rabbits, Legallois identified a region of the medulla which if 
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cut would cause respiration to immediately cease (Pitts 1946). By 1851, Jean Pierre Flourens had 

used localised lesions to refine the critical respiratory zone to an area he believed no larger than 

a pinhead (Figure 1.2A) (Barbara et al. 2012). Despite his technical prowess, Fluorens did not 

observe specific effects from localised lesions elsewhere in the brain, leading him to believe that 

most vital functions, movement, and higher cognition arose from diffuse activity across the 

medulla, cerebellum, and cerebrum, respectively – a view which he vociferously defended 

against the increasingly popularised concept of phrenology (Pearce 2009). Initially developed by 

Franz Joseph Gall during the late eighteenth century, phrenology posited that specific traits and 

abilities corresponded to dedicated regions of the cerebral cortex, whose ‘development’, or lack 

thereof, shaped the overlying skull (Temkin 1947). While the idea that skull features reflected 

behavioural or psychological traits was met with scepticism by the scientific establishment, and 

essentially disproven by the 1830s, phrenologist were correct in their conception of the cortex 

as being divided into functionally distinct regions (Greenblatt 1995; Zola-Morgan 1995). 

 

Despite lingering hostility towards phrenology, the ‘localisationist’ view of brain function would 

soon come to be supported by clinical evidence, as well as cortical stimulation experiments 

following the discovery that nervous tissue was electrically excitable (see below, Section 1.1.2). 

The case study of ‘Tan’, who lost his capacity for articulate speech following a stroke affecting 

the left frontal cortex (Figure 1.2B), provided a turning point in the localisation debate when 

described by Paul Broca in 1861 (Broca 2011). Broca quickly accumulated additional cases of 

aphasic patients with damage to the left frontal lobe (Lazar et al. 2011), and by 1874 Carl 

Wernicke had identified a second type of aphasia, characterised by a lack of language 

comprehension and fluent but unintelligible speech, associated with left temporal lobe lesions 

(Kirshner et al. 1989). Around the same time, the case of Phineas Gage was reported by John 

Harlow. A railway foreman involved in an accidental explosion, which launched a metre-long 

tamping iron through his left check and out the top of his head, Gage appeared largely 

unaffected following the incident, other than a marked loss of behavioural inhibition attributed 

to anterior frontal lobe damage (Figure 1.2C) (Macmillan 1992; Harlow 1993). Numerous other 

cases of focal injury, alongside the application of lesion studies in laboratory animals, have since 

shed light on how specific anatomical structures within the nervous system contribute to 

complex behaviours and cognition. 
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Figure 1.1. Refer to next page for figure legend.   
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Figure 1.1. Progress in neuroanatomy during the Scientific Revolution. The Scientific Revolution 

(1543-1687) saw the first substantial progress in neuroanatomy since Galen's contributions 

during the second century. Motivated by his interest in the 'cell doctrine', Leonardo Da Vinci 

created the first accurate sketches of the brain's ventricular system by injecting molten wax into 

the brain of an ox. His record of this experiment is shown in (A), with a coronal (upper centre) 

and ventral (lower centre) view of the brain accompanied by three-dimensional representations 

of the ventricles (upper left and lower right) (image source: The Royal Collection Trust, 

https://www.rct.uk/collection/919127/the-brain). (B) A set of images from Andreas Vesalius' De 

humani corporis fabria (1543) depicting the human brain, based his observations from post-

mortem human dissection (adapted from Lanska et al. (2013)). This publication also corrected 

many mistakes in the anatomy of Galen, which was extrapolated from animal, rather than 

human, dissections. Further detail was provided by Thomas Willis' Cerebri Anatome (1664), 

which became the authoritative text on neuroanatomy for two centuries following its 

publication. Example illustrations provided in (C) show a ventral view of the brain, with cranial 

nerves and the eponymous 'circle of Willis' depicted (left), and a dorsal view of the brainstem 

showing the basal ganglia (right) (adapted from Rengachary et al. (2008) and Parent (2012)). 
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Figure 1.2. Refer to next page for figure legend. 
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Figure 1.2. Early evidence for localised brain function. The emergence of methods for targeted 

lesions in laboratory animals, reports on patients with focal brain damage, and techniques to 

electrically stimulate the cerebral cortex provided early evidence that cognition and behaviour 

are produced by specific brain regions. The first widely accepted example was the respiratory 

centre, or ‘noeud vital’, which Jean Pierre Flourens mapped in the rabbit medulla using a series 

of localised lesions, shown in (A) (as illustrated by Alfred Vulpian in 1858; image adapted from 

Wijdicks (2019)). The highly publicised cases of ‘Tan’, who suffered from aphasia associated with 

damage to ‘Broca’s area’ in the left frontal lobe, and Phineas Gage, who exhibited marked 

behavioural disinhibition after injury to a more anterior region of the left frontal lobe, added 

further weight to the concept of functional localisation. Tan’s preserved brain is depicted in (B) 

(adapted from Baars et al. (2010)), and a digital reconstruction of the Gage’s injury in (C) 

(adapted from (Ratiu et al. 2004)), showing the affected regions. Alongside loss of function 

following localised damage, electrical stimulation of different brain regions also revealed 

specific functional associations. Among the first to conduct such experiments was David Ferrier, 

whose depictions of functionally distinct cortical regions in monkeys is provided in (D) (adapted 

from Ferrier (1875)). 
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1.1.2 Animal electricity 

 

Lesion studies, which provide us with an understanding of different nuclei within the nervous 

system through the subsequent loss of related functions, would be complemented from the late 

nineteenth century onwards by electrical stimulation techniques, allowing these same regions 

to be stimulated and drive specific changes in behaviour and cognition. 

 

The ability of electric currents to pass through the human body, and to elicit physiological 

responses such as tachycardia, glandular secretions, and muscle contractions, has been known 

since at least the 1740s, when ‘electrical healers’ began promoting electricity as a treatment for 

a variety of ailments (Bertucci 2016).  Through his experiments using a neuromuscular 

preparation, in which frog legs were dissected with the associated spinal nerves intact, Luigi 

Galvani discovered that nervous tissue was especially sensitive to the effects of electricity. For 

example, Galvani observed that applying electric currents to the exposed nerve caused much 

more forceful contractions than stimulating the muscle directly (Wickens 2014). This work 

culminated his 1791 De viribus electricitatis in motu musculari commentaries and led Galvani to 

believe that a form of intrinsic ‘animal electricity’ resided within nerves. To identify the nerves, 

rather than his metallic instruments, as a source of electricity, Galvani went on to show that 

touching a cut nerve to either the muscle of the same leg, or the surface of the nerve from a 

separate leg, also caused contraction (Piccolino 1998). This concept of animal electricity was 

extended to the brain from 1798 by Giovanni Aldini, who, by applying electric currents to the 

brain, was able to ‘reanimate’ recently deceased animals and human cadavers (Parent 2004). 

 

By the late nineteenth century, the relatively crude approach of Aldini, which was as much public 

spectacle as it was scientific experiment, was refined to the point where electrical stimulation 

was being used to map cortical regions which controlled movements as fine as the twitch of an 

individual eyelid or digit. In 1870, Eduard Hitzig and Gustav Fritsch reported their finding that 

motor activity was controlled by the medial-posterior part of the frontal cortex in dogs (Fritsch 

et al. 2009). Hitzig and Fritsch made this discovery by applying mild electric currents to cortical 

regions which caused muscular responses in the contralateral forepaw, hindpaw, face, or neck, 

and by observing a corresponding loss of motor, but not sensory, function following ablation of 

the forepaw region in two animals. These findings were greatly expanded by David Ferrier, who 

found that Hitzig and Fritsch’s motor area existed in a wide variety of vertebrates. Ferrier 

extended his studies to monkeys in 1874, discovering nineteen different cortical areas 
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responsible for an array of specialised movements (Figure 1.2D) (Ferrier 1874; Wickens 2014). 

That same year, Robert Bartholow described the first evidence of cortical excitability, including 

motor activity, in a conscious human, although at the time his report was widely criticised on 

ethical grounds (Cambiaghi et al. 2014). However, electrical stimulation, in the form of the 

‘Montreal Procedure’ pioneered by Wilder Penfield, has become an important method for 

mapping cortical function in conscious patients prior to surgery (Ladino et al. 2018). Penfield 

first reported on this method in 1937 (Penfield et al. 1937), providing a fascinating window into 

cortical localisation and function in humans. 

 

Alongside the establishment of electrical stimulation as a means of functionally defining brain 

regions, the nineteenth century also saw technological advances which allowed electric currents 

to be measured in biological tissue. Instrumental to this development was the invention of the 

astatic galvanometer by Leopoldo Nobili in 1825 (Possenti et al. 2017), which he would use to 

measure the flow of electric current between two saline-filled beakers, one containing a skinned 

frog’s leg, and the other the associated spinal cord, with both being connected by the intact 

sciatic nerve – thus providing the first measurement of electricity passing through a nerve 

(Wickens 2014). This ‘frog-current’ was further confirmed in muscle by Carlo Matteucci, who 

measured an electric current passing from one wire of a galvanometer, laid on the surface of a 

dissected muscle, to another, inserted deep inside the muscle (Moruzzi 1996). In a series of 

experiments building from these results, Emil du Bois-Reymond found in 1843 that applying an 

electric shock to the exposed sciatic nerve caused a wave of ‘relative negativity’ to travel along 

its surface, and that this ‘action current’ (now known as an ‘action potential’) made the muscle 

contract (Wickens 2014). In 1850, Hermann von Helmholtz measured the speed of conduction 

along the sciatic nerve at around 27 meters per second (Piccolino 2002). 

 

While these vertebrate studies allowed many properties of the action potential to be 

discovered, the miniscule size of individual neurons and their axons presented an obstacle to 

understanding the underlying biochemical mechanisms. Julius Bernstein proposed in 1902 that 

an unequal distribution of ions across a selectively permeable cell membrane could explain how 

action potentials propagate (De Palma et al. 2011). However, this hypothesis could not be tested 

until several decades later, when the discovery of the squid giant axon provided a means of 

measuring and manipulating electrical current and ionic environments inside and outside the 

cell (Young 1936; Keynes 2005). Studies utilising the squid axon, in combination with the 

invention of the ‘voltage clamp’ technique in 1948, allowed Alan Hodgkin and Andrew Huxley to 
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detail the movement of ions, particularly sodium and potassium, across the membrane during 

an actional potential (Huxley 2002). Their results, and subsequent modelling, led Hodgkin and 

Huxley to believe that the permeability of the membrane to each ionic species must be mediated 

by specialised channels. The existence of these channels, and their voltage- and ligand-gated 

nature, was demonstrated in the 1970s through the ‘patch-clamp’ method. This method enables 

the activity of single channels to be recorded by bringing a micropipette containing an electrode 

into contact with the cell membrane (Neher et al. 1992). Furthermore, the patch-clamp method 

removes the need to penetrate cells with electrodes, meaning that electrophysiological 

recordings can be made from cells of virtually any type and size, including neurons in the brain. 

 

1.1.3 Establishing the neuron doctrine 

 

While technological developments, particularly the invention of the galvanometer during the 

nineteenth century, allowed the electrical properties of nervous tissue to be directly measured 

for the first time, parallel advances in optics and microscopy would reveal that the nervous 

system is composed of many discrete units; namely, neurons. 

 

The earliest documented compound microscope was invented by Dutch lens maker Hans 

Janssen in 1590, providing up to 9-fold magnification (Ball 1996). Continued refinements led to 

microscopes with around 50-fold magnification by the mid-seventeenth century, such as that 

used by Robert Hooke while making observations which would form his Micrographia, published 

in 1665. This book was the first to illustrate the microscopic world, and primarily focused on 

biological materials, including a sliver of cork which Hooke noted contained many small holes 

resemblant of tiny rooms or ‘cells’ (Wickens 2014). Among the first microscopic observations of 

nervous tissue were those of Antoni van Leeuwenhoek, using instruments he had developed 

that provided as much as 250-fold magnification (Gest 2004). Leeuwenhoek’s reports on the 

cow optic nerve and turkey cortex, which were included in a series of letters to the Royal Society 

during the 1670s and 1680s, described the presence of many oily ‘globules’. The lack of detail in 

these early reports reflects an absence of tissue fixation and staining techniques, as well as the 

small size and intricate structure of neurons and their processes, which would have been difficult 

to visualise even with Leeuwenhoek’s powerful microscopes. Indeed, while biologists had 

adapted Hooke’s terminology to describe the basic building blocks necessary for plant and 

animal life by 1839, the cellular nature of nervous tissue would remain an issue of contention 

throughout the nineteenth century (Mazzarello 1999). 
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Following Leeuwenhoek’s observations, further progress towards understanding the 

microscopic structure of the nervous system would not be made until the 1830s, following a 

number of technical advances. These included the development of improved achromatic lenses, 

which substantially reduced optical artefacts (Hughes 1955), the microtome, enabling tissue to 

be cut at precise, thin intervals (Ideker et al. 2009), and methods for fixing and staining tissue 

(Jones 2001; Titford 2005). With these tools at their disposal, Jan Evangelista Purkinje and his 

student, Gabriel Valentin, focused their studies on the brain. In 1836, Valentine published his 

observation that the nervous system was comprised not only of the nucleated globules 

previously reported (Figure 1.3A), which we would recognise today as cell bodies or somas, but 

also a kind of fibre, which he believed existed separately from the cell bodies (Shepherd 2015). 

Purkinje himself would show in 1837 that different brain regions, including most famously the 

cerebellum, contained distinct cell types (Cavero et al. 2017). By 1838, Robert Remak had 

observed the growth of fibres (axons) from cell bodies of the embryonic spinal cord, indicating 

they must be connected as a coherent structure - findings confirmed by Albert von Kölliker in 

1849 (Wickens 2014). However, the cellular nature of nervous tissue was still disputed, due to 

suggestions that the need for rapid communication necessitated a continuous ‘reticular’ 

network of anastomosed fibres.  

 

Despite the first isolated neurons being depicted by Otto Deiters in around 1860 (Figure 1.3B) 

(Deiters et al. 2013), a definitive refutation of reticular theory would require visualisation of 

individual neurons, and the full extent of their projections, in intact tissue. While established 

staining techniques, such as the use of carmine introduced by Joseph von Gerlach in 1858, 

allowed some cellular structures such as the nucleus to be visualised, they did little to 

differentiate individual neurons (Heinrichs 2009). This issue was serendipitously resolved by 

Camillo Golgi in 1873, who, after spilling a silver nitrate solution on tissue hardened using 

potassium dichromate, found black, sparsely labelled neurons clearly contrasted against a pale-

yellow background (Wickens 2014). Golgi applied this technique to study the cellular 

composition of the cerebellum, neocortex, olfactory bulb, hippocampus, and spinal cord during 

the 1870s and 1880s (Bentivoglio et al. 2019), revealing for the first time the heterogeneous 

morphologies of neurons in these regions (Figures 1.3C-E). Based on his observations, Golgi 

concluded that dendrites ended freely and did not anastomose, updating previous theories to 

suggest that axons alone fuse to form a reticular network (DeFelipe 2015). However, evidence 

against reticular theories was building. Auguste Forel, for example, showed in 1887 that 
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Wallerian degeneration of cranial nerves could be traced to highly localised brainstem regions, 

clearly contradicting the notion of a continuous reticular network (Parent 2003). Based on his 

observations of axonal growth in embryonic material, Wilhelm His had also firmly rejected 

reticulum theory in 1886 (Lopez-Munoz et al. 2006). 

 

It would be Santiago Ramón y Cajal whose application and refinement of Golgi’s silver staining 

method most decisively showed neurons as autonomous units, consistent with the cellular 

nature of other biological tissues. Shortly after learning about Golgi’s method in 1887, Ramón y 

Cajal set about improving the reliability of the technique using double and triple impregnation 

steps (Sotelo 2003). This modification also robustly labelled fine axonal processes, allowing them 

to be traced much further. Using his improved staining method, Ramón y Cajal produced 

detailed illustrations of neuronal circuitry (see e.g. Figure 1.3F) in regions including the 

cerebellum, cerebral cortex, olfactory bulb, spinal cord, and retina (Shepherd 2015), while also 

mapping neuronal development in chick embryos (de Castro et al. 2007). During his 

observations, Ramón y Cajal found no evidence to support Golgi’s reticular hypothesis of axonal 

fusing, instead noting that many axons ended freely and in close proximity to dendrites. This 

finding led to the formulation of Ramón y Cajal’s ‘law of dynamic polarisation’ in 1889 (Figure 

1.3G), which states that nerve impulses are transmitted unidirectionally from axon to dendrite, 

accumulating in the soma before being relayed in turn along the recipient neuron’s axon (Sotelo 

2003). In an 1891 review series, Wilhelm von Waldeyer formalised Ramón y Cajal’s conception 

of nerve cells as the fundamental unit of the nervous system under the ‘neuron doctrine’ (Jones 

1994), which became widely accepted by the early twentieth century. Charles Sherrington would 

coin the term ‘synapse’ to describe the hypothesised junction between neurons in 1897 (Molnar 

et al. 2010), although at the time scientists could only speculate as to how information might 

pass between neurons. 
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Figure 1.3. Refer to next page for figure legend. 
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Figure 1.3. Discovery of the neuron, from globules to circuits. Although the observation of 

microscopic ‘globules’ in nervous tissue was first described over a century before, our earliest 

depictions of these structures come from Gabriel Valentin’s 1836 illustrations (A) (adapted from 

Wickens (2014)), which included notation of the cell body (a), a tail-like process (b), the central 

region of the cell (c), and the nucleus (d). Valentin also recognised the existence of fibres in 

nervous tissue, which would later be identified as neuronal process and hypothesised to form a 

continuous ‘reticular network’. The first individual neurons to be microscopically examined were 

isolated and illustrated by Otto Dieters in around 1860 (B) (adapted from Deiters et al. (2013)), 

who found no evidence of a fused system of reticular fibres. The in situ morphology of individual 

neurons was first shown by Camilo Golgi, using the silver staining method he discovered in 1873. 

This allowed Golgi to describe numerous cell-types across different regions, including the 

cerebellum (C), cortex (D), and hippocampus (E) (adapted from (Bentivoglio et al. 2019). Further 

advances in silver staining were made by Santiago Ramón y Cajal, enabling him to illustrate the 

first detailed maps of neural circuitry, characterised by freely ending (rather than anastomosed) 

fibres (see e.g. (F), depicting different cerebellar cell-types and their interconnections (adapted 

from Sotelo (2003))). Ramón y Cajal’s observations also led him to propose the law of ‘dynamic 

polarisation’ (G) (adapted from Llinas (2003)), stating that information flows unidirectionally 

within neurons, from dendrites to axon. 
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1.1.4 The war of the soups and the sparks 

 

At the turn of the twentieth century, many of the pillars upon which our modern understanding 

of the nervous system rest were in place; specific behavioural and cognitive modalities had been 

traced to localised regions in the brain, nervous tissue was known to be electrically active and 

excitable, and the neuron had been established as the fundamental cellular unit of the nervous 

system. However, the mechanism by which neurons communicate across the synapse remained 

unclear. The debate over this issue, which mainly centred on the so-called ‘war of the soups and 

the sparks’ during the 1930s and 1940s, pitted pharmacologists advocating for a chemical 

mechanism against neurophysiologists who favoured electrical transmission (Valenstein 2007). 

 

During the nineteenth century a variety of new compounds, many of which were plant extracts 

collected from the Americas, Africa, and Asia, were being assayed for biological activity. A 

convenient test method was to expose visceral organ and skeletal muscle preparations to these 

substances while assessing effects from stimulating the associated nerves. Using this approach 

in the 1840s, Claude Bernard found that curare, a poison gifted to him on arrow heads from 

South America, caused muscle paralysis by acting specifically at the neuromuscular junction 

(Wickens 2014). Similarly, during the late nineteenth and early twentieth century, John Langley 

studied a variety of drugs by ‘painting’ them onto nerves with fine brushes or thread. Among 

these were muscarine and its antagonist atropine, which he found were active at the terminals 

of parasympathetic cardiac vagal fibres, and adrenaline, which broadly mimicked the effects of 

sympathetic nerve stimulation (Valenstein 2007). Langley’s observations led him to hypothesise 

the existence of a ‘receptive substance’ present in the effector cells (e.g. myocytes), which was 

activated upon combining with a drug or by delivery of a nerve impulse. Formalised in a 1905 

publication, this idea was an important step toward the modern concept of receptor-ligand 

binding (Maehle 2004). By 1914, Henry Dale had identified noradrenaline and acetylcholine as 

far more potent sympatho- and parasympathomimetic substances than adrenaline and 

muscarine, respectively (Todman 2008). However, at the time neither noradrenaline nor 

acetylcholine were known to be produced naturally in the body. 

 

A series of experiments which would come to prove acetylcholine is secreted from the vagus 

nerve commenced with a 1921 publication from Otto Loewi (Loewi 1945). Loewi’s pioneering 

experiment used an established frog heart preparation, where the beating heart is bathed in a 

saline solution with the vagal-sympathetic trunk attached. Following vagal stimulation, which 
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induced bradycardia, Loewi transferred the solution from this first ‘donor’ heart to that bathing 

a second, denervated ‘recipient’ heart, which then also slowed its beating (Zimmer 2006). 

Likewise, if the sympathetic nerve was stimulated on the donor heart, transfer of the bathing 

solution was associated with tachycardia in the recipient heart (Sasse 2018). In Loewi’s view, 

this showed that nerve stimulation did not act on the heart directly, but rather caused the 

release of specific ‘chemical substances’ (Loewi 1945). While the veracity of this initial report 

was questioned, subsequent replication and modifications, including addition of the 

cholinesterase inhibitor, physostigmine, to the bathing solutions, soon led to general acceptance 

of neurohumoral transmission to the heart (Valenstein 2007). The likely release of acetylcholine 

from the vagus nerve was further bolstered by Dale’s identification of this substance as a natural 

product of the body in 1929, based on its isolation from ox and horse spleen (Dale et al. 1929). 

Despite this, the heart was seen as an exception, with chemical secretions thought too slow to 

mediate transmission at other peripheral synapses, let alone those in the brain (Eccles 1976). 

 

Further studies at the height of the soups vs. sparks debate would demonstrate that 

neurotransmitters are released by all peripheral nerves, and also provide strong evidence 

against electrical transmission. During the 1930’s, Dale’s laboratory adopted a method for 

detecting acetylcholine whereby a leech muscle is exposed to blood drawn from veins 

surrounding the nerve under investigation - in the presence of even very dilute acetylcholine, 

the leech muscle would contract (Valenstein 2007). In this way, acetylcholine was shown to be 

released from all parasympathetic terminals, spinal nerves innervating skeletal muscle, and also 

at sympathetic ganglia, with this latter example being the first evidence for chemical 

transmission between neurons (Dale 1937). Clarification of postganglionic sympathetic 

transmission would follow in the 1940s, with Ulf von Euler first isolating noradrenaline from the 

bovine spleen, showing that it was naturally produced, and then providing evidence for its 

synaptic release (Sawin 1999). However, neurophysiologists continued to resist the idea of 

chemical transmission, particularly between neurons. A key issue, which John Eccles would 

address in 1951, was how electrical transmission could cause neural inhibition. Among the first 

intracellular recordings from neurons, using a method newly developed by Eccles’ laboratory, it 

was found that inhibitory inputs to spinal motor neurons caused inhibitory post-synaptic 

potentials (IPSPs) (Eccles 1965). Crucially, this effect was directly opposed to the model of 

electrical transmission originally favoured by Eccles and instead supported chemical 

transmission (Wickens 2014), signalling a decisive turning point in the debate. 
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Over the following decades, evidence for chemical synaptic transmission as the dominant mode 

of signalling in the brain would steadily accumulate. During the 1950s and 1960s, histochemical 

staining techniques revealed the first evidence of brain neurons expressing cholinesterase, 

implying the presence of acetylcholine, and monoamines, including noradrenaline, dopamine, 

and serotonin (Koelle 1950; Hillarp et al. 1966). Combined with tracing methods, such as 

Wallerian degeneration of axons from lesion sites (Koeppen 2004) and later the use of antero- 

and retrograde axonal transport of molecules such as horseradish peroxidase (Lavail et al. 1973), 

such labelling allowed brain circuitry formed by these neurochemically defined populations to 

start being mapped. This period also saw refinement of intracerebroventricular and related 

infusion protocols by Wilhelm Feldberg, who used this approach to study the effects of drugs in 

various brain regions (Feldberg et al. 1959; 1965). While their discovery was largely 

serendipitous, the first psychotropic pharmaceuticals were also identified around this time. 

These substances had major therapeutic benefits for conditions such as depression and 

schizophrenia and began to shift perspectives on neuropsychiatric disorders towards being a 

product of ‘chemical imbalances’ in the brain. Furthermore, the potential to understand, 

manage, and even cure such conditions provided a clear impetus towards researching how 

localised brain circuitry modulates cognition and behaviour.  
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1.2 The development of transgenic neuroscience 

 

A hallmark of twentieth century neuroscience was the identification of chemical substances as 

neurotransmitters, being released by defined populations of neurons to mediate functional 

responses in the nervous system and other effector organs. Mechanistic explanations of how 

neurotransmitters, and all other cellular products, are manufactured would also be discovered 

during this period, through the developing fields of molecular biology and genetics. 

Technological developments from these disciplines, introduced here in Section 1.2, have 

allowed neuroscientist to genetically engineer the nervous system, providing unprecedented 

insights into its composition and function at circuit, cellular, and subcellular resolution. 

 

1.2.1 Recombinant DNA technology 

 

The identification of DNA as the molecular mediator of heredity was key to the development of 

techniques that would enable genetic engineering. Theories of particulate inheritance can be 

traced back to the 1860s, when Charles Darwin hypothesised that ‘gemmules’ were passed from 

one generation to the next, and Gregor Mendel described his now famous hybridisation 

experiments, which implied the existence of discrete hereditary particles (Hartl et al. 1992; 

Benson 2001). By the early twentieth century, these hereditary particles, or ‘genes’, had been 

associated with chromosomes contained in the cell’s nucleus (Keros et al. 2010). However, 

uncertainty remained as to whether genes were carried in DNA, with many scientists instead 

favouring the more structurally complex protein molecules also found in chromosomes. In 1928, 

Frederick Griffith reported the first example of bacterial transformation, a type of horizontal 

gene transfer whereby bacteria acquire new characteristics; the ‘transforming’ material 

responsible for this phenomenon was identified in 1944 by Oswald Avery and colleagues as DNA 

(Cobb 2014). Similarly, in 1952 Alfred Hershey and Martha Chase demonstrated that it was 

bacteriophage DNA, and not protein, which entered and ‘reprogrammed’ bacteria to produce 

viral particles (Hershey et al. 1952). The following year, in a crucial step towards deciphering the 

genetic code, James Watson and Francis Crick published their landmark paper on the double 

helix structure of DNA (Watson et al. 1953), building from the crystallographic data of Rosalind 

Franklin and Maurice Wilkins (Zallen 2003). 

 

With DNA established as the repository of genetic information, the stage was set for scientists 

to explore the structure and function of individual genes. During the 1960s, progress in 
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understanding prokaryotic genes was possible in part through a quirk of bacteriophage 

replication, which causes random segments of the host bacterium’s DNA to occasionally be 

packaged into infectious viral particles (Zinder 1992; Salmond et al. 2015). Using this technique, 

the function of genes could be assessed by transferring them between different bacterial strains 

(see e.g. Luria et al. (1960)). While a similar phenomenon had been documented in some viruses 

which infect mammalian cells, such as simian virus 40 (SV40), this approach was impractical in 

eukaryotes, partly due to their much larger genomes (Berg et al. 2010). To resolve this issue, 

Paul Berg explored whether a selected, rather than random, DNA fragment could be integrated 

into the SV40 genome in vitro, with the intention of eventually introducing this foreign DNA into 

mammalian cells. Combining SV40 DNA with a construct called dvgal, which contained phage 

 replication genes and the gal operon, would allow the hypothetical fusion product to be 

selected for and propagated in Escherichia coli (Berg et al. 2010). A key development facilitating 

this experiment was the discovery of bacterial enzymes, called restriction endonucleases, which 

defend against viral infection by cleaving DNA at specific recognition sites. Berg and his student 

Janet Mertz found that EcoRI, a restriction endonuclease isolated by Herbert Boyer in 1971 

(Boyer 2009), cut the SV40 and dvgal plasmids only once, leaving cohesive or ‘sticky’ overhangs 

which annealed to one another and allowed the two sequences to be ligated (Mertz et al. 1972). 

 

Despite Berg being convinced by colleagues not to continue with his experiment (Berg et al. 

2010), based on concerns about the potential hazards of introducing SV40, an oncogenic virus, 

into bacteria which natively colonise the human gut, Boyer and Stanley Cohen would soon 

confirm that recombinant DNA could be propagated and expressed in E. coli. Around the time 

of Berg and Mertz’s experiments with EcoRI, Cohen’s laboratory had devised a method for 

transforming calcium chloride-treated E. coli with plasmid DNA (Cohen et al. 1972). This method 

not only introduced antibiotic resistance genes, but also provided a means of cloning plasmids, 

which were autonomously replicated and passed to the transformed E. coli’s progeny. In 1973, 

Boyer and Cohen collaborated on a project in which separate kanamycin and tetracycline-

resistant plasmids were cut with EcoRI and ligated, with the resultant construct transformed 

into E. coli. Growth of the transformed bacteria in the presence of both antibiotics, and 

subsequent molecular analyses, proved that recombinant DNA had for the first time been 

successfully cloned and expressed (Cohen et al. 1973). The first instance of gene transfer 

between species was reported in 1974 by Cohen and Annie Chang, who transformed E. coli with 

a recombinant plasmid containing a Staphylococcus aureus gene for penicillin resistance (Chang 

et al. 1974). Soon after, eukaryotic DNA, specifically that encoding ribosomal RNA from the 



 21 

African clawed frog (Xenopus laevis), was also cloned and expressed in E. coli (Morrow et al. 

1974), with the profound implication that this approach could be applied to DNA from 

essentially any source (Cohen 2013). 

 

The years following these pioneering experiments have seen the toolbox for producing 

recombinant DNA molecules and genetically modified organisms (GMOs) greatly expand, being 

applied in such diverse fields as agriculture and medicine, while also sparking debate over the 

potential risks of this powerful new technology (Cederbaum et al. 1984; Berg et al. 1995; Devos 

et al. 2008; Fagerstrom et al. 2012). In addressing uncertainty around risks posed by the 

experiments planned in Berg’s laboratory in 1971, as well as those carried out by Boyer, Cohen, 

and colleagues in the subsequent years, guidelines on the safe handling and containment of 

GMOs were agreed to by researchers in 1973 (Berg et al. 1974; 1975). These recommendations, 

along with a self-imposed moratorium on certain types of experiments, were replaced in 1976 

with the publication of the Guidelines for Research Involving Recombinant DNA by the United 

States (US) National Institutes of Health (NIH). Guidelines on the use of recombinant DNA and 

genetic engineering continue to be issued by the NIH and equivalent regulatory bodies globally, 

with adherence to these policies likely responsible for the absence of any documented public 

health or environmental hazards associated with this technology to date, despite its widespread 

use. In 1982, recombinant human insulin, marketed as ‘Humulin’, became the first 

recombinantly expressed therapeutic approved by the US Food and Drug Administration, with 

over 90 other recombinantly produced therapeutics having been approved since (Kinch 2015). 

The use of GMOs in research has also allowed fundamental questions of biology to be addressed 

in innovative ways, with this approach now common practice in neuroscience. 

 

1.2.2 Transgene delivery to the nervous system 

 

A natural extension from introducing foreign genes to bacteria was applying this concept to 

eukaryotes. As the safety of laboratory work involving GMOs became apparent, Berg resumed 

his experiments and by 1980 had succeeded in expressing a variety of exogenous genes in 

cultured mammalian cells (Mulligan et al. 1980). Berg was also the first to develop recombinant 

viruses for this purpose, adapting SV40 as a vector to deliver foreign genes into target cells (Goff 

et al. 1976). This approach has proven to be among the most effective methods for transgene 

delivery in eukaryotic cells, although early SV40 and retroviral constructs suffered from transient 

expression and cytotoxicity, in part due to their retention of native viral genes and manner of 
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integration into the host cell’s genome (Elder et al. 1981; Xu et al. 1989). Replication-deficient 

adenoviral constructs, which emerged in the early 1990’s, were the first vectors to efficiently 

transduce post-mitotic cells in vivo, including neurons (Akli et al. 1993; Crystal 2014). However, 

early adenoviral vectors also exhibited transient expression, largely due to immune activation 

by adenovirus capsid proteins and expression of viral genes (Wold et al. 2013). This issue was 

soon resolved with the development of recombinant adeno-associated viral (AAV) (Kaplitt et al. 

1994) and lentiviral (Naldini et al. 1996) vectors containing transgenic sequences alone, without 

any native viral genes (Figure 1.4A), rendering them both replication-deficient and much less 

immunogenic (Blomer et al. 1997). As such, both AAV and lentiviral vectors can provide long-

term neuronal transgene expression in vivo and have become two of the most widely adopted 

vectors in modern neuroscience. 

 

Depending on their method of administration and entry into neurons, certain viral vectors can 

undergo retro- or anterograde spread within neural circuits. This typically involves exposure of 

a neuron’s distal projections to the vector, either directly in injectate or via transsynaptic 

‘jumping’ from another neuron, which is then internalised and trafficked to the soma, where its 

transgene cargo can be expressed (Figure 1.4B). As the nervous system is not the primary target 

of naturally acquired adenoviral (Wold et al. 2013), AAV (Wang et al. 2019a), or lentiviral (Haase 

1986) infection, vectors derived from these viruses are most effective in transducing neural 

soma at site of injection, and tend not to undergo active transport in neurons. Exceptions to this 

include vectors with artificially engineered capsids or envelopes (Tervo et al. 2016; Kobayashi et 

al. 2017), as well as some naturally occurring AAV serotypes (Rothermel et al. 2013; Zingg et al. 

2017), which can exhibit antero- or retrograde transport. Canine adenovirus type 2 (CAV2) has 

also been developed as an efficient vector for retrograde transduction of neurons (Del Rio et al. 

2019). In contrast, many vectors used for transsynaptic gene delivery are derived from viruses 

that specifically target the nervous system, either to actively replicate or establish latent 

infections. These include herpes simplex virus (HSV), pseudorabies virus (PRV), and rabies viral 

vectors. Due to their cytotoxicity, such vectors are limited to short-term applications, 

particularly replication-competent vectors which spread across multiple synapses (Saleeba et al. 

2019). Replication-deficient rabies (Wickersham et al. 2007a) and HSV (Zeng et al. 2017) vectors 

have also been developed that are compatible with monosynaptic retro- or anterograde spread, 

respectively, from a population of ‘seed’ neurons, in which genes required for vector production 

are supplied in trans. 
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Simultaneous with the development of recombinant viral vectors, the first transgenic lines of 

mice were also being created. With the development of genetics as a distinct discipline at the 

turn of the twentieth century, inbred mouse strains were acquired from ‘fanciers’ for 

standardisation and use in research (Rader 2004). Although the aesthetic traits artificially 

selected for in these strains provided immediate utility in studying heredity, there remained a 

need for methods to study gene regulation and cell differentiation in vivo. In searching for tools 

to address these questions, multiple independent laboratories introduced recombinant DNA 

constructs containing foreign genes into the pronucleus of fertilised mouse eggs in vitro during 

the late 1970s and early 1980s (Myelnikov 2019). Transfer of microinjected eggs to the oviduct 

of pseudopregnant females led to the development of mice in which most, if not all, cells 

appeared to contain and be capable of expressing the introduced genes (Gordon et al. 1980; 

Wagner et al. 1981a), which also underwent germline transmission (Costantini et al. 1981; 

Wagner et al. 1981b). Chromosomal integration of this recombinant DNA allowed for its stable 

propagation, however the site at which integration occurred was random. By 1988, techniques 

were established for the efficient introduction of DNA constructs to specific chromosomal loci 

through homologous recombination in mouse embryonic stem cells (Mansour et al. 1988), 

which could be used to generate germline chimeras and eventually homozygous mutants. These 

targeted mutations allowed endogenous genes to be ‘knocked-out’, and edited or foreign DNA 

to be ‘knocked-in’, typically causing a loss or gain of function, respectively (Capecchi 2005). 

Embryonic stem cell approaches have recently been superseded by CRISPR/Cas9-based gene 

editing, which is faster, simpler, and much more easily applied across different species (Singh et 

al. 2015). 

 

In addition to providing effective local or global genetic modifications, the combinatorial use of 

viral vectors and transgenic animals greatly expands the utility of these assets. Such approaches 

are often facilitated through the use of microbial recombinases, such as the phage-derived Cre-

Lox system (Sauer et al. 1988), or the analogous Flp-frt system from yeast (O’Gorman et al. 

1991). In the presence of Cre or Flp recombinase, sequences flanked by the corresponding 

recognition sites (i.e. Lox or frt) can be inverted in, or excised from, a DNA molecule, providing 

a mechanism for conditional gene expression or deletion (Figure 1.4C,D). For example, 

expression of a ‘floxed’ (Lox-flanked) gene carried by a transgenic animal can be altered by 

transduction with a Cre-expressing viral vector (see e.g. Stec et al. (2002)). While the nature of 

these manipulations ultimately depends on the desired experimental outcomes, the ever-

increasing variety of recombinant viral vectors and transgenic animals available provides great 



 24 

flexibility in introducing transgene expression to the nervous system. These resources are also 

of fundamental importance to cell-type specific expression of transgenes in neural populations 

of interest, as explored below in Section 1.3.3. 

 
 

 

Figure 1.4. Refer to next page for figure legend. 
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Figure 1.4. Molecular approaches for transgene delivery. A common method for introducing 

transgenes into neuronal populations in vivo is the use of replication-deficient viral vectors, 

whose spread is more readily controlled and less immunogenic than replication-competent 

vectors. Schematic (A) depicts the production and application of replication-deficient viral 

vectors. The use of recombinant DNA technology allows genes necessary for virion replication 

to be removed from the viral genome and replaced with sequences encoding transgenes of 

interest, fusing them to signals for viral packaging. Introduction of both the modified viral 

genome and, via a separate construct, the genes necessary for virion production into cultured 

cells enables replication-deficient vectors to be assembled and harvested. As replication-

deficient vectors cannot spread in the absence of the removed viral genes, they can be used to 

target transgene delivery selectively to populations of interest. An overview of methods to 

target neural circuits is shown in (B) (developed from concepts in Saleeba et al. (2019)). Many 

vectors do not undergo transport within neurons, including most AAVs and lentiviruses, 

meaning they would only transduce cell bodies of population (c) at the injection site. Replication 

deficient vectors that are retro- or anterogradely transported (blue and green arrows, 

respectively) can undergo further spread from the injection site or population (c) to transduce 

populations (b) or (d), respectively; examples include CAV2 and some AAV serotypes. Supplying 

viral replication genes in trans can allow further monosynaptic retro- or anterograde spread; for 

example, expression of the rabies G protein in population (b) would allow monosynaptic spread 

of replication-deficient rabies vectors to the upstream population (a). Some protocols also allow 

the use of replication-competent vectors for polysynaptic spread (e.g., some forms of HSV and 

rabies vector). Additional control of transgene expression using viral vectors and/or germline 

transgenic animals can be achieved using recombinase recognition sites such as Lox or frt, whose 

positioning and orientation can be utilised for conditional gene deletion (C) or expression (D) in 

the presence of the corresponding recombinase/s (developed from concepts in Schnutgen et al. 

(2003)).  
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1.3 Transgenic approaches in modern neuroscience 

 

As the nervous system has become amenable to genetic engineering, a variety of genes have 

been isolated, engineered, and applied specifically for the study of neuronal structures and 

functions. Such transgenic approaches provide researchers not only with substantial diversity 

and sophistication in terms of the introduced constructs, but also unparalleled spatiotemporal 

control over their experimental design. Section 1.3 introduces the main categories of transgenes 

developed for neuroscientific applications to date, as well as concepts underlying their directed 

expression in specific cell-types or subcellular structures of interest. 

 

1.3.1 Visualising circuitry 

 

Among the advances made in visualising neural circuitry since the development of silver staining 

techniques by Golgi and Rámon y Cajal during the late nineteenth century, none have been as 

revolutionary as the heterologous expression of fluorescent proteins, accompanied by advances 

in fluorescent and confocal microscopy which enable their imaging. Transgenic studies of the 

nervous system initially relied on enzymes, such as -galactosidase, to visualise transgene 

expression in neurons. However, such approaches were hindered by cumbersome staining 

protocols using exogenously applied chromogenic substrates, making their application to living 

tissue impractical. This obstacle was overcome in the early 1990s, when the green fluorescent 

protein (GFP) gene of the jellyfish Aequoria victoria was first cloned, expressed, and visualised 

in E. coli and the nematode worm Caenorhabditis elegans (Prasher et al. 1992; Chalfie et al. 

1994). Crucially, these studies indicated that GFP fluorescence could be produced in any cell 

type, independently of other substrates (Chalfie et al. 1994). This was later shown to be due to 

the GFP chromophore being composed of a cyclic tripeptide, entirely encoded by its polypeptide 

sequence and formed during posttranslational processing (Ormo et al. 1996). As such, all that is 

required to visualise GFP in fixed or living cells is exposure to blue light (Chalfie et al. 1994; Okada 

et al. 1999). 

 

Over the following decades, the discovery and engineering of new GFP-like proteins has 

produced a vibrant catalogue of genetically encoded fluorophores (Figure 1.5A). Screens of 

Aequoria GFP derivatives, following directed or random mutagenesis, have identified numerous 

variants with emission spectra in blue, green, and yellow wavelengths (Rodriguez et al. 2017). 

Various ‘enhanced’ versions of these proteins are also available. Enhanced GFP (EGFP), for 
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example, includes mutations and codon changes for optimal expression in mammalian cells and 

compatibility with imaging hardware (Cormack et al. 1996; Zolotukhin et al. 1996). Additional 

red-shifted variants were also of interest due to the reduced autofluorescence and light 

scattering of longer wavelength emissions. While these could not be engineered from Aequoria 

GFP, a number of naturally occurring yellow, orange, and red fluorescent proteins have been 

isolated from other marine species (Miyawaki 2005). The first of these, DsRed, was cloned from 

the coral Discosoma striata in 1999 (Matz et al. 1999). While Aequoria GFP typically dimerises 

only under specific conditions, most other wild-type fluorescent proteins strongly oligomerise, 

including DsRed, which exists as tetramer (Baird et al. 2000). As this oligomerisation can 

interfere with cellular processes, particularly where the fluorophore is being used to tag other 

proteins (see below), developing monomeric derivatives of DsRed became a priority. This led to 

the creation of monomeric red fluorescent protein 1 (mRFP1) (Campbell et al. 2002), followed 

by the ‘mFruit’ series, with emission peaks ranging from yellow (mBanana) to far-red (mPlum) 

(Shaner et al. 2004; Wang et al. 2004). Despite difficulties concerning cofactor reliance and dim 

emission intensities, a further push towards near-infrared fluorescent proteins derived from 

bacterial phytochromes is also underway (Rodriguez et al. 2016; Rodriguez et al. 2017). In all, 

thousands of fluorescent proteins are now available, the details of which are being actively 

consolidated in online databases (Lambert 2019). 

 

Given their reliable expression, low toxicity, and ease of visualisation, fluorescent proteins were 

quickly adopted for studying the nervous system (Okada et al. 1999; Feng et al. 2000). An 

immediate application was the mapping of neurons and their fine, branching processes, through 

which fluorescent proteins can spread via cytosolic diffusion (Chalfie et al. 1994). Using 

selectively trafficked viral vectors to mediate their expression, fluorescent proteins also enable 

complex interconnected circuitry to be mapped, largely supplanting chemical antero- and 

retrograde neural tracers developed in the 1970s and 1980s (Saleeba et al. 2019). The use of 

‘split’ fluorescent proteins, specifically reconstituted at synaptic contacts, further enriches 

potential insights of such circuit tracing studies (Kim et al. 2012). Additionally, the expanding 

spectrum of fluorescent protein emission profiles allows multiple neurons and pathways to be 

labelled in a single animal. This is perhaps best exemplified by the Brainbow strategy, where 

stochastic recombination of Lox/frt flanked fluorescent proteins is used to label and map 

individual neurons and their processes with up to 100 distinct colour combinations (Livet et al. 

2007; Cai et al. 2013). Understanding protein expression and trafficking within neurons has also 

been facilitated by fluorescent proteins, which can be fused with endogenous proteins, or used 
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in isolation, to monitor activity from regulatory DNA associated with a gene of interest (Kallal et 

al. 2000; Chudakov et al. 2005). Importantly, well-designed fluorescent protein fusion constructs 

typically do not affect the partner protein’s functionality, allowing a variety of native and 

introduced gene products to be tagged and visualised directly. 

 

Through the development of engineered constructs with dynamic emission spectra or 

intensities, fluorescent proteins can also facilitate the real-time visualisation of neuronal activity 

in vivo. This approach typically relies on conformational changes in a fusion partner, which 

affects fluorescent emissions either by shifting the distance between two fluorescent proteins, 

which can be detected as a change in Förster resonance energy transfer (FRET), or, more often, 

by conformationally altering the fluorescent protein itself through circular permutation (Figure 

1.5B,C) (Lin et al. 2016). Directly measuring voltage changes across the plasma membrane using 

genetically encoded voltage indicators (GEVIs), which couple fluorescent proteins with ion 

channel-, phosphatase-, or rhodopsin-derived voltage-sensitive domains, has been a key priority 

(Wang et al. 2019b). Although the need for plasma membrane localisation, fast kinetics, 

photostability, and high signal-to-noise ratio (SNR) has made this endeavour technically 

challenging (Peterka et al. 2011), several GEVIs have been used to detect action potentials in 

vivo (Gong et al. 2015; Bando et al. 2019).  

 

Rather than direct visualisation of voltage changes, the downstream effects of membrane 

depolarisation have to date proven more reliably detectable. For example, genetically encoded 

calcium indicators (GECIs), the most commonly used fluorescent sensors, take advantage of 

conformational changes in the calcium-binding protein, calmodulin, to monitor intracellular 

calcium fluctuations associated with neural activity. These were initially developed as the FRET-

based ‘cameleon’ fusion constructs (Miyawaki et al. 1997), although ‘GCaMP’ GECIs, containing 

a single circularly permuted fluorescent protein, have been much more widely adopted (Chen 

et al. 2013). Increased intracellular calcium in turn facilitates neurotransmitter release, which 

can itself be detected using fluorescent proteins sensitive to the differing pH environments 

within presynaptic vesicles and the synaptic cleft (Figure 1.5D) (Miesenbock et al. 1998). Several 

methods have also been developed to visualise transmission of individual neurotransmitter 

species in vivo, including G-protein coupled receptor (GPCR)-based fluorescent sensors for 

dopamine (Patriarchi et al. 2018; Sun et al. 2018), norepinephrine (Feng et al. 2019), and 

acetylcholine (Jing et al. 2020). 
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Although fluorescent indicators have not yet reliably matched the precision of patch-clamp 

electrophysiology for recording activity in individual neurons, they do offer several advantages. 

These include the ability to take repeated measurements from neurons over extended periods 

of time, study fine structures such as dendritic spines, and monitor the network dynamics of 

large populations without highly invasive electrode arrays, all of which can be achieved in 

conscious, behaving animals using implantable or multiphoton imaging devices (Peterka et al. 

2011; Yang et al. 2017). The use of transmitter-specific sensors, and the genetically encodable 

nature of fluorescent indicators (discussed further below), also allows their targeted expression 

in circuits of interest. As such, these and future fluorescent protein-based constructs offer 

opportunities to study the structure and activity of the nervous system with unprecedented 

detail. 
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Figure 1.5. Refer to next page for figure legend.  
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Figure 1.5. Fluorescent proteins and sensors. Since the cloning of GFP from A. victoria in 1992, a 

range of fluorescent proteins have been discovered and engineered. An illustration of this 

diversity is provided in (A) (adapted from Rodriguez et al. (2017)), with fluorophores graphed 

according to their peak emission wavelength (x-axis) and year of development as transgenic 

tools (y-axis). Each protein is also classed based on its source, highlighting the blue to yellow 

variants developed from wild-type GFP, the yellow to red DsRed derivatives, and the far-red 

phytochrome-based fluorescent proteins. Several mechanisms have also emerged by which 

fluorescent proteins can be used to monitor neuronal activity. These rely on fluctuations in 

emission intensities caused by conformational changes in circularly permuted proteins (B) or 

fusion partners which alter the distance between FRET pairs (C). While the calcium-binding 

calmodulin (CaM) and M13 proteins are used as an example here, these principles have been 

applied to many other fusion partners, including enzymes and GPCRs. Aspects of the cellular 

environment can also affect fluorescent emissions, such as pH differences between the vesicular 

lumen and synaptic cleft (D) ((B-D) adapted from Broussard et al. (2014)).  
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1.3.2 Manipulating activity 

 

While optical readouts from fluorescent protein-based sensors allow the endogenous activity of 

neural circuitry to be monitored and associated with particular functions, such correlations do 

not necessarily demonstrate a causal link. It is therefore important to support these 

observational data with experiments showing that the hypothesised behaviour or physiological 

process can be induced and disrupted through manipulation of the relevant circuitry (Kim et al. 

2017; Wang et al. 2019b). A variety of transgenic approaches are now routinely used in 

neuroscience to address such questions, by providing targeted manipulation of cell signalling 

and membrane potential in vivo. The defining characteristic of these approaches is their use of 

introduced genes to make neurons sensitive to otherwise biologically inert stimuli; in the two 

most commonly used techniques, opto- and chemogenetics, these take the form of light and 

chemical substances, respectively. 

 

Optogenetics, which involves the use of light-sensitive microbial opsins to alter ion permeability 

or transport across the neuronal membrane (Figure 1.6A), provides the most direct method for 

manipulating membrane potential and hence neural activity. The idea that light could be used 

to control neural activity was proposed as early as 1979 by Francis Crick, although a practical 

mechanism for this approach would not emerge until several decades later (Yizhar et al. 2011). 

The first demonstration of optogenetic control over neuronal activity utilised channelrhodopsin-

2 (ChR2), an algal cation-conducting opsin (Nagel et al. 2003). On exposure to blue light, which 

opens the ChR2 pore, Boyden et al. (2005) reliably recorded action potentials in cultured 

mammalian neurons expressing this transgene. Evidence of ChR2-mediated neuronal 

depolarisation was soon followed by the first examples of optogenetic hyperpolarisation or 

inhibition, involving the archaeal ion pumps halorhodopsin (NpHR) and archaeorhodopsin-3 

(Arch), which drive inward chloride or outward proton transport, respectively (Zhang et al. 2007; 

Chow et al. 2010). Many more opsins have since been discovered and engineered, varying in 

their kinetics, spectral sensitivity, ion selectivity, and channel conductance (Mahn et al. 2020). 

An informative example comes from the anion-conducting channelrhodopsins (ACRs), which 

have been both engineered from ChR2 (Berndt et al. 2014; Wietek et al. 2014) and found in 

nature (Govorunova et al. 2015). ACRs have several advantages over NpHR and Arch pumps as 

inhibitory tools, including their generation of much stronger photocurrents and inability to move 

ions against physiological gradients (Cho et al. 2016). 
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In contrast to optogenetics, chemogenetic actuators are responsive to chemicals which are 

otherwise inert in mammalian systems, either due to mutation of native receptors, or 

heterologous expression of genes from other, usually invertebrate, species. Early chemogenetic 

tools, such as the GPCR-based Receptors Activated Solely by Synthetic Ligands (RASSLs) (Coward 

et al. 1998), suffered from high basal activity and off-target ligand binding (Sternson et al. 2014). 

These were superseded by the Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs), created through the directed evolution and engineering of human muscarinic and 

-opioid GPCRs for sensitivity to the drug metabolites clozapine-N-oxide (CNO) and salvinorin B, 

respectively (Armbruster et al. 2007; Vardy et al. 2015). Both neuronal inhibition and excitation 

have been demonstrated using DREADDs, according to their G-protein coupling characteristics 

(Figure 1.6B), making them valuable tools which have gained wide-spread use (Atasoy et al. 

2018). This is despite some non-specific ligand binding, which remains an issue but can be 

accounted for using appropriate experimental controls (discussed further below) (Goutaudier 

et al. 2019). Invertebrate (Slimko et al. 2002) and engineered mammalian (Magnus et al. 2011; 

Magnus et al. 2019) ligand-gated ion channels (LGICs) have also been developed for 

chemogenetic control of neuronal hyper- or depolarisation (Figure 1.6C). The use of invertebrate 

GPCR systems, particularly the insect neuropeptide allatostatin (Ast) and its receptor (AstR) 

(Lechner et al. 2002), has provided an additional approach to chemogenetic modulation. While 

most chemogenetic receptors require their corresponding ligands to be locally or systemically 

infused, Ngo et al. (2020) capitalised on the genetically encodable nature of Ast for circuit-

specific chemogenetic inhibition of AstR-expressing neurons. 

 

A number of advantages and limitations must be considered when employing opto- and 

chemogenetic tools. Optogenetics provides precise temporal control over neuronal activity in 

the order of milliseconds to seconds (Boyden 2015). However, invasive fibre optic implants are 

typically required, with light scattering and absorption limiting the affected tissue volume and 

potentially causing unintended effects from heating (Yizhar et al. 2011; Owen et al. 2019). The 

ability to deliver chemogenetic ligands systemically makes this approach less invasive, but limits 

temporal, and often also spatial, targeting (Atasoy et al. 2018). Measures to control and account 

for any off-target effects of chemogenetic ligands and their metabolic products are also 

essential, as highlighted by the conversion of peripherally administered CNO to clozapine 

(Gomez et al. 2017), a drug known to interact with multiple endogenous receptor systems 

(Coward 1992). Optogenetics is therefore often best suited to acute manipulations in a defined 

region of interest, while chemogenetics generally provides more spatial flexibility and is most 
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appropriate for chronic interventions. Both opto- and chemogenetics are compatible with the 

fluorescent sensors described above, allowing direct optical readouts of activity from 

manipulated neurons, although it is important to account for overlap between opsin and sensor 

spectral properties (Kim et al. 2017). 

 

A major advantage of the tools describe here in Section 1.3 is that they are genetically encoded. 

As such, their production can be limited to specific cell-types or circuits of interest. This is a 

significant advance from traditional techniques outlined in Section 1.1. For example, focal lesion 

methods, stemming from Fluorens’ experiments localising the respiratory centre, create 

permanent damage across multiple neuronal populations and, depending on the approach used, 

any fibres of passage (Vaidya et al. 2019). Opto- and chemogenetic approaches, in contrast, 

provide reversible silencing of activity only in neurons expressing these transgenes. Similarly, 

while electrical stimulation was crucial to early functional mapping studies, delivered currents 

cannot be restricted to circuitry of interest beyond the level of physical distance from an 

electrode (Tehovnik 1996). The electrical activity of genetically defined populations, and even 

their subcellular components such as the axon or dendrites, can be controlled over milliseconds 

to hours using transgenic approaches. Although pharmacological methods developed from the 

pioneering work of Dale and Loewi provide specificity at the level of neuronal receptor 

expression, chemogenetic technologies allow further refinement of the circuitry targeted, with 

additional temporal precision over neuronal activity offered by optogenetics. As such, the 

development of techniques for targeting transgene expression to experimentally important 

neuronal populations and subcellular structures has become a key focus of neuroscience 

research. 
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Figure 1.6. Refer to next page for figure legend. 
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Figure 1.6. Transgenic actuators for manipulating neural activity. The two most widely adopted 

types of transgene for altering neural activity are opto- and chemogenetic actuators. 

Optogenetic actuators, or opsins (A), facilitate ion movement across the neuronal membrane in 

response to light of specific wavelengths. Some commonly used opsins include the 

hyperpolarising archaerhodopsin (Arch) and halorhodopsin (HR) ion pumps, and the cation- and 

anion-conducting channelrhodopsins (CCRs and ACRs), which are generally depolarising and 

hyperpolarising, respectively. Among chemogenetic actuators, the Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) have been the most widely used. DREADDs 

are mammalian GPCRs which have undergone directed evolution for activation by otherwise 

biologically inert drug metabolites, allowing cell-type specific neural activation or inhibition via 

G-protein-mediated signalling cascades (B). Several ligand-gated ion channels (LGICs) have also 

been developed for chemogenetic applications (C), including C. elegans chloride channels 

(GluCl/GlyR) activated by the antiparasitic chemical ivermectin (IVM), and the mutated 

mammalian LGICs called pharmacologically selective actuator modules (PSAMs), which are 

activated by pharmacologically selective effector molecules (PSEMs) ((B,C) adapted from Atasoy 

et al. (2018)). 
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1.3.3 Cellular and subcellular localisation 

 

The development of transgenic approaches in neuroscience has facilitated a refinement of 

functional localisation, from that originating with lesion and stimulation of gross anatomical 

structures to modern concepts at the level of individual cell types and the circuits they form. 

This has resulted in the delineation of intermingled, but functionally distinct, populations of 

neurons (see e.g. Harris et al. (2013); Janak et al. (2015)), as well as the identification of 

functional networks distributed throughout the brain, such as those comprising memory 

engrams (Poo et al. 2016). Data gleaned from such studies provide unprecedented insights into 

how information is processed by the nervous system, while also identifying novel therapeutic 

targets and strategies. As such, the ongoing development of molecular tools for targeted 

transgene expression within the nervous system is a key research priority and forms the basis 

of experiments described in the current thesis. 

 

The first level at which cell-type specific expression can be achieved is through the method of 

transgene delivery employed. In the context of viral vector-mediated transgene delivery, 

selective expression in anatomical regions of interest can be achieved through stereotaxic 

injections to relevant coordinates. This can be extended to target neurons based on their 

afferent inputs or projection targets, using strategic injections of retro- or anterogradely 

transported vectors (reviewed in Section 1.2.2). A further degree of targeting is provided by the 

mechanism of uptake for each viral vector, which results in a preferential transduction of specific 

cell-types, referred to as cell ‘tropism’. For example, cells expressing the AAV receptor (AAVR) 

are efficiently transduced by AAV vectors (Pillay et al. 2016), while tropism for CAV2 vectors is 

mediated by the coxsackievirus and adenovirus receptor (CAR) (Soudais et al. 2000). Although 

the catalogue of naturally occurring viral vector capsids and envelopes allows a variety of cell-

types to be transduced, further refinement has been achieved by artificially engineering vectors 

and their target cells. Altered tropism for CAV2 vectors, for example, has been demonstrated 

through heterologous expression of CAR in neurons of interest (Li et al. 2018). Similarly, rabies 

vectors psuedotyped with the avian sarcoma and leukosis virus (ASLV) envelope glycoprotein, 

‘EnvA’, can selectively transduce mammalian neurons of interest through their heterologous 

expression of the corresponding avian TVA receptor (Wickersham et al. 2007b). An alternative 

approach, developed by Viviana Gradinaru’s laboratory, employs ‘barcoded’ AAV libraries to 

screen for capsids with desired target tropism in vivo (Deverman et al. 2016; Chan et al. 2017). 
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Once inside the target cell, an additional layer of control over transgene expression is provided 

by regulatory DNA sequences. As every cell in the body contains the complete set of an 

organism’s genes, the array of phenotypes observable between different populations is largely 

a consequence of how gene expression is regulated. An important aspect of gene regulation 

stems from non-coding DNA elements with which transcription factors interact, such as the 

promoter region immediately upstream of a gene’s coding sequence. In some cases, virally 

mediated transgene expression can be targeted to genetically defined populations directly 

through the use of short promoter sequences (Walther et al. 1996). However, given the limited 

packaging capacity of viral vectors, this approach often fails to incorporate all necessary 

regulatory elements, leading to non-specific expression. This can be resolved through the 

development of germline transgenic animals carrying much larger constructs, such as bacterial 

artificial chromosomes (BACs), in which the transgenic coding sequence is flanked by long 

sequences of non-coding DNA associated with the gene of interest (Schmidt et al. 2013). Cell-

type specific Cre-recombinase expression is a common approach in such transgenic animals (Luo 

et al. 2020), providing a flexible platform from which to express Cre-dependent transgenic 

actuators, sensors, or markers delivered via viral vector transduction or genetic cross with a 

separate transgenic line. 

 

The subcellular localisation of an expressed transgene can have additional consequences for its 

function and utility. An illustrative example of this is provided by the archaeal NpHR and Arch 

opsins, which exhibit poor membrane trafficking and form intracellular aggregates when 

expressed in mammalian cells (Gradinaru et al. 2008; Mattis et al. 2011). This expression pattern 

is suboptimal for several reason, including a reduced capacity to affect ion movement across the 

plasma membrane, and hence neuronal excitability. Fusion with signal peptide, endoplasmic 

reticulum export, and membrane trafficking motifs, derived from native mammalian proteins, 

has generated enhanced versions of NpHR and Arch (eNpHR3.0 and eArch3.0, respectively) with 

greatly improved membrane localisation and associated photocurrents (Gradinaru et al. 2010; 

Mattis et al. 2011). Subcellular localisation has also been a key consideration for GEVI 

development, where the electric field generated by action potentials rapidly dissipates with 

distance from the plasma membrane (Peterka et al. 2011). The complex morphology of neurons, 

comprising structurally, biochemically, and functionally distinct axonal, dendritic, and somatic 

compartments, further emphasises the need for subcellular targeting of transgene expression 

in neuroscience. A range of transgenic actuators and sensors have emerged with targeted 

subcellular expression over recent years, again typically directed by fusion with trafficking motifs 
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derived from endogenously localised proteins (Rost et al. 2017). Some examples include an 

axonally targeted DREADD (Stachniak et al. 2014), axonal and dendritic GCaMPs (Mao et al. 

2008; Broussard et al. 2018), and soma-localised opsins (Wu et al. 2013; Baker et al. 2016). 

 

The following Chapters describe experiments conducted to develop novel molecular tools for 

targeted transgene expression across these levels of resolution in the rat brain. The use of short 

promoter sequences to achieve cell-type specific viral vector transduction of nucleus incertus 

relaxin-3 circuitry, a key modulator of arousal and emerging therapeutic target, is explored in 

Chapter 2. Data described in Chapter 3 focus on the development of ACRs with directed axonal 

or somatic trafficking, and their use to functionally dissect closely interrelated autonomic 

centres in the ventral medulla. Further experiments to deliver recombinase mediated, cell-type 

specific expression of a novel ACR construct into amygdala neurons projecting to the nucleus of 

the solitary tract are discussed in Chapter 4. In closing this thesis, Chapter 5 provides an overview 

of the utility and limitations of the tools developed, with a particular focus on their research 

applications and relevance to targeted transgenic technologies of the future. 
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Chapter 2 

Targeted viral vector transduction of 
relaxin-3 neurons in the rat nucleus 

incertus using a novel cell-type specific 
promoter  
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2.1 Introduction 

 

States of wakefulness, which broadly influence behaviour and cognitive function, are 

maintained by basal forebrain, hypothalamic, thalamic and brainstem neurons via a range of 

chemical and peptide transmitters (Jones 2003). Among these, the neuropeptide, relaxin-3, has 

emerged as a highly-conserved modulator of arousal in vertebrate species. While primarily 

located within the brainstem nucleus incertus (NI) (Burazin et al. 2002), relaxin-3 neurons are 

also found in the periaqueductal grey (PAG), pontine raphe nucleus and a region dorsal to the 

substantia nigra in rat (Tanaka et al. 2005), mouse (Smith et al. 2010) and macaque (Ma et al. 

2009b) brain. The vast majority of NI neurons produce γ-aminobutyric acid (GABA), with around 

one-third of GABAergic NI neurons expressing relaxin-3 (Ma et al. 2007; Ma et al. 2017a). Various 

other neuropeptides, including cholecystokinin (Kubota et al. 1983; Olucha-Bordonau et al. 

2003) and neuromedin B (Chronwall et al. 1985), along with the calcium-binding proteins, 

calbindin and calretinin (Paxinos 1999; Ma et al. 2007), are also expressed in the NI, indicating a 

specialised role for relaxin-3 neurons amongst these heterogeneous populations. 

 

The anatomical location and innervation pattern of the NI (Goto et al. 2001; Olucha-Bordonau 

et al. 2003) suggest relaxin-3 signalling from this nucleus is driven by integrated inputs related 

to behavioural planning, and in turn, modulates appropriate cognitive activity and responses. 

For example, blockade of corticotropin-releasing factor-1 (CRF1) (Walker et al. 2017) or orexin-

2 (OX2) (Kastman et al. 2016) receptors attenuates stress-induced relapse to alcohol-seeking in 

alcohol-preferring (iP) rats, with NI relaxin-3 neurons expressing receptors for, and being 

responsive to, these peptides (Ma et al. 2013; Blasiak et al. 2015). 5-HT1A serotonin (Miyamoto 

et al. 2008) and D2 dopamine (Kumar et al. 2015) receptors are also expressed by relaxin-3 NI 

neurons, and have been implicated in anxiety (Kumar et al. 2016) and locomotor (Kumar et al. 

2015) behaviour, respectively. These various integrated inputs are conveyed by ascending 

relaxin-3 projections to mid- and forebrain regions containing neurons expressing relaxin-family 

peptide receptor 3 (RXFP3) (Ma et al. 2007; Smith et al. 2010). 

 

RXFP3 is the cognate receptor for relaxin-3 (Liu et al. 2003) and triggers Gi/o-protein-mediated 

inhibition of cyclic adenosine monophosphate (cAMP) production in response to relaxin-3 

binding in vitro (Liu et al. 2003; Van der Westhuizen et al. 2005). Similarly, electrophysiological 

studies of RXFP3 activation in brain slices typically identified membrane hyperpolarisation and 
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neuronal inhibition (Blasiak et al. 2013; Kania et al. 2017; Ch'ng et al. 2019). As such, relaxin-3 

signalling, likely working in conjunction with co-expressed, fast-acting GABA neurotransmission 

(Ma et al. 2007), appears to promote arousal in part through the selective disinhibition of key 

neural networks (Ma et al. 2018). One such network, the septohippocampal pathway, contains 

inhibitory, parvalbumin-positive medial septal neurons and hippocampal somatostatin- and 

parvalbumin-positive interneurons that express RXFP3 in rat and mouse brain (Haidar et al. 

2017; Albert-Gasco et al. 2018a; Haidar et al. 2019; Rytova et al. 2019). Selective blockade or 

deletion of RXFP3 (Ma et al. 2009a; Haidar et al. 2017; Haidar et al. 2019) in these regions impairs 

spatial memory and associated hippocampal theta rhythm, to which relaxin-3 NI neurons are 

strongly phase-locked (Ma et al. 2013). Social recognition is also influenced by relaxin-3 

signalling, as RXFP3 agonists, delivered by viral vector-mediated expression in ventral 

hippocampus (Rytova et al. 2019) or intracerebroventricular infusion (Albert-Gasco et al. 

2018b), reduce interactions of rats with novel conspecifics. 

 

Additional pharmacological studies targeting RXFP3 have shown effects on interrelated anxiety 

(Ryan et al. 2013; Zhang et al. 2015a), feeding (McGowan et al. 2006; Shabanpoor et al. 2012) 

and motivated (Smith et al. 2014a) behaviours, most likely via actions within limbic and 

hypothalamic networks (Kania et al. 2017). A key role for this system in innate anxiety is also 

highlighted by independent relaxin-3 and RXFP3 gene knock-out mouse lines, which display a 

small, but consistent, decrease in anxiety behaviour (Watanabe et al. 2011; Hosken et al. 2015). 

Considering these and other described functions, in addition to its discrete expression profile 

and neuromodulatory nature, the relaxin-3/RXFP3 system offers considerable potential as a 

therapeutic target (see Smith et al. (2014b), Kumar et al. (2017), Ma et al. (2017b) for review). 

In advancing our understanding of relaxin-3 neural circuitry, which to date has largely relied on 

pharmacological and gene knock-out models, we sought to take advantage of modern 

transgenic approaches. Recent chemo- (Ma et al. 2017a) and opto-genetic (Szonyi et al. 2019) 

manipulations have provided powerful insights into the ability of NI neurons to fine-tune 

behavioural responses and memory formation. Our laboratory has also established adeno-

associated viral (AAV) vectors for efficient transgene delivery into NI neurons (Callander et al. 

2012; Ma et al. 2017a). However, these experiments targeted either GABAergic NI neurons or 

the entire nucleus, thus affecting multiple populations, including but not limited to, relaxin-3 

neurons (Ma et al. 2007; Ma et al. 2015). 
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The present study therefore aimed to identify a promoter sequence capable of selectively 

driving transgene expression in relaxin-3 NI neurons following viral vector transduction. Tanaka 

et al. (2009) are, to our knowledge, the only other investigators to describe a relaxin-3 promoter. 

Their experiments reported promoter activity from a 1.8 kilobase (kb) sequence, located directly 

5’ of the mouse relaxin-3 gene, which was upregulated following stimulation of the CRF1 

receptor and downstream cAMP-protein kinase A (PKA) pathway. Although these experiments 

demonstrated this sequence could drive enhanced green fluorescent protein (EGFP) expression 

in cultured neuroblastoma cells expressing relaxin-3, they did not determine the cell-type 

specificity of the observed promoter activity. As such, we assessed the ability of an 

approximately analogous 1,736 base pair (bp) region of rat genomic DNA to provide cell-type 

specific transduction of relaxin-3 NI neurons. In addition, we have discovered that tropomyosin 

receptor kinase A (TrkA), a high-affinity receptor for nerve-growth factor (NGF), is exclusively 

co-expressed with relaxin-3 in rat NI neurons (see e.g. Sobreviela et al. (1994); and Results). In 

light of existing evidence for cell-type specific activity from human or mouse TrkA promoter and 

enhancer elements in neuroblastoma cell lines (Chang et al. 1998; Sacristan et al. 1999) and 

mouse trigeminal and dorsal root ganglia during development (Ma et al. 2000), we also 

attempted to achieve targeted AAV transduction of relaxin-3 neurons in rat NI using an 880 bp 

TrkA promoter sequence. 

 

In contrast to previous data obtained using different experimental conditions, we observed 

widespread non-specific transduction of neurons in the rat NI and neighbouring dorsal 

tegmental nuclei, following stereotaxic injection of an AAV vector expressing mCherry using the 

880 bp TrkA promoter. However, a similar AAV vector, engineered to express mCherry under 

the control of the 1,736 bp rat relaxin-3 promoter, was able to transduce relaxin-3 NI neurons 

with 98% specificity for at least eight weeks following transgene delivery.  
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2.2 Methods 

 

2.2.1 Animals 

 

All experiments were approved by The Florey Institute of Neuroscience and Mental Health 

Animal Ethics Committee and conducted in accordance with ethical guidelines provided by the 

National Health and Medical Research Council of Australia. Sprague-Dawley rats (250-300 g 

males, Animal Resources Centre, WA, Australia) were single-housed with free access to water 

and standard chow under ambient conditions (21°C) and a 12 h light:dark cycle (lights on 07:00). 

Every effort was made to minimise the number of rats used and any stress resulting from the 

procedures described. 

 

2.2.2 Relaxin-3 and TrkA promoter design 

 

Pairwise alignments of rat genomic sequences (Jul. 2014 (RGSC 6.0/rn6) assembly) (Gibbs et al. 

2004; Havlak et al. 2004) with other vertebrate genomes, including mouse (Dec. 2011 

(GRCm38/mm10) assembly) (Mouse Genome Sequencing Consortium et al. 2002) and human 

(Dec. 2011 (GRCh38/hg38) assembly) (Lander et al. 2001), were visualised using the UCSC 

Genome Browser’s chain track feature (Kent et al. 2002). Based on the location of two regions 

upstream of the relaxin-3 gene, conserved in rodents but not primates, we initially attempted 

to isolate a 3.5 kb sequence from rat genomic DNA using polymerase chain reaction (PCR). 

However, 1.8 kb of poorly conserved DNA between these regions was skipped during PCR 

amplification (Figure 2.1A), resulting in a 1,736 bp relaxin-3 promoter amplicon. Given that the 

conserved regions of interest were retained, we proceeded to characterise this 1,736 bp 

sequence. Similar genomic comparisons using the UCSC Genome Browser were performed for 

the TrkA promoter region, revealing a high degree of sequence conservation in the non-coding 

region between the closely adjacent TrkA and insulin receptor-related protein (INSRR) genes 

(Figure 2.1B). Additional consideration was given to incorporate regions of rat genome 

analogous to minimal promoter and enhancer elements described for mouse (Sacristan et al. 

1999; Ma et al. 2000) and human (Chang et al. 1998), resulting in selection of an 880 bp TrkA 

promoter region for characterisation (synthesised by GenScript (NJ, USA)). Data presented in 

Figure 2.1 were adapted from BLAT searches (Kent 2002) of each promoter against the rat 

genome (Jul. 2014 (RGSC 6.0/rn6) assembly) in the UCSC Genome Browser. 
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Figure 2.1. Genomic location and conservation of promoter sequences. The genomic locations of 

rat relaxin-3 and TrkA promoter sequences (solid green lines, (A) and (B) respectively) used in 

the present study are illustrated, based on BLAST-like alignment tool (BLAT) search against the 

Jul. 2014 (RGSC 6.0/rn6) Assembly in the University of California Santa Cruz (UCSC) Genome 

Browser. The first exon and intron of genes within each field is provided as a white box and solid 

black line, respectively, along with the abbreviated gene name. The orientation (5’ to 3’) of 

promoter and gene sequences is reflected by the direction of relevant arrow heads, and non-

coding rat genomic DNA is represented by a black dashed line. Regions of the rat genome that 

are conserved in mouse (Dec. 2011 (GRCm38/mm10) Assembly) and human (Dec. 2011 

(GRCh38/hg38) Assembly) genomes are indicated with black boxes in (A) and (B), based on UCSC 

Genome Browser chain track alignment with the rat Jul. 2014 (RGSC 6.0/rn6) Assembly. Gaps 

between conserved regions are shown as solid black lines. A non-conserved sequence skipped 

during PCR cloning of the 1,736 bp relaxin-3 promoter used is indicated by the dotted green line 

in (A). Scale bar, 1 kilobase (kb). Abbreviations: chr, chromosome; INSRR, Insulin related 

receptor; NTRK1, Neurotrophic receptor kinase 1 (synonymous with TrkA); RLN3, Relaxin-3; 

TrkA, Tropomyosin-related kinase A. 
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2.2.3 Generation of plasmid vectors 

 

Plasmids containing recombinant AAV vector genomes, with mCherry as a marker for promoter 

activity, were prepared using the Gateway cloning system, as described by White et al. (2011). 

To facilitate this, a Gateway-compatible AAV backbone plasmid (pAM-Gateway) was created 

using SpeI and HindIII cut sites to replace CAG promoter and EGFP coding sequences of pAM-

DCA-EcoRI-EGFP (Callander et al. 2012) with an attR1-R2 cloning cassette. The 1,736 bp rat 

relaxin-3 promoter sequence was cloned using forward (5’-attB1-CCTGCAAACTTGTCTGTGTAC-

3’) and reverse (5’-attB5r-CAGCTGAGATGCCTGCGA-3’) primers. Additional forward (5’-attB1-

GAACGGTTCCCAGCTCACACGTCCG-3’) and reverse (5’-attB5r-CGCGGCGGCGCCCGCCTAG-3’) 

primers were used to amplify the 880 bp rat TrkA promoter sequence. pENTR-L1-Rln3-R5 and 

pENTR-L1-TrkA-R5 plasmids were created by recombination of respective PCR products (50 

fmol) with pDONR-P1-P5r. Further recombination steps, involving 10 fmol of either pENTR-L1-

Rln3-R5 or pENTR-L1-TrkA-R5, with 10 fmol pENTR-L5-mCherry-L2 and 20 fmol of pAM-Gateway 

destination vector, produced pAM-Rln3-mCherry and pAM-TrkA-mCherry plasmids. Each 

recombination reaction used ClonaseTM II reagents (Life Technologies, VIC, Australia) and was 

incubated at 25°C for 16 h. pDONR-P1-P5r, pENTR-L5-mCherry-L2 and plasmid containing attR1-

R2 cloning cassette, used in generating pAM-Gateway, were a gift from Dr Melanie White 

(A*STAR, Singapore). Constructs containing PCR amplified promoter inserts were verified by 

Sanger sequencing (Australian Genome Research Facility, VIC, Australia). 

 

2.2.4 AAV vector production and titration 

 

Mosaic serotype 1/2 AAV vectors were produced as described (Zolotukhin et al. 1999; Ganella 

et al. 2013). In brief, genomes from pAM-TrkA-mCherry or pAM-Rln3-mCherry were packaged 

into AAV1/2 capsids by co-transfection into HEK293FT cells with pDPI and pDPII plasmids 

(Grimm et al. 2003). Harvested vectors were purified by iodixanol gradient centrifugation and 

the titre, reported as genomic copies (gc) per ml, was determined using quantitative PCR with 

primers against the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) 

sequence, as described (Ma et al. 2017a). 
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2.2.5 Stereotaxic injection of colchicine or AAV vectors 

 

Rats were placed in an enclosed chamber and anaesthesia induced by inhalation of 4% isoflurane 

before transfer to a stereotaxic frame (Kopf Instruments, CA, USA). Anaesthesia was maintained 

during surgical procedures with 2-3% isoflurane in air, delivered via a rat anaesthetic mask at 

200 ml/min. Depth of anaesthesia was verified regularly by lack of eye-blink reflex in response 

to medial canthus touch and lack of withdrawal response to firm hind paw pinch. Body 

temperature was maintained throughout surgery with a heat pad. Rats were administered 

meloxicam intraperitoneally (1.5 mg/kg; Boehringer Ingelheim, MO, USA), and bupivacaine 

subcutaneously at the top of the scalp (0.5% in sterile water), prior to an incision to expose the 

skull surface. A burr hole was drilled through the skull based on stereotaxic coordinates (Paxinos 

et al. 2014) as detailed below.  

 

In studies to maximise the level of peptide and protein accumulation in the soma of NI neurons 

for the comparative immunohistochemical detection of relaxin-3 and TrkA, a cohort of rats (n = 

5) were treated with intracerebroventricular colchicine. An injector needle (29G) attached to 

polyethylene tubing connected to a 10 µl Hamilton syringe (Harvard Apparatus, MA, USA) 

mounted on an infusion pump (11-Plus, Harvard Apparatus) was used to deliver colchicine (80 

µg in 5 µl sterile saline) at a rate of 1 µl/min to the right lateral cerebral ventricle (AP -0.2 mm, 

ML +1.5 mm, DV -4 mm from bregma). To minimise reflux of injectate up the cannula, the needle 

was left in place for 10 min and then withdrawn. 

 

In separate cohorts of rats, promoter activity was characterised by stereotaxic injection of AAV 

vectors into NI. Prior to injection, AAV1/2-Rln3-mCherry (1.86 × 1011 gc/ml) or AAV1/2-TrkA-

mCherry (2.04 × 1011 gc/ml) was mixed with an AAV1/2-CAG-EGFP vector (as described by 

Callander et al. (2012); 9.08 × 1010 gc/ml), to allow visualisation of total viral vector spread from 

the injection site, as reflected by EGFP expression driven by the non-specific CAG promoter. 

These values reflect the final titre of each vector when injected and account for dilution caused 

by mixing. Rats (n = 3 per group) received 0.4 µl bilateral injections of one of these viral vector 

mixtures, delivered into the NI at 0.1 µl/min using a pulled glass pipette attached to a 1 µl 

syringe. The coordinates used for injections were: AP -2.5 mm; ML  0.1 mm; DV -6.5 mm from 

lambda; incisor bar -12.5 mm. To minimise reflux, the pipette was left in place for 10 min after 

each injection, raised 1 mm and held in place for a further one min, before being slowly 

withdrawn. 
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Following colchicine or viral vector delivery, the incision was sutured, swabbed with providone 

iodine, and rats regained consciousness in a warm chamber. Rats were euthanised 24 h 

following colchicine infusion, whereas those that received viral vector injections were treated 

with meloxicam for a further 2 d following surgery, and maintained for 8 wk prior to sacrifice. 

 

2.2.6 Histology and Immunostaining 

 

Rats were euthanised by intraperitoneal injection of pentobarbitone (100 mg/kg) before 

transcardial perfusion with 300 ml of ice-cold phosphate-buffered saline (PBS, 0.1 M, pH 7.4) 

followed by 400 ml of 4% paraformaldehyde in PBS (PFA). Dissected brains were fixed in ice-cold 

4% PFA for a further 1-2 h before undergoing cryoprotection by submersion in a 30% 

sucrose/PBS solution at 4°C for 3 d. 

 

For immunostaining and assessment of viral vector transduction in NI, coronal sections (40 µm) 

from bregma -10.4 mm to -8.4 mm (Paxinos et al. 2014) were collected free-floating in PBS. 

Sections were transferred to blocking buffer (10% v/v normal horse serum (NHS) in PBS with 

0.1% Triton-X) and incubated for 1 h at room temperature with agitation. NHS blocked sections 

from colchicine-treated rats were incubated in PBS containing mouse anti-relaxin-3 (1:5; HK4-

144-10 (Kizawa et al. 2003; Tanaka et al. 2005; Ma et al. 2007)) and rabbit anti-TrkA (1:10,000; 

kindly provided by Dr Louis Reichardt, UCSF, CA, USA; (Clary et al. 1994; Sobreviela et al. 1994; 

Holtzman et al. 1995)) antibodies with 2% NHS and 0.1% Triton-X at 4˚C for 72 h. Some sections 

were incubated with only the mouse anti-relaxin-3 antiserum or the rabbit anti-TrkA antisera to 

check for non-specific interactions in the double-label studies. Coronal NI sections from rats that 

received AAV vector injections were incubated in PBS containing mouse anti-relaxin-3 (1:5; HK4-

144-10) and rabbit anti-red fluorescent protein (1:1,000; Rockland Immunochemicals, PA, USA) 

antibodies with 2% NHS and 0.1% Triton-X for 24 h at 4°C. 

 

Sections were washed 3 × 10 min in PBS following primary antibody incubations. Sections were 

incubated in PBS containing Alexa Fluor-594-conjugated donkey anti-rabbit and Alexa Fluor-647-

conjugated donkey anti-mouse antibodies (1:500 each; Jackson ImmunoResearch, PA, USA) as 

well as bis-benzimide H (Hoechst) 33342 (1 µg/ml; Sigma-Aldrich, NSW, Australia) for 1 h at room 

temperature. Sections were washed 3 × 5 min in PBS, slide-mounted and coverslipped with Dako 

fluorescence mounting medium (Agilent Technologies, CA, USA). 
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In studies to visualise NI-transduced neuronal projections in the medial septum (MS), 40 µm 

coronal sections from bregma +1.56 mm to 0.00 mm were collected and blocked with NHS as 

described. Following incubation in PBS containing 1:500 mouse anti-mCherry (Developmental 

Studies Hybridoma Bank, University of Iowa, IA, USA) and 1:500 rabbit anti-GABA (Sigma-

Aldrich) antibodies, with 2% NHS, 0.1% Triton-X and 0.5% thimerosal (Sigma-Aldrich) for 72 h at 

room temperature, sections were washed 3 × 10 min in PBS. A further 2 h incubation at room 

temperature in PBS solution containing 1:500 Alexa-594-conjugated donkey anti-mouse and 

Alexa-647 conjugated donkey anti-rabbit antibodies (Jackson ImmunoResearch) as well as bis-

benzimide H (Hoechst) 33342 (1 µg/ml) preceded 3 × 5 min washes in PBS and slide-mounting 

as described. 

 

2.2.7 Imaging and quantitative analysis 

 

An LSM 780 Zeiss Axio Imager 2 laser scanning confocal microscope (Carl Zeiss AG, Germany) 

was used to acquire images. To assess promoter activity in NI neurons, relaxin-3-

immunoreactivity (IR) (Alexa Fluor-647) and mCherry-IR (Alexa Fluor-594), as well as Hoechst 

nuclear stain (to assist with cell counting) and innate EGFP, were imaged using a 20× air objective 

lens in every third section from bregma -9.00 mm to -9.84 mm for each rat. Centred on the 

midline directly ventral to the fourth ventricle, 1.57 mm × 1.19 mm images were collected using 

a stitching stage and Zen Black software (Carl Zeiss AG). Planes were collected at 3 µm intervals 

through the z-axis and used to produce maximum projection images in Fiji software (Schindelin 

et al. 2012), where manual cell counts and colocalisation analysis of fluorescent soma were also 

performed. Percentages calculated for the specificity and efficiency of viral vector transduction 

(see Section 2.3.1 for further descriptions) are reported as mean ± standard error of the mean 

(SEM). High magnification images of relaxin-3-IR (Alexa Fluor-647) and TrkA-IR (Alexa Fluor-594) 

in NI, or mCherry-IR (Alexa Fluor-594), GABA-IR (Alexa Fluor-627), innate EGFP and Hoechst 

nuclear stain in MS, were collected using a 63× oil immersion objective lens, with images 

collected at 2 µm intervals through the z-axis. All microscopy data in figures presented are 

maximum intensity z-stack projections.  
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2.3 Results 

 

Established and emerging transgenic techniques offer powerful approaches to understanding 

neural circuit structure and function. Such techniques have been applied in recent molecular 

and behavioural studies utilising viral vector injections for targeted NI expression in wild-type or 

transgenic rodents (Ma et al. 2017a; Szonyi et al. 2019). However, these experiments affected 

multiple, heterogeneous populations of NI neurons (Ma et al. 2007; 2015), highlighting the need 

for more selective methods of transgene expression. In the present study, we sought to identify 

a promoter sequence capable of selectively driving transgene expression in relaxin-3 NI neurons 

following AAV vector transduction. In addition to a conserved region upstream of the rat relaxin-

3 gene coding sequence, we also characterised the activity of a promoter region for the TrkA 

receptor, which is selectively co-expressed with relaxin-3 in NI neurons. The promoter activity 

of each sequence, as reflected by mCherry expression in transduced neurons, was characterised 

against immunolabelling for the relaxin-3 peptide. Co-injection of a separate, EGFP-expressing 

vector allowed relaxin-3 and TrkA promoter activity to be compared with the constitutive CAG 

promoter, while also facilitating visualisation of AAV vector spread outside the NI. 

 

2.3.1 Targeted transduction of rat relaxin-3 NI neurons using a novel relaxin-3 promoter 

 

In these studies, data were collected from rats (n = 3) displaying neuronal transduction by 

AAV1/2-Rln3-mCherry and AAV1/2-CAG-EGFP distributed bilaterally throughout the NI (Figure 

2.2F), with data excluded from rats in which off-target or limited spread of transduction was 

observed.  Neurons displaying fluorescence in individual optical wavelength channels for EGFP, 

mCherry-IR or relaxin-3-IR were counted, with further counts of neurons containing EGFP and/or 

mCherry-IR in addition to relaxin-3-IR also performed (Table 2.1). The specificity (proportion of 

transduced cells expressing relaxin-3) and efficiency (proportion of total relaxin-3 population 

transduced) of each promoter was calculated from these cell counts (Table 2.2, Figure 2.2G). 

Similar transduction efficiencies were observed between AAV1/2-Rln3-mCherry and AAV1/2-

CAG-EGFP vectors, with a majority of relaxin-3-IR NI neurons displaying EGFP (73 ± 8%) and/or 

mCherry-IR (70.1 ± 2%) fluorescence. As expected, non-specific transduction by AAV1/2-CAG-

EGFP was evident throughout the NI and in regions of some neighbouring nuclei (e.g. DTg, Figure 

2.2B), leading to relaxin-3-IR detection in only 30 ± 5% of EGFP expressing neurons. Importantly, 

this viral vector spread outside the NI was only reflected by CAG promoter-driven EGFP 

expression, with mCherry expression under the control of the Rln3 promoter limited to the NI 
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(Figure 2.2F). Of the total number of neurons transduced by AAV1/2-Rln3-mCherry, virtually all 

(98 ± 1%) were found to contain relaxin-3-IR (Figure 2.2G). This was despite non-specific 

transduction of closely adjacent NI neurons by AAV1/2-CAG-EGFP (Figure 2.2C-E), indicating that 

the targeted mCherry expression was dependent on promoter activity rather than viral vector 

tropism. 
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Figure 2.2. Refer to next page for figure legend. 
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Figure 2.2. Neuronal transduction by AAV1/2-Rln3-mCherry. (A) Schematic design of 

recombinant AAV genomes for AAV1/2-CAG-EGFP and AAV1/2-Rln3-mCherry vectors (L-ITR, left 

inverted terminal repeat; WPRE, woodchuck hepatitis virus post-transcriptional regulatory 

element; polyA, SV40 poly A sequence; R-ITR, right inverted terminal repeat). (B) Representative 

image of innate fluorescence produced by EGFP (green) and fluorescence produced by mCherry 

(red) and relaxin-3 (blue) immunoreactivity, eight weeks after stereotaxic injection of AAV1/2-

CAG-EGFP and AAV1/2-Rln3-mCherry vectors targeting NI (4V, fourth ventricle; DTg, dorsal 

tegmental nucleus; mlf, medial longitudinal fasciculus; NIc, NI pars compacta; NId, NI pars 

dissipata). (C-E) Individual fluorescence channels from (B) are illustrated at higher magnification. 

Transduced neurons lacking relaxin-3 immunoreactivity (RLN3-IR) are indicated by green 

arrowheads (i.e., AAV1/2-CAG-EGFP transduced only). Note there are no AAV1/2-Rln3-mCherry-

transduced neurons in the field that do not contain RLN3-IR (RFP-IR, red fluorescent protein 

(mCherry) immunoreactivity). (F) Distribution of neurons transduced by AAV1/2-CAG-EGFP 

(green) or AAV1/2-Rln3-mCherry (red) vectors, with RLN3-IR (blue) at bregma -9.36 mm in the 

rats (n = 3) used in the analysis. (G) Quantification of promoter specificity (proportion of 

transduced neurons containing RLN3-IR (black circles)) and efficiency (proportion of total RLN3-

IR neurons transduced (grey circles)). Data points for each variable represent individual rats (n 

= 3) and bars represent mean ± SEM. 
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Table 2.1. Summary of NI cell counts. 

 

Rat ID RLN3-IR RFP-IR RLN3 + RFP EGFP RLN3 + EGFP 

27 702 2689 305 2879 515 

28 776 2249 271 2405 470 

29 697 1548 126 2462 373 

Mean (TrkA) 725 2162 234 2582 453 

09 783 576 547 1597 552 

30 704 552 550 2238 619 

31 636 403 397 1407 390 

Mean (Rln3) 708 510 498 1747 520 

 

Figures represent total cell counts from each rat, with manual counts accumulated over every 

third section from bregma levels -9.00 mm to -9.84 mm (sections cut at 40 µm). Rats 27, 28 and 

29 received injections containing AAV1/2-TrkA-mCherry, whereas rats 09, 30 and 31 received 

injections containing AAV1/2-Rln3-mCherry (RLN3-IR, relaxin-3 immunoreactivity, RFP-IR, red 

fluorescent protein (mCherry) immunoreactivity, RLN3 + RFP, co-labelling for relaxin-3 and 

mCherry immunoreactivity, RLN3 + EGFP, fluorescence signal for relaxin-3 immunoreactivity and 

EGFP). 

 

Table 2.2. Calculated promoter specificity and efficiency. 

 

Rat ID 
Specificity 

(RFP, %) 

Efficiency 

(RFP, %) 

Specificity 

(EGFP, %) 

Efficiency 

(EGFP, %) 

27 11.3 43.4 17.9 73.4 

28 12.0 34.9 19.5 60.6 

29 8.1 18.1 15.2 53.5 

Mean (TrkA) 10.5 32.1 17.5 62.5 

09 95.0 69.9 34.6 70.5 

30 99.6 78.1 27.7 87.9 

31 98.5 62.4 27.7 61.3 

Mean (Rln3) 97.7 70.1 30.0 73.2 

 

Specificity (proportion of AAV transduced neurons containing relaxin-3 immunoreactivity) and 

efficiency (proportion of total relaxin-3 population transduced) as calculated from cell counts in 

Table 2.1 (RFP, statistics for AAV vectors expressing mCherry under experimental TrkA or Rln3 

promoter, EGFP, statistics for co-injected AAV1/2-CAG-EGFP in each rat/cohort). 
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2.3.2 AAV1/2-Rln3-mCherry transduction identifies direct NI relaxin-3 neuron input to 

GABAergic medial septum circuitry 

 

Multiplex in situ hybridisation studies have shown that Rxfp3 mRNA is strongly co-expressed 

with vesicular GABA transporter (vGAT) mRNA in MS neurons (Albert-Gasco et al. 2018a; Haidar 

et al. 2019). In studies to build on these findings and demonstrate the utility of AAV1/2-Rln3-

mCherry in mapping networks formed by relaxin-3 NI neurons, we labelled coronal sections 

through the MS of rats used in the analysis of promoter specificity for GABA- and mCherry-IR (n 

= 2 rats; Figure 2.3). Staining of MS sections for relaxin-3 was not undertaken, given the exclusive 

expression of mCherry in relaxin-3 NI neurons observed. Large fibres containing EGFP emanating 

from neurons transduced by the control AAV1/2-CAG-EGFP vector were densely concentrated 

in the medial septum/diagonal band complex (MS/DB; Figure 2.3A), consistent with neural tract-

tracing studies of NI (Goto et al. 2001; Olucha-Bordonau et al. 2003; Ma et al. 2009a); confirming 

that ascending efferent projections from the NI pass through and/or terminate in the MS/DB. In 

a subset of these MS/DB EGFP fibres, red fluorescence resulting from AAV1/2-Rln3-mCherry 

transduced NI neurons was also present (Figure 2.3C), confirming relaxin-3 NI neurons send 

direct projections to the MS/DB. High-magnification confocal images in MS also revealed fine 

structures containing EGFP and mCherry-IR fluorescence, indicative of potential axon terminals 

or boutons (Figure 2.3B-D). Of particular note, given existing evidence for RXFP3 mRNA 

expression by vGAT mRNA-positive MS neurons, many of the putative relaxin-3 NI (mCherry-

positive) nerve terminals were observed in close apposition to MS neurons containing GABA-IR 

(Figure 2.3C). 
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Figure 2.3. Visualisation of AAV1/2-Rln3-mCherry transduced NI projections, with close 

apposition to GABAergic neuronal soma in the medial septum. Fluorescent protein expression 

was visualised in efferent fibres projecting from transduced NI neurons to the medial 

septum/diagonal band complex (MS/DB) of rats which received AAV1/2-Rln3-mCherry and 

AAV1/2-CAG-EGFP injections ((A); EGFP, green; mCherry-IR, red; Hoechst nuclear stain, blue; 

representative image from n = 2 rats). (B-D) In addition to larger fibres passing through the MS 

which contained both mCherry-IR and EGFP (yellow arrowhead), or EGFP alone (green 

arrowheads), fine processes and potential terminals from transduced NI neurons were observed 

in close apposition to neuronal soma containing GABA-IR (white; putative contacts indicated by 

white arrowheads). Representative images of merged (D) or separate non-specific EGFP (B) and 

relaxin-3 promoter driven mCherry-IR (C) channels highlight the ability of this approach to 

provide targeted mapping of fibres and terminals projecting from transduced relaxin-3 NI 

neurons. Abbreviations: aca, anterior commissure, anterior part; cc, corpus callosum; HDB, 

nucleus of the horizontal limb of the diagonal band; IR, immunoreactivity; Ld, lambdoid septal 

zone; LV, lateral ventricle; MS, medial septum; VDB, nucleus of the vertical limb of the diagonal 

band.  
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2.3.3 TrkA is co-expressed with relaxin-3 in rat NI neurons 

 

In parallel to studies characterising the relaxin-3 promoter, we investigated whether a TrkA 

promoter could be used for targeted transduction of relaxin-3 neurons. Dense immunostaining 

of TrkA has previously been detected in the clearly distinguishable neurons that comprise the 

rat NI, despite the fact that this anatomical structure was incorrectly identified as the prepositus 

hypoglossal nucleus in that report (see Fig. 11, Sobreviela et al. (1994)). The prepositus 

hypoglossal nucleus also expresses dense TrkA mRNA and immunoreactivity (Gibbs et al. 1994; 

Sobreviela et al. 1994), but it is clearly distinct and distinguishable from the NI. In extending and 

clarifying these earlier studies, we performed dual immunohistochemistry for TrkA and relaxin-

3 to assess their degree of co-expression in NI neurons (n = 5 rats). As expected, 

immunofluorescence detection revealed TrkA immunoreactive neurons throughout the NI 

(Figure 2.4B) and most, if not all, of these neurons also displayed relaxin-3 immunofluorescence 

(Figures 2.4A, 2.4C). Furthermore, an overlay of TrkA and relaxin-3 immunofluorescence staining 

in separate, adjacent sections revealed an identical neuronal co-distribution, despite some 

differences in the subcellular distribution of the immunoreactive materials (Figure 2.4D-F). This 

co-expression is consistent with identified roles for NGF/TrkA signalling in supporting the 

survival and function of key projection-neuron networks, such as cholinergic basal forebrain and 

GABAergic septohippocampal systems (Rocamora et al. 1996; Conner et al. 2009), and provided 

the basis for studies of TrkA promoter specificity in rat NI. 
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Figure 2.4. Co-expression of relaxin-3 and TrkA immunoreactivity in rat NI. Overview of 

immunofluorescence for relaxin-3 (RLN3) (A, magenta) and TrkA (B, green) in the NI, with a 

merged image revealing the strong co-expression and resultant overlap of channels (C, white). 

High magnification images of individual (D, E) and merged (F) relaxin-3 and TrkA 

immunoreactivity show differences in the subcellular distribution of these co-expressed gene 

products in NI neurons. Abbreviations: 4V, fourth ventricle; DTg, dorsal tegmental nucleus; IR, 

immunoreactivity; mlf, medial longitudinal fasciculus; NIc, NI pars compacta; NId, NI pars 

dissipata.  
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2.3.4 TrkA promoter drives non-specific transgene expression in dorsal pons of adult rats 

 

As described for rats receiving AAV1/2-Rln3-mCherry injections, inclusion of data from rats co-

injected with AAV1/2-TrkA-mCherry and AAV1/2-CAG-EGFP in the final analyses (Figure 2.5, n = 

3) was dependent on successful bilateral transduction by these vectors throughout the NI. No 

significant difference was observed in the efficiency of relaxin-3 NI neuronal transduction by 

AAV1/2-CAG-EGFP in these rats (63 ± 6%; P = 0.33 (Student’s t-test)) compared to the Rln3 

promoter cohort. However, due to some variation in spread of injected vectors to regions 

surrounding the NI, the calculated specificity for AAV1/2-CAG-EGFP in this group (18 ± 1%, Figure 

2.5G) was slightly lower. A similar distribution of non-specifically transduced neurons in NI and 

adjacent regions was observed for AAV1/2-TrkA-mCherry (Figures 2.5B, 2.5F), resulting in only 

11 ± 1% of mCherry-IR neurons containing relaxin-3-IR. Differences in TrkA and CAG promoter 

activity within the NI (Figures 2.5C-E) resulted in a relatively low calculated efficiency as well, 

with AAV1/2-TrkA-mCherry transducing around one-third (32 ± 8%) of relaxin-3-IR NI neurons. 

Additional TrkA immunolabelling (data not shown) confirmed widespread transduction of 

neurons lacking TrkA immunoreactivity by AAV1/2-TrkA-mCherry in these rats. 
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Figure 2.5. Refer to next page for figure legend. 
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Figure 2.5. Neuronal transduction by AAV1/2-TrkA-mCherry. (A) Schematic design of 

recombinant AAV genomes for AAV1/2-CAG-EGFP and AAV1/2-TrkA-mCherry vectors (L-ITR, left 

inverted terminal repeat; WPRE, woodchuck hepatitis virus post-transcriptional regulatory 

element; polyA, SV40 poly A sequence; R-ITR, right inverted terminal repeat). (B) Representative 

image of innate fluorescence detected from EGFP (green), together with fluorescent 

immunoreactivity for mCherry (red) and relaxin-3 (blue), eight weeks after stereotaxic injection 

of AAV1/2-CAG-EGFP and AAV1/2-TrkA-mCherry vectors targeting NI (4V, fourth ventricle; DTg, 

dorsal tegmental nucleus; mlf, medial longitudinal fasciculus; NIc, NI pars compacta; NId, NI pars 

dissipata). (C-E) Individual fluorescence channels from (B) illustrated at higher magnification, 

revealing neurons lacking relaxin-3 immunoreactivity (RLN3-IR) transduced by AAV1/2-CAG-

EGFP only (green arrowheads), AAV1/2-TrkA-mCherry only (mCherry - red fluorescent protein 

immunoreactivity (RFP-IR); red arrowheads), and both AAV1/2-CAG-EGFP and AAV1/2-TrkA-

mCherry (yellow arrowhead). (F) Distribution of neurons transduced by AAV1/2-CAG-EGFP 

(green) or AAV1/2-TrkA-mCherry (red) vectors, compared to the distribution of RLN3-IR (blue) 

at bregma -9.36 mm, in rats used in the analysis (n = 3). (G) Quantification of promoter specificity 

(proportion of transduced neurons containing RLN3-IR; black circles) and efficiency (proportion 

of total RLN3-IR neurons transduced; grey circles). Data points for each variable represent 

individual rats (n = 3) and bars represent mean ± SEM. 
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2.5 Discussion 

 

Ascending relaxin-3 neurons form abundant connections with key mid- and forebrain targets. In 

the rat, these connections are likely maintained by retrograde NGF signalling via TrkA 

(Harrington et al. 2013), in light of the observed selective expression of TrkA with relaxin-3. 

Previous reports of cell-type specific transgene expression using TrkA promoter elements in 

other species and contexts (Chang et al. 1998; Sacristan et al. 1999; Ma et al. 2000) suggested 

this approach could allow targeted viral vector transduction of rat TrkA/relaxin-3 NI neurons. 

However, an AAV vector engineered to express mCherry under the control of an 880 bp TrkA 

promoter sequence failed to provide cell-type specific expression in rat NI. In contrast, using a 

previously uncharacterised 1,736 bp relaxin-3 promoter sequence, we were able to efficiently 

transduce relaxin-3 NI neurons with 98% specificity. 

 

Several technical obstacles must be overcome to successfully use promoter sequences to 

achieve cell-type specific transgene expression from a viral vector. Viral vectors have a limited 

packaging capacity, with AAV vectors failing to incorporate recombinant genomes larger than 

~4.7 kb (Wu et al. 2010). Feasible promoter candidates must therefore be restricted to several 

kilobases or less, depending on the vector used. As a result, loss of regulatory elements such as 

histone binding sites, located potentially tens of kilobases upstream from the gene coding 

sequence of interest, can be a major impediment to this experimental approach. Cell-type 

specific promoters also need to be able to suppress expression driven by the AAV inverted 

terminal repeat (ITR) sequences. These ITRs, which are essential for AAV genome packaging, can 

drive transgene expression independently of other promoter elements (Flotte et al. 1993). 

Furthermore, high viral vector titres can reduce transduction specificity by increasing the 

number of genomic copies introduced to a cell, thus amplifying any weak, non-specific promoter 

activity (Kakava-Georgiadou et al. 2019). As alternative vector titres or volumes were not tested, 

this is an important consideration for the use of these and similar vectors in future studies. The 

potential for variations in transcription factor expression and/or epigenetic modifications due 

to cellular environment and context is also a key consideration when validating the suitability of 

promoters for their intended applications. 

 

One or more of these factors may have led to the non-specific activity observed for the 880 bp 

rat TrkA promoter. Previous studies have identified a minimal promoter region of ~150 bp, 
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directly upstream of human (Chang et al. 1998) and mouse (Sacristan et al. 1999) TrkA coding 

sequences, which provided cell-type specific transgene expression in cultured neuroblastoma 

cells following transient transfection. A conserved TrkA enhancer was also shown to provide 

cell-type specific transgene expression from a pronuclear-injected plasmid construct, 

independently of the minimal promoter, in trigeminal and dorsal root ganglia of P0 mouse pups 

(Ma et al. 2000). Although the 880 bp rat TrkA promoter region used in our AAV1/2-TrkA-

mCherry vector contained regions analogous to these human and mouse minimal promoter and 

mouse enhancer sequences, with 59%, 96% and 87% sequence identity, respectively, we were 

unable to replicate the targeted expression reported in vitro and in P0 mice. In addition to 

targeting neurons in the adult rat brainstem, rather than developing mouse ganglia or cell 

culture, our recombinant AAV genomes by necessity contain ITR sequences that were absent 

from the plasmids used in earlier studies. The incorporation of further sequence 5’ to the 880 

bp promoter trialled may capture elements sufficient to provide cell-type specific expression, 

but as mentioned, would eventually be limited by the AAV vector packaging capacity. 

 

However, the AAV1/2-Rln3-mCherry vector, containing a 1,736 bp rat relaxin-3 promoter region, 

provided highly targeted transduction of relaxin-3 NI neurons. Transgene expression mediated 

by this vector was localised to the NI, where 98% of mCherry transduced neurons also contained 

relaxin-3 immunoreactivity. This was despite non-specific transduction of DTg and closely 

adjacent, non-relaxin-3 neurons in NI by co-injected AAV1/2-CAG-EGFP, emphasising that the 

specificity of the AAV1/2-Rln3-mCherry vector was achieved through promoter-mediated 

control of transgene expression and not viral vector tropism. Notably, one outcome that was 

apparently due to AAV1/2 vector tropism was a consistent transduction efficiency of around 

70% of relaxin-3 NI neurons (with the exception of AAV1/2-TrkA-mCherry). Although alternative 

approaches, such as equivalent transgenic mouse or rat lines, may increase this efficiency, a 

purely viral vector-based methodology offers highly flexible options in targeting particular 

relaxin-3 neuron populations at specific time points during the lifespan of rats or mice. In the 

future, it will also be of interest to investigate the use of the relaxin-3 promoter vector to study 

the function of the smaller and more dispersed relaxin-3 neuron populations in the pontine 

raphe, PAG and dorsal to substantia nigra. Detailed analysis of the neurochemistry of transduced 

relaxin-3 neurons and their efferent connections, as demonstrated here in the MS/DB, will be 

valuable in determining the implications of targeted functional studies, that extend those using 

constitutively active promoters (Ma et al. 2017a; Szonyi et al. 2019). 
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The future utility of a relaxin-3-specific promoter is wide-ranging in nature. In the current study, 

targeted transgene expression was validated eight weeks after viral vector injection, indicating 

this approach would be suitable for physiological and behavioural studies within similar, if not 

potentially longer, time frames. New AAV constructs designed to include the relaxin-3 promoter 

would be able to accommodate at least 1.6 kb of transgene coding sequence. Many transgenes 

commonly used in modern neuroscience, including genetically-encoded calcium indicators 

(around 1.3 kb; Tian et al. (2009)) and fluorescently-tagged opsins (around 1.6 kb; Boyden et al. 

(2005)), could readily be expressed directly from an AAV vector under this relaxin-3 promoter. 

An AAV1/2 capsid was used here, as we have previously established its favourable tropism 

towards NI neurons (Callander et al. 2012), but other vectors such as lentivirus could be explored 

as a means of increasing packaging capacity for transgene cargo. Additional AAV packaging 

space could also be gained through the use of condensed polyadenylation and 

posttranscriptional regulatory elements (Choi et al. 2014), and further refinement of the relaxin-

3 promoter itself. Although beyond the scope of this study, determining the particular motifs 

that confer cell-type specificity may allow engineering of a more compact promoter, improving 

transgene packaging capacity as well as promoter compatibility with transcriptional 

amplification strategies (Liu et al. 2008). Furthermore, such endeavours could also provide 

insights into relaxin-3 gene regulation, similar to those reported in response to CRF signalling 

(Tanaka et al. 2009). 

 

In conclusion, following transduction by an injected AAV vector targeting the NI, we observed 

widespread non-specific mCherry transgene expression driven by an 880 bp TrkA promoter 

sequence in the adult rat brainstem. Differences in cell context, species and/or method of 

transgene delivery may explain discrepancies between our data and previous reports of 

selective expression driven from analogous promoter or enhancer regions in neuroblastoma cell 

lines and developing mouse nervous system. Notably, we also identified a novel cell-type specific 

relaxin-3 promoter, capable of transducing relaxin-3 NI neurons with 98% specificity for at least 

8 weeks after AAV vector injection. Future studies utilising this promoter should lead to further 

insights into the molecular mechanisms that regulate relaxin-3 gene expression. Importantly, 

this newly characterised promoter sequence also represents a versatile tool for targeted studies 

of relaxin-3 circuitry in ongoing preclinical research. 

 

 

 



 65 

 

 

 

 

 

 

 

 

 

Chapter 3 

Directed subcellular opsin trafficking: 
differential physiological effects following 

optogenetic inhibition of neurons  
in the preBötzinger complex  
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3.1 Introduction 

 

The need for rapid and efficient electrochemical communication has led neurons to evolve 

highly complex morphologies. A principal characteristic of this morphology is the polarisation of 

neurons into structurally, biochemically, and functionally distinct somatodendritic and axonal 

compartments. Polarisation begins early in neuronal development, with accumulation of 

cytoskeletal elements, recruitment of vesicles, and activity of particular enzymes occurring in 

one of the several nascent, morphologically indistinct processes, called neurites (Kunda et al. 

2001; Shi et al. 2003; Yoshimura et al. 2005; Arimura et al. 2007). Though the underlying 

mechanisms by which this occurs are not well understood, it is thought to be determined by 

secreted factors, such as neurotrophins, as well as interactions with the extracellular matrix and 

processes from other neurons and glia, in vivo (Yogev et al. 2017); however, in the absence of 

such cues, polarisation still occurs stochastically in cultured neurons (Banker et al. 1977; Dotti 

et al. 1988). 

 

Once designated, the growth of this neurite, destined to become an axon, far exceeds that of its 

counterparts, which, through a combination of feedback mechanisms, are prevented from 

becoming axons themselves and will instead mature into dendrites (Andersen et al. 2000; 

Arimura et al. 2007). This differential growth is facilitated by remodelling of the actin 

cytoskeleton (Bradke et al. 1999; Garvalov et al. 2007) and posttranslational modifications that 

stabilise axonal microtubules (Janke et al. 2011), which have an almost exclusively ‘positive’ 

orientation (Burton et al. 1981; Heidemann et al. 1981). In contrast, dendritic microtubules are 

less stable and have a mixed (Baas et al. 1988) or predominantly ‘negative’ (Stone et al. 2008) 

alignment. Biased transport of vesicles containing molecular cargo along these cytoskeletal 

networks by kinesin and dynein motors, which typically move towards the plus or minus end of 

microtubules, respectively (Vale 2003), also plays a crucial role in the development and 

maintenance of neuronal polarity (Nirschl et al. 2017; Kelliher et al. 2019). 

 

After entering the axon or dendrite, further control over delivery of vesicular cargo is provided 

at the level of fusion with the plasma membrane. During synthesis in the endoplasmic reticulum 

and Golgi network, axonal and dendritic proteins are sorted into separate vesicles (Bonifacino 

2014), coated with specific tethers and SNAREs that determine where each vesicle can fuse with 

the plasma membrane (Jahn et al. 2006; Bentley et al. 2016). Given that vesicles containing 

axonal proteins are created in, and therefore cannot be excluded from, the somatodendritic 
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compartment, their selective fusion with the axonal membrane provides an essential 

mechanism for polarised expression; though for some proteins, this can also be mediated by 

rapid endocytosis from the dendritic membrane (Sampo et al. 2003). 

 

Once delivered to their appropriate destination, proteins must be prevented from randomly 

diffusing through the plasma membrane or cytosol. In some instances, this can be achieved by 

anchoring proteins to cytoskeletal scaffolding (MacGillavry et al. 2011). However, the most 

important structure in maintaining distinct somatodendritic and axonal compartments is the 

axon initial segment (AIS) (Rasband 2010). The AIS forms in the proximal axon, soon after 

differentiation from the dendrites, and is organised around the scaffold protein ankyrin G (AnkG) 

(Ogawa et al. 2008). The accumulation of specific proteins at the AIS, including ion channel 

species crucial to action potential generation (Zhou et al. 1998) and a fasciulated microtubule 

network (Sobotzik et al. 2009), is dependent on AnkG. This dense accumulation of protein in the 

AIS provides a physical barrier to diffusion (Kobayashi et al. 1992; Nakada et al. 2003), and also 

filters vesicles prior to their entering the axon (Song et al. 2009). Knockout or knockdown of the 

AnkG gene has been shown to cause morphological and molecular de-differentiation of the 

axon, both in vitro (Hedstrom et al. 2008) and in vivo (Sobotzik et al. 2009). 

 

Though essential for proper neuronal function, the distinct biochemical environments resulting 

from polarised, subcellular gene expression can complicate the outcome and interpretation of 

preclinical transgenic experiments. An important example of this has recently been 

demonstrated in the field of optogenetics (Wiegert et al. 2016). By introducing microbial genes 

for light sensitive ion channels or pumps (opsins) to neurons, optogenetic approaches allow 

neuroscientists to artificially stimulate or inhibit neural activity on millisecond timescales in 

conscious, behaving animals. This technique relies on ion gradients, maintained by 

endogenously expressed pumps in the neuronal plasma membrane, to create a hyper- or 

depolarising current when the opsin channel is opened by exposure to light (Rajasethupathy et 

al. 2016). However, such ion gradients are not necessarily consistent between or within 

individual neurons. 

 

The gradient of chloride (Cl-) ions across the neuronal membrane, for example, is determined by 

a balance of K+/Cl- (KCC2) and Na+/K+/Cl- (NKCC1) cotransporters, which move Cl- out of or into 

the cytosol, respectively (Blaesse et al. 2009). In immature neurons, NKCC1 is more abundantly 

expressed than KCC2 (Kaila et al. 2014). This concentrates Cl- inside the neuron, causing 
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membrane depolarisation by Cl--conducting receptors, such as GABAA and glycine (Obata et al. 

1978; Yamada et al. 2004). As the neuron develops, KCC2 becomes more abundantly expressed 

than NKCC1 (Stein et al. 2004; Delpy et al. 2008), shifting the Cl- gradient to be higher outside 

the cell. Stimulation of GABAA (Rivera et al. 1999) or glycine (Ehrlich et al. 1999) receptors 

therefore typically causes membrane hyperpolarisation in the mature mammalian central 

nervous system. Furthermore, KCC2 is excluded from the axon and selectively expressed in the 

somatodendritic membrane (Hubner et al. 2001; Baldi et al. 2010), resulting in higher Cl- 

concentrations inside the axon than in the soma or dendrites (Price et al. 2006). This variation 

in Cl- concentrations has led to unanticipated complications when applying anion conducting 

opsins as inhibitory (hyperpolarising) tools for neuroscience research. 

 

Among the most widely adopted anion conducting opsins are those isolated from the 

cryptophyte alga Guillardia theta (Govorunova et al. 2015), particularly G. theta anion channel 

rhodopsin 1 (GtACR1) and 2 (GtACR2). GtACRs are transmembrane proteins spanned by a 

tunnel, gated at several points by electropositive residues, which selectively permit anion 

passage following photon-induced conformational changes (Kim et al. 2018; Li et al. 2019). 

Relative to previously established ‘inhibitory’ opsins, such as Natronomonas pharaonis 

halorhodopsin (NpHR; Zhang et al. (2007)) and archaerhodopsin-3 (Arch; Chow et al. (2010)), 

which are ion pumps, GtACRs deliver much stronger photocurrents at lower light intensities 

(Govorunova et al. 2015), making them potent tools for neuronal inhibition. 

 

However, due to variations in intracellular Cl- concentrations, the somatodendritic membrane 

alone appears to be hyperpolarised by GtACRs. When activated in the axonal membrane, 

GtACRs have been found to elicit membrane depolarisation by allowing Cl- efflux from the axon, 

causing neurotransmitter release and antidromic spiking (Mahn et al. 2016; Malyshev et al. 

2017). GtACRs have to date been characterised in mature neurons and animals, and their 

application to studies of neuronal or nervous system development would presumably also be 

affected by varying intracellular Cl- environments. In the present study, we sought to optimise 

the utility of GtACRs as optogenetic tools by directing their expression selectively to the somatic 

or axonal membrane. In addition to providing uniform hyper- or depolarisation, we 

hypothesised such targeted subcellular expression would also prove valuable in functionally 

dissecting closely interconnected neural circuitry in vivo. Given its faster kinetics (Govorunova 

et al. 2015), we focus here on GtACR2, rather than GtACR1. 
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Many previous attempts to achieve targeted subcellular expression of chemo- and optogenetic 

receptors have yielded fruitful results. Such directed expression typically relies on fusing a short 

trafficking motif, isolated from an endogenously localised protein, to the intracellular C-

terminus of the introduced receptor. For example, a 65-amino acid sequence, derived from the 

voltage-gated potassium channel Kv2.1 (Lim et al. 2000), has been widely used in restricting 

transgene expression to the soma. Truncation of this trafficking motif from Kv2.1, which 

normally localises to the soma and proximal dendrites, results in non-specific expression across 

dendritic, somatic, and axonal membranes of cultured neurons (Lim et al. 2000). Fusion 

constructs incorporating this Kv2.1 motif have mimicked expression of the native channel, 

providing targeted, somatic opsin expression in mouse retinal ganglion cells (Wu et al. 2013) and 

cortical neurons (Baker et al. 2016). 

 

The feasibility of targeting transgene expression to the axon has also been demonstrated. To 

selectively express the chemogenetic hM4Di receptor in the axonal membrane, Stachniak et al. 

(2014) fused this protein with a trafficking motif from the synaptic adhesion and signalling 

molecule, neurexin 1 (Nrxn1). Neurexins are packaged in synaptic protein transport vesicles 

(STVs) and carried by kinesin-like protein KIF1A throughout neurons, though this transport is 

biased towards the axon (Neupert et al. 2015). Once inside the axon, STVs selectively fuse with 

the axonal membrane adjacent to synapses, from which neurexins reach the active zone by 

lateral diffusion (Neupert et al. 2015). This selective transport of neurexins is mediated by a C-

terminal PDZ recognition motif (Fairless et al. 2008), which, as shown by Stachniak et al. (2014), 

also has the capacity to direct axonal expression of transgenic fusion constructs. 

 

This chapter describes two novel GtACR2-fusion constructs, developed for selective expression 

in the somatic or axonal membrane through incorporation of the Kv2.1 or Nrxn1 trafficking 

motif, respectively. Following initial histological characterisation in cultured mouse hippocampal 

neurons, the trafficking and function of these constructs was assessed in viral vector-transduced 

rat ventral respiratory column (VRC) neurons in vivo. VRC circuitry was selected as a particularly 

apt system for such characterisation, given its well established role as a central pattern 

generator of respiratory drive (Del Negro et al. 2018) and its connections with neighbouring 

cardiovascular nuclei in the medulla (Habler et al. 1994). These close anatomical connections 

are mirrored by the physiological coupling of respiratory and cardiovascular function across 

vertebrates (Taylor et al. 1999). Examples of such coupling include respiratory sinus arrhythmia 

(RSA), which describes the increase and decrease in heart rate that occurs during inspiration and 
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expiration, respectively (Angelone et al. 1964), as well as the respiratory modulation of 

sympathetic nerve activity which generates blood pressure oscillations known Traube-Hering 

(TH) waves (Killip 1962). 

 

Though the physiological significance of such cardiorespiratory coupling remains contentious, 

with hypothesized roles including optimisation of cardiac efficiency and respiratory gas 

exchange (Hayano et al. 1996; Dick et al. 2009; Ben-Tal et al. 2012), these phenomena have clear 

clinical relevance. Aberrant sympatho- and cardiorespiratory coupling have been linked to heart 

failure and hypertension (Garcia et al. 2013; Menuet et al. 2017; Elstad et al. 2018), among other 

conditions. The persistence of sympatho- and cardiorespiratory coupling following removal or 

manipulation of peripheral inputs, for example through vagotomy (Adrian et al. 1932; Haselton 

et al. 1989), artificial ventilation (Daly 1991; Shykoff et al. 1991) and/or in the working heart-

brainstem preparation (WHBP) (Pickering et al. 2006; Simms et al. 2009), indicate central 

mechanisms play a key role in maintaining this synchrony. However, the underlying neural 

circuitry remains poorly understood. Expressing the described GtACR2 fusion constructs in VRC 

neurons therefore not only offers a clear indication of their functionality (i.e. through their 

effects on breathing), but also a potential method for mapping local network connections with 

cardiac and sympathetic nuclei through subcellular optogenetic manipulation.  
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3.2 Methods 

 

3.2.1 Animals 

 

All experiments were approved by The University of Melbourne Animal Research Ethics and 

Biosafety Committees or The Florey Institute of Neuroscience and Mental Health Animal Ethics 

Committee, and conducted in accordance with the Code of Practice for the Care and Use of 

Animals for Scientific Purposes published by the Australian National Health and Medical 

Research Council. C57BL/6J mouse colonies, which supplied studies involving cultured 

hippocampal neurons, were housed in individually ventilated cages on a 12 h light-dark cycle 

(lights on 07:00). Mice were time-mated overnight, with visualisation of a vaginal plug the 

following morning considered as embryonic day (E) 0.5. Optogenetic experiments utilised male 

Sprague Dawley rats, housed in open-top cages under a 12 h light-dark cycle (lights on 06:30). 

Mouse and rat cages were maintained at 22 ± 1 ̊ C, and all animals had ad libitum access to water 

and standard chow. 

 

3.2.2 Plasmid design and generation 

 

Subcellular trafficking in neurons was assessed using plasmid and AAV vectors, developed for 

expression of GtACR2 fused with a fluorescent tag alone, or the Kv2.1 or Nrxn1 trafficking 

motif. To express GtACR2 from an AAV vector, the GtACR2-EYFP coding sequence was ligated 

from pFUGW-hGtACR2-EYFP  (Addgene plasmid #67877; Govorunova et al. (2015)); a gift from 

Prof John Spudich (The University of Texas, TX, USA)) into pAM-CAG-tdTomato (kindly provided 

by Dr Verena Wimmer,  Walter and Eliza Hall Institute, VIC, Australia) using BamHI and HindIII 

sites, creating pAM-CAG-GtACR2-EYFP (Figure 3.1A). The EYFP tag for this construct is fused to 

the GtACR2 intracellular C-terminus via a linker containing three alanine residues, as originally 

cloned and functionally characterised by Govorunova et al. (2015). Further AAV vectors were 

designed for bicistronic expression of GtACR2, fused to either a 65 amino acid Kv2.1 or 55 amino 

acid Nrxn1 trafficking motif, with cytosolic mCherry to allow clear visualisation of transduced 

neurons and facilitate subcellular identification of GtACR2 channel localisation. The Kv2.1-fusion 

construct included a monomeric, ultra-stable green fluorescent protein (muGFP) tag (Scott et al. 

2018) between GtACR2 and Kv2.1 sequences, mimicking the design of previously characterised 

opsin-Kv2.1 fusion constructs (Wu et al. 2013; Baker et al. 2016), with four alanine residues 

linking muGFP to the GtACR2 C-terminus. For the Nrxn1-fusion construct, three alanine 
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residues linked a haemagglutinin (HA) tag to the C-terminus of GtACR2, with the Nrxn1 motif 

in turn fused to the C-terminus of this HA tag. This design is analogous to that used by Stachniak 

et al. (2014) for axonal expression of, and functional inhibition by, the hM4Di receptor. pUC57 

plasmids, containing synthetic GtACR2-HA-Nrxn1-P2A-mCherry, GtACR2-muGFP-P2A-

mCherry, or Kv2.1 trafficking motif coding sequences, were provided by Genscript (NJ, USA). 

Incorporation of these sequences into AAV vector plasmid backbones was achieved using the 

GatewayTM cloning system. Forward (5’-attB1-TCTAGAGCCACCATGGCCTC) and reverse (5’-

attB2-AAGCTTTTACTTGTACAGCTCGTCC) primers facilitated polymerase chain reaction (PCR) 

amplification of GtACR2-muGFP-P2A-mCherry for recombination with pDONR-P1-P2 (Thermo 

Fisher Scientific, VIC, Australia), producing pENTR-L1-GtACR2-muGFP-P2A-mCherry-L2 plasmid. 

pENTR-L1-GtACR2-muGFP-P2A-mCherry-L2 was recombined with the pAAV-Gateway 

destination vector (Addgene plasmid #32617; (White et al. 2011); a gift from Dr Melanie White, 

A*STAR, Singapore), which also contains the constitutively active CAG promoter sequence, to 

produce pAAV-CAG-GtACR2-muGFP-P2A-mCherry (Figure 3.1B). An introduced BamHI 

restriction site was used to ligate the Kv2.1 trafficking motif between muGFP and P2A coding 

sequences of pAAV-CAG-GtACR2-muGFP-P2A-mCherry, creating pAAV-CAG-GtACR2Kv2.1-P2A-

mCherry (Figure 3.1C). Additional forward (5’-attB5-ATGGCCTCCCAGGTCGTG) and reverse (5’-

attB2-TTACTTGTACAGCTCGTCCATG) primers were used in PCR amplification of GtACR2-HA-

Nrxn1-P2A-mCherry. Recombination of this PCR product with pDONR-P5-P2 produced pENTR-

L5-GtACR2-HA-Nrxn1-P2A-mCherry-L2. Subsequent recombination of pENTR-L1-Ef1-R5 and 

pENTR-L5-GtACR2-HA-Nrxn1-P2A-mCherry-L2 plasmids with the destination vector, pAM-

Gateway (Wykes et al. 2020), resulted in pAM-Ef1-GtACR2nrxn-P2A-mCherry (Figure 3.1D), 

which expresses GtACR2nrxn and mCherry under the constitutively active Ef1 promoter. pDONR 

P5-P2 and pENTR-L1-Ef1-R5 plasmids were gifts from Dr Melanie White (A*STAR, Singapore). 

BamHI, HindIII and T4 Ligase enzymes were sourced from Promega (NSW, Australia) or New 

England BioLabs (VIC, Australia). All primers were synthesised by Sigma-Aldrich (NSW, Australia), 

and PCR performed using Vent® DNA polymerase (New England BioLabs). Recombination 

reactions were incubated at 25 °C for 16 h, using ClonaseTMII reagents (Life Technologies, VIC, 

Australia). Plasmids containing PCR amplified inserts were verified by Sanger sequencing 

(Australian Genome Research Facility, VIC, Australia). 
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Figure 3.1 Schematic representation of viral vectors genomes developed in this chapter. Viral 

vector genomes, as packaged into AAV1/2 vector capsids*, from (A) pAM-CAG-GtACR2-EYFP, 

(B) pAAV-CAG-GtACR2-muGFP-P2A-mCherry, (C) pAAV-CAG-GtACR2Kv2.1-P2A-mCherry, or (D) 

pAM-Ef1-GtACR2nrxn-P2A-mCherry plasmids (CAG, cytomegalovirus/chicken -actin synthetic 

promoter; Ef1, elongation factor 1 promoter; EYFP, enhanced yellow fluorescent protein; HA, 

haemagglutinin tag; L-ITR, left inverted terminal repeat; muGFP, monomeric ultra-stable green 

fluorescent protein; P2A, porcine teschovirus-1 2A self-cleaving peptide; polyA, simian virus 40 

poly A sequence; R-ITR, right inverted terminal repeat; WPRE, woodchuck hepatitis virus post-

transcriptional regulatory element). *pAAV-CAG-GtACR2-muGFP-P2A-mCherry was used in the 

present study for cloning and in vitro transfection, however AAV vectors were not produced 

from this plasmid directly or used in vivo. 
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3.2.3 AAV vector production 

 

Recombinant AAV vector genomes were packaged into mosaic 1/2 serotype capsids, as 

described (Zolotukhin et al. 1999; Ganella et al. 2013). In brief, pAM-CAG-GtACR2-EYFP was co-

transfected with pHelper and pAAV-RC plasmids (Stratagene, CA, USA) into AAV293 cells (Agilent 

Technologies, CA, USA), and pAAV-CAG-GtACR2Kv2.1-P2A-mCherry or pAM-Ef1-GtACR2nrxn-P2A-

mCherry was co-transfected with pDPI and pDPII plasmids (Grimm et al. 2003) into 293FT cells 

(Thermo Fisher Scientific). Following purification of harvested vectors by iodixanol gradient 

centrifugation, quantitative PCR, using primers against the woodchuck hepatitis virus post-

transcriptional regulatory element (WPRE) sequence (as described by Ma et al. (2017a)), was 

used to determine vector titre as genomic copies (gc)/ml. 

 

3.2.4 Neuronal cultures and immunocytochemistry 

 

Dissociated primary hippocampal enriched neuronal cultures were prepared from E17.5 mouse 

embryos of both sexes, as described (Baker et al. 2015). Following decapitation, single-cell 

suspensions were plated on poly-D-lysine and laminin-coated 25 mm coverslips at a density of 

2.5-3.5 x 104 cells/coverslip. At 7 days in vitro (DIV), cells were transfected with 500 ng of either 

pAAV-CAG-GtACR2-muGFP-P2A-mCherry or pAAV-CAG-GtACR2Kv2.1-P2A-mCherry using 

Lipofectamine 2000 (Thermo Fisher Scientific), as described (Gordon et al. 2011). At DIV 14, cells 

were fixed by 20 min incubation in phosphate buffered saline (PBS) solution containing 4 % (w/v) 

paraformaldehyde (PFA) and immunocytochemistry (ICC) performed. In preparation for ICC, 

coverslips were immersed in PBS containing 50 mM NH4Cl for 10 min, briefly washed with PBS 

and permeabilised for 5 min in PBS containing 0.1 % (v/v) Triton X-100 and 1 % (v/v) bovine 

serum albumin (BSA), before further PBS washes and blocking for 1 h in 1 % BSA/PBS solution. 

Blocked coverslips were incubated for 2 h in 1 % BSA/PBS containing the primary antibodies, 

rabbit anti-Microtubule Associated Protein 2 (MAP2; 1:200) (AB5622, Merck Millipore, VIC, 

Australia) and mouse anti-mCherry (1:100) (3A11, Developmental Studies Hybridoma Bank, 

University of Iowa, IA, USA). Coverslips were then washed with PBS and incubated for 1 h in 1 % 

BSA/PBS containing donkey anti-mouse Alexa-594 (1:200) (Jackson Laboratory, ME, USA) and 

donkey anti-rabbit Alexa-647 (1:500) (Thermo Fisher Scientific) conjugated antibodies with 1 

µg/ml bis-benzimide H (Hoechst) 33342 (Sigma-Aldrich). Further PBS washes and rinsing in 

distilled water preceded slide mounting of coverslips using Dako fluorescence mounting 

medium (Agilent Technologies). Rabbit anti-MAP2 antibody was a gift from A/Prof Clare Parish 
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(The Florey Institute, VIC, Australia). Fixation and all ICC incubations were performed at room 

temperature, with coverslips contained in a dark humidified chamber during antibody 

incubations. 

 

3.2.5 Stereotaxic injections 

 

Rats were placed in an enclosed chamber and lightly anesthetised by inhalation of isoflurane 

(Rhodia Australia Pty. Ltd., VIC, Australia), prior to intramuscular (i.m.) injection of ketamine (60 

mg/kg; Lyppard, VIC, Australia) mixed with medetomidine (250 μg/kg; Pfizer Animal Health, 

NSW, Australia). Once deeply anesthetised, as determined by lack of pedal withdrawal and 

corneal reflexes, rats were placed in a stereotaxic frame (RWD Life Science, GD, China), with the 

nose ventro-flexed (incisor bar -15 mm). During surgery, body temperature was maintained at 

37.5 ˚C with a heat pad (TC-1000 Temperature Controller, CWE Inc., PA, USA). To expose the 

dorsal brainstem, a midline incision was made over the occipital bone, portions of which were 

removed with a dental drill, and the atlanto-occipital membrane opened. Glass micropipettes 

(~30 µm external tip diameter) were loaded with injectate, and a silver wire, connected to an 

electrophysiology amplifier (NeuroLog system, Digitimer Ltd., UK), inserted to enable recording 

of neuronal activity. Using a 20 ˚ angled approach (tip pointing forward, rostro-caudal axis), the 

pipette was lowered into the brainstem 1.5 mm lateral from the midline, to record extracellular 

multiunit activity. The column of robust inspiratory-locked neuronal activity along the ventral 

brainstem was mapped, to find the most rostral point. This coordinate was used to define 

injections targeting the preBötzinger complex (preBötC) of the VRC (typically between 0.0 and 

0.3 mm rostral, 1.4 ± 0.3 mm ventral to the calamus scriptorius). Fifty nl injections of AAV1/2-

CAG-GtACR2-EYFP (5.61-9.65 x 1011 gc/ml, n = 3 rats), AAV1/2-CAG-GtACR2Kv2.1-P2A-mCherry 

(8.83 x 1011 gc/ml, n = 9 rats), or AAV1/2-Ef1-GtACR2nrxn-P2A-mCherry (2.42 x 1010 gc/ml, n = 4 

rats) were made bilaterally in the respiratory column using a picospritzer (World Precision 

Instruments, FL, USA). In a separate cohort of rats, to facilitate extracellular multiunit activity 

recordings during optogenetic manipulations, bilateral 50 nl injections of AAV1/2-CAG-GtACR2-

EYFP (n = 2 rats) were made into the respiratory column via burr holes drilled through the dorsal 

surface of the occipital bone (ML = ±1.5 mm from midline, AP = -3.6 mm from interaural line, DV 

= -7.0 (±0.5) mm from brain surface, pipette tip angled 20 ˚ caudally; incisor bar -15 mm). For all 

injections, reflux of injectate up the injection track was minimised by leaving the pipette in place 

for 2 min before it was slowly withdrawn. Sterile sutures were used to close each wound, prior 

to subcutaneous administration of meloxicam (1mg/kg, Metacam, Boehringer Ingelheim, NSW, 
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Australia), intraperitoneal injection of Hartmann’s solution (Baxter Healthcare, NSW, Australia) 

for fluid replacement, and anaesthesia reversal with atipamazole (1 mg/kg, i.m., Antisedan, 

Pfizer Animal Health). 

 

3.2.6 Optogenetic experiments 

 

Following at least 3 weeks recovery from stereotaxic surgery, anaesthesia was again induced by 

inhalation of isoflurane (Rhodia Australia Pty. Ltd.) in an enclosed chamber. Rats were 

transferred to a stereotaxic frame (incisor bar +3 mm; RWD Life Science), where anaesthesia 

was maintained with 3-3.5 % isoflurane, delivered in oxygen (800 ml/min) through an 

anaesthetic mask. Body temperature was maintained at 37.5 ˚C with a TC-1000 heat pad (CWE 

Inc.). For diaphragm electromyography (dEMG) recordings, a lateral abdominal incision was 

made and two nylon-insulated stainless-steel wire electrodes (0.25 mm insulated diameter) 

ending with suture pads (0.7 × 1.0 × 3.2 mm, Plastics One, VA, USA) placed in the costal 

diaphragm, 3–4 mm apart. The femoral artery and vein of one leg were cannulated for 

measurement of arterial pressure and drug administration, respectively (PE10 tubing (ID 0.28 x 

OD 0.61 mm) connected to PE50 (0.17 x 1.45 mm)). Isoflurane anaesthesia was gradually 

replaced by 1.2 mg/kg intravenous urethane, following which rats were tracheotomised, and 

oxygen (100%) directed over the tracheotomy cannula. The arterial catheter, connected to a 

Statham Gould (P23 Db) pressure transducer, and the dEMG electrode wires, were coupled to a 

pre-amplifier (NeuroLog System, Digitimer Ltd., UK) and connected to a data acquisition system 

(Cambridge Electronic Design, UK; 0.5-1 kHz band-pass filter, 5 kHz sampling rate used for dEMG 

recordings). Arterial pressure and dEMG were recorded using Spike2 software (Cambridge 

Electronic Design). To perform optogenetic experiments, the optical fibres (200 µm diameter, 

RWD Life Science), were secured to a manipulator on the stereotaxic frame and lowered through 

the dorsal surface of the skull through burr holes made in the occipital bone centred 

approximately 1 mm rostral to the occipital suture, and ±1.8 mm lateral from the midline. 

Output intensity from the optical fibres was determined using a PM100D Meter (Thorlabs, NJ, 

USA). Physiological responses to GtACR2 stimulation were investigated by probing the 

brainstem at various AP levels between the occipital suture and up to 2.5 mm rostral to this 

point, where light (473 nm, 15-20 mW) was delivered continuously, or in 5 ms pulses at 10, 20, 

or 50 Hz, at 0.5 mm increments moving ventrally from the medulla surface. In a separate cohort 

of rats, extracellular multiunit activity was recorded during optogenetic manipulations. For 

these experiments the brainstem was accessed via the atlanto-occipital membrane with visual 
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observation of the dorsal brainstem surface. The optical fibres were angled at 20˚ with the tip 

projecting caudally whilst the glass recording micropipette (~3 µm tip diameter) was angled at 

20˚ with the tip projecting rostrally. The glass pipette was filled with 4 M NaCl and connected, 

via a silver wire, to an electrophysiology amplifier (NeuroLog System; 10 kHz sampling rate used 

to record action potentials, other parameters as above). Once the optical fibres were positioned 

in the medulla so as to elicit the maximal physiological response to GtACR2 activation 

(continuous illumination), the micropipette was used to localise and monitor nearby, 

respiratory-locked phasic activity. 

 

3.2.7 Histology 

 

At the conclusion of optogenetic stimulations, rats were transcardially perfused with 1 ml/g ice-

cold PBS, followed by 1 ml/g of 4 % PFA. Dissected brains were post-fixed in 4 % PFA overnight 

at 4 ˚C, then transferred to a 20 % (w/v) sucrose solution (4 ˚C, 48 h) for cryoprotection. Forty 

µm thickness coronal sections were cut through the medulla, from the pyramidal decussations 

to the level of the facial nucleus (VIIn) using a cryostat, and collected free-floating for 

immunohistochemistry (IHC), as described (Chen et al. 2010; Sevigny et al. 2012; Menuet et al. 

2014). Chicken anti-GFP (1:5000; AB13970, Abcam, VIC, Australia), rabbit anti-DsRed (1:5000; 

Cat. No. 632496, Takara Bio USA, CA, USA), and goat anti-choline acetyltransferase (ChAT; 

1:1000; AB144P, Merck-Millipore) were used as primary antibodies. These markers were 

visualised using AlexaFluor-488-conjugated donkey anti-chicken, Cy3-conjugated donkey anti-

rabbit, and Cy5-conjugated donkey anti-goat secondary antibodies (1:500 each; Jackson 

Laboratory). 

 

3.2.8 Imaging 

 

To map the location of transduced neurons through the medulla, whole sections were imaged 

using a Zeiss Axio Imager M2 epifluorescent microscope (Carl Zeiss AG, BW, Germany). Tiled 

images of immunofluorescence were obtained using a 10 × air objective lens and automated 

stage, with collected frames stitched and exported using Zen Blue software (Carl Zeiss AG). 

Representative, high resolution images of cultured hippocampal and transduced VRC neurons 

were collected using an LSM 780 Zeiss Axio Imager 2 laser scanning confocal microscope and 

Zen Black software (Carl Zeiss AG). Confocal images were acquired using a 20 × air objective lens, 

with planes through the entire z-axis of each sample imaged at 2 µm intervals. Excitation 
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wavelengths and emission filter parameters for each fluorophore were as follows: Hoechst 

33342, 405 nm (410-496 nm); muGFP/Alexa488, 488 nm (493-579 nm); Cy3, 561 nm (561-624 

nm); Alexa-594, 561 nm (588-650 nm); Alexa-647/Cy5, 633 nm (653-755 nm). Further 

processing, including the generation z-axis maximum projection images, was performed with Fiji 

software (Schindelin et al. 2012). 

 

3.2.9 Data analysis 

 

Sorting of data from extracellular multiunit activity recordings was performed using Spike2 

software (Cambridge Electronic Design). A series of templates were generated according to the 

waveform characteristics of events across the recording, with a minimum of eight similar spikes 

in a series of 400 required to create a new template.  Individual spikes were then matched to 

these templates based on their waveform shape. Heart rate, mean arterial pressure, and 

respiratory frequency data were derived from arterial pressure and dEMG recordings using 

Spike2 software (Cambridge Electronic Design). Relevant data preceding, during, and following 

optogenetic stimulations for each rat were exported at 100 Hz sampling frequency into Excel 

(Microsoft Corporation, WA, USA), where these data were normalised as the percentage 

difference relative to ‘baseline’ values for each parameter (taken as the average value during 

the 20 s immediately prior to laser onset). Normalised data were transferred to Prism (GraphPad 

Software, CA, USA) and graphed as the mean ± 95 % confidence interval. Further analysis of TH 

waves and RSA in rats expressing GtACR2nrxn was performed in Spike2 software (Cambridge 

Electronic Design). Waveform averages of systolic arterial pressure and heart rate values from 

10 breaths prior to, during, and following laser stimulation were generated for each rat, to 

characterise the effect of optogenetic manipulation on TH waves and RSA, respectively. RSA and 

TH wave amplitude in rats expressing GtACR2nrxn, as well as between-group differences in heart 

rate, mean arterial pressure, and missed breaths (calculated as the baseline respiratory 

frequency multiplied by apnoea duration) during laser stimulation, were graphed using Prism 

software (GraphPad Software), where one-way ANOVA tests were also performed.  
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3.3 Results 

 

3.3.1 Fusion with Kv2.1 motif does not provide somatic localisation of GtACR2 in vitro 

 

The ability of the Kv2.1 motif to provide somatic GtACR2 expression was initially characterised 

in cultured mouse hippocampal neurons. Transfection of neurons using plasmid vectors, rather 

than AAV vector-transduction, was used to achieve sparse labelling in vitro and allow clear 

visualisation of individual neurons. Following transfection with pAAV-CAG-GtACR2-muGFP-P2A-

mCherry, muGFP expression was visible throughout cultured neurons, including the dendritic 

arbor and soma, identified by labelling with MAP2 immunoreactivity, and axonal projections, 

which are morphologically distinct from dendrites and lack MAP2 immunoreactivity (Figures 

3.2A, 3.2C, 3.2D; representative neuron from n = 2 cultures). In neurons transfected with pAAV-

CAG-GtACR2Kv2.1-P2A-mCherry, muGFP fluorescence was also distributed throughout each 

compartment (Figures 3.2B, 3.2E, 3.2F; representative neuron from n = 2 cultures), despite 

fusion with the Kv2.1 trafficking motif. There did not appear to be any differences in subcellular 

trafficking between these two constructs in vitro. 
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Figure 3.2 Kv2.1 motif-fusion does not prevent axonal GtACR2 expression in vitro. Representative 

cultured hippocampal neurons, expressing (A) GtACR2-muGFP following transfection with 

pAAV-CAG-GtACR2-muGFP-P2A-mCherry (n = 2 cultures), or (B) GtACR2Kv2.1 following 

transfection with pAAV-CAG-GtACR2Kv2.1-P2A-mCherry (n = 2 cultures). Fluorescent muGFP 

signal (green) from both GtACR2-muGFP and GtACR2Kv2.1 was present throughout transfected 

neurons, including the soma and dendrites (labelled with MAP2 immunoreactivity (magenta); 

overlaid MAP2 immunoreactivity and muGFP fluorescence shown in white), as well as axon 

(lacking MAP2 immunoreactivity and indicated by arrowheads). Nuclei stained with Hoechst 

33342 are shown in blue. Higher resolution images of merged fluorescent channels, illustrating 

somatic and axonal expression of GtACR2-muGFP and GtACR2Kv2.1, are provided in (C,D) and 

(E,F), respectively, as well as individual channels for muGFP (C’-F’) and MAP2 (C’’-F’’) 

immunoreactivity in these fields. 
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3.3.2 GtACR2Kv2.1 is expressed in axons in vivo, and shows enhanced neuronal expression 

 

To assess axonal trafficking of GtACR2 constructs in vivo, images were collected from facial 

nucleus (VIIn) in rats with AAV vector injections targeting the VRC. VIIn lies rostral to the VRC in 

the medulla, and is known to be innervated by VRC neurons (Yang et al. 2018). Dense innervation 

of VIIn by immunofluorescently labelled axons was observed in rats which received AAV1/2-

CAG-GtACR2-EYFP injections targeting the VRC (Figure 3.3A; representative image from n = 3 

rats). This was also the case in rats that received VRC injections of AAV1/2-CAG-GtACR2Kv2.1-P2A-

mCherry (Figure 3.3B; representative image from n = 9 rats). 

 

Robust immunofluorescent labelling of VRC neurons with EYFP, muGFP, and/or mCherry was 

observed in both of these cohorts following transduction with AAV1/2-CAG-GtACR2-EYFP 

(Figure 3.4A; representative image from n = 3 rats) or AAV1/2-CAG-GtACR2Kv2.1-P2A-mCherry 

(Figure 3.4B; representative image from n = 9 rats), as well as in rats that received AAV1/2-Ef1-

GtACR2nrxn-P2A-mCherry injections (Figure 3.4C; representative image from n = 4 rats). At higher 

magnification, GtACR2-EYFP immunofluorescence appeared highly dispersed (Figure 3.4A’), 

such that it was difficult to visualise individual soma at the injection site. In contrast, fluorescent 

signal from muGFP allowed neuronal boundaries to be easily defined following transduction 

with AAV1/2-CAG-GtACR2Kv2.1-P2A-mCherry (Figure 3.4B’), suggesting GtACR2Kv2.1 was more 

efficiently expressed by VRC neurons than GtACR2-EYFP. Fluorescent signal from muGFP was 

also distinct from cytosolic mCherry expression (Figure 3.4B), indicating efficient P2A-mediated 

cleavage. Cytosolic mCherry immunofluorescence alone was used to identify neurons 

transduced with AAV1/2-Ef1-GtACR2nrxn-P2A-mCherry (Figure 3.4C), as IHC attempts made 

here to visualise GtACR2nrxn directly in transduced neurons, using antibodies against its fused HA 

tag, were unsuccessful. However, mCherry production demonstrates that the AAV1/2-Ef1-

GtACR2nrxn-P2A-mCherry vector efficiently transduced VRC neurons, where mRNA encoding 

GtACR2nrxn must also have been expressed. Physiological responses to laser delivery in these rats 

(see Section 3.3.5 below) also suggest GtACR2nrxn was functional and expressed in the neuronal 

membrane. 

 

Although AAV vector injections used the rostral locus of phasic, inspiratory-locked neuronal 

activity to target the preBötC in the VRC, spread of neuronal transduction was also evident 

outside this region. This primarily affected the nucleus ambiguus (NAmb), which borders the 

VRC dorsally, with more variable spread to the neighbouring intermediate reticular nucleus (IRt) 
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and ventrolateral medulla (VLM). A similar distribution of transduced neurons was observed 

between each cohort of rats (Figures 3.4D-F). 

 

 

 

 

 

Figure 3.3 Kv2.1 motif-fusion does not prevent axonal GtACR2 expression in vivo. Following 

transduction of VRC column neurons, axonal expression of GtACR2 constructs was assessed in 

projections innervating VIIn (marked with ChAT immunoreactivity in blue). Axonal trafficking of 

both GtACR2-EYFP ((A), representative image from n = 3 rats) and GtACR2Kv2.1 ((B), 

representative image from n = 9 rats) from transduced VRC was evident, indicating fusion with 

the Kv2.1 motif did not prevent axonal GtACR2 expression in vivo. 
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Figure 3.4 Refer to next page for figure legend 
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Figure 3.4 Histological profile and distribution of viral vector transduction in rat medulla. 

Neurons in the VRC and neighbouring nuclei, including NAmb (labelled with ChAT-IR (blue)), 

expressing (A) GtACR2-EYFP following transduction with AAV1/2-CAG-GtACR2-EYFP 

(representative image from n = 3 rats), (B) GtACR2Kv2.1 and mCherry following transduction with 

AAV1/2-CAG-GtACR2Kv2.1-P2A-mCherry (representative image from n = 9 rats), or (C) mCherry 

following transduction with AAV1/2-Ef1-GtACR2nrxn-P2A-mCherry (representative image from 

n = 4 rats). GtACR2-EYFP appeared highly dispersed at the injection site, making individual 

neurons difficult to visualise in processed tissue. A higher resolution image of GtACR2-EYFP 

expression is provided in (A’). Fusion with the Kv2.1 motif appeared to improve neuronal 

expression of GtACR2, as highlighted by green fluorescence from GtACR2Kv2.1 clearly defining 

neuronal boundaries at higher magnification in (B’). GtACR2Kv2.1 expression was also distinct 

from cytosolic mCherry, indicating efficient P2A-mediated cleavage. Due to technical difficulties, 

GtACR2nrxn could not be labelled directly via its HA tag in vivo. However, cytosolic filling with 

mCherry (C’) and physiological responses to laser delivery (see Figures 3.7, 3.8) indicate 

GtACR2nrxn was expressed in the neuronal membrane following efficient P2A-mediated cleavage. 

Mapping of cell bodies labelled with EYFP-, muGFP-, and/or mCherry-immunoreactivity showed 

a similar spread of transduced VRC neurons between animals which received AAV1/2-CAG-

GtACR2-EYFP (n = 3, (D)), AAV1/2-CAG-GtACR2Kv2.1-P2A-mCherry (n = 9, (E)), or AAV1/2-Ef1-

GtACR2nrxn-P2A-mCherry (n = 4, (F)). Some vector leak and transduction of neurons outside the 

VRC, particularly in NAmb, VLM, and IRt, was also present in all groups. (AP level indicated in 

millimetres from bregma; note that mapping is not provided for every rat at each AP level 

shown).  
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3.3.3 GtACR2-mediated photoinhibition of VRC neurons associated with apnoea, bradycardia, 

and depressor responses 

 

The effect of each GtACR2 variant on respiratory and cardiovascular function was investigated 

in urethane anesthetised rats. Optical fibres were used to probe and identify the location in each 

rat where the strongest physiological response to light (473 nm, 15-20 mW) was elicited, which 

was found to correspond approximately with the coordinates targeted by AAV vector injections 

(with the exception of GtACR2nrxn; see Section 3.3.5 below). 

 

To confirm GtACR2 was inhibitory in VRC neurons, extracellular multiunit activity recordings 

were made during laser delivery in rats expressing GtACR2-EYFP (n = 2; Figure 3.5, 

representative traces). Continuous illumination was used for these recordings, as artefacts 

associated with laser triggering were observed in the extracellular recording electrode when 10-

50 Hz laser delivery was attempted. At laser onset, rhythmic bursts in extracellular multiunit 

spiking activity from VRC neurons were immediately inhibited (Figure 3.5A), though some of this 

activity spontaneously recovered prior to the laser being switched off. Interestingly, when units 

were grouped according to their waveform characteristics, it was possible to segregate a subset 

of units that recovered activity during photoinhibition (Figure 3.5B) from those that remained 

inactive (Figure 3.5C). This spontaneous recovery of neuronal firing was associated with a 

resumption of dEMG activity (breathing; Figure 3.5D), which also ceased immediately in 

response to photoinhibition. A gradual decrease in heart rate was observed in response to 

photoinhibition (Figure 3.5E), with blood pressure unaffected or increasing slightly (maximum 

pressure increase of 15 mmHg in one rat; data not shown). These cardiovascular changes were 

maintained throughout photoinhibition and did not fully recover until it was removed. 

 

In a separate cohort of rats expressing GtACR2-EYFP, physiological responses to 5 ms laser pulses 

at 10, 20, or 50 Hz, as well as continuous illumination, were assessed. Of these, photoinhibition 

at 50 Hz was found to provide the strongest cardiovascular and respiratory responses (Figure 

3.6A; representative traces from n = 3 rats; data for other frequencies not shown). Upon 50 Hz 

laser onset, rhythmic dEMG activity from breathing was immediately replaced with tonic 

activity, which in some cases subsided until electrocardiogram (ECG) signal alone was detected 

(Figure 3.6A). Following 8.9 (± 9.2) s of apnoea, rhythmic dEMG activity gradually recovered, 

despite continued laser delivery (Figures 3.6A, 3.6D). Gradual decreases in both heart rate and 

blood pressure, which stabilised at 70-80% below baseline values, were also seen during 
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photoinhibition (Figure 3.6D). While blood pressure increased slightly upon recovery of 

respiration, neither heart rate nor blood pressure recovered to baseline values until 

photoinhibition was removed (Figure 3.6D). 
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Figure 3.5 Refer to next page for figure legend 
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Figure 3.5 GtACR2-EYFP inhibits VRC neurons and affected multiple populations. In a separate 

cohort of rats (n = 2, representative traces depicted) to those described in Figures 3.4 and 3.6, 

the effect of GtACR2-EYFP activation was assessed using extracellular multiunit activity 

recordings. Laser onset was associated with an immediate disruption to rhythmic bursting 

activity from VRC neurons (A), although this activity was able to partially recover despite 

continued photoinhibition. Grouping of individual units from these recordings, based on their 

waveform characteristics, revealed that a particular subset (B) were associated with this 

recovery of bursting activity during photoinhibition. A second subset of units (C) remained 

inactive for the duration of photoinhibition, but quickly resumed firing once the laser was 

switched off. It seems likely that the units shown in (B) were responsible for the observed 

inhibition of dEMG activity (D), which also recovered during photoinhibition, while those 

depicted in (C) may have been associated with cardiac effects (E) that did not recover to baseline 

levels until photoinhibition was removed. 
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Figure 3.6 Refer to next page for figure legend 
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Figure 3.6 Physiological responses to photoinhibition in rats expressing GtACR2-EYFP, 

GtACR2Kv2.1, or GtACR2nrxn. Blood pressure and dEMG traces showing physiological responses to 

50 Hz photoinhibition of VRC neurons (period of laser delivery shown in blue) are depicted for 

rats expressing GtACR2-EYFP (representative traces from n = 3 rats, (A)), GtACR2Kv2.1 

(representative traces from n = 9 rats, (B)), or GtACR2nrxn (representative traces from n = 4 rats, 

(C)). To illustrate the effect of photoinhibition across all rats in each group, heart rate (beats per 

minute, magenta), mean arterial pressure (mmHg, green), and respiratory frequency (breaths 

per minute, black) were normalised as a percentage change from the average value of baseline 

recordings in the 20 seconds immediately prior to laser onset, and graphed as the mean ± 95 % 

confidence interval for rats expressing GtACR2-EYFP (n = 3, (D)), GtACR2Kv2.1 (n = 9, (E)), or 

GtACR2nrxn (n = 4, (F)). As photoinhibition duration varied slightly between animals, data 

recorded more than 14 seconds after laser onset is excluded (indicated by a break in the x-axis 

prior to laser being switched off). While the respiratory responses between rats expressing 

GtACR2-EYFP and GtACR2Kv2.1 were similar, cardiac responses were significantly reduced in rats 

expressing GtACR2Kv2.1. This effect on heart rate during photoinhibition is also likely to account 

for the different blood pressure responses between these groups (D, E), with respiratory 

modulation of sympathetic activity seeming much more apparent in rats expressing GtACR2Kv2.1. 

While there were no significant effects on breathing or blood pressure in rats expressing 

GtACR2nrxn, there was a slight decrease in heart rate during 50 Hz laser delivery (see also Figure 

3.7).  
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3.3.4 Fusion with Kv2.1 motif alters cardiovascular, but not respiratory, effects of GtACR2 in 

VRC neurons 

 

When optical fibres were used to probe VRC coordinates in rats expressing GtACR2Kv2.1, 50 Hz 

laser delivery was again found to have the largest physiological impact (Figure 3.6B; 

representative traces from n = 9 rats). Onset of photoinhibition at this frequency immediately 

disrupted rhythmic dEMG activity (breathing), which was replaced for 8.6 (± 2.0) s by tonic 

and/or a complete loss of dEMG activity. This apnoea was similar to that seen in rats expressing 

GtACR2-EYFP, with no significant difference between the number of breaths missed in each 

group (P = 0.43, one-way ANOVA; Figure 3.7A). Following apnoea, rhythmic dEMG activity again 

spontaneously recovered, prior to removal of photoinhibition (Figures 3.6B, 3.6E). Blood 

pressure also gradually decreased from the laser onset. However, unlike in GtACR2-EYFP-

expressing rats, this depressor response was significantly smaller (P = < 0.01, Figure 3.7B) and 

reversed in phase with the recovery of breathing to slightly exceed baseline levels, until 

photoinhibition ceased and blood pressure returned to baseline (Figure 3.6E). Variations in heart 

rate also occurred during photoinhibition in rats expressing GtACR2Kv2.1. Again, these responses 

differed from rats expressing GtACR2-EYFP, being both smaller in magnitude (P = < 0.01, Figure 

3.7C) and, despite typically causing bradycardia, also inducing tachycardia in two rats (total n = 

9 rats; Figures 3.6E, 3.8C). 

  



 92 

 

 

Figure 3.7 Between-group analysis of maximum physiological responses to activation of GtACR2 

variants expressed in VRC neurons. To compare physiological responses elicited by different 

GtACR2 variants in vivo, the number of missed breaths ((A), calculated as the baseline 

respiratory frequency multiplied by apnoea duration), as well as maximum changes in (B) mean 

arterial pressure and (C) heart rate, were plotted for each rat. The colour of data points for each 

rat corresponds to mapping data presented in Figures 3.4D-F. The initial decrease and 

subsequent increase in blood pressure seen during laser delivery in rats expressing GtACR2Kv2.1 

are graphed and denoted as (-) and (+), respectively. Physiological responses to both 50 Hz and 

continuous illumination (see Figure 3.8) in rats expressing GtACR2nrxn are graphed and indicated 

with (50 Hz) or (cont.) notation. Error bars reflect mean ± 95 % confidence interval. Notation 

used to indicate statistical significance between groups (one-way ANOVA) are as follows: ns = 

not significant; ** P = < 0.01; *** P = < 0.001; **** P = <0.0001. 
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3.3.5 GtACR2nrxn expression in VRC neurons does not alter breathing or blood pressure, but 

may affect cardiac function 

 

Given 50 Hz stimulation of GtACR2-EYFP and GtACR2Kv2.1 elicited the strongest physiological 

responses, this frequency was also used initially to probe the medulla for functional responses 

in rats expressing GtACR2nrxn. Though respiration and blood pressure appeared unaffected 

during 50 Hz laser delivery in these rats (Figures 3.6C, 3.6F), a slight decrease in heart rate (15 ± 

11 bpm) was observed (Figure 3.7C, n = 4 rats). During continuous illumination, this bradycardia 

trended towards a larger decrease of 56 (± 36) bpm (Figures 3.7C, 3.8A-B). However, no 

significant differences were found between photoinhibition using 50 Hz or continuous 

illumination across any of the physiological parameters measured in rats expressing GtACR2nrxn 

(Figure 3.7). The bradycardia recorded in rats expressing GtACR2nrxn was significantly smaller 

than that seen in rats expressing GtACR2-EYFP (P = < 0.01), instead being closer to that observed 

in those expressing GtACR2Kv2.1 (P = 0.75, Figure 3.7C). Regardless of the GtACR2 variant 

expressed, these changes in heart rate did not return to baseline values until removal of 

photoinhibition (Figures 3.6, 3.8). 

 

As noted in Section 3.3.3, the strongest physiological responses in rats expressing GtACR2-EYFP 

and GtACR2Kv2.1 were seen when fibre optics were positioned at approximately the same 

coordinates to those used for AAV vector injections. This was not the case in rats expressing 

GtACR2nrxn, where the maximum decrease in heart rate appeared to occur at coordinates 

roughly 1 mm rostral to those seen for GtACR2-EYFP and GtACR2Kv2.1. These observations were 

based on the stereotaxic coordinates of optical fibres recorded during each experiment, as 

multiple fibre entries and difficulties visualising fibre tracts prevented the precise histological 

mapping of optical fibre positions in processed tissue. 

 

As no apnoea occurred in rats expressing GtACR2nrxn, further analysis was conducted to assess 

potential changes in sympatho- and cardiorespiratory coupling during photoinhibition. Analysis 

of waveform averages for heart rate and systolic arterial pressure across 10 breaths, taken either 

prior to or following laser delivery, typically showed a decrease in both heart rate and blood 

pressure during inspiration (Figure 3.8C; representative traces from n = 4 rats). These 

observations, inverse to those normally described for TH waves and RSA, are most likely the 

result of urethane anaesthesia (Bouairi et al. 2004). Anaesthesia may also have affected the 

amplitude of TH waves and heart rate variability, which were relatively small and did not show 
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any significant changes resulting from GtACR2nrxn stimulation (Figures 3.8D-E). However, a 

change in sinus arrhythmia phase, such that the heart rate maxima and minima occurred mid-

way through expiration and inspiration, respectively, was observed during laser delivery in a 

subset of rats with higher heart rate variability (Figure 3.8C; heart rate trace representative for 

n = 2 of 4 rats); no such changes were seen for TH waves. 
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Figure 3.8 Refer to next page for figure legend 

  



 96 

Figure 3.8 Continuous laser delivery increases cardiac effects in rats expressing GtACR2nrxn. (A) 

Representative heart rate, blood pressure, and dEMG traces showing a specific increase in 

bradycardia during continuous laser delivery (blue) in rats expressing GtACR2nrxn (n = 4; see 

Figures 3.4, 3.6 for expression and 50 Hz data). To illustrate the effect of continuous GtACR2nrxn 

stimulation across all rats (n = 4), heart rate (beats per minute, magenta), mean arterial pressure 

(mmHg, green), and respiratory frequency (breaths per minute, black) were normalised as a 

percentage change from the average value of baseline recordings in the 20 seconds immediately 

prior to laser onset, and graphed in (B) as the mean ± 95 % confidence interval. As 

photoinhibition duration varied slightly between animals, data recorded more than 28 seconds 

after laser onset is excluded (indicated by a break in the x-axis prior to laser offset). Continuous 

illumination led to a further decrease in heart rate to that seen with 50 Hz laser delivery (Figure 

3.6F; see also Figure 3.7C), while respiratory frequency also decreased slightly, and blood 

pressure remained unaffected. (C) Representative traces showing waveform averages of heart 

rate (magenta), systolic arterial pressure (green), and dEMG activity (black) over 10 breaths 

taken during baseline, laser stimulus, and recovery periods, as indicated with shaded boxes in 

(A). Inspiration is indicated for each period with a shaded box in (C). Both heart rate and blood 

pressure decreased during inspiration, likely as a result of urethane anaesthesia. This pattern of 

cardiac activity was disrupted during laser delivery in a subset of rats with higher heart rate 

variability (n = 2), suggesting GtACR2nrxn activity may have affected cardiorespiratory coupling. 

No such disruption was seen in blood pressure fluctuations (TH waves), and no significant 

changes in the amplitude of TH waves (D) or RSA (E) were observed (one-way ANOVA, P = > 0.9 

across all comparisons). The colour of data points for each rat in (D) and (E) corresponds to that 

shown for mapping data in Figure 3.4F. 
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3.4 Discussion 

 

In attempting to direct selective somatic or axonal expression, and in doing so elicit consistent 

hyper- or depolarising effects while providing a means to map closely interconnected neural 

circuitry, fusion constructs between GtACR2 and Kv2.1 or Nrxn1 trafficking motifs were 

developed and characterised. Though the Kv2.1 motif did not prevent axonal GtACR2 expression 

in vitro or in vivo, neuronal expression of GtACR2Kv2.1 appeared to be enhanced relative to 

GtACR2-EYFP in transduced VRC neurons. Although technical considerations prevented the 

histological characterisation of GtACR2nrxn expression in vivo, it is interesting to note that rats 

expressing each GtACR2 variant exhibited distinct physiological responses to photoinhibition. 

While rats expressing GtACR2-EYFP displayed apnoea, as well as large decreases in heart rate 

and blood pressure, expression of GtACR2Kv2.1 or GtACR2nrxn appeared to be associated 

specifically with the respiratory or cardiac aspects of this response, respectively. These findings 

may be explained by a preferential distribution of GtACR2 to particular subcellular domains 

and/or cell types that was not sufficiently binary to detect histologically. 

 

The injection protocol used here was designed to specifically target the preBötC within the VRC. 

The preBötC is a core component of rhythmogenic inspiratory circuitry, composed of multiple 

neurochemically distinct populations. Prominent among these are a group of excitatory 

rhythmogenic neurons, crucial to respiration and characterised by their expression of glutamate 

and somatostatin (Tan et al. 2008; Cui et al. 2016), as well as inhibitory, glycinergic neurons that 

modulate breathing and can induce apnoea, but are not rhythmogenic (Sherman et al. 2015). 

Although several other gene products have been identified in preBötC (see Del Negro et al. 

(2018) for review), a specific marker for this region has yet to be identified. As viral vectors 

developed here for expression of the described GtACR2 constructs were designed for generic 

neuronal expression, rather than cell-type specific transduction, a variety of preBötC cell-types 

are likely to have been affected by photoinhibition in the present study. This expected 

heterogeneity among transduced preBötC neurons is reflected in extracellular multiunit activity 

recordings, where some units were able to recovery activity during GtACR2-EYFP-mediated 

photoinhibition while others were not. Each of these groups likely underlies the observed 

respiratory and cardiac responses to photoinhibition, respectively. 

 

A model that may explain the circuitry involved in these physiological responses is presented in 

Figure 3.9. Both GtACR2-EYFP and GtACR2Kv2.1 expression was associated with immediate 
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apnoea at laser onset, with respiratory activity recovering after approximately nine seconds and 

before removal of photoinhibition. Photoinhibition of excitatory preBötC neurons would 

account for this response, although the spontaneous recovery of breathing was somewhat 

unexpected. Previous chemogenetic studies targeting excitatory preBötC neurons induced 

apnoea such that animals required mechanical ventilation for at least 40 minutes before 

breathing recovered (Tan et al. 2008). An explanation for this discrepancy lies in a potentially 

stronger hyperpolarisation from the potassium channels, and/or other effects of second 

messenger pathways, activated via the allatostatin receptor system employed by these authors 

(Birgul et al. 1999; Lechner et al. 2002). If this assumption is true, then input from other 

brainstem regions contributing to rhythmic respiratory activity, which would have been 

suppressed using the allatostatin system, may be sufficient to override weaker GtACR2-

mediated inhibition in this population of neurons. 

 

Manipulation of a separate, inhibitory population of preBötC neurons may underlie the cardiac 

responses that were associated with photoinhibition. Inhibitory input from preBötC to NAmb 

could contribute to increases in heart rate, such as those seen with respiratory sinus arrhythmia, 

by decreasing vagal cardiac parasympathetic activity. Removing preBötC inhibition to NAmb by 

optogenetically inhibiting this circuitry could explain the bradycardia typically observed here. 

However, the reason for such large differences in cardiac responses to photoinhibition in rats 

expressing GtACR2-EYFP, as opposed to GtACR2Kv2.1 or GtACR2nrxn, is unclear. Although axonal 

GtACR2 expression was still evident following fusion with the Kv2.1 trafficking motif, there may 

have been differences in subcellular enrichment of GtACR2 expression between each construct 

that caused these distinct cardiac responses to photoinhibition (discussed further below). 

 

Finally, the decreases in blood pressure seen during photoinhibition were most likely a product 

of removing excitatory input from preBötC to the rostral VLM (RVLM), in the case of GtACR2Kv2.1 

expression, or a combination of reduced RVLM input and a substantially reduced cardiac output 

due to bradycardia in rats expressing GtACR2-EYFP. This is also supported by the increases in 

blood pressure that occurred with the recovery of breathing during photoinhibition in rats 

expressing GtACR2-EYFP or GtACR2Kv2.1, likely reflecting increased sympathetic activity through 

coupling with respiratory drive. 

 

While a small volume was used for viral vector injections targeting preBötC in the present study, 

transduced neurons were also present in some surrounding nuclei. These included varying 
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amounts of viral vector spread to the NAmb dorsally, VLM ventrally, rostral ventral respiratory 

group (rVRG) caudally, and the surrounding IRt. NAmb neurons are a key source of 

parasympathetic vagal tone to the heart (Nosaka et al. 1979), the rVRG contains inspiratory 

premotor neurons (Yamada et al. 1988), and the VLM is a key modulator of sympathetic output 

(Kumagai et al. 2012). The IRt has also recently been shown to influence sympathetic activity 

(Toor et al. 2019). As such, photoinhibition in one or more of these populations outside the 

preBötC could have influenced the observed physiological responses. However, given the 

concentration of transduced neurons in the VRC and overall physiological responses to 

photoinhibition, it is reasonable to credit preBötC/VRC neurons as the primary source of the 

observed effects. Molecular approaches, such as those described in the preceding and 

subsequent chapters, in addition to modifications of the injection volume and/or protocol, may 

enable more refined targeting of preBötC transduction in future studies. Techniques such as 

single-cell transcriptomic sequencing of functionally defined populations may be required to 

facilitate the identification of promoter candidates capable of distinguishing specific autonomic 

nuclei of interest, which would be especially valuable in this context. 

 

The observed physiological responses were also likely impacted by GtACR2 expression in axonal 

projections. Potential ramifications of this are complicated by the reported depolarising effects 

of GtACR2 on the axonal membrane (Mahn et al. 2016; Malyshev et al. 2017), an issue which we 

sought to alleviate in the present study. Despite incorporating the Kv2.1 motif, which previously 

provided somatically localised opsin expression in mouse retinal ganglion cells (Wu et al. 2013) 

and cortical neurons (Baker et al. 2016), axonal GtACR2Kv2.1 expression was evident both in vitro 

and in vivo. However, GtACR2Kv2.1 appeared to be more efficiently expressed by neurons than 

GtACR2-EYFP in vivo. Overexpression of these GtACR2 constructs following transfection of 

hippocampal neurons may have obscured this effect in vitro. 

 

It is interesting to note that this pattern of GtACR2 expression has been replicated in two 

independent studies that emerged concurrent with the present study. These reports describe 

two constructs analogous to GtACR2Kv2.1, both of which exhibited enhanced neuronal 

expression, with some axonal localisation, in mouse cortical neurons (Mahn et al. 2018; Messier 

et al. 2018). However, electrophysiological recordings by these authors revealed that fusion with 

the Kv2.1 motif reduced axonal GtACR2 expression to the extent that axons containing these 

constructs were significantly less likely to produce action potentials when illuminated, 

compared to axons containing GtACR2 fused to a fluorescent tag only. As each construct carried 
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a different fluorescent tag, the use of muGFP here is unlikely to have affected GtACR2 trafficking. 

These results indicate that while GtACR2-Kv2.1 fusion constructs are not entirely excluded from 

the axon, their expression is sufficiently ‘somatically enriched’ to minimise the depolarising 

effects of GtACR2 in the axonal membrane. It seems likely that such a reduction in axonal 

GtACR2 expression following Kv2.1 motif fusion also occurred in the present study, causing a 

significantly reduced cardiac response to photoinhibition. Although the exact mechanism by 

which this occurred is unclear, involvement of axons innervating NAmb seems likely. 

 

A selective axonal enrichment of GtACR2nrxn is also supported by the present study. In contrast 

to GtACR2-EYFP and GtACR2Kv2.1, both of which are expected to have been expressed in the 

somatic membrane of VRC neurons and induced immediate apnoea upon stimulation, breathing 

was unaffected in rats expressing GtACR2nrxn. However, laser delivery in rats expressing 

GtACR2nrxn caused a consistent reduction in heart rate, which aligns with the hypothesis that 

axonal GtACR2 expression mediated cardiac responses. The lesser magnitude of this response, 

and increased laser output from 50 Hz to continuous illumination required to elicit it, may be 

due to relatively low membrane expression levels of GtACR2nrxn compared to GtACR2-EYFP and 

GtACR2Kv2.1, but does suggests this expression could be selective to the axon. In addition, the 

strongest bradycardia in rats expressing GtACR2nrxn was elicited at coordinates roughly 1 mm 

rostral to those at which the most profound physiological responses were observed in rats 

expressing GtACR2-EYFP or GtACR2Kv2.1, an effect that could be explained by trafficking of 

GtACR2nrxn away from the soma. It is important to note that additional experiments, to control 

for potential effects of laser delivery and tissue heating – which can have significant functional 

consequences (Owen et al. 2019) – are required to validate that the observed bradycardia was 

truly due to GtACR2nrxn activity. However, these data give a promising indication that GtACR2nrxn 

is selectively trafficked to the axonal membrane, and clearly show the respiratory and blood 

pressure responses in rats expressing GtACR2-EYFP and GtACR2Kv2.1 were not influenced by such 

factors. 

 

With breathing unaffected in rats expressing GtACR2nrxn, it was also possible to assess effects on 

TH waves and RSA in these animals. Laser delivery did not have a significant effect on sympatho- 

or cardiorespiratory coupling reflected by these variables, although this outcome may have been 

influenced by urethane anaesthesia. Urethane has been reported to invert the pattern of 

cardiorespiratory coupling (Bouairi et al. 2004), as observed here, and may also have resulted in 

a reduced amplitude of TH waves and RSA. It is interesting to note that in a subset of rats with 
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higher heart rate variability, the pattern of RSA appeared to be altered during laser delivery. This 

suggests GtACR2nrxn activation may have impacted circuitry underlying cardiorespiratory 

coupling, in addition to impairing central maintenance of heart rate. 

 

It will be important in future studies to assess the described physiological responses to each 

GtACR2 construct in the absence of complications arising from anaesthesia. Alternative 

approaches that could achieve this include experimentation in conscious animals or the WHBP. 

As optogenetic interventions offer precise temporal control, it would be feasible to briefly 

perturb key autonomic functions without causing undue stress in conscious rats monitored via 

telemetry. Such an approach would allow clear insight into how the affected circuitry modulates 

autonomic function and coupling mechanisms under physiological conditions. A detailed 

understanding of this circuit architecture and its peripheral outputs could be gleaned from 

studies in the WHBP, where decerebration also removes the need for anaesthesia. 

 

In conclusion, data presented in this chapter provide evidence for the successful enrichment of 

GtACR2 expression in somatic and axonal membranes in vivo, following fusion with Kv2.1 or 

Nrxn1 trafficking motifs, respectively. Activation of GtACR2Kv2.1 in rat VRC circuitry primarily 

impacted respiratory activity, while GtACR2nrxn selectively affected cardiac function, with non-

localised GtACR2-EYFP eliciting both respiratory and cardiac responses. This differentiation 

suggests GtACR2Kv2.1 and GtACR2nrxn were trafficked to distinct subcellular compartments, 

although technical considerations necessitate further studies to distinguish the specific neuronal 

populations involved in these responses. Importantly, data produced using the GtACR2Kv2.1 

vector developed here are consistent with observations reported in relation to analogous 

constructs, developed independently from and concurrent with these experiments, showing 

improved neuronal expression and somatic enrichment of GtACR2 following fusion with the 

Kv2.1 trafficking motif. These constructs offer a solution for consistent membrane hyper- or 

depolarisation using GtACR2, while also providing useful tools in dissociating complex functions 

regulated by closely interconnected nuclei – an important step towards understanding the 

underlying neural circuitry. 
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Figure 3.9 Hypothesised circuitry underlying physiological responses to VRC photoinhibition. In 

the present study, photoinhibition of VRC neurons expressing GtACR2-EYFP was associated with 

apnoea, bradycardia, and depressor responses. Transduced neurons were concentrated in the 

preBötC, with some spread caudally to the rVRG; photoinhibition of these inspiratory VRC 

neurons would prevent central respiratory drive to the diaphragm via the phrenic nerve (PN), 

resulting in apnoea. We hypothesise respiratory effects were primarily due to photoinhibition 

of excitatory preBötC neurons. Breathing recovered despite continued photoinhibition, 

suggesting reciprocal connections between respiratory nuclei in the VRC and pons may have 

been capable of overriding GtACR2-mediated photoinhibition in this population. Expiratory 

Bötzinger complex (BötC) and caudal ventral respiratory group (cVRG) populations were not 

directly affected by photoinhibition. The decrease in heart rate (HR) is thought to be due to 

photoinhibition in a separate, inhibitory population of preBötC neurons, effectively disinhibiting 

NAmb neurons and increasing parasympathetic output to the heart via the vagus nerve (VN). A 

combination of decreased sympathetic nerve activity (SNA) through removal of respiratory drive 

and reduced cardiac output also explain the depressor effect. While respiratory responses to 

photoinhibition were maintained in rats expressing GtACR2Kv2.1, cardiac responses were 

significantly reduced. Though the underlying mechanism is unclear, reduced axonal expression 

of GtACR2Kv2.1 seems likely to be involved. Consistent with this hypothesis, cardiac rather than 

respiratory responses to photoinhibition were elicited in rats expressing GtACR2nrxn. Note that 

populations in IRt, NAmb, and VLM, which also contained some transduced neurons, may have 

been directly affected by photoinhibition and influenced the observed physiological responses. 
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Chapter 4 

Selective viral vector transduction of 
central amygdala neurons projecting to 
the nucleus of the solitary tract in rat  
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4.1 Introduction 

 

Nervous systems allow organisms to dynamically integrate and respond to stimuli. Alongside 

those originating in the external environment, such as olfactory, gustatory, tactile, auditory, and 

visual stimuli, which can be classed as ‘exteroceptive’, the body’s internal state must also be 

closely monitored. This is achieved through ‘interoceptive’ inputs, including visceromotor, 

nociceptive, thermal, metabolic, and hormonal signals, conveyed to the central nervous system 

(CNS) either by spinal or cranial nerves, or directly through circulating factors (Critchley et al. 

2013). The CNS in turn coordinates appropriate behavioural and physiological responses 

through efferent projections to various peripheral effector organs and the release of hormones 

(Pace-Schott et al. 2019). The nature of these responses has become particularly sophisticated 

in mammals, where highly developed limbic and cortical structures broadly facilitate the valence 

coding, storage, and retrieval of information (Preston et al. 2013; Namburi et al. 2016). Thus, 

emotional and cognitive experience, which shapes behaviour and visceral function, can itself be 

modulated by internal state. 

 

This concept of reciprocal modulation between cognition, affect, and peripheral physiology is 

encapsulated by the neurovisceral integration (NVI) model, developed by Thayer, Lane and 

colleagues (Thayer et al. 2000, 2009b; Smith et al. 2017). Under the NVI model, a hierarchy of 

nested, bidirectional integration loops within a ‘central autonomic network’ (CAN) are proposed 

to optimise energy expenditure according to present and anticipated future metabolic needs 

based on physiological state and, at higher levels, emotional status and conscious deliberation, 

facilitating goal-directed behaviour and survival (Smith et al. 2017). The core components of the 

CAN, as defined by Benarroch (1993) and in ascending order, include the nucleus of the solitary 

tract (NST), the parabrachial nucleus (PBN), the periaqueductal gray (PAG) and hypothalamus, 

the amygdala, and the insular, medial prefrontal (mPFC), and other subregions of the cerebral 

cortex. In addition to functional characteristics, further described below, retrograde labelling of 

these regions using transneuronal viral tracers injected into the rat myocardium (Ter Horst et al. 

1997), stomach wall (Yang et al. 1999; Rinaman et al. 2000; 2004), associated stellate and celiac 

ganglia, or adrenal gland (Westerhaus et al. 2001) also supports their postulated role as CAN 

nodes within the NVI model. 

 

A variety of afferent sources supply the CAN, including chemoreceptors that respond to local 

and circulating factors, and stretch-sensitive receptors in the walls of hollow organs (Critchley 
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et al. 2013; Pace-Schott et al. 2019). These afferents mainly convey signals related to 

physiological status and autonomic visceral function, entering the CNS via glossopharyngeal and 

vagal terminations in the NST (Torvik 1956; Beckstead et al. 1979; Adachi et al. 1984). The NST 

also receives some exteroceptive inputs, with gustatory information being a notable example 

(May et al. 2006). These afferent signals are integrated by the NST to coordinate medullary 

reflexes across multiple organ systems (Machado et al. 1997; Travagli et al. 2006; Zoccal et al. 

2014), and are also relayed from the NST to all other CAN regions (Benarroch 1993). Additional 

visceral afferents enter the CNS via the spinal cord; however, these have a more prominent role 

in signalling tissue damage and are primarily relayed through the thalamus (Grundy 2002; 

Critchley et al. 2013), which is not considered part of the CAN (Benarroch 1993; Smith et al. 

2017). 

 

Information from the viscera is further integrated with exteroceptive inputs in the pontine PBN, 

which forms a key component of circuitry modulating respiratory and cardiovascular function, 

thermoregulation, and ingestive behaviour (Smotherman et al. 2006; Davern 2014; Campos et 

al. 2016; Yahiro et al. 2017). The midbrain hypothalamus and PAG provide the first point of 

substantial convergence between visceral and somatic motor coordination (Smith et al. 2017); 

for example, both PAG and hypothalamus drive aggressive and defensive behaviours (Lin et al. 

2011; Wang et al. 2015; Falkner et al. 2019; Lefler et al. 2020) and are linked to associated 

cardiovascular responses (Carrive 1993; DiMicco et al. 1996). Behavioural and autonomic 

activity is also coordinated with the endocrine system at this level via the hypothalamus (Smith 

et al. 2006). The amygdala plays a critical role in subliminally orienting attention toward, and 

assigning negative (aversive) or positive (appetitive) valence to, salient stimuli (Mulckhuyse et 

al. 2010; Fernando et al. 2013). Perceptual representations of the body’s internal state are 

produced in the insular cortex (Ceunen et al. 2016), which also serves as the main locus of 

integration between viscerosensory information supplied by the NST and additional nociceptive 

and visceromotor inputs conveyed from spinal afferents via the thalamus (Critchley et al. 2013). 

Finally, conceptual interpretations of perceived inputs, based on previous experience, are 

thought to be generated in other cortical regions, including the mPFC (Smith et al. 2017). 

 

In addition to the ‘bottom-up’ perspective used here to introduce the CAN, each of the nodes 

listed share strong reciprocal connections, facilitating ongoing integration, feedback, and 

adjustment of network activity, as well as descending central modulation of autonomic function 

(Benarroch 1993; Smith et al. 2017). CAN innervation and modification of sympathetic and 
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parasympathetic output from neurons of the ventrolateral medulla (VLM), dorsal motor nucleus 

of vagus (10N), and nucleus ambiguus (NAmb) ultimately give rise to this descending control 

(Critchley et al. 2013). Heart rate variability (HRV), primarily driven by parasympathetic output 

from NAmb, has been posited as an accessible, direct index of CAN output (Thayer et al. 2009a; 

Smith et al. 2017). A reduction in HRV under threatening or uncertain circumstances, for 

example, is thought to arise from the removal of tonic mPFC inhibition of the amygdala, 

disinhibiting direct amygdaloid projections to the medulla (Thayer et al. 2009b). Though this 

effect facilitates acute energy mobilisation and survival, such circuitry also provides a potential 

mechanism underlying cardiovascular comorbidities associated with chronic stress and anxiety 

(Cohen et al. 2015), illustrating how a comprehensive understanding of CAN architecture and 

function may provide insight into the aetiology of, and potential therapeutic remedies to, a 

variety of pathologies involving close interactions between psychological and physiological 

processes. 

 

Amongst structures comprising the CAN, the amygdala has emerged as a major hub for 

orchestrating emotional and physiological components of behavioural responses. Some of the 

most compelling evidence for this association stems from patients with temporal lobe epilepsy, 

where case reports of electrical stimulation or lesion implicate the amygdala in producing 

anxious or fearful experiences and behaviour, as well as sympathetic arousal reflected by pupil 

dilation, sweating, altered respiratory rhythms and cyanosis, tachycardia, and pressor responses 

(Chapman et al. 1954; 1957; Masaoka et al. 2003; Dlouhy et al. 2015). Thus, along with its well-

established role in learning, primarily involving the basolateral nucleus (BLA) which mediates 

valence coding of experiences as aversive or rewarding (Janak et al. 2015), the amygdala also 

appears to modulate visceral activity. Although numerous preclinical experiments have assessed 

the effects of electrically or chemically manipulating the amygdala on cardiovascular and 

respiratory function, there has been considerable variation in the nature of observed responses 

between and within studies. These differences likely reflect confounding factors arising from 

variation in anaesthesia and stimulus parameters used, the affected regions and neuronal 

populations, and species studied (Mogenson et al. 1973; Faiers et al. 1975; Gelsema et al. 1987; 

Iwata et al. 1987). 

 

Evidence also exists for amygdaloid regulation of ingestive behaviour and gastrointestinal 

function. Electrical stimulation of the amygdala has been shown to affect vagally-mediated 

gastric motility (Shealy et al. 1957; Fennegan et al. 1966; Liubashina et al. 2002; Lyubashina 
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2004). Similarly, electrical and chemical amygdala stimulation has been associated with 

increased gastric acid secretion and the development of gastric ulcers and haemorrhages, which 

are prevented by vagotomy (Shealy et al. 1957; Henke 1980; Hernandez et al. 1990). Neurons in 

the amygdala are activated by intraperitoneal delivery of acetic acid (Nakagawa et al. 2003), and 

their lesion abolishes conditioned aversion to environments associated with this noxious visceral 

stimulus (Tanimoto et al. 2003). Furthermore, NST neurons responsive to gastric or intestinal 

distension are modulated by stimulation of the amygdala (Zhang et al. 2003), as are taste-

sensitive NST neurons (Li et al. 2002; Cho et al. 2003; Kang et al. 2010). In the latter case, this 

influence of the amygdala on NST neurons is thought to enhance discrimination of palatable and 

aversive gustatory stimuli (Cho et al. 2003; Kang et al. 2010). Though amygdala lesion does not 

affect conditioned taste aversion (Reilly et al. 2005; Andre et al. 2007), chemo- and optogenetic 

studies suggest a role in appetite suppression, in part through afferent PBN input (Carter et al. 

2013; Zseli et al. 2018). 

 

These described visceral functions appear to be primarily mediated by direct axonal projections 

from the amygdala to the medulla. The -aminobutyric acid (GABA)-expressing central nucleus 

(CeA) serves as the main output source from the amygdala (Ehrlich et al. 2009), establishing 

long-range connections with other CAN regions, including the NST. Efferent projections from the 

CeA to NST have been demonstrated in rats using anterograde tracers delivered to CeA (van der 

Kooy et al. 1984; Danielsen et al. 1989; Zahm et al. 1999; Saha et al. 2000; Chiou et al. 2014) and 

fluorescent dyes retrogradely transported from the NST (van der Kooy et al. 1984; Veening et 

al. 1984; Gray et al. 1987a; Thompson et al. 1989). Similar findings in mouse (Gasparini et al. 

2020), rabbit (Schwaber et al. 1980; 1982), cat (Hopkins et al. 1978; Onai et al. 1987), and 

macaque (Price et al. 1981) demonstrate that this innervation of NST by CeA neurons is well 

conserved across species. Diffusion magnetic resonance imaging (MRI)-based tractography also 

supports the likely existence of this pathway in humans (Arrigo et al. 2017). 

 

The neurochemical composition of CeA populations projecting to the NST (referred to here as 

CeA NST neurons) has been investigated through further tracing and immunohistochemical 

studies. In addition to GABA, CeA NST neurons express the neuropeptides somatostatin (SST), 

corticotropin-releasing factor, neurotensin, substance P (SP), and vasoactive intestinal peptide, 

as well as the enzyme nitric oxide synthase (Higgins et al. 1983; Gray et al. 1987a; Saha et al. 

2000; Batten et al. 2002; Saha et al. 2002), and 5-HT1A, 5-HT1B serotonergic (Saha et al. 2010), 

and 2A adrenergic (Glass et al. 2002), receptors. Close apposition of anterogradely-labelled CeA 
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axons to NST neurons expressing sst2A, neurokinin-1, and GABAA receptors further support a role 

for SST, SP, and GABA signalling in this pathway (Batten et al. 2002; Saha et al. 2002). An absence 

of immunoreactivity for met-enkephalin and galanin in CeA NST neurons was also noted by 

Gray et al. (1987a), with the latter neuropeptide instead expressed by CeA neurons projecting 

to the PAG (Gray et al. 1987b; Steinberg et al. 2020). If gene products capable of selectively 

demarcating CeA NST neurons exist, they have to date remained elusive. For example, SST CeA 

populations project not only to NST, but also to PAG, VLM, substantia nigra (SN), and bed nucleus 

of the stria terminalis (BNST) (Bowman et al. 2013; Penzo et al. 2014; Steinberg et al. 2020). 

 

Rather than neurochemical phenotype, which may orchestrate overarching behavioural 

responses (Fadok et al. 2017), specific modalities mediated by CeA subpopulations appear to be 

defined more so by their projection target. Two lines of evidence support this hypothesis. Firstly, 

dual retrograde tracing and single-axon reconstruction studies indicate that individual 

projection targets are innervated by essentially distinct CeA efferent populations, with 

collaterals being sparse where present (Thompson et al. 1989; Veinante et al. 2003; Viviani et 

al. 2011; Han et al. 2017). The apparently contradictory observations of Xu et al. (2016) likely 

resulted from their highly sensitive molecular approach, which may not differentiate primary 

projection targets from their sparse collaterals. Secondly, functional studies indicate that 

different aspects of responses mediated by the CeA are achieved through projections to 

particular downstream targets. Behavioural (freezing) responses to fear-conditioned stimuli in 

rodents, for example, are mediated through projections to the PAG, whereas concomitant 

cardiovascular responses likely result from separate projections innervating the medulla 

(LeDoux et al. 1988; Viviani et al. 2011). 

 

To facilitate a clearer understanding of this circuitry, the present chapter aimed to establish a 

method for targeted viral vector transduction of rat CeA NST neurons, while also validating a 

novel adeno-associated viral (AAV) vector, developed here for Cre-recombinase-dependent 

expression of the Guillardia theta anion channel rhodopsin 2-Kv2.1 motif fusion construct 

(GtACR2Kv2.1) introduced in Chapter 3. This construct was designed for localised somatic 

expression, to avoid inconsistencies in membrane polarisation upon GtACR2 activation arising 

from variations in somatodendritic and axonal intracellular chloride environments (Mahn et al. 

2016), and to provide a tool for interrogating closely interconnected neural circuity. Despite not 

being exclusively localised to the soma, GtACR2Kv2.1 was found to exhibit enhanced neuronal 

expression, while analogous constructs have been reported to significantly reduce GtACR2-
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mediated axonal depolarisation (Mahn et al. 2018; Messier et al. 2018). Cre-dependent 

regulation of GtACR2Kv2.1 production therefore offers a versatile approach for cell-type specific 

photoinhibition of neural circuitry, including CeA NST neurons, in conscious, behaving animals.  
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4.2 Methods 

 

4.2.1 Animals 

 

All procedures were approved by the University of Melbourne Animal Research Ethics and 

Biosafety Committees and conducted in accordance with the Code of Practice for the Care and 

Use of Animals for Scientific Purposes published by the Australian National Health and Medical 

Research Council. Experiments involved adult male Sprague Dawley rats, housed under a 12 h 

light-dark cycle (lights on 06:30) at 22 ± 1 ˚C with ad libitum access to water and standard chow. 

 

4.2.2 Plasmid and viral vectors 

 

To achieve Cre-dependent expression, GtACR2Kv2.1 was incorporated into pAAV-hSyn-DIO-

(hCAR)off-(ChETA-mRuby2)on-W3SL plasmid (Addgene plasmid #111391; Li et al. (2018); a gift 

from Prof Adam Kepecs (Cold Spring Harbor Laboratory, NY, USA)), replacing the ChETA-mRuby2 

coding sequence. The resulting vector expresses the human coxsackievirus and adenovirus 

receptor (hCAR) in transduced neurons prior to Cre-mediated recombination, providing 

enhanced tropism for canine adenovirus 2 (CAV2) vectors, as described by (Li et al. 2018). 

Following recombination, hCAR is replaced by GtACR2Kv2.1 expression. GtACR2Kv2.1 was amplified 

by polymerase chain reaction (PCR) from pAAV-CAG-GtACR2Kv2.1-P2A-mCherry (Chapter 3) using 

Forward (5’-GTAGTAGCTAGCCACCATGGCCTCCCAG) and reverse (5’-

CATCATTTAATTAAAACCGCGTAGCCTCTGGAAAATC) primers. These primers included NheI and 

PacI adaptor sequences, respectively, which were used to ligate GtACR2Kv2.1 into the pAAV-hSyn-

DIO-(hCAR)off-(ChETA-mRuby2)on-W3SL plasmid, following excision of ChETA-mRuby2 using 

these enzymes, resulting in pAAV-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL plasmid. Co-

transfection of this construct with pDPI and pDPII plasmids (Grimm et al. 2003) into AAV293 cells 

(Agilent Technologies, CA, USA) preceded harvesting and iodixanol gradient purification (as 

described by Zolotukhin et al. (1999) and Ganella et al. (2013)) of AAV1/2-hSyn-DIO-(hCAR)off-

(GtACR2Kv2.1)on-W3SL vector. Titration of the purified vector was performed as described by Ma 

et al. (2017a), using forward (5’-CATTCTCGGACACAAACTGGAGTACAAC) and reverse (5’-

GTCTGCTAGTTGAACGGAACCATCTTC) primers targeting the monomeric ultrastable green 

fluorescent protein (muGFP) coding sequence, rather than WPRE (which is replaced here by 

W3SL). All primers were synthesised by Bioneer Pacific (VIC, Australia). Vent® DNA polymerase, 

NheI, and PacI enzymes were procured from New England Biolabs (VIC, Australia). T4 DNA ligase 
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was supplied by Promega (NSW, Australia). Sanger sequencing (Australian Genome Research 

Facility, VIC, Australia) was used to verify the PCR amplified insert. AAV-DJ-hSyn-FLEX-mGFP-2A-

Syp-mRuby (Beier et al. 2015) was purchased from the Stanford Vector Core Facility (Stanford 

University, CA, USA; Reference No. GVVC-AAV-100). CAV2-Cre (Hnasko et al. 2006) and CAV2-

CreGFP (Uematsu et al. 2017) vectors were supplied by the PVM Vector Core (Institute of 

Molecular Genetics of Montpellier, France). 

 

4.2.3 Stereotaxic injections 

 

Rats (200-300 g) were lightly anesthetised by inhalation of isoflurane (Rhodia Australia Pty. Ltd., 

VIC, Australia) in an enclosed chamber, prior to intramuscular (i.m.) injection of ketamine (60 

mg/kg; Lyppard, VIC, Australia) mixed with medetomidine (250 μg/kg; Pfizer Animal Health, 

NSW, Australia). Once deeply anesthetised, as determined by lack of pedal withdrawal and 

corneal reflexes, rats were placed in a stereotaxic frame (RWD Life Science, GD, China). Body 

temperature was maintained at 37.5 ˚C during surgery with a heat pad (TC-1000 Temperature 

Controller, CWE Inc., PA, USA). A midline incision was made along the scalp, and burr holes 

drilled through the skull to allow access to stereotaxic coordinates targeting the amygdala. Two 

75 nl injections of either AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby (6.42 × 1012 gc/ml, n = 9 rats) 

or AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL (2.34 × 1011 gc/ml, n = 4 rats) were delivered 

bilaterally via a glass micropipette (~30 µm external tip diameter) connected to a picospritzer 

(World Precision Instruments, FL, USA). The coordinates used for these injections, relative to 

bregma (AP, ML) and brain surface (DV), were: Site #1: AP - 2.20 mm, ML ± 3.90 mm, DV -7.20 

mm; Site #2: AP - 2.80 mm, ML ± 4.00 mm, DV - 7.20 mm; pipette angled 0 ˚, head flat. To 

minimise reflux of injectate up the injection track, the pipette was left in place for 2 min after 

each injection, before being was slowly withdrawn. The wound was closed using sterile sutures, 

prior to subcutaneous administration of meloxicam (1mg/kg, Metacam, Boehringer Ingelheim, 

NSW, Australia), intraperitoneal (i.p.) injection of Hartmann’s solution (Baxter Healthcare, NSW, 

Australia) for fluid replacement, and anaesthesia reversal with atipamezole (1 mg/kg, i.m., 

Antisedan, Pfizer Animal Health). 

 

Following two weeks recovery, rats were anaesthetised and placed in a stereotaxic frame (RWD 

Life Science) as described, with nose ventro-flexed (incisor bar -15 mm). The dorsal brainstem 

was exposed by a midline incision over the occipital bone, portions of which were removed with 

a dental drill, and opening of the atlanto-occipital membrane. Two 50 nl injections of either 
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CAV2-CreGFP or CAV2-Cre (2.00 × 1010 gc/ml, both vectors) were delivered to the NST of each 

rat via a glass micropipette (~30 µm external tip diameter) connected to a picospritzer (World 

Precision Instruments). Coordinates for these injections, which targeted either the caudal or 

rostral NST, were: Caudal site #1: AP - 0.25 mm, ML 0.00 mm, DV -0.43 mm; Caudal site #2: AP 

+ 0.73 mm, ML + 0.55 mm, DV - 0.21 mm; Rostral site #1: AP + 1.62 mm, ML + 1.00 mm, DV - 

0.53 mm; Rostral site #2: AP + 2.15 mm, ML + 1.30 mm, DV - 0.74 mm (coordinates relative to 

obex (AP, ML) and brainstem surface (DV), pipette angled 20 ˚ rostrally). Injections lateral to the 

midline were made unilaterally (left side). The wound was closed, and meloxicam (Boehringer 

Ingelheim), Hartmann’s solution (Baxter Healthcare), and atipamezole (Pfizer Animal Health) 

delivered as described. Rats were maintained for a further 6 weeks prior to sacrifice. 

 

4.2.4 Histology 

 

Rats were deeply anaesthetised via inhalation of isoflurane or urethane injection (1.2 mg/kg, 

i.p.) and sacrificed by transcardial perfusion with 1 ml/g ice cold phosphate buffered saline (PBS), 

followed by 1 ml/g of 4 % (w/v) paraformaldehyde (PFA) in PBS. Dissected brains were post-

fixed in 4 % PFA overnight at 4 ˚C, then transferred to a 20 % (w/v) sucrose solution (4 ˚C, 48 h) 

for cryoprotection. A cryostat was used to collect free-floating coronal sections (40 µm) through 

the brainstem, from the pyramidal decussation to the level of the trigeminal nucleus, and the 

forebrain, from the merger of anterior and inferior horns of the lateral ventricle caudally, to that 

of the lateral and third ventricles rostrally. Immunohistochemistry (IHC) was performed as 

previously described (Chen et al. 2010; Sevigny et al. 2012; Menuet et al. 2014). Forebrain 

sections from rats that received AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby were incubated with 

chicken anti-GFP (1:5000; AB13970, Abcam, VIC, Australia) and rabbit anti-DsRed (1:5000; Cat. 

No. 632496, Takara Bio USA, CA, USA) primary antibodies. Brainstem sections from these rats 

were incubated with the same primary antibodies, in addition to mouse anti-tyrosine 

hydroxylase (TH) (1:5000; MAB318, Merk Millipore, VIC, Australia). AlexaFluor-488-conjugated 

donkey anti-chicken, Cy3-conjugated donkey anti-rabbit, and Cy5-conjugated donkey anti-

mouse secondary antibodies (1:500 each; Jackson Laboratory) were used to visualise each 

marker, respectively. Where rats received AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL, 

chicken anti-GFP (1:5000; AB13970, Abcam) was applied to brainstem and forebrain sections, 

with mouse anti-TH (1:5000; MAB318, Merk Millipore) and goat anti-choline acetyltransferase 

(ChAT; 1:1000; AB144P, Merck-Millipore) primary antibodies also included for brainstem 

sections. AlexaFluor-488-conjugated donkey anti-chicken, Cy3-conjugated donkey anti-mouse, 
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and Cy5-conjugated donkey anti-goat (1:500 each; Jackson Laboratory) secondary antibodies 

were applied to fluorescently label these markers. Bis-benzimide H (Hoechst) 33342 (1 µg/ml; 

Sigma-Aldrich, NSW, Australia) was included as a nuclear counterstain in all secondary antibody 

incubations. 

 

4.2.5 Imaging 

 

Immunofluorescent labelling was imaged using an LSM 780 Zeiss Axio Imager 2 laser scanning 

confocal microscope (Carl Zeiss AG, Oberkochen, Germany). In rats that received injections of 

AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby to the amygdala and CAV2-CreGFP or CAV2-Cre to the 

NST, mGFP/CreGFP- (AlexaFluor-488), Syp-mRuby- (Cy3), and TH- (Cy5) immunoreactivity was 

imaged. Where AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL and CAV2-Cre were injected to 

the amygdala and NST, respectively, immunoreactivity for muGFP (AlexaFluor-488), TH (Cy3), 

and ChAT (Cy5) was imaged. All immunolabelling was accompanied by Hoechst 33342 nuclear 

staining. Each fluorophore was imaged using excitation wavelength and emission filter 

parameters as follows: Hoechst 33342, 405 nm (410-496 nm); GFP/AlexaFluor-488, 488 nm 

(499-552 nm); Syp-mRuby/Cy3, 561 nm (561-624 nm); Cy5, 633 nm (638-759 nm). Tiled epi-

fluorescent scans using a 10 × air objective lens, automated stitching stage, and Zen Black 

software (Carl Zeiss AG) were used to image whole coronal sections in rats that received 

amygdala AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby injections. Affinity Designer software (Serif, 

UK) was used to manually trace mGFP-labelled fibres from imaged coronal sections and map 

them to Paxinos and Watsons’s rat brain atlas (Paxinos et al. 2014). Confocal images were also 

collected from regions of interest in rats where CAV2 vector injections targeted the rostral NST, 

with either AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby or AAV1/2-hSyn-DIO-(hCAR)off-

(GtACR2Kv2.1)on-W3SL injected to the amygdala. These images were acquired using a 20 × air 

objective lens, automated stitching stage, and Zen Black software (Carl Zeiss AG), with maximum 

projection images, from planes imaged at 2 µm intervals through the entire z-axis, generated in 

Fiji software (Schindelin et al. 2012). 
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4.3 Results 

 

4.3.1 CAV2 vector injections to rostral, but not caudal, NST efficiently transduces CeA efferents 

 

To establish a protocol for cell-type specific transduction of CeA NST neurons, AAV-DJ-hSyn-

FLEX-mGFP-2A-Syp-mRuby (Figure 4.1A) was delivered via bilateral injections to the amygdala, 

with midline or unilateral CAV2-CreGFP injections made at sites targeting either the caudal or 

rostral NST (Figure 4.1B). This vector combination provides labelling of CeA efferent neurons 

with membrane bound GFP (mGFP) and synaptophysin-mRuby (Syp-mRuby) fluorophores in the 

presence of Cre-recombinase, which must be delivered by retrograde CAV2 vector transport 

from terminals innervating the NST. While mGFP is expressed throughout the neuronal 

membrane following co-transduction of CeA efferents, Syp-mRuby provides putative labelling 

of presynaptic sites in these neurons (Beier et al. 2015; Lerner et al. 2015). CreGFP 

immunofluorescence, which localises primarily to the nucleus and soma (Kaspar et al. 2002; Li 

et al. 2018), was used here to validate CAV2 vector injection sites in the NST. 

 

Fluorescent signal from GFP-immunoreactive cell bodies at coordinates targeted by the more 

caudal NST injections (Figures 4.1C, 4.1D; representative images from n = 3 rats) indicated that 

CAV2-CreGFP was delivered primarily to medial (SolM), commissural (SolC), and intermediate 

(SolIM) regions. Additional somatic labelling in the area postrema (AP), 10N, and dorsolateral 

NST (SolDL) reflected limited CAV2-CreGFP spread to these neighbouring areas, likely including 

some reflux along the injection tract. At NST levels rostral to these injection sites, sparse 

labelling of fibres with GFP and Syp-mRuby immunoreactivity (Figures 4.1E, 4.1F; representative 

images from n = 3 rats) was observed. A similar pattern of immunoreactivity in the CeA and stria 

terminalis (Figure 4.1G; representative image from n = 3 rats) suggested that although some co-

transduction of CeA neurons with AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby and CAV2-CreGFP 

had occurred, it was relatively inefficient in these animals. 

 

In rats that received CAV2-CreGFP injections targeting rostral NST coordinates (Figure 4.2A), 

GFP-immunofluorescent cell bodies were concentrated in SolM, SolIM, and dorsomedial 

(SolDM) regions, again with limited spread to neighbouring areas including 10N (Figures 4.2B, 

4.2C; representative images from n = 2 rats). Clear GFP- and Syp-mRuby-immunoreactivity in 

CeA cell bodies, as well as fibres innervating the NST (data not shown), indicated efficient co-

transduction of CeA efferent neurons following CAV2 vector injection to these rostral 
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coordinates. To remove the potential for confounding CreGFP-immunoreactivity when mapping 

mGFP-expressing CeA fibres innervating NST, injections of CAV2-Cre were performed in a second 

cohort of rats using these validated coordinates (n = 4 rats; Figure 4.2A). Different densities of 

labelling, with similar distributions, were observed in two of these rats compared to the others; 

the highest density labelling is described first. 

 

Dense labelling of neuronal cell bodies with mGFP- and Syp-mRuby-immunoreactivity in the 

medial division of the CeA (CeM) was evident ipsilateral to the CAV2-Cre NST injection sites in 

these rats (Figure 4.2D; representative image for n = 2 rats). Consistent with previous tracing 

studies (van der Kooy et al. 1984; Danielsen et al. 1989; Chiou et al. 2014), only sparse labelling 

was present in the contralateral CeM (Figure 4.2E; representative image for n = 2 rats). 

Prominent mGFP- and Syp-mRuby-immunoreactivity was also present in fibres coursing through 

the ipsilateral stria terminalis (Figure 4.2F; representative image from n = 2 rats). The abundant 

expression of Syp-mRuby in this fibre tract, likely reflecting its trafficking along the axon, 

indicates that this construct should not be used in isolation as a pre-synaptic marker. Instead, 

Syp-mRuby appears to serve more so as an ‘axonal’ marker, with further evidence, such as 

proximity to a labelled post-synaptic molecule, required to indicate synaptic localisation. For this 

reason, further characterisation of Syp-mRuby expression in CeA NST neurons was not 

performed here. Similar patterns of expression were seen in the remaining two rats that 

received CAV2-Cre injections to rostral NST. However, substantially fewer CeM neurons were 

transduced (Figure 4.2G; representative data from n = 2 rats), with an associated decrease in 

the density of mGFP/Syp-mRuby-labelled fibres.  

 

The first two rats of this cohort, which exhibited robust transduction of CeA NST neurons 

(Figure 4.2D), received CAV2-Cre injections on the day this vector was thawed from -80 ˚C 

storage. The injections in the second two rats, that showed an apparent reduction in 

transduction efficiency (Figure 4.2G), were made after the same CAV2-Cre aliquot had been 

stored for 2 days at 4 ̊ C or on ice. Therefore, the reduction in transduction efficiency may reflect 

a temperature-dependent decrease in CAV2 vector infectious titre following short-term storage 

at this higher temperature. It should be noted that the CAV2-CreGFP vector was also stored and 

used over several days at 4 ˚C or on ice and appeared to be associated with a similarly reduced 

transduction efficiency in these rats. Despite these differences in transduction efficiency, a 

consistent distribution of labelled CeM neurons and fibres innervating the NST (Figures 4.2H-J; 

representative images for n = 2 rats with most robust CeA NST transduction efficiency; see 
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also Section 4.3.2 below) was observed across all six rats that received CAV2 vector injections to 

the rostral NST. 

  



 117 

 
 
Figure 4.1. Refer to next page for figure legend.  
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Figure 4.1. CAV2 vector injections to caudal NST sparsely transduce CeA efferents. (A) Schematic 

representation of the viral vector genome for AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby, used 

here to validate CAV2 vector NST injection coordinates and map the distribution of CeA NST 

fibres. In the presence of Cre-recombinase, neurons transduced with this AAV vector express 

membrane bound GFP (mGFP), which provides labelling throughout the neuronal membrane, 

and synaptophysin-mRuby (Syp-mRuby), that putatively labels presynaptic sites. The 

experimental design followed is summarised in (B). Bilateral injections of AAV-DJ-hSyn-FLEX-

mGFP-2A-Syp-mRuby to the amygdala were made in rats (n = 3) two weeks prior delivery of 

CAV2-CreGFP at two sites in caudal NST, after which rats were maintained for a further six weeks 

before transcardial perfusion and histological processing. Midline (C) and unilateral (D) 

subpostremal NST injection sites were validated using presumptive CreGFP-immunoreactive cell 

bodies (green), which predominantly localised to medial (SolM), intermediate (SolIM), and 

commissural (SolC) subregions (TH-immunoreactivity shown in magenta; Hoechst nuclear stain 

shown in blue). Sparse labelling of GFP- (green) and Syp-mRuby- (red) immunoreactive fibres 

was also observed in caudal NST, with a representative image from SolM (Bregma -13.36 mm) 

depicted in (E) (examples of Syp-mRuby immunoreactivity indicated by arrow heads; Syp-mRuby 

immunoreactivity alone also provided in (E’)). Similar sparse labelling of fibres in rostral NST (F) 

(GFP- and TH- immunoreactivity shown in green and magenta, respectively, with Hoechst 33342 

nuclear stain shown in blue), as well as CeA and stria terminalis (G) (GFP-immunoreactivity 

shown in green, Hoechst nuclear stain shown in blue) indicated limited co-transduction of 

CeA NST neurons in these rats. Higher magnification images of GFP-immunoreactivity in 

ipsilateral NST, as well as CeA and stria terminalis, are shown in (F’) and (G’), respectively. All 

images depict representative data from n = 3 rats. Abbreviations: AP, area postrema; CC, central 

canal; CeC, central amygdaloid nucleus, capsular part; CeL, central amygdaloid nucleus, lateral 

division; Gr, gracile nucleus; hSyn, human synapsin 1 promoter; IR, immunoreactivity; L-ITR, left 

inverted terminal repeat; polyA, human growth hormone polyadenylation signal; R-ITR, right 

inverted terminal repeat; sol, solitary tract - nucleus of the solitary tract (Sol) subregions: SolC, 

commissural part; SolDL, dorsolateral part; SolDM, dorsomedial part, SolG, gelatinous part; SolI, 

interstitial prat; SolIM, intermediate part; SolL, lateral part; SolM, medial part; SolV, ventral part; 

SolVL, ventrolateral part – st, stria terminalis; SubP, subpostrema area; T2A, Thosea asigna virus 

2A self-cleaving peptide; WPRE, woodchuck hepatitis virus post-transcriptional regulatory 

element; 10N, dorsal motor nucleus of vagus; 12N, hypoglossal nucleus.  
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Figure 4.2. Refer to pages 120-121 for figure legend. 
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Figure 4.2. Robust, cell-type specific transduction of CeA NST neurons following CAV2 injections 

to rostral NST. (A) To assess the efficacy of CeA NST neuronal transduction following CAV2 

vector delivery to rostral NST, a separate cohort of rats (n = 6) received bilateral AAV-DJ-hSyn-

FLEX-mGFP-2A-Syp-mRuby injections targeting the amygdala. Two weeks later, CAV2-CreGFP (n 

= 2 rats) or CAV2-Cre (n = 4 rats) was delivered unilaterally to two sites in the rostral NST. Rats 

were maintained for a further six weeks prior to transcardial perfusion and histological 

processing. To validate these coordinates, the rostral NST was imaged for GFP-immunoreactive 

cell bodies (green; presumed CreGFP expression from injected CAV2 vector), which were found 

localised in dorsomedial (SolDM), intermediate (SolIM), and medial (SolM) subregions ((B, C); 

TH-immunoreactivity shown in magenta; Hoechst nuclear stain shown in blue; representative 

images from n = 2 rats). Transduced cell bodies were also present in some neighbouring regions, 

most notably the dorsal motor nucleus of vagus (10N). (D) Injection of Cre-expressing CAV2 

vectors to rostral NST was associated with robust transduction of cell bodies expressing mGFP 

(green) and Syp-mRuby (red) in the ipsilateral CeA, specifically its medial division (CeM) (Hoechst 

nuclear stain shown in blue; representative image for n = 2 rats which received CAV2-Cre 

injections on the day this vector was thawed from - 80 ˚C storage; data in E, F, and H-J are from 

the same animal as that shown here in D). (E) Sparse transduction of neurons in the contralateral 

CeM was also observed (representative image for n = 2 rats, as described in D). (F) 

Immunoreactivity for both mGFP (green) and Syp-mRuby (red) was readily visualised in the stria 

terminalis fibre tract, indicating that Syp-mRuby labels both axons of passage and presynaptic 

sites (representative image from n = 2 rats, as described in D). (G) The injection of CAV2 vectors 

following storage at 4 ˚C or on ice resulted in substantially reduced transduction efficacy, as 

illustrated in ipsilateral CeM here from a rat injected 48 hrs after initial thawing of CAV2-Cre 

from - 80 ̊ C storage (representative image for n = 4 rats; CAV2-CreGFP injections were also made 

after vector storage at 4 ˚C; fluorescent markers as described for D). Examples of transduced 

CeA fibres (showing immunoreactivity for mGFP (green) and Syp-mRuby (red)) innervating the 

NST are depicted in (H-J) (representative images for n = 2 rats, as described in D; TH-

immunoreactivity shown in magenta; Hoechst nuclear stain shown in blue). 
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Figure 4.2 (continued). Abbreviations: Central amygdaloid nucleus (Ce) subregions; CeC, 

capsular part; CeL, lateral division; CeM, medial division – IR, immunoreactivity; IS, inferior 

salivatory nucleus; LV, lateral ventricle; MeAD, medial amygdala, anterodorsal part; sol, solitary 

tract – nucleus of the solitary tract (Sol) subregions; PSol, parasolitary nucleus; SolCe, central 

part; SolDL, dorsolateral part; SolDM, dorsomedial part; SolG, gelatinous part; SolL, lateral part; 

SolM, medial part; SolI, interstitial part; SolIM, intermediate part; SolRL, rostrolateral part; SolV, 

ventral part; SolVL, ventrolateral part – st, stria terminalis; 4V, fourth ventricle; 10N, dorsal 

motor nucleus of vagus; 12N, hypoglossal nucleus. 
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4.3.2 Mapping of CeA NST efferents exiting the amygdala and innervating the brainstem 

 

In rats that received CAV2-Cre vector injections to the rostral NST, mapping of mGFP-

immunoreactive cell bodies and fibres revealed a distribution broadly consistent with that 

described in previous tracing studies (van der Kooy et al. 1984; Danielsen et al. 1989; Zahm et 

al. 1999; Saha et al. 2000) (Figures 4.3, 4.4; representative mapping for n = 4 rats). Efferent fibres 

emanating from transduced CeM neurons were either funnelled caudally to exit the amygdala 

via the stria terminalis (Figure 4.3F), or followed a more dispersed, anteromedial trajectory into 

the ventral amygdalofugal (VAF) pathway (Figure 4.3B). Those efferents entering the stria 

terminalis proceeded caudally before following this fibre tract dorsally (Figure 4.3H) and looping 

back in a rostral direction, passing dorsal to their transduced soma in the amygdala (Figures 

4.3C-E). During their ventral descent, which primarily followed the medial boundary of the 

internal capsule, efferents exited the stria terminalis via the sublenticular extended amygdala, 

where they intermingled with mGFP-labelled amygdalofugal fibres rostral to CeA (Figure 4.3A). 

These interspersed fibres projected caudally past the amygdala in a loose formation along the 

medial border of the internal capsule, gradually concentrating in the lateral hypothalamus to 

continue their path caudally within the medial forebrain bundle (Figures 4.3G-I). Notable 

deviations from these described pathways included relatively sparse fibres travelling ventrally 

from the caudal pole of the CeA towards the basomedial amygdala (Figures 4.3E, 4.3F) and 

amygdalopiriform transition area (Figures 4.3H, 4.3I), as well as a collection of fibres proceeding 

dorsally from those entering the medial forebrain bundle to innervate the mediodorsal thalamic 

nucleus (Figures 4.3H, 4.3I). Regions immediately rostral and caudal to those illustrated in Figure 

4.3 were not mapped in the present study. 

 

Mapping in these animals was resumed in the pontine brainstem, where punctate mGFP-

immunoreactivity surrounding the trigeminal nucleus indicated transection of CeA efferents 

taking a direct caudal trajectory (Figure 4.4A). Labelled fibres continued towards the medulla by 

passing through the reticular formation (Figures 4.4B, 4.4C), before reaching the most rostral 

extent of the NST (Figure 4.4D). At this level, a subset of CeA efferents appeared to move 

dorsally, densely innervating the rostral NST, while other fibres continued to travel caudally 

within the reticular formation. This pattern of NST innervation by CeA efferents rising from the 

reticular formation continued along the rostro-caudal extent of the NST, being most pronounced 

at NST levels rostral to the merger of the central canal and fourth ventricle. Particularly dense 

innervation was observed in ventral and medial NST subregions, especially SolM, but also SolIM, 
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SolDM, rostrolateral (SolRL), ventral (SolV), and SolC nuclei (Figures 4.2H-J, 4.4D-J; 

representative data for n = 4 rats). Sparse fibres were seen extending ventrally into autonomic 

control regions including NAmb, ventral respiratory column (VRC), and rostral ventrolateral 

medulla (RVLM) (Figures 4.4F-H), and also appeared to continue caudally through the reticular 

formation towards the cervical spinal cord (Figure 4.4J). 
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Figure 4.3. Mapping of efferent fibres exiting the amygdala from transduced cell bodies in CeA 
(continued next page).  
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Figure 4.3 (continued). Imaging of coronal sections, 

taken from rats which received AAV-DJ-hSyn-FLEX-

mGFP-2A-Syp-mRuby and CAV2-Cre injections to 

the amygdala and rostral NST, respectively (n = 4, 

as per Figure 4.2; representative data shown from 

one rat; corresponding brainstem mapping from 

this rat is depicted in Figure 4.4), were used to map 

the distribution of transduced cell bodies (magenta 

dots) in CeA, and the path followed by their 

efferent projections (green lines), ipsilateral to NST 

injection sites. Transduced efferent fibres 

originating from stria terminalis and VAF pathways 

were seen to intermingle rostral to the amygdala 

(A, B). Transduced cell bodies were present 

specifically in CeM (C-E), with concentrated fibres 

passing dorsally through the stria terminalis and 

along the medially boundary of the internal capsule 

at these levels. Fibres entering the stria terminalis, 

which courses caudally and dorsally before 

proceeding rostrally, as well as fibres gathering in 

the lateral hypothalamus, were observed at more 

caudal levels (F-H). Descending efferents passing 

through the lateral hypothalamus continued 

caudally through the medial forebrain bundle (I). 

Sparse labelling of fibres deviating from these paths 

were also present, most notably to the thalamus 

(G-I), basomedial amygdala (C-F) and 

amygdalopiriform transition area (I). This pattern of 

transduced cell bodies and efferent fibres, though 

much sparser, was also present in contralateral 

structures (data not shown). Abbreviated regions 

of interest (detailed next page) are annotated in 

blue. 
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Figure 4.3 (continued). Abbreviations: BMP, basomedial amygdaloid nucleus, posterior part; 

CeM, central amygdaloid nucleus, medial division; EAC, sublenticular extended amygdala, 

central part; ic, internal capsule; MDL, mediodorsal thalamic nucleus, lateral part; MDM, 

mediodorsal thalamic nucleus, medial part; mfb, medial forebrain bundle; PLCo, posterolateral 

cortical amygdaloid nucleus; st, stria terminalis; vaf, ventral amygdalofugal pathway. 
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Figure 4.4. Refer to next page for figure legend.  
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Figure 4.4. Mapping of transduced CeA efferent fibres innervating the brainstem. Imaging of 

coronal sections, taken from rats which received AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby and 

CAV2-Cre injections to the amygdala and rostral NST, respectively (n = 4, as per Figure 4.2; 

representative data shown from one rat; corresponding forebrain mapping from this rat is 

depicted in Figure 4.3), were used to map the distribution of transduced CeA efferent fibres 

(green lines) innervating the brainstem. Punctate fibres surrounding the trigeminal nucleus 

indicated a direct caudal trajectory that largely avoided this nucleus (A). These fibres continued 

caudally through the reticular formation (B, C) before reaching the most rostral pole of the NST 

(D). At this point, transduced fibres appeared to move dorsally from the reticular formation to 

densely innervate the NST. While a subset of fibres continued through the reticular formation, 

many appeared to continue branching dorsally to enter the NST, where especially dense 

innervation was seen in rostral, ventral, and medial regions (E-G). The density of NST innervation 

gradually diminished through more caudal levels (H-J), with some efferents continuing through 

the reticular formation towards the cervical spinal cord (J). This pattern of innervation was most 

pronounced ipsilateral to NST injection coordinates, with spare labelling in the corresponding 

contralateral structures also present. Abbreviated regions of interest are annotated in blue: IRt, 

intermediate reticular nucleus; MdD, medullary reticular nucleus, dorsal part; NAmb, nucleus 

ambiguus; NST, nucleus of the solitary tract; PCRt, parvicellular reticular nucleus; RVLM, rostral 

ventrolateral medulla; VRC, ventral respiratory column; 5N, trigeminal nucleus. 
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4.3.3 Conditional, but not soma-localised, expression of GtACR2Kv2.1 in CeA NST neurons 

 

Having established a protocol for cell-type specific transduction of CeA NST neurons, this 

approach was used to characterise the novel AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL 

vector (Figure 4.5A), developed here for Cre-recombinase dependent expression of the 

GtACR2Kv2.1 fusion construct introduced in Chapter 3. Prior to Cre-mediated recombination, 

neurons transduced with this vector are expected to express the hCAR cell-surface adhesion 

molecule, which provides enhanced tropism for CAV2 vectors by facilitating their endocytosis 

and retrograde axonal transport (Salinas et al. 2009; Li et al. 2018). To validate Cre-dependent 

GtACR2Kv2.1 expression from this vector, rats (n = 4) received bilateral amygdala injections of 

AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL two weeks prior to unilateral delivery of CAV2-

Cre to the rostral NST, following which, rats were maintained for a further six weeks before 

perfusion and tissue processing (Figure 4.5B). 

 

Immunoreactivity against the GtACR2Kv2.1 muGFP tag revealed a similar distribution of 

expression to that described in rats which received AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby 

injections (Figure 4.2). Labelled cell bodies were concentrated specifically in CeM ipsilateral to 

the CAV2-Cre injection coordinates (Figure 4.5C), with only sparse labelling in the contralateral 

CeM (Figure 4.5D). These data, which reflect the pattern of predominantly ipsilateral NST 

innervation by CeA neurons (detailed above; see also Section 4.4), provide evidence validating 

the Cre-dependent nature of GtACR2Kv2.1 expression from AAV1/2-hSyn-DIO-(hCAR)off-

(GtACR2Kv2.1)on-W3SL. Consistent with observations made in transduced respiratory column 

neurons (Chapter 3), inclusion of the Kv2.1 motif again failed to limit GtACR2Kv2.1 to the soma in 

vivo, with fluorescent signal clearly demarcating transduced CeA efferent axons in the ipsilateral 

stria terminalis (Figure 4.5E) and NST (Figure 4.5F). It is important to note that the CAV2-Cre 

vector aliquot used in this cohort of rats had been stored at 4 ˚C prior to injection, which may 

have resulted in a loss of infectious titre and suboptimal expression in the present study, as 

postulated in Section 4.3.1 above. Given this, as well as the robust CAV2 vector transduction of 

CeA NST neurons seen with AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby (Figure 4.2), a detailed 

assessment of potential effects from hCAR transgene expression on vector tropism was not 

performed in the present study. 
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Figure 4.5. Refer to next page for figure legend.  
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Figure 4.5. Cell-type specific, but not soma localised, GtACR2Kv2.1 expression in CeA NST 

neurons. (A) Schematic representation of the AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL 

vector genome, developed here for conditional expression of  GtACR2Kv2.1 in the presence of Cre-

recombinase. Prior to Cre-mediated recombination, neurons transduced with this vector 

produce the hCAR receptor, providing enhanced tropism for CAV2 vectors. (B) To validate Cre-

dependent GtACR2Kv2.1 expression in vivo, AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL was 

injected bilaterally to the amygdala in rats (n = 4), with CAV2-Cre delivered unilaterally to the 

rostral NST two weeks later. Six weeks after CAV2 vector injections to the rostral NST rats 

underwent transcardial perfusion, prior to tissue processing for IHC. Immunolabelling of muGFP 

(green) revealed transduced cell bodies were concentrated in CeM ipsilateral to NST injection 

sites (C), with only sparse labelling in the contralateral CeM (D), indicating Cre-dependent, cell-

type specific expression of GtACR2Kv2.1 in CeA NST neurons. Immunoreactivity against muGFP 

was also clearly visible in the ipsilateral stria terminalis (E), indicating trafficking of GtACR2Kv2.1 

along CeA axons coursing through this fibre tract. Labelling of fibres innervating the NST with 

muGFP-immunoreactivity (F) (see also higher magnification image of muGFP-immunoreactivity 

alone in (F’)) suggests that axonal GtACR2Kv2.1 trafficking persists even in long-range projections 

to distant targets. Images are representative for n = 4 rats, and all include Hoechst nuclear stain 

(blue) in addition to muGFP-immunoreactivity (green). In NST (F), TH- (magenta) and ChAT- 

(cyan) immunolabelling is also shown. Abbreviations: central amygdaloid nucleus (Ce) 

subregions; CeC, capsular part; CeL, lateral division; CeM, medial division – GtACR2, Guillardia 

theta anion channel rhodopsin 2; hCAR, human coxsackievirus and adenovirus receptor; hSyn, 

human synapsin 1 promoter; IR, immunoreactivity; Kv2.1, Kv2.1 potassium channel trafficking 

motif; L-ITR, left inverted terminal repeat; MeAD, medial amygdala, anterodorsal part; muGFP, 

monomeric ultrastable green fluorescent protein; LV, lateral ventricle; R-ITR, right inverted 

terminal repeat; sol, solitary tract – nucleus of the solitary tract (Sol) subregions; SolCe, central 

part; SolDL, dorsolateral part; SolM, medial part; SolI, interstitial part; SolIM, intermediate part; 

SolV, ventral part – st, stria terminalis; W3SL, condensed woodchuck hepatitis virus post-

transcriptional regulatory element (WPRE) and simian virus 40 polyadenylation signal sequence; 

4V, fourth ventricle; 10N, dorsal motor nucleus of vagus; 12N, hypoglossal nucleus. 
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4.4 Discussion 

 

The primary aims of experiments described in this chapter were (1) to validate and characterise 

Cre-recombinase dependent production of GtACR2Kv2.1 expression from a novel AAV vector, and, 

in facilitating in this, (2) to establish a protocol for cell-type specific transgene expression in 

CeA NST neurons. In addressing the latter aim, robust transduction of CeA efferent neurons 

with AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby was observed following delivery of Cre-expressing 

CAV2 vectors to the rostral, but not caudal, NST. Partial mapping of mGFP-immunoreactive 

CeA NST efferent fibres showed their transition from stria terminalis and ventral 

amygdalofugal tributaries into the medial forebrain bundle, moving caudally to eventually flow 

through the brainstem reticular formation and supply the ipsilateral NST, with especially 

prominent innervation at rostral and medial levels. Immunoreactive fibres deviating from this 

route were sparse where present. Similar distributions of labelling in rats receiving the novel 

AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL to CeA provide evidence for Cre-dependent 

production of GtACR2Kv2.1 from this vector in vivo. However, as observed in transduced 

respiratory column neurons (Chapter 3), fusion with the Kv2.1 trafficking motif failed to prevent 

axonal expression of GtACR2 in CeA NST neurons. 

 

Though transduction of CeA NST neurons was much more robust following CAV2 vector 

delivery to rostral, as opposed to caudal, NST, it is unclear the extent to which this reflects the 

topography of CeA terminals in the NST. While the CAR receptor that mediates CAV2 vector 

internalisation is endogenously expressed by many neurons in presynaptic boutons, it is also 

present in the axon and soma (Zussy et al. 2016), suggesting endocytosis can occur away from 

presynaptic sites – a point highlighted by CAV2 vector transduction of neurons at the site of 

injection. 

 

However, the efficiency of CAV2 entry from sites other than the presynaptic membrane has not 

been established (Del Rio et al. 2019). Data presented here may therefore reflect more efficient 

CAV2 vector uptake from CeA efferents terminating primarily in the rostral NST, with sparse 

collaterals targeting more caudal regions. Alternatively, it could be that the dense plexus of CeA 

fibres in rostral NST simply provided a greater surface area over which entry could occur, even 

if many of these projections actually terminate in less densely innervated NST regions caudally. 

Although retrograde labelling of CeA NST neurons with True Blue is also strongest following 

rostral rather than caudal NST injection (van der Kooy et al. 1984), this tracer is known to be 
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taken up by fibres of passage (Sawchenko et al. 1981), presenting a similar obstacle to the 

accurate mapping of terminal fields. 

 

The use of Syp-Ruby expression to clarify the distribution of synapses formed by CeA NST 

neurons in the present study also proved problematic, as this marker was readily visualised in 

fibres of passage traversing the stria terminalis fibre tract. Although Syp-mRuby has been 

referred to as a putative presynaptic marker in the literature (Lerner et al. 2015), the extent to 

which this assumption has been verified is unclear. While synaptophysin does concentrate in 

presynaptic terminals, it is first synthesised and processed in the soma and undergoes vesicular 

axonal transport to reach this location (Tixier-Vidal et al. 1988; Okada et al. 1995). Such 

trafficking appeared to be reflected by observations made in the present study, indicating that 

Syp-mRuby may be suitable as an axonal marker, but should not be used in isolation to identify 

presynaptic sites. Alternative approaches, such as the use of trans-synaptic fluorescent markers 

(Kim et al. 2012), high resolution imaging with dual pre- and post-synaptic labelling, and/or 

electrophysiological approaches, will therefore be required to accurately map the distribution 

of synaptic contacts formed by CeA NST neurons in future studies. 

 

If the observed distribution of NST innervation were to correlate with an abundance of synaptic 

contacts, this would suggest a primary connection of CeA efferents with NST gustatory and 

gastrointestinal circuitry. Cranial nerves conveying gustatory information densely innervate the 

rostral and medial NST (May et al. 2006), where neuronal activity, reflected by immunolabelling 

for the immediate early gene c-Fos, is significantly increased following oral exposure to a variety 

of tastants (Harrer et al. 1996; DiNardo et al. 1997; Yamamoto et al. 2000; Emond et al. 2001; 

Chan et al. 2004). Direct intragastric infusion or gavage (Yamamoto et al. 2000; Emond et al. 

2001; Schwarz et al. 2010) and gastric distension (Vrang et al. 2003; Bonnet et al. 2013) also 

increase c-Fos labelling in the medial NST, but with a somewhat more caudal distribution. 

However, mice lacking P2X genes necessary for taste sensation are reported to retain a 

preference for monosodium glutamate (MSG) flavoured water, at least in part through activity 

in the rostral NST (Stratford et al. 2011), indicating this region is activated by both oral and post-

ingestive cues. 

 

In contrast, respiratory (Bonham et al. 1990; Dobbins et al. 1994) and cardiovascular (Ciriello 

1983; Chan et al. 2000) circuitry lies in more caudal, lateral, and commissural NST regions, as 

does afferent innervation from related carotid body chemoreceptor afferents (Finley et al. 
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1992). Although caudolateral NST regions showed relatively light labelling with CeA fibres 

following CAV2 vector delivery to rostral NST, these efferents may still have a direct or indirect 

influence on cardiovascular and pulmonary function. Indeed, despite the predominance of CeA 

innervation to gustatory- and gastrointestinal-related NST regions, studies manipulating the 

amygdala have to date largely focused on cardiovascular function. While data produced from 

these experiments are complicated by factors including the use of anaesthesia and limited target 

specificity (Faiers et al. 1975; Iwata et al. 1987), they do suggest a role for CeA in modulating 

cardiovascular activity, including baroreflex function (Yamanaka et al. 2018) (discussed further 

below). Importantly, the distribution of CeA efferents within NST following CAV2 vector delivery 

to rostral coordinates is consistent with that resulting from anterograde tracing studies (van der 

Kooy et al. 1984; Danielsen et al. 1989). This indicates that the concentration of transduced CeA 

fibres in rostromedial NST regions observed here reflects the biological nature of this pathway, 

rather than simply being an artefact of the injection coordinates used. 

 

It will also be of interest in future studies to comprehensively map the anatomical distribution 

of CeA NST efferent fibres and determine the full extent of any collateral projections. 

Anterograde tracing studies (Krettek et al. 1978; van der Kooy et al. 1984; Rosen et al. 1991; 

Zahm et al. 1999) have shown that CeA efferents proceeding caudally from the medial forebrain 

bundle innervate and pass the substantia nigra laterally, before tracing a dorsomedial path 

around the superior cerebellar peduncle into the mesopontine tegmentum, from which 

numerous branching collaterals enter the PAG. Those fibres continuing through the pontine 

tegmental field densely innervate the PBN before turning ventrally and dividing to pass the 

trigeminal motor nucleus, as described here. The CeA also densely innervates the BNST rostrally 

(Dong et al. 2001), a structure with which it shares many characteristics, including descending 

projection targets and neurochemical phenotype, as part of the ‘central extended amygdala’ 

(Gray et al. 1987a; Becker et al. 2008). While the stria terminalis serves as the major source of 

CeA efferent input to BNST (Sun et al. 1991), single-axon reconstruction (Veinante et al. 2003) 

and antidromic spiking (Nagy et al. 2008) experiments provide evidence of direct brainstem 

innervation from CeA efferents passing through both this fibre tract and the shorter VAF 

pathway. 

 

Given the paucity of evidence for significant innervation of collateral targets by CeA outputs 

(Thompson et al. 1989; Veinante et al. 2003; Viviani et al. 2011; Han et al. 2017), one would 

expect any revealed by further mapping of CeA NST fibres to be sparse where present. Targets 
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of sparse collateral innervation indicated here include the thalamus, ventrolateral medulla, and 

spinal cord. Innervation of the thalamus and lateral habenula by CeA projections has been 

previously described by Rosen et al. (1991). Though delivery of chemical tracers to the cervical 

spinal cord has failed to produce retrograde staining in the rat CeA (Schwanzel-Fukuda et al. 

1984; Nudo et al. 1988), small populations of CeA neurons have been labelled using this 

approach in macaque (Mizuno et al. 1985), cat (Sandrew et al. 1986), mouse (Liang et al. 2011), 

and a number of other mammalian species (Nudo et al. 1988). CeA efferents are also known to 

innervate RVLM (Cassell et al. 1989; Takayama et al. 1990; Bowman et al. 2013), and, consistent 

with data presented here, dual retrograde labelling has shown CeA neurons supplying RVLM and 

NST to be essentially separate populations (Thompson et al. 1989). Thus, mapping of transduced 

CeA NST fibres here suggests a pattern of predominantly ipsilateral innervation to a principal 

projection target with very limited collateralisation, consistent with previous descriptions of CeA 

efferent populations. 

 

Applying the molecular approach developed here in future experiments will make 

understanding the functional role of CeA NST neurons, and that of any collateral branches 

formed, a much more tractable endeavour. Exchange of AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-

mRuby for vectors expressing alternative transgene cargoes, such as genetically encoded 

calcium indicators and chemo- or optogenetic receptors, would facilitate a range of targeted 

insights into the activity of CeA NST circuitry and its physiological and behavioural significance. 

Though efforts have been made to elucidate how cardiovascular function is modulated by CeA 

activity, research to date has been hampered by a reliance on electrical or chemical stimulation 

– which provide limited specificity regarding the affected circuitry – as well as the use of 

anaesthesia. Issues raised by the presence of anaesthesia were addressed directly by Iwata et 

al. (1987), who showed that tachycardia and pressor responses elicited by electrical stimulation 

of CeA in conscious rats were inverted to bradycardia and depressor effects when these same 

rats were tested under anaesthesia. 

 

Despite similarly limited target specificity, lesion studies have shed some light of the nature of 

CeA activity in modulating cardiovascular function under defensive or stressful conditions. 

Lesion to the CeA or lateral hypothalamus, through which CeA NST fibres transit, selectively 

affects cardiovascular, but not behavioural, responses to aversive stimuli in rats (LeDoux et al. 

1988; Roozendaal et al. 1990). Recent evidence from Waki and colleagues also suggests a role 

for the CeA in baroreflex resetting under specific emotional and behavioural states, including 
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physical exercise (Yamanaka et al. 2018; Kim et al. 2020). However, the potential for the CeA to 

modulate ingestive behaviour and gastrointestinal function has received much less attention, 

particularly considering its dense innervation of the rostromedial NST and other relevant CAN 

regions (Krettek et al. 1978; Veening et al. 1984). Cell-type specific transduction and 

manipulation of CeA NST activity, for example using AAV1/2-hSyn-DIO-(hCAR)off-

(GtACR2Kv2.1)on-W3SL as described here, offers a flexible approach for clarifying and building on 

previous studies through the targeted functional dissection of this circuitry in conscious, 

behaving animals. 

 

Localised expression of GtACR2Kv2.1 observed here in CeM ipsilateral to CAV2-Cre NST injection 

sites provides strong evidence for the successful validation of Cre-dependent expression from 

AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL in vivo. While sparse labelling of neurons was 

also present in the contralateral CeM, this is consistent with the small proportion of CeA 

efferents known to innervate contralateral targets, including NST (Danielsen et al. 1989; Rosen 

et al. 1991; Sun et al. 1991), as well as the distribution of neurons transduced by AAV-DJ-hSyn-

FLEX-mGFP-2A-Syp-mRuby under analogous conditions here. Nonetheless, it would be ideal to 

confirm a complete absence of expression from AAV1/2-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-

W3SL in animals lacking any Cre-recombinase production with future studies, given the off-

target ‘leaky’ expression that can occur from recombinase-dependent AAV vectors (Fischer et 

al. 2019). The characterisation of hCAR expression from AAV1/2-hSyn-DIO-(hCAR)off-

(GtACR2Kv2.1)on-W3SL, which is reported to facilitate ‘tropism-free’ neuronal transduction by 

CAV2 vectors (Li et al. 2018), will also be of interest for utilising this vector to target other 

neuronal populations. Given their robust transduction in the absence of exogenous CAR 

expression, as demonstrated here in rats that received AAV-DJ-hSyn-FLEX-mGFP-2A-Syp-mRuby, 

it appears CeA NST neurons naturally express sufficient levels of CAR for efficient CAV2 vector 

uptake and transport. 

 

Consistent with observations made in Chapter 3 using transfected rodent hippocampal neurons 

in vitro and transduced respiratory column neurons in vivo, fusion of GtACR2 with the Kv2.1 

motif again failed to provide somatic localisation here. Analogous fusion constructs between 

GtACR2 and the Kv2.1 trafficking motif, developed independently by Mahn et al. (2018) and 

(Messier et al. 2018), are reported to significantly reduce, but not completely prevent, axonal 

expression of this opsin, with an associated decrease in GtACR2-mediated membrane 

depolarisation and neurotransmitter release. Although this precedent suggests similarly 
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reduced axonal expression of GtACR2Kv2.1 should be expected here, additional 

immunohistochemical and electrophysiological studies are required to demonstrate this. 

However, to the extent that this remains an issue, the likelihood of illuminating and depolarising 

GtACR2Kv2.1-transduced axons is particularly low in the context of somatic CeA NST 

photoinhibition, given the distant terminations and limited collateralisation of these neurons. 

Stronger photocurrents and enhanced neuronal expression of GtACR2 following fusion with the 

Kv2.1 motif were also described by Mahn et al. (2018) and Messier et al. (2018), with the latter 

observation also apparent in respiratory column neurons expressing GtACR2Kv2.1 (Chapter 3). As 

such, while potential effects of axonal depolarisation will remain an important consideration, 

experiments described here and in Chapter 3 illustrate the value of Cre-dependent GtACR2Kv2.1 

expression as an effective method of cell-type specific optogenetic inhibition. 

 

In conclusion, data presented in this chapter demonstrate an efficient approach for cell-type 

specific viral vector transduction of rat CeA NST neurons, while also validating Cre-

recombinase dependent GtACR2Kv2.1 expression from a novel AAV vector. Though GtACR2Kv2.1 

expression is not exclusively somatic, data presented in the previous chapter and published 

literature support the efficacy of this construct as a potent mediator of neuronal 

photoinhibition. As such, the conditional expression of GtACR2Kv2.1 described here provides a 

versatile approach for selective inhibition of neuronal populations of interest in vivo. Expression 

of GtACR2Kv2.1 and other transgenic actuators in CeA NST circuitry, using the methods 

developed here, offers a powerful approach to understanding how physiological process are 

influenced by emotional and cognitive status to facilitate goal-directed behaviour, how 

dysregulation of this pathway may underlie related disease states, and the potential utility of 

this system as a therapeutic target. 
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Chapter 5 

General discussion  
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5.1 Introduction 

 

Since their inception during the late twentieth-century, transgenic technologies have provided 

unprecedented insight into nervous system structure and function. The circuits and fine 

processes formed by neurons can now be mapped in vivo through expression of fluorescent 

proteins (Livet et al. 2007), obviating a reliance on chromogenic substrates, chemical tracers, 

and tissue fixation to visualise this architecture. Integrating fluorescent proteins with fusion 

partners that undergo conformational changes also allows the activity of neural networks to be 

optically monitored (Wang et al. 2019b), complementing and expanding on electrode-based 

recording techniques. The gross manipulation of brain activity with electrodes has been largely 

supplanted by optogenetics, which provides temporally precise stimulation or inhibition of 

specific neural populations expressing microbial opsins (Kim et al. 2017). Pharmacological 

approaches to understanding brain function have also been refined through the selective 

expression of chemogenetic receptor systems in circuitry of interest (Atasoy et al. 2018). These 

transgenic markers, sensors, and actuators are at the forefront of modern neuroscience, and 

continue to provide innovative approaches in this field of research.  

 

Beyond the intrinsic utility of these tools, their genetically encodable nature provides the 

additional capacity for targeted cellular and subcellular expression. As a result, multiple levels 

of control can be implemented over where and when a transgene is expressed. The selective 

introduction of transgenes into a neuronal population of interest can be mediated by viral 

vectors based on their method of delivery, mechanism of uptake, and transport between 

neurons (Saleeba et al. 2019). Transgene expression within the neuron can in turn be controlled 

through association with non-coding DNA elements, including gene-specific promoter 

sequences and recognition sites for microbial recombinases (Luo et al. 2020; Nectow et al. 

2020). Once a transgene is expressed in the target population, further control over its subcellular 

localisation can be achieved through fusion with trafficking motifs derived from endogenous 

proteins (Rost et al. 2017). 

 

Given the scientific and therapeutic value of understanding neural contributions to behaviour 

and physiology at the level of defined cell-types and circuits, the development of novel 

molecular tools for targeted transgene expression has become a major focus of contemporary 

neuroscience research. Several such tools are described in this thesis, spanning both cellular and 

subcellular levels of resolution. The following discussion provides a review of the tools 
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developed, including considerations and caveats concerning their use, in addition to their 

potential future applications alongside emerging targeted and non-invasive transgenic 

technologies. 

 

5.2 Research outcomes 

 

Experiments described in the preceding Chapters highlight several novel approaches for 

targeted transgene expression in neural structures of interest. These include a promoter 

sequence capable of driving transgene expression selectively in relaxin-3 neurons of the nucleus 

incertus (NI; Chapter 2), and a viral vector- and recombinase-based strategy for transduction of 

central amygdala (CeA) neurons projecting to the nucleus of the solitary tract (NST; Chapter 4). 

While further validation is required, functional data presented in Chapter 3 indicate that 

differential subcellular trafficking of the inhibitory GtACR2 opsin fusion constructs I developed 

was also achieved. Examples of poorly targeted expression, such as the non-specific 

tropomyosin receptor kinase A (TrkA) promoter activity shown in Chapter 2, and the 

heterogeneity of respiratory column and neighbouring neurons transduced in Chapter 3, were 

also observed. The applications and lessons offered by these outcomes are explored below. 

 

5.2.1 Novel strategies for cell-type specific transgene expression 

 

As outlined previously, there are many levels at which transgene expression can be targeted in 

the nervous system, including to defined neural populations of interest. One characteristic 

commonly used to delineate populations, and that is especially relevant in the context of 

pharmaceutical development, is the expression of specific gene products. This level of 

expression was the focus of Chapter 2, which detailed the development of a promoter-based 

approach for adeno-associated viral (AAV) vector-mediated transgene expression in a key 

subpopulation of NI neurons, characterised by their expression of the neuropeptide, relaxin-3. 

In attempting to selectively transduce relaxin-3 NI neurons, promoter elements from the rat 

genome that are endogenously associated with the expression of either relaxin-3, or the co-

expressed TrkA receptor, were tested. Cell-type specific transduction was assessed by 

developing recombinant AAV vectors, expressing mCherry under either the relaxin-3 or TrkA 

promoter, which were delivered to the rat NI by stereotaxic injection. Despite evidence of cell-

type specific TrkA promoter activity in other systems (Chang et al. 1998; Sacristan et al. 1999; 

Ma et al. 2000), this promoter proved ineffective for targeted expression in transduced TrkA-
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/relaxin-3-expressing rat NI neurons, highlighting both the complexity of gene regulation under 

differing conditions and the importance of validating promoter activity in novel experimental 

contexts. However, targeted expression was achieved using a 1,736 base pair (bp) relaxin-3 

promoter sequence to drive transgene expression. 

 

Several routes towards an improved understanding of the relaxin-3 arousal system and its 

therapeutic potential are possible using this cell-type specific promoter in future studies. The 

development of further viral vectors, and particularly AAV vectors, expressing transgenic 

markers, sensors, or actuators directly from the relaxin-3 promoter should provide highly 

targeted expression. However, this approach is limited by the need to produce individual vectors 

for each transgene one wishes to express. Given the diverse catalogue of recombinase-

dependent transgenic constructs and animals currently available, an alternative strategy is to 

develop vectors expressing Cre or other recombinases under the relaxin-3 promoter. Although 

much more flexible, this method also introduces potential sources of off-target expression, 

including ‘leaky’ expression from recombinase-dependent constructs (Fischer et al. 2019). Any 

weak non-specific activity from the relaxin-3 promoter would also likely be amplified with this 

approach, due to the use of constitutively active promoters in the corresponding recombinase-

dependent constructs, which can theoretically be activated by a single recombinase molecule 

(see e.g. Kakava-Georgiadou et al. (2019)). The production of future constructs would benefit 

from the identification of specific elements within the 1,736 bp relaxin-3 promoter that are 

responsible for its cell-type specific activity, as this could facilitate the development of 

condensed and hybridised derivative promoters that provide strong, targeted expression while 

occupying minimal space within a limited viral vector packaging capacity. This is especially 

relevant to the development of new AAV vectors, where total packaging capacity is restricted to 

around 4,700 bp (Wu et al. 2010). Validation of the relaxin-3 promoter in populations outside 

the NI, and in species other than rat, will also be of interest moving forward. It is important to 

note that, subsequent to the publication of data in Chapter 2, a transgenic line of mice 

expressing a Cre-GFP fusion construct from the relaxin-3 locus has been described (Nasirova et 

al. 2020). This study both complements the viral vector-based technique developed here in rats 

and provides a template from which CRISPR-mediated germline editing could be applied to 

target relaxin-3 circuitry in other species. 

 

A further approach to cell-type specific transgene expression was illustrated in Chapter 4, where 

CeA neurons were selectively transduced based on their axonal projection to an efferent target, 
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rather than a particular genetic marker. This choice reflects a biological, and not simply 

methodological, distinction; while ascending relaxin-3 fibres serve a coherent ‘arousal’ function 

via multiple targets (Smith et al. 2014b), the role of CeA subpopulations, for example in 

mediating autonomic as opposed to behavioural responses to emotive stimuli, are much more 

readily defined by projection target than neurochemical phenotype (LeDoux et al. 1988; Viviani 

et al. 2011). In order to achieve selective transgene expression in CeA NST neurons, CeA 

neurons were locally transduced with AAV vectors containing transgene cargos whose 

expression was dependent on Cre-mediated recombination. Activation of transgene expression 

in CeA NST neurons was then facilitated by uptake and retrograde transport of Cre-expressing 

canine adenovirus 2 (CAV2) vectors from injection sites in the rostral NST, resulting in cell-type 

specific transduction. With the use of recombinase-mediated expression in this strategy, it is 

again essential to control for leaky expression from such vectors. Another caveat to this 

approach is that the neural populations transduced may be biased by viral vector tropism, 

depending on the whether or not the cell-surface molecules required for vector uptake are 

endogenously expressed (Sun et al. 2019). Where biased transduction does occur, heterologous 

expression of receptors involved in vector uptake can be used to alter tropism in the target 

population, as demonstrated by Li et al. (2018) using heterologous coxsackievirus and 

adenovirus receptor (CAR) expression for enhanced CAV2 transduction. While robust 

transduction of CeA NST neurons was observed here both with and without heterologous CAR 

expression, suggesting minimal bias introduced by AAV or CAV2 tropism, this is an important 

consideration for future studies where alternative vector combinations may be employed. 

 

As highlighted in Chapter 3, more precise methods for targeted transgene expression are 

required in future studies of the preBötzinger complex (preBötC) and surrounding autonomic 

nuclei. Either of the general strategies outlined above may offer a solution. Indeed, our 

laboratory is currently investigating the possibility of targeting preBötC neurons through 

retrograde recombinase delivery from specific efferent targets, as per the approach used to 

selectively transduce CeA NST neurons. Although genetic markers capable of distinguishing 

preBötC neurons from neighbouring populations are currently lacking (Del Negro et al. 2018), 

these may be identifiable using methods such as single-cell transcriptome sequencing in 

functionally demarcated populations. Genetic markers discovered in this process could serve as 

candidates either for the development of cell-type specific promoters and transgenic animal 

lines or vector tropism-based strategies, though the latter approach applies to a much smaller 

pool of genes. Should these techniques, utilising perhaps one or two characteristics of a target 



 143 

population, prove insufficient for cell-type specific expression, the required selectivity may be 

achieved using an emerging platform for ‘intersectional’ targeting. Intersectional strategies, 

which promise ever more precise transgene delivery based on multiple characteristics of the 

target population, are discussed in Section 5.3 below. 

 

5.2.2 Subcellular localisation of GtACR2 fusion constructs 

 

While the strategies detailed above centre on targeting transgene expression to cell-types of 

interest, another major focus of this project has been the directed subcellular localisation of 

expressed transgenes, and particularly that of the chloride-conducting opsin, GtACR2. 

Experiments described in Chapters 3 and 4 sought to selectively express GtACR2 in the somatic 

or axonal membrane, through fusion with trafficking motifs derived from the voltage-gated 

potassium channel, Kv2.1, or neurexin 1 (Nrxn1), respectively, to create GtACR2Kv2.1 and 

GtACR2nrxn. These aims served to both mitigate conflicting effects of GtACR2-mediated 

hyperpolarisation and depolarisation of somatodendritic and axonal membranes, respectively, 

which arise from varying intracellular chloride concentrations between these compartments 

(Mahn et al. 2016; Malyshev et al. 2017), and to provide tools for the functional dissection of 

closely interconnected neural circuitry. Fusion of GtACR2 with the Kv2.1 trafficking motif 

appeared to provide enhanced neuronal GtACR2 expression compared to the original GtACR2-

EYFP, although selective somatic localisation was not observed, with axonal GtACR2Kv2.1 

expression present in cultured mouse hippocampal neurons in vitro (Chapter 3), and rat 

respiratory column and CeA NST neurons in vivo (Chapters 3 and 4, respectively). However, 

altered trafficking was suggested by physiological responses to photoinhibition of transduced 

respiratory column neurons in anesthetised rats, where GtACR2Kv2.1 expression was associated 

with similar apnoea but significantly reduced cardiovascular effects, relative to those in rats 

expressing GtACR2-EYFP. This may reflect a preferential somatic trafficking of GtACR2Kv2.1, rather 

than exclusive compartmental localisation, sufficient to alter the physiological response to 

photoinhibition. Technical difficulties prevented the direct detection of GtACR2nrxn, which was 

designed for targeted axonal expression. Further work is required to overcome this. However, 

when expressed in respiratory column neurons in anesthetised rats, GtACR2nrxn was associated 

with a small but specific effect on cardiac function, in direct contrast to the primarily respiratory 

effects of GtACR2Kv2.1. As such, this selective and complimentary dissociation of the physiological 

responses to GtACR2-EYFP photoinhibition supports the differential subcellular trafficking of 

GtACR2Kv2.1 and GtACR2nrxn in vivo. 
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Building from these data, the subcellular expression of GtACR2Kv2.1 may be further elucidated in 

future studies, with two publications characterising independently developed fusion constructs 

between GtACR2 and the Kv2.1 trafficking motif having already emerged (Mahn et al. 2018; 

Messier et al. 2018). Although axonal expression was not eliminated in either study, fusion of 

GtACR2 with the Kv2.1 trafficking motif was associated with enhanced somatic photocurrents 

and a reduction in optically induced neurotransmitter release from mouse cortical neurons 

expressing these constructs, when compared to GtACR2 constructs with a fluorescent tag alone 

(Mahn et al. 2018; Messier et al. 2018). These results indicate an ‘enrichment’ of GtACR2 

expression in the somatic membrane that is mediated by fusion with the Kv2.1 trafficking motif, 

providing stronger photoinhibition with minimal axonal depolarisation. As the design of 

GtACR2Kv2.1 does not differ substantially from the constructs described by Mahn et al. (2018) and 

Messier et al. (2018), a similar somatic enrichment of expression would be expected here, and 

is consistent with the physiological responses to photoinhibition reported in Chapter 3. Future 

use of GtACR2Kv2.1 and analogous constructs should be carefully designed to account for factors 

that may affect residual axonal expression and its implications, including transduction titres, 

promoters, and other parameters determining expression levels, as well as the light source and 

intensity used, which may be optimised for somatic photoinhibition. 

 

Further characterisation of GtACR2nrxn will also be essential moving forward. While data 

presented in Chapter 3 support the selective axonal expression of this construct, additional 

evidence is required to prove this is the case. If GtACR2nrxn is trafficked in a similar fashion to 

Nrxn1, it would be present in vesicles throughout the intracellular environment, which then 

selectively fuse with the axonal membrane (Neupert et al. 2015), making in vivo axonal 

localisation difficult to determine histologically. The addition of an extracellular N-terminal tag 

to GtACR2nrxn offers the most feasible approach to determine cell-surface expression using 

immunocytochemistry in non-permeabilised, cultured neurons, as described by Stachniak et al. 

(2014) for hM4Dnrxn. The reduced complexity of neurons in a cultured monolayer would also 

facilitate selective illumination of the soma, dendrites, or axon, which, accompanied by patch-

clamp electrophysiology, could provide insights as to the cell-surface expression of GtACR2nrxn 

and consequences of its activation. A similar approach may be possible in acute slices or in vivo, 

using a combination of sparse viral vector transduction and holographic or two-photon 

illumination of subcellular components (Packer et al. 2013; Emiliani et al. 2015). Data from such 
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studies will be both valuable and necessary in establishing GtACR2nrxn as a reliable tool for 

selective optogenetic manipulation of membrane potential in the axon. 

 

Several alternative strategies for subcellular optogenetic manipulation may further refine or 

improve on results obtained using GtACR2Kv2.1 or GtACR2nrxn. Fusion of GtACR2 with alternative 

trafficking motifs, for example that derived from the kainate receptor subunit 2 (KA2) N-

terminus and used by Shemesh et al. (2017) for somatic opsin expression, could be explored as 

a means of improving localisation. A more detailed understanding of the mechanisms driving 

compartment-specific expression, and the extent to which they are captured by isolated protein 

trafficking motifs, may also be necessary in this regard. For example, compartment-specific 

transcriptomes have been identified within neurons, the development of which appears 

ultimately to depend on trafficking mechanisms mediated by RNA-binding protein interactions 

with elements encoded in mRNA transcripts (Buxbaum et al. 2015; Turner-Bridger et al. 2020). 

As such, engineering transgenes at the level of the mRNA transcript, rather than, or in addition 

to, expressed protein, could facilitate or enhance localised somatic, axonal, or dendritic 

expression. An example of this is provided by Hayashi-Takagi et al. (2015), who used a 

combination of protein fusion and mRNA trafficking to target heterologous GTPase expression 

to dendritic spines. The presence of transcripts for endogenous ion-conducting receptors and 

channels at pre- and post-synaptic sites (Hafner et al. 2019; Pushpalatha et al. 2019; Engel et al. 

2020) indicates this strategy would be compatible with localised opsin expression in the 

neuronal membrane. Any remaining paradoxical effects of GtACR2 activation caused by varying 

chloride environments may also be alleviated in future studies through the use of other 

actuators, including potassium-conducting channels. Given that efficient potassium-mediated 

photoinhibition of AAV vector-transduced mammalian neurons has been recently demonstrated 

(Alberio et al. 2018; Sierra et al. 2018), such constructs provide an alternative platform from 

which subcellular optogenetic inhibition may be achieved. 

 

5.3 Intersectional targeting strategies 

 

An exciting area of development in this field, and one that will impact future applications of both 

the cell-type specific expression strategies and subcellular optogenetic tools described here, is 

that of intersectional targeting. Instead of focusing on one or two features of a neural 

population, such as the expression of a gene of interest or connection with a particular 

projection target – as shown here with relaxin-3 and CeA NST neurons, respectively – 
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intersectional strategies target multiple features for transgene expression in ever more precisely 

defined populations. Intersectional strategies can describe any combination of targeting 

mechanisms that allow selective access to a population of interest, including the use of viral 

vector tropism, injection site, and trafficking, as well as promoters and recombinases, to define 

the expression target. Negative selection markers can also be incorporated to this process, such 

as the use of small non-coding RNAs to silence off-target transgene expression (Xie et al. 2011). 

Alongside these approaches, dedicated systems of multiplexed ‘genetic switches’, as detailed 

below, have been developed for streamlined intersectional targeting. The different 

combinations of features targeted by intersectional strategies, and particularly systems 

involving genetic switches, can be conceptualised in terms of Boolean logic, where transgene 

expression is determined by ‘AND’, ‘OR’, and ‘NOT’ operations (Figure 5.1A-C). 

 

Strategies that have emerged to date for intersectional targeting via genetic switches involve 

either recombinase- or CRISPR-mediated DNA editing. Early iterations of recombinase-based 

genetic switches used two STOP cassettes to prevent translation, each flanked by recognition 

sites for independent recombinases (e.g. Cre and Flp) (Figure 5.1D). In the presence of each 

recombinase, the corresponding STOP cassette is excised, with the removal of both cassettes 

necessary for transgene expression (Dymecki et al. 2010). By crossing lines of transgenic mice 

engineered for promoter derived, cell-type specific recombinase expression, Madisen et al. 

(2015) used this STOP cassette approach to selectively label parvalbumin-expressing GABAergic 

neurons. A further example is provided by Yetman et al. (2019), who targeted genetically 

defined interneuron subtypes by employing viral vector-mediated Flp delivery in Cre-expressing 

mouse driver lines. Instead of STOP cassette excision, the ‘intronic recombinase sites enabling 

combinatorial targeting’ (INTRSECT) strategy allows transgene reading frames, created through 

the insertion of artificial introns containing recombinase recognition sites, to be flipped between 

sense- and antisense-orientations (Figure 5.1E,F) (Fenno et al. 2014; 2020). Transgene 

expression can currently be determined by up to three cellular features using INTRSECT, with 

this approach primarily limited by the availability of recombinases with non-overlapping activity 

at established recognition sites. An alternative, recombinase-free strategy is described by 

Garcia-Marques et al. (2019), involving the suppression of functional transgene expression using 

sequences that are selectively removed with CRISPR/Cas9-based editing. In this fashion, various 

elements of a transgenic construct can be interrupted by a theoretically ‘unlimited’ number of 

sites (Figure 5.1G,H), each being targeted for removal through the expression of a unique guide 

RNA. 
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With ever more data shedding light on the genetic and structural nature of neural circuits, a 

process being accelerated by connectome and single-cell transcriptome sequencing studies, 

intersectional targeting of transgene expression is becoming increasingly relevant. However, 

several important caveats need to be considered when using these approaches. First among 

these, it must be emphasised that the specificity of transgene expression should always be 

thoroughly validated. Although the use of multiple checkpoints suggests intersectional 

approaches would provide increased specificity with each additional layer of regulation, some 

degree of off-target expression may persist. This is particularly the case where promoters, which 

rarely achieve complete specificity, are used to drive expression. Total coverage of the target 

population is also unlikely with any given targeting mechanism, an issue which may be 

compounded by intersectional strategies and lead to increasingly reduced transduction 

efficiencies. The potential for cellular aberrations and toxicity caused by expression of multiple 

transgenes should also be carefully monitored, particularly in the context of recombinase 

overexpression (Gangoda et al. 2012; Janbandhu et al. 2014) and off-target Cas9 activity (Zhang 

et al. 2015b; Han et al. 2020). Given the use of appropriate experimental controls to account for 

these factors, intersectional strategies offer a powerful approach for the delivery of highly 

targeted, cell-type specific transgene expression that is likely to gain widespread adoption 

moving forward. 
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Figure 5.1. Refer to next page for figure legend. 
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Figure 5.1. Intersectional approaches for cell-type specific transgene expression. Cell populations 

targeted by intersectional techniques can be defined in several ways using Boolean operations. 

For example, cells may be targeted according to the presence of either feature X OR feature Y 

(A), the presence of both feature X AND feature Y (B), or the presence of feature X but NOT 

feature Y (C). The number of features and type of operations applicable to their targeting will 

depend on the circuitry of interest and intersectional approach used for selective transgene 

expression. Intersectional targeting can be facilitated through the use of recombinase- or 

CRISPR-mediated ‘genetic switches.’ An early approach to recombinase-based intersectional 

targeting is shown in (D) (adapted from Madisen et al. (2015) and Yetman et al. (2019)). In this 

example, expression of a red fluorescent protein (RFP) transgene is suppressed by two upstream 

STOP codons, one flanked by frt sites and the other by LoxP sites. RFP expression occurs only 

after each STOP codon is selectively excised by the corresponding Flp or Cre recombinase, whose 

expression in turn can be controlled by factors such as promoter (P1/P2) activity and viral vector 

transduction. The more recently developed ‘intronic recombinase sites enabling combinatorial 

targeting’ (INTRSECT) strategy offers an alternative approach, whereby artificially constructed 

transgene reading frames are flipped in or out of sense-orientation using inserted introns 

containing recombinase recognition sites (such as lox (yellow arrows) or frt (purple arrows) 

variants). Three example configurations are illustrated in (E) and (F) (adapted from Fenno et al. 

(2020)), showing how transgene configuration can be moved to an active state in the presence 

of Cre AND Flp (Con/Fon), Cre but NOT Flp (Con/Foff), and Flp but NOT Cre (Coff/Fon). In addition to 

introducing NOT operations, multiple introns and additional recombinases can be employed to 

make INTRSECT a versatile, multiplexed platform for intersectional targeting. Selective guide 

RNA (gRNA) rather than recombinase expression can be used to manipulate multiplexed genetic 

switches, created through the disruption of various elements within a transgenic construct by 

corresponding gRNA recognition sites or ‘targets’, using CRISPR-based editing. Two example 

configurations are shown in (G) and (H) (adapted from Garcia-Marques et al. (2019)), where 

CRISPR/Cas9-mediated transgene reconstitution is directed by independently expressed gRNAs. 

A virtually unlimited number of sites can be introduced in this way for conditional transgene 

expression, depending on the desired features designated for intersectional targeting. 
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5.4 Emerging technologies for non-invasive neuronal manipulation 

 

A notable limitation of most established techniques for manipulating and imaging neural activity 

is their reliance on invasive procedures. In the context of transgenic approaches, this includes 

aspects of both transgene delivery, for example the stereotaxic injection of viral vectors, and 

methods for accessing genetically modified circuitry, such as the implantation of cannulae or 

optical fibres. The tissue damage, infection risk, and other complications arising from surgical 

procedures or the use of long-term implants restricts the applications of transgenic technologies 

in research and presents an obstacle to their translational potential. Local vector injection or 

stimulus delivery also limits the area over which transgenic interventions can be applied, an 

issue of particular importance in larger species, including humans. Given that transgenic tools 

for imaging neural activity are based on changes in fluorescence, typically at wavelengths easily 

scattered and absorbed by biological tissues over relatively short distances, the development of 

real-time, non-invasive imaging techniques at the circuit level are not feasible in the near future. 

However, spatially and temporally precise, non-invasive genetic modification and manipulation 

of neural activity is a realistic short-term prospect, with several distinct approaches explored in 

recent studies. 

 

Non-invasive transgene expression has been available for many years in the form of germline 

transgenic animals. An alternative route currently gaining interest is the systemic delivery of 

viral vectors by intravenous (i.v.) administration. Given their safety record (Hudry et al. 2019), 

as well as the ability of some serotypes, including AAV9 (Foust et al. 2009) and AAVHSC variants 

(Ellsworth et al. 2019), to cross the blood-brain barrier, studies exploring this approach largely 

focus on AAV vectors. The relatively low transduction efficiency (around 10 % of neurons or less 

in most brain regions) following i.v. injection of these naturally evolved serotypes has spurred 

the development of enhanced AAV capsids, using methods including in silico design (Hudry et 

al. 2018), protein engineering (Choudhury et al. 2016), and post hoc tissue screening of mutant 

AAV libraries (Deverman et al. 2016). Of these approaches, the latter, termed CREATE (Cre 

recombination–based AAV targeted evolution) by its authors, has yielded the most robust 

results, with transduction efficiencies of up to 90 % demonstrated by the resultant ‘AAV-PHP’ 

vectors (Chan et al. 2017; Kumar et al. 2020). However, transduction efficiencies between brain 

regions vary substantially for all peripherally available AAV serotypes identified to date. This 

variation in tropism may prove valuable in combination with the intersectional targeting 

mechanisms discussed in Section 5.3, which will be essential both for transgene expression in 
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the intended circuitry and repression in peripheral organs such as the liver, where varying levels 

of transduction are also seen (Challis et al. 2019). In addition to bearing similar or lower 

associated costs, systemically delivered AAV vectors also have the potential for direct clinical 

applications, making them an increasingly popular alternative to transgenic animal lines 

(Bedbrook et al. 2018; Li et al. 2020). 

 

Several modalities for non-invasive manipulation of genetically modified neurons have also 

emerged from recent studies, with the most common approach to date being the use of 

magnetic fields to active so-called magneto- or thermogenetic actuators. The genetically 

encoded actuators associated with this method are typically derived from heat-sensitive 

transient receptor potential (TRP) cation channels of the vanilloid subfamily (TRPV channels), 

with a magnetic interface provided either through fusion with ferritin (Stanley et al. 2016; 

Wheeler et al. 2016) or proximity to magnetic nanoparticles (Chen et al. 2015; Munshi et al. 

2017) (Figure 5.2A,B) – although the plausibility and efficacy of the former has been a subject of 

controversy in the literature (Meister 2016; Barbic 2019; Wheeler et al. 2020). Upon exposure 

to an alternating magnetic field, hysteretic ferritin or nanoparticle heating is used to activate 

the heterologously expressed TRPV construct, leading to cellular and behavioural responses 

within seconds (Chen et al. 2015; Stanley et al. 2016; Wheeler et al. 2016; Munshi et al. 2017). 

Magnetogenetic tools derived from mechanoreceptors (Figure 5.2C) have also been validated in 

vitro, though the strong magnetic field gradient required to activate them presents a challenge 

to their application in vivo (Gahl et al. 2018; Christiansen et al. 2019). Similarly, direct 

thermogenetic activation of a heterologously expressed snake TRP channel using infrared 

radiation has been shown by Ermakova et al. (2017) – however, the application of this approach 

in mammals will require channels with higher activation thresholds to avoid in vivo 

desensitisation. 

 

Chemo- and optogenetic technologies have been adapted for non-invasive manipulation as well, 

in part through the use of focused ultrasound. Rao et al. (2019), for example, employed an 

alternating magnetic field to induce the release of clozapine-N-oxide (CNO) from heat-sensitive 

liposomes loaded with magnetic nanoparticles (Figure 5.2D), allowing non-invasive 

chemogenetic manipulation of neurons expressing designer receptors exclusively activated by 

designed drugs (DREADDs) with an approximately 20 s latency. Non-invasive chemogenetics has 

also been achieved using focused ultrasound for localised blood-brain barrier-opening, allowing 

more efficient entry of systemically delivered, DREADD-expressing AAV9 vectors, with which 
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brain circuitry can be transduced and subsequently manipulated by intraperitoneal CNO 

injection (Szablowski et al. 2018). The thermal or mechanical consequences of acoustic energy 

delivered by focused ultrasound may also prove valuable for non-invasively manipulating deep 

brain structures, either directly or via heterologous expression of ‘sonogenetic’ receptors (Rabut 

et al. 2020). Indeed, focused ultrasound has already been used to non-invasively stimulate 

channelrhodopsin-2 (ChR2) by targeting mechanoluminescent nanoparticles in the brain’s 

vasculature (Wu et al. 2019) (Figure 5.2E). An alternative approach for nanoparticle-mediated 

optogenetics is demonstrated by  Chen et al. (2018), who used up-conversion of near-infrared 

light to activate ChR2 in several brain regions (Figure 5.2F). Direct transcranial activation of the 

red-shifted ‘ChRmine’ opsin, expressed either by stereotaxic or i.v. AAV vector injection, has also 

been shown at depths of up to 7 mm in mice (Chen et al. 2020). 

 

It is worth noting that many of the studies mentioned above used stereotaxic injection of viral 

vectors, nanoparticles, and/or liposomes prior to the application of non-invasive stimulation 

techniques. Further examples of entirely non-invasive neuronal manipulations should be 

enabled by the use of engineered viral vectors, as demonstrated by Chen et al. (2020) using an 

AAV-PHP serotype, and/or ultrasound-mediated blood-brain barrier-opening to allow access of 

systemically circulating particles, as used by Szablowski et al. (2018). The cell-type specific 

tropism and millimetric level of spatial resolution afforded by these approaches, respectively, 

provide additional layers at which circuitry can be targeted using intersectional strategies (Li et 

al. 2020; Meng et al. 2020). Important considerations for future studies will also include the 

extent of any unintended biological effects or damage induced by the techniques described, as 

well as the potential for immune responses to systemically delivered agents, which may be more 

likely, given the substantially greater volumes involved and exposure levels, relative to localised 

injections. However, these preliminary studies indicate a variety of non-invasive approaches will 

be available for neuronal manipulation in the near future, providing previously unimaginable 

experimental and therapeutic access to the nervous system. 
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Figure 5.2. Methods for non-invasive manipulation of neural activity. A variety of strategies have 

been developed for non-invasive manipulation of neural activity using transgenic actuators. 

Heat-sensitive ion channels can be activated by hysteretic heating of nearby nanoparticles (A), 

or fusion with magnetic proteins such as ferritin (B), through exposure to an alternating 

magnetic field. Magnetic fields can also be used to activate mechanosensitive ion channels to 

which a magnetic protein is fused (C). Indirect chemogenetic stimulation, through the release of 

chemical ligands from nanoparticle-impregnated, heat-sensitive liposomes, can also be 

achieved using alternating magnetic fields (D) (nanoparticles shown in black, ligand or ‘chemical 

payload’ shown in red). Opsin-expressing neurons have been non-invasively stimulated using 

focused ultrasound to generate light from circulating mechanoluminescent nanoparticles (E), or 

nanoparticle-mediated up-conversion of transcranial infrared (IR) light to visible light (F). A-C, F 

are adapted from Rivnay et al. (2017); D and E are adapted from Rao et al. (2019) and Wu et al. 

(2019), respectively. 
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5.5 Future directions and concluding remarks 

 

Several novel tools and strategies for targeted cellular and subcellular neuronal transgene 

expression are identified by experiments described in this thesis. Among the applications for 

these tools, the further mapping and functional dissection of relaxin-3 NI and CeA NST circuitry 

using promoter- and recombinase-based strategies detailed in Chapters 2 and 4, respectively, is 

directly feasible through the constructs and approaches developed. Data presented in Chapter 

3 also support the directed enrichment of somatic GtACR2Kv2.1 and axonal GtACR2nrxn, providing 

enhanced optogenetic tools for the efficient manipulation and investigation of these 

heterogeneous cellular structures and their role in circuitry contributing to physiology and 

behaviour. Additional studies applying and further validating these fusion constructs in other 

systems and species will be of great interest. 

 

Paired with the diverse catalogue of transgenic markers, sensors, and actuators currently 

available, along with the development of new technologies for non-invasive neuronal 

manipulation, the cell-type specific targeting strategies outlined here offer powerful approaches 

to understand the composition and function of neural circuits. While targeting CeA NST 

neurons through the approach described in Chapter 4 requires stereotaxic injections, due to the 

need for localised CAV2 vector delivery to select for NST-projecting efferents, its use to express 

transgenes enabling non-invasive manipulation of neural activity would facilitate temporally 

precise insights under naturalistic conditions and behaviours without any external equipment 

or tethers. This can also be achieved in the short-term using established chemogenetic 

approaches, though without the same temporal resolution. Existing techniques for optogenetic 

manipulation and optical monitoring of neural activity can also be immediately applied to 

investigate potential roles for CeA NST neurons in modulating autonomic and behavioural 

responses to emotive stimuli, aided by the ongoing development of miniaturised, flexible, and 

implantable interfaces (Won et al. 2020). This is particularly true of the GtACR2 constructs 

developed in Chapters 3 and 4, with cell-type specific GtACR2Kv2.1 expression already 

demonstrated here. These same methods apply to investigating the role of NI, and perhaps also 

global, relaxin-3 circuitry in modulating arousal and related functions, using the promoter-based 

strategy described in Chapter 2. 

 

The tools and techniques developed here are also compatible with intersectional targeting 

strategies outlined in Section 5.3. In this way, further refinement of relaxin-3 NI circuitry 
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transduction, for example based on co-expression with other genes or projection targets of 

interest, would be possible using promoter driven recombinase, guide RNA, and/or marker, 

sensor, or actuator expression. Intersectional strategies may also prove necessary for targeted 

expression where the relaxin-3 promoter is used in conjunction with a systemically delivered 

viral vector. Although the high degree of specificity reported in Chapter 2 suggests cell-type 

specific promoter activity would be seen outside the NI as well, promoter specificity following 

AAV vector transduction has been reported to vary by as much as 60 % depending on the brain 

region assessed (Chan et al. 2017). If such regional variability were found with the relaxin-3 

promoter, it may be possible to correct this using intersectional methods to suppress off-target 

expression. The CeA NST targeting strategy developed in Chapter 4 is itself a basic form of viral 

vector- and recombinase-based intersectional targeting, which may be elaborated on using 

multiplexed INTRSECT- or CRISPR-based methods. Naturally, these and other intersectional 

techniques can also be used for targeted GtACR2Kv2.1 and GtACR2nrxn expression in precisely 

defined circuits of interest. Intersectional strategies would be especially useful in building upon 

the physiological observations reported in Chapter 3, through more refined targeting of GtACR2 

construct expression and photoinhibition in preBötC and associated circuitry. 

 

In closing, experiments described in this thesis provide valuable and diverse contributions to the 

expanding toolset for targeted cellular and subcellular transgene expression. Their application 

in future studies offer many opportunities to understand how defined neural circuits contribute 

to cognition and behaviour, from which novel therapeutic strategies for a variety of 

neuropsychiatric conditions may be developed. 
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Appendix I 

Promoter sequences 

 

Details of promoter sequences used in constructs developed in Chapter 2 are provided below. 

 

Rat relaxin-3 (Rln3) promoter sequence (5’ 3’; 1,736 bp) 

 

CCTGCAAACTTGTCTGTGTACCATTTGCATGTCTGGAACCTGTAGAGGCCAGAAGAAGGCATCAGATTC

CATGAACATGGAGTCACTGACAGTTGTGAGTTGCCATGTGGGTGCTGGGAGCTGAACCTGGGTCCTCT

GGAAGAACAGCCAGTATACATAAACTCTGAGCTATCTCTGTCTCTCCAGCCCTAAGGTTGTTCCAGGCC

ACCCCAGAGAGTCCCCTCTGCAGAGGGGCAAGCGGCAGCACAGTGGTTAGAGCATTTTCTCCTTGTAT

GGGGACCCAGGTTCTGTTCCCAGCAGCCATGTCAGCAGCACAACCTGTAACTTGAGCTCCAGGAGTTT

GATGCCCACTTTTGACCTCTACAAGAACCCACATAAATGTGGTACACACACAGTCACACACACAGTCAC

ACACACAGTCACAAACACACACACATAGTCACAGACACAGACACACACATACAGTCACATACATAGACA

CAGACACAGACACACACACACAATCACACACAATCACACACACACAGTCACACACACAGACACAGTCAC

ACACACACATAAATGAAAAATACATAACTCTAAAACAGCAGACAAAATTGGGCTTTTTTTTTTGACCCAA

TTTATCAGATATAATTGCCCACCCAAACATACAAAGCCCAATACACATCCATCCCTTAAAAACATTCATA

ACGGGGGTTGGGGATTTAGCTCAGTGGTAGAGCGCTTACCTAGGAAGCGCAGGGCCCTGGGTTCGGT

CCCCAGCTCCGGAAAAAAAAAAAAGAAGATGTAACACACACACACACACACACACACACACACACACA

TACACACATTCACTCACACAGAGACTGAACCACCAAAGAGCAAACATGGGACTGACTTAGGCCCTCTGC

ACGTGTTACAGTTGTATATGCGGGACTCCTACAGTGGGAGCAGGGGTGTCTCTGACTATTTTGCCTGCT

TTTGAGACCCTTTCTTCCTACTGGGCTGCCTCTTCCAGCCTCAGCAGGAGAAGGTGTGCCTGGTCTCACT

GCAACTTCATACACCTGGGCTAGTTGATCTACAGCGGAGATCTCTTTTCTGAAGAGAAGTGGGGGCAG

AGTGGATAAGGGGAAAGGTGGGGGGAAAGACTGGGAGGAGAGGAGGGAGGGGGAACTGTGGTCA

GGATGTAAAATAAATACATTTATTCATTGTAAAGAGAGATGCGGGTGTTTATTGTTATTTATGTTGGTAC

ATGCGCACATATGTATGTGCATGTGTGCGCAGGCTCCATGGGGGCGTCGAATCCCCTGGAGCTGGAGT

TACAGGAAACTGTGAGTTGCCTGCTTTGGGTAGTGGGCACCGAACTCAGGCCATCCGGAAGAGCAGG

AAGCGTCTTATCTACTGTGCCACCTCCCCAGCTCCAGCGGAGAGTTTGAGGCTAGCCAGGCTAGGGGA

TTCTGCCTAACAAGAAGAGCGTTGGTTGATGGCTTACTCCTATAATCCCAGCACTTAGCAGTAGACTGA

AGCAGGAGAATTGCTCGGGTGCGGAAGATGACAGGGAGCTGAGCCATGCCACCCTGTCTGCGTGAAA

GGTTATCTCTTGGCAAGGAGATGGTAAAGGTCAGGTTGCCAACTGCCTCTCCTCTGCTCAGAAGATAAC

CCAGGTCAGCGGGCGGGGCTGGAAGCCAGGCTGTATAAATAGGGGATTGGAGGTGGTGCCGACAGA

GCCACCTGGGTCGCAGGCATCTCAGCTG 
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Rat tropomyosin receptor kinase A (TrkA) promoter sequence (5’ 3’; 880 bp) 

 

GAACGGTTCCCAGCTCACACGTCCGAAGAACTAAGAGATCTATTAATTTCTCCGCACAGAAATCGATGC

TCTTGTCAGGACGGCGATCGATGCCAGGCTTGGTCTGCCTGGCCAAACCCCGGCTCTGGGGCCGCAGC

TGGCTGGCTAGGATTGGGAACTGACCCCAAGACCAGAGAGGCACAGTCAAGCAAGGCTCCGAACAGC

TTTCCCCGGCCCTCGCCCTCGGAGCCCCAGGCCAATCGCAACGCCCCGGCGCGAGGGCTTCTAGCGCC

ACCCTGTGGGCTCTTGAGGACCGAGAGGTCTCCACTTTCCAATCTCCCTCCAGCTGTGTTCAAAGGACT

CTTCTTTACCCCTGTTTTCCTCCCCAGATTCTGCGTCCAGCCTCAGCGAGGCCTCTCCCTTTCCTTACTAG

GGTCTGGAGAGCGTACATCTAACTTATTCCAAGTGACGTGAACACTCTCTTAGGTAAAGTGCACGGTGA

GGCTGGCTGGGCTGACCCGGACTTCAACCTTTTTCTTGCTCAATCTCTCCTGGTCCCCGCAAATCTGAAA

ATGCAGCTGTTTTACTGTGAGAAATAGGGTATCGGCTTCCTAGCTCCCCCAGCCTCAGAAGACACATGT

GAAGCAATCTGTGGCAGTCCCCCGCCCCAGGTCTCCTGCAGCCGTGAGGGACATGAGGAAGGCGAGC

TGGCAATAGGGCCCCGAAAGGGGAGGGGGCACTGGGGGCATCGGCAGGCGGGGCGGGGCGGGGCC

GTGGGTGCCGCCCTCTCCTGGTGGCTAGTCTTTAACACCGCCCCGCGCACGTGTCGCGCGAGGCCGGG

CGGCGGCAGCCAGGAGCGCACGGACGGCCGCGCGGCCCGAGCTAGGCGGGCGCCGCCGCG  
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Appendix II 

Additional viral vector constructs 

 

The following AAV vectors were developed during my candidature and undergoing functional 

validation at the time this thesis was submitted. Details of their construction are recorded here 

for future reference and interest in relation to studies described in the main text. 

 

Name: AAV1/2-Rln3-Cre 

 

Purpose: This vector was developed for cell-type specific expression of Cre-recombinase in 

relaxin-3 neurons, mediated by the relaxin-3 promoter sequence identified in Chapter 2. 

 

Plasmid construction: To facilitate construction of AAV-Rln3-Cre using the Gateway® cloning 

system, the Cre-recombinase protein coding sequence was cloned from pTYF-BS-TPH2-Cre-IRES-

GAL4p65 plasmid (kindly provided by Prof. Sergey Kasparov, University of Bristol, UK) using 

forward (5’-attB5-ATGTCCAATTTACTGACCGTACACC) and reverse (5’-attB2-

CTAATCGCCATCTTCCAGCAGG) primers (synthesised by Sigma-Aldrich (NSW, Australia)). Fifty 

fmol of the resultant PCR product was used to create pENTR-L5-Cre-L2 plasmid, via 

recombination with pDONR-P5-P2 plasmid (a gift from Dr. Melanie White (A*STAR, Singapore)). 

Subsequent recombination of pENTR-L5-Cre-L2 with pENTR-L1-Rln3-R2 (10 fmol each) and pAM-

Gateway (see Section 2.2.3; Wykes et al. (2020)) (20 fmol) generated pAM-Rln3-Cre. All 

recombination reactions were carried out using ClonaseTMII reagents (Life Technologies, VIC, 

Australia), and incubated for 16 h at 25 ̊ C. The PCR-amplified Cre-recombinase coding sequence 

incorporated into pENTR-L5-Cre-L2 was verified by Sanger sequencing (Australian Genome 

Research Facility, VIC, Australia). 

 

AAV vector production: Vector production and titration were performed as described in Section 

2.2.4. In brief, AAV1/2-Rln3-Cre vector was produced in, and harvested from, HEK293FT cells 

following PEI co-transfection with pAM-Rln3-Cre and pDPI/pDPII helper plasmids (Grimm et al. 

2003). Harvested vectors were purified by iodixanol gradient ultracentrifugation, and titre 

determined using qPCR against the WPRE sequence. 
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Name: AAV1/2-CAG-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL 

 

Purpose: AAV1/2-CAG-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL is analogous to the AAV1/2-hSyn-

DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL vector described in Chapter 4, with modification to provide 

expression under a CAG promoter sequence, rather than hSyn promoter. As such, this vector 

provides CAG promoter-driven hCAR or GtACR2Kv2.1 expression in transduced cells, prior to or 

following Cre recombination, respectively. 

 

Plasmid construction: pAAV-hSyn-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL (as described in Section 

4.2.2) and pUC57-CAG (synthesised by GenScript (NJ, USA)) plasmids were digested with XbaI 

enzyme (Promega, NSW, Australia), excising the respective promoter sequences. Subsequent 

ligation of the CAG promoter into the open pAAV-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL backbone, 

using T4 Ligase (Promega), created the pAAV-CAG-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL plasmid. 

 

AAV vector production: Vector production and titration were performed as described in Section 

4.2.2. In brief, AAV1/2-CAG-DIO-(hCAR)off-(GtACR2Kv2.1)on-W3SL vector was produced in, and 

harvested from, HEK293FT cells following PEI co-transfection with pAAV-CAG-DIO-(hCAR)off-

(GtACR2Kv2.1)on-W3SL and pDPI/pDPII helper plasmids (Grimm et al. 2003). Harvested vectors 

were purified by iodixanol gradient ultracentrifugation, and titre determined using qPCR against 

the muGFP sequence. 

 


