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ABSTRACT 

 

The purpose of this thesis was to characterise the 

contribution that a specific molecule, CREB1, plays 

in the many facets of a developing addiction 

phenotype. Indeed, CREB1 is known to contribute to 

long term learning and memory, and present an 

altered activation profile upon exposure to 

reinforcing substances, in brain regions implicated in 

addiction. Together, these observations provide a 

prima facie driver to investigate the specific 

involvement of CREB1 in brain regions implicated in 

reinforcement and drug-seeking. 

Initially, I investigated Sprague Dawley rats whom 

had undergone behavioural sensitization to the 

repeated administration of the psychostimulant d-

Amphetamine. Detailed in Chapter 3, the aims of 

this study were to determine the impact that 

environmental drug-context associations and 

psychostimulant sensitization makes upon 

expression of the activated or phosphorylated form 

of CREB1 (pCREB1). The data presented in the 

study reveals that many brain nuclei relevant to the 

behavioural effects of drug exposure show 

expression of pCREB1 subsequent to enduring 

amphetamine abuse, as well as upon return to an 

environment previously paired with amphetamine. 

The profile of pCREB1 expression within brains was 

unique to each pattern of drug dosing and context 

exposure, suggesting that unique sub-circuits 

underlie these different behavioural repertoires. 

Using the impetus from this study, I determined to 

further investigate the contribution of CREB1 from 

specific brain regions, and the impact of its deletion 

upon behaviours characteristic of addiction. Indeed, 

the aims of this section of the project were to firstly 

employ relevant detection systems and current 

genetic-engineering technologies in creating 

appropriate expression animal lines, emphasising 

reward and reinforcement pathways. In addition, I 

aimed to understand the signalling systems and 

pathways which are activated by neurotransmitters, 

culminating in the phosphorylation of CREB and 

subsequently altered gene expression and long-term 

cellular and neuronal adaptation, induced by 

ongoing exposure to drugs of abuse. 

Detailed in Chapter 4, I created a novel mutant 

mouse which was deficient in CREB1 within the 

dorsal telencephalon. Mice 'floxed' for the Creb1 

gene expressed loxP DNA sequence around an 

exon critical to CREB1 function. These mice were 

interbred with mice expressing the enzyme Cre 

recombinase in dorsal telencephalic brain regions. 

Thus, mice expressing Cre recombinase and floxed 

for Creb1 demonstrated the deletion of CREB1 

protein in these brain regions, which is 

demonstrated through experiments presented in 

Chapter 4. 

Further in vitro characterisation of this mutant mouse 

was carried out and presented in Chapter 5. As 

CREB1 is important in synaptic plasticity and 

growth, it was necessary to evaluate any impact 

upon ontogeny through stereological analysis of cell 

number and volume, for relevant brain nuclei. The 

experiments demonstrate that mutant CREB1 mice 

were no different to control mice, however, it was 

possible that this lack of phenotype was partly 

contributed though changes in the level of other 

CREB/ATF-1/CREM bZIP family members. To this 

end, I determined to assay for transcript changes in 

these and related genes, finding confirmation of the 

deletion of the Creb1 transcript in the cortex and 

hippocampus, whilst observing a concomitant 

increase in Crem transcript. These data suggested 

that compensatory changes in brain regions 

receiving a recombination of Creb1 were apparent, 
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contributing to the lack of an obvious phenotype in 

these mice. 

Having confirmed the specific deletion of CREB1 in 

the appropriate brain nuclei, I then moved to 

examine the impact of the deletion behaviourally, 

both in terms of general ethology, and in regard to 

drug-induced phenotypes.  Presented in Chapter 6, 

experiments assaying general ethology of the 

CREB1 mutant revealed a spontaneous hypoactivity 

when placed in a small open field environment. As 

CREB1 is involved in neural plasticity, I wished to 

assay for the impact on behavioural sensitization, a 

paradigm which reveals long-lived neural change. 

Experiments to this effect showed no perturbation of 

behavioural sensitization to the effects of cocaine in 

the mutant. In addition, mutant mice also showed a 

similar response to the rewarding effects cocaine as 

witnessed in the control mice, however, the CREB1 

mutants demonstrated a perturbed drug-

environment contextual memory, which was not 

retained in long-term place preference experiments. 

Operant conditioning studies for intravenous self 

administration of cocaine revealed that CREB1 

mutants displayed a dose-specific diminished drive 

to self-administer cocaine, whereas in contrast, self 

administration of a natural reward was no different to 

control mice. These data suggest that there is a 

specific role for CREB1 in telencephalic 

glutamatergic neurons regulating the motivational 

and associative properties of cocaine. 

Together, these data provide evidence that CREB1 

functions as a key molecular substrate in long lived 

drug-context environment associations and neural 

change underlying the developing addicted state, 

warranting future investigation for its properties in 

producing drug related functional and behavioural 

change. 



Publications         

V 

PUBLICATIONS 

Original Articles 

• McPherson, C.S. & Lawrence, A.J. Exposure to amphetamine in rats during periadolescence 
establishes behavioural and extrastriatal neural sensitization in adulthood. Int J 
Neuropsychopharmacol 9, 377-392 (2006). 

• McPherson, C.S., Featherby, T., Krstew, E. & Andrew, J.L. Quantification of phosphorylated 
cAMP-response element-binding protein expression throughout the brain of amphetamine-
sensitized rats: activation of hypothalamic orexin A-containing neurons. J. Pharmacol Exp 
Ther 323, 805-812 (2007). 

• McPherson, C.S., Mantamadiotis, T., Tan, S., Lawrence, A.J. Cortical CREB1 Underlies 
Motivational Properties of Cocaine and Long-Term Drug Memory. J Neurosci (In Press) 

 

Review 

• McPherson, C.S. & Lawrence, A.J. (2007) The Nuclear Transcription Factor CREB: 
Involvement in Addiction, Deletion Models and Looking Forward. Current Neuropharmacology, 
5, 202-212 (2007). 

 

Presentations 

• Symposium: 22-Oct-2008, University of Melbourne - Advances in Addiction Neuroscience: 
Policy, Treatment, Ethics and Self-Understanding.  

Rationale: An interdisciplinary symposium unifying cognitive, policy and treatment philosophies to the 
understanding of addiction neurosciences. 
Title: Neural correlates of drug use, drug related plasticity and animal models to humans. (Invited) 

 

Abstracts 

• Neuroscience Symposium, Melbourne, 2008, Abstract: Characterisation and Preliminary 
Profiling of a Cortically-Restricted CREB Knockout Mouse Model. 

• IBRO, 2007, Abstract: Characterisation and Preliminary Profiling of a Cortically-Restricted 
CREB Knockout Mouse Model. 

• Society for Neuroscience, 2006, Abstract: Quantification of pCREB133 expression throughout 
the CNS of amphetamine sensitized rats 

• Society for Neuroscience, 2005, Abstract: Sensitisation To Amphetamine In Periadolescent 
Rats: Behaviour & Functional Neuroanatomy  

• Australian Neuroscience Society, Sydney 2006, Abstract: Central Expression Of pCREB 
Protein Following Amphetamine Sensitization In Periadolescent Rats 

• Australian Neuroscience Society, Sydney 2006, Abstract: Influence of Fluid Deprivation on 
Alcohol Intake of Fawn Hooded Rats 

• Australian Neuroscience Society, Perth 2005, Abstract: Sensitisation To Amphetamine In 
Periadolescent Rats: Behaviour & Functional Neuroanatomy 

• Australian Neuroscience Society, Perth 2005, Abstract: Consequences of Amphetamine Use 
in Juvenile Rats: Persistence into Adulthood 



General Declaration       

VI 

GENERAL DECLARATION 

 

According the necessary guidelines for submission of a Doctor of Philosophy thesis, stipulated by the 

University of Melbourne, is marked the following general declaration. 

 

 

This is to certify that:  

this thesis comprises only my original work towards the PhD, except where indicated in the Preface,  

due acknowledgement has been made in the text to all other material used,  

the thesis is less than 100,000 words in length, exclusive of tables, maps, bibliographies and appendices. 

 

 

 

 

 

 

 

 

 

 

 

Signed:     Date: 

 



Preface         

VII 

PREFACE 

 

The work carried out in the research elaborated upon, and in preparation of this thesis, specifically pertaining 

to Chapters 1, and 4 through 7, was completely original and performed through the endeavours of the 

aforementioned author. 

The data presented in Chapter 3 was conducted in assistance with co-investigators: Andrew Lawrence, 

whom assisted manuscript preparation and study design; Elena Krstew and Travis Featherby: whom 

completed the immunohistochemical double-labelling study, and is completely original. 

Methodological work pertaining to the insertion of catheters into the jugular vein of mice during the surgical 

component of mouse cocaine self-administration study was assisted by Andrew Lawrence, Heather Madsen, 

Robyn Brown, Liz Cahir and Michael Bird. This work is described in Chapter 2, and is associated with data 

presented in Chapter 6, and is completely original. 



Dedication         

VIII 

DEDICATION 

there can be no doubting it. 

these dedicatees are inherent in my creation, genesis and manifestation upon this nigh 

infinitesimally complex soil. 

together, they have imbued me the ex-ante skill set, upon which I draw daily, 

and in unison furnished unrequited love and support. 

so, with love, 

this is dedicated to 

mum and dad 



Acknowledgements       

IX 

ACKNOWLEDGEMENTS 

First and foremost, my supervisor, Andy, thank you for your support, guidance, motivational talks and 
friendship. I have enjoyed the positive energy you share, your enthusiasm for science and mentoring across 
the years, and also the many cycling journeys, and look forward to similar journeys in the future. 
Thank you also to my co-supervior, John, for your comments and feedback, and sharing of physical and 
intellectual resources throughout my studies. 
 
Love to all who influenced my life in so many intangible yet important and enjoyable ways. My Family (mum, 
helly, simmo, krisarn & kidlets, james), for love support hot dinners cold dinners did I say support? you’ve all 
had my back *l0ve*. Lozza, for the good times friendship love excellent company coffees listening to my 
dreams talk presents lots of things *smiles giggles ♥* best girlfriend oot! 4saken, critical conversations new 
perspectives crazy times many coffees much gaming great friendship, thanks man. Brooksy, a firm friend 
always up for anything excellent company I look forward to the many years ahead my man. Richo, you’re 
miles away but I still luvs ya, choice bro! McConnell, its been great hanging with you all these years, see you 
after the next flight ;). The Lab (robyn, birdy, heather, alex, betty, liz, travvy, bianca, cam, cowenite, fengster, 
andy, elena, jess, linda, dennis, jeppe, spanish girl, rosanna, us girl, vince, waleed, anyone else), help on 
innumerable occasion good conversations listening to my presentations excellent company in my US tour 
(trav). Most Excellent Friends (sacha, yang, naz, simone, alli, eco crew, mucyc peeps and the many others ;) 
), for being here and there and everywhere I needed you! Magic Sliding House Compatriots (lausy, ali, 
abster, paul, sam, polo, chimene, seb, ali, tea, randoms, pirate), creating a loving and friendly home 
environment. Uni Friends (avvy, eva, wallis, luning, lin, scott, jeremy, clare, donna, the rest), engendering 
good environment great company good times. Paresh, sensational meditation sessions the master you 
thanks! Finally, Melbourne University Pharmacology (Carol, Jane, Mel and others), Anatomy & Cell Biology 
(Robb) and Physiology (Graham) Departments, for the opportunity to test my knowledge in practice; and the 
Florey, for the support experiences and opportunities. 
 
A PhD happens not in isolation – these people contributed with their technical skills, and for that, I give 
thanks: 

• technical staff: exemplary handling, breeding and care for the mice (esp Grant Cowan-Hackett, 
also Ana, Rian, Lisa, Maria, Leah, Krista and the rest of the crew) 

• behavioural setup: brett 

• chris bye, terrance pang, michelle z: qpcr 

• cathy jensen: qpcr, syto-9/hrm 

• monique howard: dna sequencing, emx1
cre

 pcr 

• vicky hammond: primer design, ihc 

• eva so, lozza: ihc ideas 

• doris, clare, jacqui: stereology 

• jim massalas: southerns 

• luning, lozza: ihc-if 

• percy chiu: westerns 

• horne /drago/tan lab: resources, broad assistance 

• kenny, leon, simon: it resources and friendly assistance 

 
Many other things made this a pleasurable experience: cnr regret & remorse (origin), andrew sega (necros), 
deus ex 1,2 & thief 3 (ion storm), black lab, swkotor (bioware), planescape (black isle), xbox (m$), python 
community, caffeinated beverages (dr pepper, pepsi max, $tarbucks), flex-fit caps, mucyc, mugym, 
exercise buddies, giant bikes & lygon cycles (u guys rock!1!!), new balance, p&q, live journal, spin classes 
(Sam, spin was never better!), star trek in its many incarnations (particularly ng & voyager), carrots (firm 
sweet & ripe), quacky (relentless anthems, undisputed desecration by the fistful, pillar post lookout). 



Table of Contents        

X 

TABLE OF CONTENTS 

TARGETED KNOCKDOWN OF CREB1 IN BRAIN NUCLEI CRITICALLY INVOLVED IN DRUG-SEEKING 
BEHAVIOUR................................................................................................................................................ I 
ABSTRACT................................................................................................................................................ III 
PUBLICATIONS.......................................................................................................................................... V 
GENERAL DECLARATION........................................................................................................................ VI 
PREFACE ................................................................................................................................................. VII 
DEDICATION ........................................................................................................................................... VIII 
ACKNOWLEDGEMENTS........................................................................................................................... IX 
TABLE OF CONTENTS .............................................................................................................................. X 
LIST OF TABLES..................................................................................................................................... XIII 
LIST OF FIGURES ...................................................................................................................................XIV 
ABBREVIATIONS.....................................................................................................................................XV 
CHAPTER 1 .................................................................................................................................................1 

THE NUCLEAR TRANSCRIPTION FACTOR CREB1: INVOLVEMENT IN ADDICTION, DELETION MODELS AND LOOKING 

FORWARD..................................................................................................................................................1 
1.1: SUMMARY ...........................................................................................................................................2 
1.2: INTRODUCTION.....................................................................................................................................2 
1.3: INVOLVEMENT OF CREB1 IN ADDICTION .................................................................................................3 
1.4: EVIDENCE FOR CREB1 IN ADDICTION ....................................................................................................6 
1.5: THE DIVIDE BETWEEN CREB1 AND PCREB1..........................................................................................8 
1.6: CONTROLLING CREB1 EXPRESSION: CONVENTIONAL MODELS.................................................................8 
1.7: DISCOVERY OF A NOVEL CREB1 ISOFORM..............................................................................................9 
1.8: ADDICTION STUDIES USING MICE HYPOMORPHIC FOR CREB1 ...................................................................9 
1.9: CREB1 AND DOMINANT-NEGATIVE CREB1 OVEREXPRESSION USING HSV.............................................12 
1.10: TETRACYCLINE-REGULATED TRANSACTIVATION AND CREB1 ANTISENSE ...............................................15 
1.11: CONVENTIONAL CREB1 KNOCKDOWN MODELS: THE CONCLUSION .........................................................15 
1.12: LOOKING FORWARD: REGION-SPECIFIC PROMOTERS DRIVING SPATIOTEMPORAL CREB1 DELETION ........17 

1.12.1: Nestin and CaMKIIα Driven Cre ..............................................................................................17 
1.12.2: ...when applied to CREM.........................................................................................................17 
1.12.3: Drd1a Driven Cre....................................................................................................................18 
1.12.4: DARPP-32 Driven Cre ............................................................................................................18 
1.12.5: Emx1 Driven Cre ....................................................................................................................18 

1.13: FUTURE CREB1 KNOCKDOWN MODELS: THE CONCLUSION....................................................................21 
1.14: INVESTIGATING ADDICTION NETWORKS WITH CONDITIONAL KNOCKOUT MICE .........................................21 
1.15: CONCLUSIONS .................................................................................................................................21 

CHAPTER 2 ...............................................................................................................................................23 

GENERAL METHODS..................................................................................................................................23 
2.1: INTRODUCTION...................................................................................................................................24 

2.1.1: Methods in Science...................................................................................................................24 
2.1.2: Method Application ...................................................................................................................24 

2.2: IN VIVO CHARACTERISATION METHODOLOGIES......................................................................................24 
2.2.1: Rotarod ....................................................................................................................................25 
2.2.2: EthoVision System for Spatial Subject Tracking ........................................................................25 
2.2.3: Conditioned Place Preference...................................................................................................28 
2.2.4: Photooptic Locomotor Cells ......................................................................................................29 
2.2.5: Mouse Operant Conditioning Chambers....................................................................................31 

2.3: IN VITRO CHARACTERISATION METHODOLOGIES....................................................................................36 
2.3.1: Stereology ................................................................................................................................36 
2.3.2: mRNA Expression with qRT-PCR .............................................................................................37 
2.3.3: DNA Expression .......................................................................................................................52 
2.3.4: Protein Expression....................................................................................................................53 

2.4: SOFTWARE AND DATA ANALYSIS..........................................................................................................55 
2.4.1: Behavioural Software................................................................................................................55 
2.4.2: Molecular Biology Software.......................................................................................................56 
2.4.3: Summary..................................................................................................................................57 



Table of Contents        

XI 

CHAPTER 3 ...............................................................................................................................................59 

QUANTIFICATION OF PCREB1 EXPRESSION THROUGHOUT THE BRAIN OF AMPHETAMINE SENSITIZED RATS: 
ACTIVATION OF HYPOTHALAMIC OREXIN A-CONTAINING NEURONS ................................................................59 
3.1: SUMMARY .........................................................................................................................................60 
3.2: INTRODUCTION...................................................................................................................................60 
3.3: METHODS..........................................................................................................................................61 

3.3.1: Animals.....................................................................................................................................61 
3.3.2: Drug Administration ..................................................................................................................61 
3.3.3: Tissue Preparation....................................................................................................................63 
3.3.4: Immunostaining ........................................................................................................................63 
3.3.5: Microscopic Analysis.................................................................................................................63 
3.3.6: Statistics ...................................................................................................................................64 

3.4: RESULTS...........................................................................................................................................67 
3.4.1: Acute Effects of Amphetamine ..................................................................................................67 
3.4.2: Drug-Environment Associations ................................................................................................67 
3.4.3: Sensitization Effects of Amphetamine .......................................................................................67 
3.4.4: Lateral Hypothalamic Orexinergic Neurons: co-expression with c-Fos, not pCREB1..................69 

3.5: DISCUSSION ......................................................................................................................................71 
3.5.1: Acute Effects of Amphetamine ..................................................................................................71 
3.5.2: Drug-Environment Associations ................................................................................................71 
3.5.3: Sensitization Effects of Amphetamine .......................................................................................71 
3.5.4: A Dual Neural Network to Describe Sensitization to Psychostimulants.......................................72 
3.5.5: Orexinergic neurons in the hypothalamus do not co-express pCREB1 upon sensitization..........72 
3.5.6: Orexinergic neurons of the hypothalamus do co-express c-Fos upon sensitization ....................73 

3.6: CONCLUSION .....................................................................................................................................73 

CHAPTER 4 ...............................................................................................................................................75 

DESIGNING THE CREB1EMX1CRE
 CONDITIONAL MOUSE MUTANT .......................................................................75 

4.1: SUMMARY .........................................................................................................................................76 
4.2: CREB1

EMX1CRE: THE CONDITIONAL KNOCKOUT MODEL ............................................................................76 
4.2.1: Emx1

Cre
 Mutant.........................................................................................................................77 

4.2.2: Creb1
loxp

 Mutant........................................................................................................................79 
4.2.3: The Cre-loxP System................................................................................................................79 

4.3: BREEDING AND ANIMALS .....................................................................................................................80 
4.3.1: Animals.....................................................................................................................................80 
4.3.2: Housing ....................................................................................................................................80 
4.3.3: Mice and Breeding....................................................................................................................80 

4.4: CONFIRMATION OF DELETION ..............................................................................................................82 
4.4.1: PCR Genotyping.......................................................................................................................82 
4.4.2: Immunohistochemistry ..............................................................................................................85 

4.5: CONCLUSION .....................................................................................................................................90 

CHAPTER 5 ...............................................................................................................................................91 

IN VITRO CHARACTERISATION OF THE CREB1
EMX1CRE

 MUTANT.........................................................................91 
5.1: SUMMARY .........................................................................................................................................92 
5.2: INTRODUCTION...................................................................................................................................92 
5.3: METHODS..........................................................................................................................................93 

5.3.1: Experimental Methods ..............................................................................................................93 
5.3.2: Statistical Methods....................................................................................................................93 

5.4: RESULTS...........................................................................................................................................93 
5.4.1: Quantitative RT-PCR ................................................................................................................93 
5.4.2: Stereology ..............................................................................................................................107 

5.5: PROTEIN EXPRESSION ......................................................................................................................109 
5.6: DISCUSSION ....................................................................................................................................110 

5.6.1: qRT-PCR................................................................................................................................110 
5.6.2: Stereology ..............................................................................................................................111 
5.6.3: Candidate Mechanisms for Neuronal Changes........................................................................111 

CHAPTER 6 .............................................................................................................................................113 

IN VIVO CHARACTERISATION OF THE CREB1EMX1CRE MUTANT.........................................................................113 



Table of Contents        

XII 

6.1: SUMMARY .......................................................................................................................................114 
6.2: INTRODUCTION.................................................................................................................................114 
6.3: METHODS........................................................................................................................................115 

6.3.1: Behaviour ...............................................................................................................................115 
6.3.2: Statistical Methods..................................................................................................................115 

6.4: RESULTS.........................................................................................................................................117 
6.4.1: General Ethological Assessment.............................................................................................117 
6.4.2: Behavioural Response to Repeated Cocaine ..........................................................................124 

6.5: DISCUSSION ....................................................................................................................................136 
6.5.1: General Phenotyping ..............................................................................................................136 
6.5.2: Cocaine Phenotyping..............................................................................................................137 
6.5.3: Conclusion..............................................................................................................................141 

CHAPTER 7 .............................................................................................................................................143 

GENERAL DISCUSSION ............................................................................................................................143 

REFERENCES............................................................................................................................................. I 

 



List of Tables        

XIII 

LIST OF TABLES 

Table 1-1: CREB1 Involvement in Addiction 
Table 1-2: Characterisation of the CREB1

αδ Model 
Table 1-3: HSV-(m)CREB1 Overexpression Models 
Table 1-4: CREB1 Antisense Models 
Table 2-1: Behavioural Sensitization Treatment Groups 
Table 2-2: Progressive Ratio Schedule 
Table 2-3: Stereological Assessment – Bregma Coordinates by Region 
Table 2-4: qRT-PCR Primer Sets 
Table 2-5: ICER vs CREM Exon Detail 
Table 2-6: qPCR Primer Assay 
Table 2-7: qPCR Reaction Mixture 
Table 2-8: qPCR Thermal Cycling Conditions 
Table 2-9: Validation Experiment: Desired Parameters for EC and GOI Primer Sets 
Table 2-10: Calculations for geNorm Input 
Table 2-11: geNorm Output Data Spreadsheet 
Table 2-12: Antibodies Employed for Protein Assays 
Table 3-1: Experimental Treatment Schedule 
Table 3-2: Regional Raw pCREB1-IR Count by Group 
Table 4-1: Creb1 Transcript and Exon Flanked by loxP Sequences (originally exon 10) 
Table 4-2: Tail Buffer and TE Buffer Formulations 
Table 4-3: Genotyping Primers and Expected Amplicons 
Table 4-4: Genotyping Thermal Cycling Conditions 
Table 5-1: Ct’s for Final Primer Concentrations of 50nM and 300nM 
Table 5-2: Expected Atf1 Amplicon Sequence and qPCR Sample Sequencing Results 
Table 5-3: Validation Experiment Linear Regression Results 
Table 5-4: geNorm Regional Analysis of Candidate Endogenous Control Gene 
Table 5-5: Endogenous Control Gene by Brain Region in Creb1

Emx1Cre
 Mice 

Table 5-6: qPCR Experiments for mRNA Levels – Brain Regions and Genes of Interest 
Table 5-7: Summary of Changes in mRNA Expression in Knockout Relative to Control 
Table 6-1: Statistics Performed on Behavioural Data

 



List of Figures        

XIV 

LIST OF FIGURES 

Figure 1-1: CREB1 Signalling Pathways 
Figure 1-2: CREB1 Knockout Circuitry 
Figure 2-1: Rotarod Apparatus 
Figure 2-2: Open Field (DVD Image) 
Figure 2-3: Morris Water Maze (DVD Image) 
Figure 2-4: Elevated Plus Maze (DVD Image) 
Figure 2-5: Y Maze Apparatus 
Figure 2-6: Conditioned Place Preference 
Figure 2-7: TruScan™ Photobeam Photooptic Locomotor Cell 
Figure 2-8: Mouse Operant Chamber 
Figure 2-9: Catheter 
Figure 2-10: Electropherogram RNA Analysis 
Figure 2-11: ATF2 Amplicon Optimisation: Amplification Plot 
Figure 2-12: ATF2 Amplicon Optimisation: Dissociation Plot 
Figure 2-13: qPCR Amplicons run on 2% Agarose Gel 
Figure 2-14: The Python Import GUI 
Figure 3-1: Regional pCREB1 Immunolabelling Photomicrographs 
Figure 3-2: pCREB1 Expression in Discrete Nuclei 
Figure 3-3: pCREB1 Neural Expression: Acute, Context and Sensitization Effects 
Figure 3-4: Double Immunolabelling: c-Fos/orexin A and pCREB1/orexin A 
Figure 3-5: c-Fos and Orexin A Co-expression Immunoreactivity 
Figure 4-1: Emx1

Cre
 Model 

Figure 4-2: Creb1
loxp

 Model 
Figure 4-3: Mendelian Breeding Strategy for Emx1

Cre
 X Creb1

loxP
 Transgenics 

Figure 4-4: Emx1Cre X Creb1loxP Duplex PCR on 2% Agarose Gel 
Figure 4-5: Neuraxis – CREB1 Immunostaining – Creb1

Emx1Cre
 Mice 

Figure 4-6: CREB1 Immunofluorescence – Creb1
Emx1Cre

 Mice 
Figure 4-7: CREB1 and Parvalbumin or GABA Immunofluorescence: Merge - Creb1

Emx1Cre
 Mice 

Figure 5-1: Amplification Plot (∆Rn vs Cycle #) for Creb1 and Tbp for Final Primer Concentrations of 50nM 
and 300nM 
Figure 5-2: Dissociation Curves for Genes of Interest 
Figure 5-3: ATF-1 Amplicon Dissociation Plot 
Figure 5-4: ATF-1 Amplicon Sequencing – Spectral Plot 
Figure 5-5: Validation Experiment Graphs 
Figure 5-6: Normalised Relative mRNA Gene Expression by Brain Region 
Figure 5-7: Stereology – Cingulate Cortex Counts and Hippocampal / Striatal Volume 
Figure 5-8: Cingulate Cortex - CREM Immunostaining 
Figure 6-1: Rotarod - Time to Fall by Group 
Figure 6-2: Large Open Field – Inner Zone Entries and Time Spent 
Figure 6-3: Large Open Field – Distance Moved 
Figure 6-4: Elevated Plus Maze – Open Arm Entries and Time Spent 
Figure 6-5: Elevated Plus Maze – Distance Moved 
Figure 6-6: Locomotor Cells – Time Spent Moving and Distance Moved 
Figure 6-7: Y Maze – Novel Arm Total Entries, Time Spent and Latency to Entry, and Total Distance Moved 
Figure 6-8: Y Maze – Distance Moved during Trial and Test 
Figure 6-9: Morris Water Maze – Spatial Learning (Training) 
Figure 6-10: Morris Water Maze – Reference Memory (Probe Trial) 
Figure 6-11: Locomotor Cells – Development of Cocaine Behavioural Sensitization 
Figure 6-12: Locomotor Cells – Expression of Cocaine Behavioural Sensitization 
Figure 6-13: Conditioned Place Preference for Cocaine 
Figure 6-14: Natural Reward Training – Lever Presses for Sucrose, and Latency to Criteria 
Figure 6-15: IVSA of Cocaine at 0.25 or 0.5mg/kg/infusion concentrations on FR-1 Schedule – Data Medley 
Figure 6-16: IVSA of Cocaine on a Progressive Ratio Schedule – Data Medley 
Figure 6-17: Cue-Conditioned Drug-Seeking - 21d Following Final Cocaine IVSA

 



Abbreviations        

XV 

ABBREVIATIONS 

-+ve  -positive 
ac  anterior commisure 
AC  adenylate cyclase 
Amyg  amygdala 
ANOVA  analysis of variance 
arc  arcuate nucleus 
ATF-1  activating transcription factor-1 
BDNF  brain derived neurotrophic factor 
BLA  basolateral amygdaloid nucleus 
BMA  basomedial amygdaloid nucleus 
BNST  bed nucleus of the stria terminalis 
bZIP  basic leucine zipper 
C  control 
CA1  field CA1 of hippocampus 
CA2  field CA2 of hippocampus 
CalM  calmodulin 
CaMK  Ca2+/calmodulin protein kinase 
CBP  CREB binding protein 
cc  corpus callosum 
cDNA  complementary DNA 
CeA  central amygdaloid nucleus 
cg  cingulum 
CG  cingulate cortex 
Coc  cocaine 
CP  cocaine-paired 
CPP  conditioned place preference 
CPu  caudate putamen 
CRE  cAMP response element 
Cre  Causes recombination / Cre recombinase enzyme 
CREB1  cAMP response element binding protein 
CREM  cAMP response element modulatory protein 
Ct  cycle number at threshold 
DAB  3,3'-diaminobenzidine tetrachloride 
DARPP-32  dopamine and cAMP-regulated phosphoprotein of 32kDa 
DG  dentate gyrus 
DMH  dorsomedial hypothalamus 
EC  endogenous control (gene) 
ERK  extracellular signal regulated kinase 
EtBr  ethidium bromide 
EtOH  ethanol 
FC  frontal cortex 
GAPDH  glyceraldehyde-3-phosphate dehydrogenase 
GluR1  glutamate AMPA receptor 1 
GOI  gene of interest 
GPCR  G-protein coupled receptors 
Hip  hippocampus 
HPRT1  hypoxanthine guanine phosphoribosyl transferase 1 
HSV  herpes simplex virus 
ICERI  Inducible cAMP early repressor 
ICH  immunohistochemistry 
ip  intraperitoneal 
-IR  -immunoreactivity 
ISHH  in situ hybridisation histochemistry 
iv  intravenous 
KCREB1  dominant-negative CREB1 
KO  knockout 
La  lateral amygdaloid nucleus 
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LH  lateral hypothalamus 
LHab  lateral habenula 
loxP  locus of X over P 
LS  lateral septum 
LTD  long term depression 
LTP  long term potentiation 
LUX  luminous flux 
LV  lateral ventricle 
MAPK  mitogen activated protein kinase 
mCREB1  dominant-negative CREB1 
MDMA  methylenedioxymethamphetamine 
MeA  medial amygdaloid nucleus 
MEK  MAPK and ERK kinase 
METH  methampetamine 
MHab  medial habenula 
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PI3K  phosphoinositide-3 kinase 
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RSK  ribosomal-S6 kinase 
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SNc  substantia nigra pars compacta 
SNK  Student Newman Keuls 
SP  saline-paired 
TBP  TATA box binding protein 
TH  tyrosine hydroxylase 
v/v  volume/volume 
VMH  ventromedial hypothalamus 
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VTA  ventral tegmental area 
w/v  weight/volume 
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The sun came up upon the left, 

Out of the sea came he! 

And he shone bright, and on the right 

Went down into the sea. 

 

The Rime of the Ancient Mariner (1817), Part I 

Samuel Taylor Coleridge (1772-1834) 
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1.1: Summary 
Addiction involves complex physiological processes, 

and is characterised not only by broad phenotypic 

and behavioural traits, but also by ongoing 

molecular and cellular adaptations. In recent years, 

increasingly effective and novel techniques have 

been developed to unravel the molecular 

implications of addiction. Increasing evidence has 

supported a contribution of the nuclear transcription 

factor cAMP response element binding protein 1 

(CREB1) in the development of addiction, both in 

contribution to phenotype and expression in brain 

regions critical to various aspects of drug-seeking 

behaviour and drug reward. Abstracting from this, 

models have exploited these data by removing the 

Creb1 gene from the developing or developed 

mouse, to crucially determine its impact upon 

addiction-related processes. More recent models, 

however, hold greater promise in unveiling the 

contribution of CREB1 to disorders such as 

addiction. 

1.2: Introduction 
The compulsive or uncontrolled use of a drug is 

often used to define addiction 
1
, which develops after 

repeated drug exposure, despite severe adverse 

consequences 2, 3. It is the progression from 

recreational or controlled use of a drug to this 

unbalanced, compulsive state that is a distinguishing 

hallmark of addiction. The underlying pathology of 

addiction has been partly described by different 

theories, and prominently includes the opponent 

process theory 1, 4, an incentive salience model 

explaining excessive drug wanting 5-7
, and the 

development of learned adaptations, describing 

drug-memory associations 
8
. Unifying these theories 

is a compelling, underlying proposal that the 

development of addiction relates to long term drug-

induced neural adaptations, some of which may be 

manifest following even an acute drug exposure. 

Such adaptations are observed through behavioural 

testing and include dependence (where 

compensation for drug effects beget withdrawal-

symptoms subsequent to cessation of drug intake) 

and tolerance (a condition where drug effects 

diminish subsequent to ongoing drug exposure 9
). In 

contrast, sensitization represents a phenomenon 

involving enhanced drug response, typically 

subsequent to a cycle of drug exposure and 

abstinence 5-8. Moreover, the contextual association 

between drug and environment dramatically impacts 

upon the development and expression of 

sensitization 5, 7
. It should be noted, however, that 

physical dependence upon a substance is not a 

necessary precondition for addiction. In sum, 

addiction has been likened to an aberrant form of 

learning, involving stable changes responsible for 

long-term behavioural plasticity, manifesting as 

changes in behavioural response to acute or 

repeated drug exposure 10-12. 

A recurring issue associated with rehabilitated drug 

addicts is their ongoing potential to relapse, which is 

not fully ameliorated either by long periods of 

abstinence nor psychological treatments. This 

suggests that molecular changes in the brain have 

been instantiated by a nominal period of drug 

exposure, not reversible by drug abstinence alone. 

Berke and Hyman 13
 describe this process as a 

drug-induced usurpation of molecular mechanisms 

commonly involved with associative learning, which 

drive compulsive drug abuse and propensity to 

relapse. Whether molecular or synaptic alterations in 

neuronal communication or function are a 

homeostatic adjustment to drug insult or longer term 

plasticities contributing toward learned behaviours is 

not clear 13
. Nevertheless, the end result is a 

complex neural change for which we have so far 

failed to fully characterise the substrates involved 

and the specific role that they play.  

Shaywitz and Greenberg 14 make the point that, 

“Understanding of the mechanisms by which 
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extracellular stimuli induce changes in gene 

expression is critical for understanding how cells can 

adapt to environmental cues.” Thus, in order to 

comprehend the technical and complex nature of the 

behavioural response associated with drug abuse, 

the apposition of molecular evidence is required to 

help explain these changes at the cellular level and 

ultimately, neural systems level. An immediate 

imperative driving current addiction research is the 

identification of a molecular target which can 

mediate long term neuronal lability. ∆FosB 15, 16
 and 

PSD-95 
17

 alike have been recently identified as 

leading substrates in this regard, with modified 

expression observed up to four and eight weeks 

following drug stimulus respectively. Moreover, 

chronic cocaine has been associated with increases 

in dendritic spine density in the NAc, but these 

changes do not appear long-lived enough to 

correspond with prolonged behavioural changes 18. 

Accordingly therefore, other potential molecular 

targets implicated in the development of addiction 

are worthy of examination. 

It is widely believed that changes in gene expression 

underlie neural adaptations following exposure to 

drugs of abuse 19. A key mechanism for regulating 

gene expression is through nuclear induction of the 

transcription factor CREB1, implicated also in 

various affective states, learning and memory. As 

indicated in Mayr and Montminy 20
, “At a mechanistic 

level, CREB1 is perhaps one of the best understood 

phosphorylation-dependent transcription factors. By 

comparison, relatively little is known about the 

physiological role of this protein in different 

systems.” This challenge has fallen to, and been 

taken up by, a surfeit of behavioural, molecular and 

neuropharmacological investigations, and slowly, a 

complex picture is emerging. A key challenge for 

investigators, however, is the advance from a 

discrete molecular and neuronal synthesis to that of 

a systems level, as thoroughly emphasised by 

Nestler 2, 18, 21
. Indeed, as Greengard 

22
 notes, with 

one hundred billion neurons in the brain, and each 

sharing approximately one thousand reciprocal 

connections, deducing the collective afferent and 

efferent neuronal colloquy is a formidable task. 

Appreciating the inter- and intra-communications of 

discrete neural systems comes from understanding 

their function at a molecular level.  

Here, I examine recent evidence supporting the 

contribution of CREB1 as a key molecular 

mechanism in the development of addiction. Further 

to this, a variety of models are discussed, which 

have resolved to restrict or delete the expression of 

this transcription factor, attempt to explain the role 

CREB1 has played. Finally, I comment upon more 

recent and effective techniques for the restriction of 

CREB1 deletion in the adult brain.  

1.3: Involvement of CREB1 in 
Addiction 

The current state of addiction neurobiology is 

characterising a molecular substrate which can 

partially explain the ongoing behavioural changes 

wrought by addiction, however, this was not always 

the case. Earlier work sought to determine which 

regions of the brain were critically involved in 

addiction, and subsequently, what pathways were 

consistently activated. An extensive body of data 

has now thoroughly demonstrated that the activation 

of the mesocorticolimbic dopamine system is a key 

mechanism involved in drug reward and 

reinforcement, a system which involves 

dopaminergic projections from the mesencephalon 

that synapse onto the nucleus accumbens, striatum, 

amygdala and prefrontal cortex. Studies employing 

both lesioning experiments 23-27
 and pharmacological 

manipulations 28-30 have collectively demonstrated 

the importance of such structures including the pre-

frontal cortex (PFC), nucleus accumbens (NAc), 

dorsal striatum, hippocampus and amygdaloid nuclei 

in relation to drug-seeking behaviour and drug-
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induced plasticity. The activity of this network, and 

the interface of this network with other structures 

(e.g. hypothalamus and brain stem nuclei) is critical 

to long lasting molecular changes driving relapse.  

Dopamine receptors are metabotropic G-protein 

coupled receptors (GPCRs) which involve the 

regulation of adenylate cyclase (AC), generating the 

second messenger cyclic AMP (cAMP) from ATP. 

Indeed, it was as early as 1987 that cAMP was 

found to enhance CREB1 activation in PC-12 

(pheochromocytoma cell line) nuclear extracts 31
. 

This discovery heralded the identification of a 

molecular target regulating gene expression which 

could potentially explain the central development of 

addiction. Subsequent study investigated other 

intracellular signal transduction pathways 

culminating in the activation of CREB1, as well as 

various paradigms of drug abuse which activated 

this key molecular substrate. As corticostriatal and 

corticotegmental glutamatergic efferents are also 

implicated in drug reward, calcium-activated CREB1 

was examined, and the field of study burgeoned. 

Some of the intracellular signalling transduction 

pathways implicated in the activation of CREB1 are 

demonstrated in Figure 1-1, and include G-protein, 

ion channel and growth factor drug receptor targets. 

These pathways often involve the association of a 

drug ligand with its respective receptor target, and a 

kinase phosphorylation cascade culminating in the 

translocation of a second messenger into the 

nucleus, phosphorylating CREB1 at Ser133 

(pCREB1). CREB1 is a member of a basic leucine 

zipper (bZIP) CREB1/ATF-1/CREM sub-family which 

includes members CREM (cAMP Responsive 

Element Modulatory protein) and ATF-1 (Activating 

Transcription Factor 1), both which bear high bZIP 

region sequence homology 14, and can bind as 

homo- or hetero-dimers with these members to the 

canonical cAMP Responsive Element (CRE) 

consensus sequence via the leucine zipper in the 

promoter regions of target genes 8, 32, 33
. The 

CREB1/CREB1 homodimer exhibits a half-life of 10-

20 minutes 14. Subsequent to phosphorylation at 

Ser133, CRE-bound CREB1 can exert its influence 

upon target gene transcription and interact with 

promoter-bound cofactors. The literature has so far 

less effectively studied the contribution of family 

members CREM and ATF, or their various isoforms. 
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Figure 1-1: CREB1 Signalling Pathways 

 

The schematic provides a brief overview of some major intracellular transduction signalling cascades 
involved in the activation of CREB1 by phosphorylation at Ser

133. Synaptic plasticity associated with 
addiction results from long-term cellular change derived from activation of CREB1. Prominent examples of 
neurochemicals involved in addiction and their complementary receptors, are subsequently indicated. Gs: 
Adenosine A1/2, Dopamine D1/5; Gi/o: Dopamine D2/3/4, GABA-B; Gq/11: Glutamate (metabotropic) 
mGluR1/5; Ion Channels: Glutamate NMDA/AMPA GluR1R/Kainate, L-Type VGCC; Growth Factor 
Receptors: EGF/NGF/BDNF TrkA, TrkB. Abbreviations: AC, adenylate cyclase; CalM, calmodulin; CaMK, 
calcium/calmodulin-dependent protein kinase; ERK1/2, extracellular signal regulated kinase; MEK, MAPK 
and ERK kinase; PDE, phosphodiesterase;  PLC, phospholipase C; PI3K, phosphoinositide-3 kinase; RSK, 
ribosomal-S6 kinase. Taken from McPherson and Lawrence 

34. 
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1.4: Evidence for CREB1 in 
Addiction 

An ever increasing body of evidence implicates the 

molecular actions of CREB1 in experimental 

paradigms related to addiction, a small number of 

which are demonstrated in Table 1-1. More recently, 

studies have examined the expression of pCREB1 

following a variety of drugs of abuse employing in 

vivo models, off a background of over fifteen years 

of in vitro work with cell cultures. Largely, these 

studies have provided a conflicting array of results 

regarding positive and negative regulation of 

pCREB1 expression, with divergences particularly 

noted across brain regions examined and temporal 

follow-up, as well as the period of administration 

including acute, chronic and subsequent to 

precipitated withdrawal. Many of these details are 

demonstrated in Table 1, in particular the delay to 

neurochemical analysis as well as treatment 

paradigm. 

Almost unfailingly, natural or precipitated withdrawal 

from drugs of abuse leads to a dramatic alteration in 

the expression of nuclear pCREB1. Whilst the 

positive or negative nature of this impact appears 

dependent upon the brain region studied, substantial 

pCREB1 changes have been observed following 

withdrawal from ethanol (EtOH) 35-37
, morphine 

38, 39
, 

psychostimulants (including: amphetamine 40
, 

cocaine 
41

 and methamphetamine 
42

, MDMA 
43

) and 

nicotine 
44-46

. This may suggest a regional 

sensitization in the pCREB1 response, elsewhere 

deputised through CRE activation reporters 47-50
, 

providing a molecular stimulus for relapse 

behaviour. Together these data suggest that 

repeated exposure to multiple drugs of abuse may 

produce sustained activation of intracellular 

transcription factors, resulting in the persistent and 

altered expression of functionally important gene 

products that may underlie the onset and 

maintenance of addiction 51. Clearly, a role for 

pCREB1 in this process is beyond doubt, and it 

remains to us as investigators to fully unlock and 

characterise the methods and higher-level 

mechanics behind its action.  
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Table 1-1: CREB1 Involvement in Addiction 

STUDY DRUG & TREATMENT 
SCHEDULE 

DELAY TO NEURO- 
CHEMICAL ANALYSIS^ 

pCREB1 EXPRESSION EFFECT 

52 EtOH 
Chronic, drinking 

0 hour (on final access 
day) 

Decreased in NAc shell, no change in 
NAc core, FC nor CeA 

36
 EtOH 

Chronic, liquid-diet; 
Withdrawal 

0 hour (on final access 
day) or 24 hour 
(withdrawal) 

Decreased in CG, no change in 
cortex*; Change in all regions to 
withdrawal 

37
 EtOH 

Chronic, liquid-diet; 
Withdrawal 

0 hour (on final access 
day) or 24 hour 
(withdrawal) 

No changes in CeA, MeA, nor BLA; 
Change in all regions to withdrawal  

53
 EtOH 

Acute, ip; Chronic, 
liquid-diet 

15 minutes, 1 & 6 hour: 
acute;  

0 hour: chronic † 

Increase in cerebellum (acute, max at 
15 min) or no change (chronic) 

54
 EtOH 

Acute, ip; Chronic, 
liquid-diet 

5, 15, 30 minutes: acute;  
30 minutes: chronic 

Increase (acute, max at 30 min) or 
decrease (chronic) in cerebellum 

39
 Morphine 

Acute, sc; Chronic or 
precipitated withdrawal, 
pellet 

1 hour: acute;  
24 hour: chronic 

Increase (withdrawal), decrease 
(acute) or no change (chronic) in LC 

55
 Morphine chronic, 

sensitized, ip; 
withdrawal & challenge 

90 minutes: 3d & 14d 
withdrawal † 

Decrease in NAc and VP (3d and 14d 
withdrawal, following challenge) 

56
 Nicotine 

Acute, repeated, ip 
0-6 hour Increase in adrenal medulla (from 30 

min) 
57

 Nicotine 
Repeated, ip 

1 hour Increase in adrenal medulla 

44
 Nicotine 

Chronic, withdrawal, ip 
1 hour: chronic;  
18 hour: withdrawal 

Decrease in CG, ParC, PiriC, MeA 
and BLA (withdrawal) or no change 
(chronic); No change in FC nor CeA 

 
45

 Nicotine 
Acute & chronic 
withdrawal 

1, 18 hour Decrease in NAc shell (chronic 18 
hour withdrawal) or no change; no 
change in core 

58
 Amphetamine 

Acute, chronic, 
sensitized, ip 

1 hour: acute & chronic;  
16 hour: chronic 

Increase in striatum (sensitized was 
lower than acute) 

51 Amphetamine 
Acute, ip 

15 minutes Increase in striatum 

59 Amphetamine 

Acute, ip 

2 hour Increase in striatum 

60
 Amphetamine 

Acute, chronic, 
sensitized, ip 

2 hour Increase in striatum (chronic, 
sensitized) 

42 Methamphetamine 
Chronic, sensitized, sc 

3d or 14d withdrawal No change in VTA (3d & 14d); 
Decreased in NAc and VP (3d & 14d); 
Increase (3d) or no change (14d) in 
FC 

^ = time animal was killed after last drug exposure; time periods at which pCREB1 expression was measured 
* = frontal cortex, piriform cortex, parietal cortex 
† = extrapolated [from paper] 
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1.5: The Divide between CREB1 
and pCREB1 

Of those papers listed in Table 1 and elsewhere 
61

 

which examined the impact of drug upon nuclear 

CREB1 expression, few of them demonstrated some 

corresponding shift  in its expression levels 36, 42, 45
. 

In contrast, substantial variation in the expression 

pattern of its activated form, pCREB1, was 

observed. Such observations were made 

consistently across discrete brain regions and other 

physiologically significant organs, revealing little 

correlation between CREB1 and pCREB1 levels. It 

may be that CREB1 levels are more invariant to 

change given the necessary involvement in gene 

transcription, translation and subsequent post-

translational modification events, whereas, the 

changes in pCREB1 levels are merely indicative of 

protein kinase action.  

A good reason for differential CREB1 or pCREB1 

expression is that different central nuclei and cell 

populations offer various gene targets for these 

transcription factors, each likely exhibiting their own 

sensitivities to changes in the CREB1 transcription 

factor to induce gene transcription. Mayr and 

Montminy 20 tabulate some 105 genes with 

functional CRE motifs identified in the literature, half 

containing a single CGTA motif. One quarter of 

these CRE-bearing genes function in cellular 

metabolism, and the vast majority in some way 

could directly contribute to neural adaptation or 

synaptic plasticity following drug insult. Whilst a 

small number of CRE-bearing genes endogenous to 

the brain have been identified in the literature, this 

observation underlies the likelihood that CREB1 is 

likely to impact differently in various neural regions. 

In a recent review, Carlezon and colleagues 62
 

highlight that CREB1 gene promoter targets number 

in their thousands and that not all CRE motif 

containing genes are functional CREB1 targets. In 

their words, “the consequences of a change in 

CREB1 function, or in an upstream pathway, in 

various brain regions are [thus] likely to be 

multifaceted and difficult to predict a priori.” 

Within the NAc, for example, genes positively 

identified for upregulation by CREB1 include 

proenkephalin (Penk1), prodynorphin (Pdyn), and c-

Fos (Fos) 63-66
, however, evidence supports a much 

broader extent of influence 
20, 65

, be it directly or 

indirectly via immediate early gene induction. 

Psychostimulants have been shown to induce 

preprodynorphin mRNA in the NAc through a 

CREB1-mediated mechanism, and subsequently, 

these data have been used to establish an 

increasing recognition for dynorphin in its 

contribution to the expression of sensitization 67
. 

Different CREB1 gene targets are identified in 

differing central nuclei, although investigator bias 

means that often gene targets are not consistently 

examined across nuclei. For example, Olson and 

colleagues 68 only examined GluR1 and TH genes 

as they are both known to contribute to drug reward 

in the VTA, with similar practises concerning opioids 

in the NAc 64, 69, 70.  

1.6: Controlling CREB1 
Expression: Conventional 
Models  

The collective in situ and immunoblotting data 

indicated that CREB1 and/or activated CREB1 are 

regulated by various drugs of abuse within brain 

regions implicated in addiction. These data raised 

the question as to the precise role for CREB1 in 

mediating addiction-related behaviours To this end, 

novel transgenic techniques were employed to 

knockout CREB1 and observe functional 

implications. The most obvious beginning was 

deletion of the DNA binding domain and all of the 

leucine zipper on the Creb1 gene, producing 

CREB1-null mice (Crebnull
) devoid of central and 

peripheral functional isoforms of CREB1 through 

inability to dimerise or bind to DNA (at the CRE site). 
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Null mice were observed to have a reduced birth 

weight (70%) relative to wild type mice, were 

cyanotic, and died immediately after birth 

(perinatally) from respiratory distress (pulmonary 

atelectasis) 20
. The mutant also exhibited other 

developmental abnormalities and phenotype 

including a birth rate less than Mendelian frequency, 

hypoplasia/atrophy of the corpus callosum and 

anterior commissure, a markedly reduced thymic 

cellularity affecting all developmental stages of the 

αβ-T cell lineage, and upregulated CREM in the 

hippocampus and other forebrain regions; in 

contrast, wild type expression of CREM is 

predominantly restricted to neuroendocrine neurons 
71

. The total deletion of all central and peripheral 

isoforms of CREB1 were, despite the upregulation in 

CREM (which possibly allowed the mutant to reach 

parturition), the likely cause for these apparently 

diverse defects. Given the contribution of CREB1 to 

neuronal growth, plasticity and survival mediated by 

the neurotrophins including NGF, BDNF and NT-3 72-

75, the impact of total CREB1 deletion was 

ubiquitous, substantially impairing normal organ and 

physiological development. It has been recently 

shown that mice with a null mutation for Creb 

restricted to central regions do not show the 

excessive apoptosis witnessed by peripheral Creb 

null mutation 75, driving subsequent studies into 

central-specific CREB1 recombination, discussed 

later. 

1.7: Discovery of a novel CREB1 
isoform 

An early attempt to create a CREB1-null mutant led 

to the development of the now widely recognised 

Creb1αδ
 mutant. Hummler and colleagues 

76
 created 

mutant mice by embryonic stem cell homologous 

recombination, inserting a promoterless Neo 

construct into the second exon of the Creb1 gene, 

which harbours the first ATG codon 
77

. They 

observed that the proportion of mutant mice 

surviving was down on expected Mendelian 

outcome, although adult mutants demonstrated a 

normal phenotype (measuring for ataxia/motor 

disorders/nociception/shock response) with no 

histological or morphological deficits 78
. Blendy and 

colleagues 79 mused that the healthy disposition of 

mutants was puzzling because CRE-mediated 

gluconeogenic enzyme expression (critical for 

perinatal survival) should be attenuated by the 

mutation, and that based on previous evidence of 

CREB1 in the pituitary, growth should be retarded. 

Indeed, while ATF-1 levels were unaffected in the 

mutants, RNA isoforms of CREM were upregulated 

(including the activator (CREMτ) and repressor 

(CREMα, CREMβ) isoforms, which lack an activator-

specific exon), and a novel form of CREB1, CREB1-

β, was observed to be upregulated 80
. CREB1-β 

carried a molecular weight of 40kDa and was 

identical to CREB1-δ (the prevalent CREB1 isoform) 

except for a deletion of 40 residues of the Q-domain; 

its upregulation was 6-fold in the brain and 4-fold in 

the liver, with upregulation also in the testes 79. 

CREM isoforms, previously shown to be expressed 

in (or constrained to) neuroendocrine nuclei, now 

became expressed ubiquitously throughout the brain 
79. Such mutants have been described as carrying a 

hypomorphic CREB1 allele or as being 

haplodeficient in CREB1 81, and a great deal of 

experimental work has been conducted using this 

model.  

1.8: Addiction studies using mice 
hypomorphic for CREB1 

The balance of studies examining the impact of 

CREB1 knockdown in the context of addiction have 

done so with the CREB1αδ
 paradigm, probably 

because the model does not require time-consuming 

preparation and development, whilst still providing 

an interesting experimental subject. Such mutants 

do express higher than normal CREB1-β levels, 

although studies have suggested 76, 82 and recently 
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shown that total CREB1 activity is reduced 

approximately 90% throughout the brain (cortex, 

cerebellum, sub-cortical nuclei) 80. Clearly, the 

peripheral expression of CREB1-β, though impaired, 

is enough to propagate required developmental 

homeostatic mechanisms in these mutants. The 

studies shown in Table 1-2 demonstrate a complex 

phenotype of this CREB1 knockout model. 

Numerous studies provide evidence that mutants 

have attenuated behavioral response to morphine 

withdrawal 80, 82, 83
. These mutants are basally more 

anxious than WT 
81

, which was demonstrated to 

impact upon EtOH (drug) preference rather than 

natural reward preference. Interestingly, whilst some 

studies demonstrate that cocaine and morphine earn 

a similar salience as well as exerting similar 

behavioural influence in mutants as wild types 82-84
  

others provide evidence to the contrary, or at least 

which hinders us in drawing any compelling 

conclusions 80, 85. Moreover, Walters and colleagues 
86

 recently demonstrated that although 1mg/kg 

nicotine was rewarding to WT but not mutants, 

2mg/kg nicotine elicited an aversive response in 

both mutants and WT’s, underlying the difficulty and 

complexity associated with interpretation of these 

results.  

Collectively, these data emphasise the differential 

and unpredictable effect of diminished CREB1 

throughout the CNS on behaviour and gene 

transcription 66, 81, 82
, including various memory and 

learning conditions (for example, deficits observed in 

some but not all long term memory tests) 78, 87, 88. No 

doubt complicating such results is the upregulation 

of CREM throughout the CNS so that it no longer 

distributes primarily in neuroendocrine-associated 

nuclei, as well as the upregulation in CREB1-β 79
, 

affecting the consistent reporting of affective and 

cognitive deficits. Whist this model is a step toward 

ascertaining the contribution of CREB1 to addiction, 

it is inferior to recent spatiotemporal models where 

CREB1 deletion is total, and the subject’s system 

has little time or scope to compensate for the 

knockout. Given the problems encountered with the 

peripheral knockdown of CREB1, various novel 

models have been employed to target central 

expression of CREB1, and where possible, to 

selectively target brain nuclei. 
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Table 1-2: Characterisation of the CREB1αδ Model 

STUDY DRUG EXPOSURE & 
CONDTION 

CREB1 EXPRESSION 
EFFECT 

PHENOTYPIC EFFECT 

81
 EtOH solution (chronic);  

Sucrose solution (natural 
reward) 

EtOH (acute) 

Mutant p/CREB1 was 
decreased 40% through 
extended amygdala & 
cortex; Acute EtOH 
increased pCREB1 in the 
CeA & MeA in WT & 
mutants 

Mutants had higher preference 
for EtOH but not sucrose; 
Mutants were more anxious than 
WT; Acute EtOH was anxiolytic 
in WT & mutant 

84 Cocaine CPP model;  
Stress (FST) 

In cocaine-pretreated WT, 
stress challenge increased 
pCREB1 in NAc, whereas 
cocaine challenge 
increased pCREB1 in 
amygdala and VTA 

Stress didn’t induce 
reinstatement in cocaine pre-
treated mutants, as it did in WT; 
Cocaine induced reinstatement 
in cocaine-pretreated mutants 
and WT 

87
 Fear conditioning (foot 

shock);  

Spatial learning (MWM); 

 Mutants had impaired SR & LR 
cued and contextual fear 
conditioning response 
(associative-learning response), 
but normal spatial 
learning/memory 

88
 Fear conditioning (foot 

shock); 
Spatial learning / 
reference memory 
(MWM); LTP (CA1, DG) 

 No deficits were observed 
retention of freezing memory in 
mutants, nor LTP measures; 
essentially normal phenotype 
observed in spatial 
learning/memory test 

83
 Morphine, cocaine & 

food CPP model;  

Naloxone-induced 
morphine withdrawal 

 Rewarding effects of morphine, 
cocaine & food were no different 
in mutants and WT; mutants had 
attenuated behavioural 
response to naloxone-induced 
withdrawal 

80 Morphine (chronic);  
Morphine & cocaine CPP 
model 

 Mutants had attenuated 
behavioural response to chronic 
morphine withdrawal; Mutants 
had enhanced response to 
reinforcing properties of cocaine 
but not morphine in CPP 
paradigm; Mutants had 
enhanced sensitized locomotor 
behaviours to cocaine 

82 Morphine (acute, 
chronic); 

Naloxone-induced 
morphine withdrawal 

Stress (?) 

 Mutants had attenuated 
behavioural response to chronic 
morphine naloxone-induced 
withdrawal; Mutants had similar 
acute morphine-induced 
analgesia, locomotor activity and 
behavioural response to  stress 
as WT 

85
 Morphine CPP model 

(low, high dose) 
 High dose morphine increased 

CPP reward and locomotor 
activity in mutants; Low dose 
morphine had decreased reward 
in mutants but unchanged 
locomotor activity vs WTs;  
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1.9: CREB1 and Dominant-
Negative CREB1 
Overexpression using HSV 

One such model is herpes simplex virus (HSV)-

mediated overexpression of CREB1 in specific brain 

nuclei or, in order to gain a local knockdown of 

CREB1, the dominant-negative isoform mCREB1 

(mutant CREB1). Mutant CREB1 (mCREB1) 

contains a serine-to-alanine substitution at position 

133, eliminating the cAMP-dependent protein kinase 

phosphorylation site but maintaining charge balance. 

Subsequently, whilst mCREB1 can still bind to 

cAMP responsive elements (CREs), it inhibits active 

CREB1 by occupying the CRE and preventing 

access by wild-type CREB1 and other CRE-binding 

proteins 14, 71
. The HSV-(m)CREB1 system achieves 

maximal expression of virally-encoded transgenes 

by 24 hours post-injection, which persists for three to 

four days before dissipating to trace or zero 

expression by day seven post-injection 68
. A number 

of recent studies have examined the impact of HSV 

overexpression of (m)CREB1 in discrete regions of 

the CNS upon phenotype, shown in Table 1-3. The 

balance of these studies have as a key endpoint the 

impact of (m)CREB1 overexpression upon the 

rewarding effects of cocaine or morphine 49, 64, 69
 with 

the finding that CREB1 overexpression in the NAc 

shell decreases drug reward whilst mCREB1 

enhances drug reward, results that may also apply 

to natural rewards 49. Such data suggest that 

immediately following drug intake, upregulation in 

accumbal CREB1 (or increased phosphorylation of 

CREB1) may diminish the salience of further drug 

administration. This suggests a contribution to either 

early development of tolerance, or development of 

an inbuilt safety-mechanism which is activated as 

the body recovers from drug insult. Other findings 

using this system drive home the observation that 

regional CREB1 or mCREB1 overexpression has a 

markedly different impact upon either reward 64, 68 

and affective states measured through phenotypic 

traits of anxiety or depression 49, 69, 89, or of physical 

dependence 90. Using recombinant Sindbis 

pseudovirions to drive constitutively active or 

dominant negative CREB1 overexpression in the 

NAc, Dong and colleagues 91 demonstrated a 

recovery or further decrement in MSN excitability, 

respectively, in a rat model of cocaine bingeing.  

This model is conceptually appealing, and indeed, 

the overexpression of dominant negative (mCREB1) 

allows investigators to deduce the impact of 

substantial CREB1 knockdown in specific brain 

nuclei. In contrast, numerous studies have 

suggested that alterations in CREB1 levels per se 

following cross-temporal drug abuse seem to occur 

unpredictably, if at all. A far more consistent 

expression marker is its phosphorylated or active 

from, pCREB1, and the cogent point made by 

Walters and colleagues 66 applies, “Given that 

phosphorylated CREB1 (pCREB1) is the 

transcriptionally active form of CREB1 and that a 

given stimulus might lead to the phosphorylation of 

only a few dozen molecules of CREB1 per cell, 

alterations in total CREB1 levels achieved by 

genetic manipulations might or might not lead to 

significant changes in pCREB1 depending on the 

original protein levels present”. In the balance of the 

HSV-CREB1 overexpression studies, experiments 

are conducted 2-3 days post-injection. Given that 

CREB1 (or more accurately, pCREB1) expression 

shows a distinct and no doubt critically relevant 

temporal regulation following drug abuse stimuli, I 

are hard pressed to guess at what sort of 

remodelling effects prolonged CREB1 exposure may 

implement in discrete neural regions. Moreover, this 

overexpression period is unlikely to complement 

anything wrought upon CREB1 or pCREB1 

expression by pharmacological or stressor 

methodology. Drugs of abuse alter pCREB1 levels 

directly through kinase pathways, and CREB1 levels 
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indirectly through gene expression systems; 

however, viral (HSV) overexpression systems 

increase CREB1 directly, without altering pCREB1 

levels directly through endogenously occurring 

systems. Subsequently, these results are somewhat 

difficult to interpret in regards of existing literature 

examining drugs of abuse in wild type mice given a 

differential method and time course in generating 

synaptic plasticity and neuroadapatation. Finally, 

whilst CREB1 is constitutively expressed in the 

nucleus, viral overexpression of  CREB1 enters via 

the cytosol, suggestive of stochastic or unknown 

levels of trafficking into the nucleus to affect target 

CRE-binding and subsequent plasticity. Although the 

extent and kinetics of mCREB1 dimerisation (with 

CREB1, CREM and ATF-1), CRE-DNA binding and 

subsequent dimer transcriptional activation potency 

is not fully known 92
,  HSV-mCREB1 overexpression 

appears to be a promising strategy in the ongoing 

elucidation of central CREB1’s impact in the context 

of addiction studies. 
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Table 1-3: HSV-(m)CREB1 Overexpression Models 

STUDY REGION OF 
OVEREXPRESSION 

DRUG 
EXPOSURE / 
PARADIGM 

REWARD / PREFERENCE EFFECT 

64 NAc Shell, Core Cocaine CPP 
model 

mCREB1 in the shell but not core increased 
preference; CREB1 in the shell decreased 
preference 

49 NAc Shell Morphine, sucrose 
CPP model 

mCREB1 increased morphine and sugar 
(natural reward) preference; CREB1 
decreased morphine and sugar preference 

89 Dentate gyrus (DG), CA1 
pyramidal layer (CA1), 
Pre-frontal cortex (PFC) 

Antidepressants in 
a learned 
helplessness (LH) 
& Forced swim 
test (FST) model 

Not tested 

90
 Locus Coeruleus Precipitated 

morphine 
withdrawal 
behaviours 

Not tested 

68 Rostral & caudal VTA, 
substantia nigra 

Cocaine, morphine 
CPP model 

Rostral VTA CREB1 enhanced drug 
preference, but mCREB1 made drug 
aversive; caudal VTA CREB1 made drug 
aversive, but mCREB1 enhanced drug 
preference; CREB1/mCREB1 in substantia 
nigra had no effect on preference; high 
dose morphine enhanced preference 
regardless of CREB1/mCREB1 injections in 
rostral or caudal VTA 

69 NAc (shell) Cocaine CPP 
model; 

Forced swim test 
(FST) 

mCREB1 increased preference, CREB1 
decreased preference 
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1.10: Tetracycline-regulated 
Transactivation and CREB1 
Antisense 

Another attempt at regulating CREB1 expression in 

brain is the tetracycline transactivator system, 

whereby doxycycline in the drinking water is the 

“switch” that is coupled to the suppression of 

transgene expression. CREB1 overexpression can 

subsequently be targeted to the brain, with a 

tetracycline transactivator (tTA) controlled by a 1.8kb 

neuron-specific enolase (NSE) promoter. Sakai and 

colleagues 93 crossed mouse lines to generate NSE-

tTA TetOP-CREB1α bi-transgenic mice, creating a 

system controlled by NSE, whose expression 

generates tTA, binding to the TetOP promoter, 

generating CREB1α overexpression. Addition of a 

tetracycline analogue, doxycycline, binds to a Tet 

binding pocket on the tTA, which undergoes a 

conformational change and binds to TetOP in such a 

way, inhibiting CREB1α expression. Their model 

demonstrated that CREB1 overexpression in the 

brain had an inconsistent influence upon expression 

of other members of the CREB1/ATF-1/CREM 

family (invariably downregulating though), 

particularly CREM. CREB1 overexpression was 

restricted to the nucleus of cells, predominantly in 

the striatum, although with some expression 

observed within the cingulate cortex and 

hippocampus. In contrast, Pittenger and colleagues 

used this model to overexpress dominant negative 

human CREB1 (KCREB1) in either the dorsal 

striatum (and olfactory tubercle) 94
 or dorsal 

hippocampus (CA1, and striatum/piriform cortex) 
95

, 

the former demonstrating a contribution of CREB1 to 

procedural learning, the latter, a somewhat subtle 

phenotype in relation to spatial learning and 

memory. A major downfall of this system, however, 

is the time lapse (seven to fourteen days) required to 

drive corresponding alteration in gene expression, a 

critical feature regarding (m/K)CREB1 cytological 

(dys)regulation.  

Antisense models have also been utilised, involving 

the local knockdown of CREB1 by infusion of 

CREB1 antisense, which binds to Creb mRNA thus 

inhibiting further translation. A small number of 

studies (Table 1-4) employing CREB1 antisense 

collectively demonstrate the contribution of CREB1 

to drug-induced behavioural phenotype and mRNA 

or protein expression. Whilst antisense seems to 

provide the ‘magic bullet’ to functional gene analysis, 

difficulty with delivery systems, specificity, toxicity 

and inconsistent effects are key drivers for its limited 

adoption in experimentation. 

1.11: Conventional CREB1 
knockdown models: the 
conclusion 

Underlying the aforementioned ‘conventional’ 

models of CREB1 manipulation is that while they 

have allowed insight, each has a major deficit which 

may confound interpretation. More recently, through 

various advances in the field of molecular biology, 

novel techniques have arisen which confer 

alternative targeting of the Creb1 gene and control 

of expression. 
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Table 1-4: CREB1 Antisense Models 

STUDY REGION of 
ANTISENSE 
TARGET 

DRUG 
EXPOSURE / 
PARADIGM 

GENOMIC EFFECT PHENOTYPIC 
EFFECT 

59 Striatum Amphetamine Antisense inhibited 
striatal c-fos mRNA 
upregulation by 
amphetamine 

 

96  Locus coeruleus Morphine;  
Naloxone-
induced 
withdrawal 

Antisense blocked 
morphine-induced AC 
VIII and TH but not 
PKA type II nor Giα 
upregulation 

Antisense attenuated 
some naloxone-
induced withdrawal 
behaviours 

63
 Lateral CPu Cocaine Antisense blocked 

cocaine-induced 
CREB1, c-Fos, FosB, 
∆FosB and 
prodynorphin mRNA 
upregulation;  

Antisense enhanced 
locomotor activity in 
control rats (saline) 
but didn’t change 
stereotypy induced by 
chronic cocaine 

97 NAc core or shell 
(bilateral) 

Cocaine Antisense reduced 
regional CREB1 and 
BDNF expression; 
produced transient 
reduction in reinforcing 
property of cocaine 
and reinforcement 
threshold 

 

98 NAc (unilateral) Cocaine 
5d injections or 
mini-pump 
infusions; killed 
18hr later 

CRE IR was decreased in the NAc by 40%; a 
[time-dependent] reversible decrease in Giα 
and PKA-C subunit expression by 21% and 
27% respectively in the NAc; Attenuated c-Fos 
induction by acute cocaine; Didn’t affect 
numerous other signal transduction pathways, 
including CaMKII-α/β, PKC-β/γ, Goα, Gβ, PLC-
δ/γ or PI3K 
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1.12: Looking Forward: Region-
specific Promoters Driving 
Spatiotemporal CREB1 Deletion  

A more recent attempt to selectively target and 

knockdown CREB1 from central regions involves a 

model of region-specific promoters driving the site-

specific Cre recombinase. This entails the cross-

breeding of two strains of mice, one expressing the 

Cre transgene driven by a tissue- or ontogenetic 

stage-specific promoter, and the other a “floxed” 

gene (loxP sequences flanking gene of interest for 

recombination) 99. Early problems with the model 

included the time taken to breed the strains, difficulty 

establishing well-characterised tissue-specific 

promoters, and the inability to induce Cre expression 

at specific ontogenetic time points 100
. Over time, 

however, the latter two have been substantially 

ameliorated. As the expression of Cre-recombinase 

determines the recombination event surrounding the 

floxed gene, numerous approaches have been taken 

in addressing its expression profile. Various region-

specific Cre promoter models have been developed, 

including an adipose-specific aP2 

enhancer/promoter 101, central- and ontogenetic-

specific promoters CamKIIα 102-104, Emx-1 105-107, 

Foxg1 108
, Nestin 

77, 109
,  a split-polypeptide Cre 

construct 110, tyrosine hydroxylase (TH) neuronal-

specific promoter 111, RSV and EF1α promoters 112, 

rat insulin promoter 113, 114
 and CAG promoter 

115
. 

The main design behind such mutants is to induce 

disruption of all central CREB1 isoforms through 

targeting of the penultimate Creb1 exon. Excision of 

the penultimate exon from Creb1 leads to translation 

of CREB1 deficient in DNA binding and dimerisation 

functional domains, such that the protein is unstable 

and thus, there is loss of CREB1 77
. The prominent 

applications of this technology to cellular CREB1 

expression involves tissue-specific promoters, both 

regional and restricted by cell-type, as well as 

expression of promoters tied to developmental 

stages. Example applications of this model are 

discussed. 

1.12.1: Nestin and CaMKIIα Driven Cre  

The nestin promoter/enhancer is associated with 

widespread central deletion of the Creb gene, as 

nestin expresses from embryonic stage in all brain 

regions before separation of neuronal and glial 

lineages 77
, with CREB1 loss observed in neurons 

and glial cells. Creb1NesCre mice nominally reach 70-

80% of control mouse body weight from 2nd post-

natal week due to a deficiency in growth hormone. 

Data from nestin Creb-deficient mutants 

demonstrated no difference in CPP reward to 

morphine, cocaine or food versus wild type, but that 

they exhibited attenuated behavioural responses to 

naloxone-induced morphine withdrawal and had a 

heightened anxiogenic phenotype 83. 

CaMKIIα is an 8.5kb promoter expressed in 

forebrain neurons from approximately P7 77, 109 and 

this model has shown CREB1 loss in almost eighty 

percent of forebrain neurons. Indeed in transgenic 

mice, high CamKIIα Cre levels have been 

demonstrated within the hippocampus, cortex, 

olfactory bulb and amygdala, and low levels in the 

striatum, thalamus and hypothalamus. No CamKIIα 

was detected in the cerebellum 103. In these mice, 

CREB1 protein began to decrease in the 

hippocampus and cortex by P6 and was observed to 

be totally deficient in these regions by P15. 

Together, these mice models provide a robust 

method for knockdown of all functional CREB1 

isoforms widely throughout the brain at different time 

points, without complex developmental adaptations.  

1.12.2: ...when applied to CREM... 

CREM deficient mutants were generated to address 

the question of what role CREM plays in the 

absence of CREB1, given the observation that 

CREM may upregulate subsequent to CREB1 

knockout. Mantamadiotis and colleagues 77 studied 
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transgenic mice with nestin and CaMKIIα promoter-

driven knockout of Creb1 crossed with Crem-

deficient mice, generating pre-natal and post-natal 

CNS-specific protein loss respectively. Mice with 

prenatal central loss of CREB1 and CREM died at 

P1, as they did not suckle for milk; brain structures 

in these mice were unaffected, but cell density was 

markedly diminished, largely due to apoptosis; 

expected Mendelian ratios were observed however. 

Mice with postnatal central loss of CREB1 and 

CREM displayed an abnormal phenotype of 

retraction of limbs when suspended for 20s, 

characterising a neurological impairment owing to 

neurodegeneration, and considerable progressive 

atrophy of the dorsolateral striatum and CA1 

hippocampal neurons; widespread astrogliosis was 

revealed (glial cell apoptosis) in dorsolateral 

striatum, CA1, DG and some in amygdala, cortex 

and thalamus, although a single copy of Crem 

prevented this (suggesting accommodation for loss 

of CREB1); expected Mendelian ratios were 

observed. Furthermore, Crem-/- male mutant mice 

are known to be sterile, given enhanced apoptosis of 

post-meiotic germ cells 20
, although the mutation 

does not appear to be as physiologically devastating 

as does total CREB1 deletion. CREM null mice have 

been previously described 116
, exhibiting hyperactive 

and diminished anxiety-like behaviour, however, an 

addiction-related phenotype remains to be 

characterised for this model. 

1.12.3: Drd1a Driven Cre 

Other attempts at promoter-driven CREB1 deletion 

have aimed to target brain nuclei selectively, regions 

critical to the study of addiction. A D1A receptor 

gene promoter (Drd1a) was employed via 140kb 

YAC expression vector for Cre recombinase, 

generating a Cre expression profile predominantly 

constrained to the CPu, NAc and OT, but with some 

expression observed in layer VI of the cortex, CA2 of 

the hippocampus and within thalamic nuclei. Also 

noted was neurodegeneration within the dorsolateral 

striatum when mutants were double crossed with 

CREM-deficient mice 77; further phenotypic analysis 

is warranted in this model.  

1.12.4: DARPP-32 Driven Cre  

Dopamine and cAMP-regulated phosphoprotein 

molecular weight 32 kDa (DARPP-32), also known 

as protein phosphatase 1 regulatory (inhibitor) 

subunit 1B (Ppp1r1B), bears multiple regulatory 

phosphorylation sites, and acts as an important 

component in the phosphorylation profile of various 

cytosolic and membrane-associated proteins. 

Indeed, in its activated state as pThr34-DARPP-32, it 

becomes a robust inhibitor of protein phosphatase 1 

(PP-1), a substrate responsible for de-

phosphorylation of numerous cellular targets 117. 

DARPP-32 is highly concentrated in medium spiny 

neurons of the CPu and NAc (neostriatal neurons), 

the olfactory tubercule, and lightly in the BNST and 

amygdala 22, 118. A novel model of DARPP-32 

promoter-driven Cre 119
 will provide a conduit for the 

selective knockdown of CREB1, allowing the 

elucidation of the contribution of CREB1 within the 

mesolimbic system; demonstrated in Fig. (2). 

Importantly, the expression of DARPP32 driven Cre 

in this model does not commence until 4-5 weeks 

after birth 119, ensuring a lack of potential 

developmental compensation. 

1.12.5: Emx1 Driven Cre  

A final model worth mentioning involves Emx1 

(empty spiracles homologue 1), a homeobox-

containing gene which is specifically expressed in 

the developing (from E10) telencephalic cortex 

through adulthood 107
. Emx1 is involved in encoding 

transcription factors, and found in both proliferating 

and post-mitotic neurons of the cerebral cortex, and 

may thus be involved in the initiation and 

maintenance of the neuronal phenotype 105
. 

Evidence supports its restriction to excitatory 
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pyramidal neurons (layers II-VI, but not layer I) 

colocalising with glutamate (99.1%) rather than 

GABA (0.9%), as well as astrocytes and 

oligodendrocytes of most pallidal structures 

(vertebrate cerebral cortex primordium) including the 

hippocampus, neocortex, piriform cortex, 

endopiriform nucleus and lateral aspects of the 

amygdala 106, 107, 120
. Within the neocortex and 

hippocampus, approximately 88% of cells underwent 

recombination in total 106. This model is important, as 

it facilitates the investigation of how CREB1 

contributes to corticostriatal and corticotegmental 

glutamatergic pathways, both of which have both 

been strongly implicated in the development of 

addiction related behaviours, and is demonstrated in 

Figure 1-2. 
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Figure 1-2: CREB1 Knockout Circuitry 

 

Key nuclei of the limbic circuit are demonstrated in the schematic, as well as their neurochemical projections. 
All regions confer a salience to the development of addiction, across conditioning (amygdala), learning and 
memory (hippocampus) and reward and reinforcement (NAc, VTA, PFC). As mentioned in the main text, 
Emx1-driven Cre would knockout CREB1 from the regions indicated, although a major knockdown should be 
observed in the PFC, thus impacting upon glutamatergic projections to the NAc and VTA. DARPP-32-driven 
Cre would knockout CREB1 from MSNs of the NAc, allowing us to address the impact upon striatal outflow. 
Viral vector strategies could allow the specific knockdown of CREB1 from individual nuclei listed on the 
schematic. Abbreviations: Amyg, amygdala; Hip, hippocampus; NAc, nucleus accumbens; PFC, prefrontal 
cortex; VTA, ventral tegmental area. Taken from McPherson and Lawrence 

34
. 
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1.13: Future CREB1 knockdown 
models: the conclusion 

These spatiotemporal paradigms are important 

indeed, critical, to more efficacious targeting of 

CREB1 knockdown in specific cells as well as 

nuclei. This can better assist in diagnosis of the 

diverse role CREB1 plays in neuronal signalling, 

contributing to addictive behaviours and / or how this 

phenotype relates to molecular signalling pathways, 

when both are used in unison. As these models are 

more widely adopted over subsequent years, the 

data on the contribution of CREB1 to the 

development and expression of addiction should be 

more reliable, and help us better understand its 

biological function. 

1.14: Investigating Addiction 
Networks with Conditional 
Knockout Mice 

Brain structures comprising the limbic sub-circuitry 

are thought to underlie behavioural changes 

associated with chronic drug use, including both 

drug craving and relapse 121. The PFC is a core 

component of both the limbic system, as well as of 

motor sub-circuitry, contributing to the psychomotor 

response following exposure to drugs of abuse. The 

PFC makes excitatory glutamatergic connections 

with the ventral striatum (NAc), basolateral 

amygdala (BLA) and mid-brain, including the VTA, 

all of which are critical to the reinforcing valence of 

drugs 13, 122, 123
. In a recent review, Cardinal and 

colleagues describe the important contribution that 

the medial PFC makes to motivated behaviours, 

including instrumental contingency detection, 

observed during operant conditioning tasks 122. 

Shared connectivity with the BLA, they surmise, 

might tie incentive value with such instrumental 

contingencies 122.  

The hippocampus is known for importance in spatial 

and declarative memory 18. It interfaces with the 

limbic system through glutamatergic efferents, which 

synapse onto the NAc, regulating internal response 

to environmental stimuli. CREB1 in the hippocampus 

appears to regulate the effects of antidepressants 62, 

which are known to exhibit functional properties akin 

to some drugs of abuse. Additionally, animals will 

contingently stimulate the hippocampus to self-

administer opiates directly into this structure 18
.  

With this in mind, I subsequently wished to 

determine the contribution that these structures 

make to the developing addictive repertoire. For this 

investigation, I specifically intended to determine the 

contribution of the molecular substrate CREB1, to 

assess the functional contribution to addiction-

related phenotypes and to assess underlying 

molecular alterations. The most compelling genetic 

tool for this purpose was a conditional mouse 

mutant, which displays spatiotemporal resolution in 

the genetic alteration. I employed a mouse model 

involving Emx1-driven Cre (Emx1Cre), targeting the 

knockdown of CREB1 to these brain structures; this 

model is described in Chapter 4, whilst the 

accompanying results in relation to its investigation 

are presented in Chapters 5 and 6. 

1.15: Conclusions 
This review has briefly discussed the relevance of 

CREB1 as a critical biological substrate for the 

development of addiction, and examined a variety of 

drug contexts and paradigms with wild type subjects 

demonstrating its diverse and complex expression 

pattern. Earlier models, which endeavoured to 

remove peripheral or central CREB1 isoforms to 

determine its impact upon addiction more closely, 

were found to be in various ways deficient and 

inadequate for robust and consistent reporting. More 

recently, spatiotemporal CREB1 deletion models 

have provided an illuminating and exciting way 

forward for the study of total central CREB1 deletion 

both temporally, and spatially within the brain, 

allowing investigators to better characterise 

precisely the contribution of CREB1 to the 



Chapter 1         

22 

development and / or persistence of the addicted state. 
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Chapter 2 
General Methods 

 

 

 

 

 

The fair breeze blew, the white foam flew, 

The furrow followed free; 

We were the first that ever burst 

Into that silent sea. 

 

The Rime of the Ancient Mariner (1817), Part II 

Samuel Taylor Coleridge (1772-1834) 
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2.1: Introduction 

2.1.1: Methods in Science 

Well tested and formulated methods are 

foundational to any successful pursuit of 

independent scientific investigation and 

experimentation. This project has built upon literally 

countless man hours of methodological formulation 

and innovation. As a consequence, many of the 

methodologies are mature, well documented, 

complete and repeatable, in that when followed with 

precision, using the correct equipment, one would 

expect to have conducted a successful experiment. 

The positive or negative valence of this result 

notwithstanding, a result should be obtained 

repeatedly under optimal conditions.  

There are, however, at least two factors which are 

worth considering in this context. The first is 

something which every student appears to quickly 

encounter, which is that investigator acumen can 

critically impact upon the successful completion of 

an experiment. The familiarity of an investigator with 

performing a specific method can sometimes, and 

quite possibly, always, be the straw that breaks the 

experiment. Merely performing a technique, word-

for-protocol-word may not always be enough to 

ensure a successful outcome. Indeed, there is a 

man-machine flow which often takes place, between 

the investigator and their equipment, as well as 

various unspoken refinements in its handling, that 

occur. Without the oral transmission of these 

morsels of information, the road toward an ideal 

outcome can be much longer for the nascent 

investigator. The second factor to acknowledge is 

that so often in science, (as is appreciably the case 

in programming, for example,) many roads may lead 

to the same destination. That is to say, there is no 

one ‘basic’ or ultimate method which an investigator 

should follow toward obtaining a successful 

experimental outcome. As one rapidly appreciates 

during the course of scientific enquiry, there is no 

bible for science. Science is built upon the 

endeavours of many humans, who have built upon 

the endeavours of those before. As such, everything 

in science has been created from the ground up. 

Science is a vast testing ground, of nature, of man, 

and for man. Whilst certain scientific fundamentals 

will underpin a given methodology, how one wishes 

to combine the resources of human capital, time, 

technology and consumables, is certainly up to the 

individual. This being noted, no single methodology 

in science is correct. Each method has inbuilt and 

often unchallenged give-and-take zones (for 

example, incubate 60±5min), which continuously 

furnish the keen investigator the opportunity to 

optimise and modify a technique. 

With the aforementioned in mind, this chapter 

documents the general methods undertaken during 

this project. Some were performed as is, and will 

read almost verbatim from the ‘original’ document. 

Many, however, were the result of trial-and-error 

adjustments, or written from scratch with the succour 

of many sources, both viva voce and from electronic 

literature. It is this, the ongoing refinement and 

research into existing and novel methodologies, 

which can, in part, make the practise of science so 

enjoyable. 

2.1.2: Method Application 

The two arms of the project, grossly defined, involve 

principally the in vitro and in vivo characterisation of 

a novel mouse mutant, harbouring a conditional 

Creb1 knock down, and secondarily, the molecular 

characterisation of activated CREB1 and orexin 

along the neuraxis of Sprague-Dawley rats. Unless 

otherwise indicated, the general methods which 

follow all pertain to characterisation of the mouse 

mutant, with experiments related to the rat study 

described separately in Chapter 3. 

2.2: In Vivo Characterisation 
Methodologies 
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All behavioural testing performed on Creb1 mutant 

mice (Creb1
Emx1Cre

) was conducted at the Howard 

Florey Institute, within experimental environs that 

were separate from the housing environment. Where 

necessary, experimental subjects were acclimated 

to the experimental environ prior to experimentation. 

Only male mice were utilised for behavioural 

experiments, thus, avoiding confounders cause by 

oestrous cycling in female mice.  

Cohorts of mice receiving ethological assessment 

were subsequently used in either cocaine 

conditioned place preference or behavioural 

sensitization experiments, but not both. Mice cohorts 

employed in intravenous cocaine self-administration 

experiments were naive. 

The battery of behavioural tests performed during 

this project are described.  

2.2.1: Rotarod 

Rotarod testing is an established method to screen 

for ataxia and motor control phenotypes, which was 

performed over two successive days. Using the 

rotarod apparatus (Accler ROTA-ROD [Jones and 

Roberts] For Mice 7650, Ugo Basile) shown in 

Figure 2-1, subjects first received a five minute 

training at constant 4 RPM whereupon they were 

returned to the rod should they fall from the 

apparatus. One hour later, subjects were returned to 

the apparatus for a five minute scored test at 

accelerating velocity until maximal 40 RPM was 

reached. Twenty four hours later, subjects were 

again returned to the apparatus for a second five 

minute scored test at accelerating RPM. Subjects 

were scored for the time they were able to remain on 

the rotarod, whilst those which did not fall from the 

apparatus received a score equal to the total 

session length (5 minutes). The rotarod and fall plate 

were separated by a distance of 20cm. The 

apparatus was cleaned routinely between sessions 

and subjects.  

Figure 2-1: Rotarod Apparatus 

 

The Rotarod apparatus is demonstrated, with a 
mouse displayed balancing on the roller. 

2.2.2: EthoVision System for Spatial 
Subject Tracking 

The EthoVision system is an innovative platform for 

spatial tracking, motion analysis and behaviour 

recognition. Data are gathered across a wide variety 

of parameters through automated real-time analysis 

of video feed using the EthoVision frame grabber, 

whilst a specified subject’s coordinates were tracked 

within uniquely defined arenas. Retrospective 

analysis of footage captured on DVD was also 

possible using the EthoVision 3.0 software program. 

This system is contingent upon technology which 

reads analogue video feed and transforms 

components into digital information. For example, 

using gray scaling, a dark object of a given size and 

shape (the likes of the dorsal surface of a B6 

mouse) in juxtaposition with a white background, is 

automatically targeted as the object for digital 

tracking. This is performed relative to the given 

arena, with all contingent variables and parameters 

for data collection in place. 
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Behavioural assays described within this section all 

entailed use of EthoVision to perform animal 

tracking and behavioural analysis, which was 

subsequently available in CSV format for acquired 

data, coincident with real time recording directly onto 

DVD media. 

2.2.2.A: Large Open Field 

The large open field, displayed in Figure 2-2, is an 

assay routinely used for anxiety-like behaviour. 

Initially, subjects were placed into the centre of a 

circular field (30cm radius) enclosed by a high 

aluminium wall (30cm), and covered with a small 

box under normal lighting conditions. The 

investigator was exeunt, closing the door, then 

turning on a high-powered light directly above the 

circular field. A string-pulley system attached to the 

box encasing the subject was quickly raised, thus 

exposing the subject to the brightly lit open field. 

During a single five minute session, subjects were 

tracked for wall-hugging behaviour, including 

frequency of entries into and time spent in the inner 

and outer open field zones. 

Figure 2-2: Open Field (DVD Image) 

 

The shematic demonstrates the initial setup of the Open Field apparatus (far left), followed by removal of the 
small box and exposure of the mouse to the environ. 
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2.2.2.B: Morris Water Maze 

The Morris Water Maze (MWM) assists in the 

specific characterisation of spatial learning as well 

as reference memory 124
. Spatial learning requires 

the use of two and three dimensional spatial cues to 

orient the subject to the location of a submerged 

platform, whilst reference memory relies on the use 

of these cues to memorise its exact coordinates with 

optimum individual searching patterns intact. A large 

circular container (1m deep, 60cm radius) was filled 

with water and 2L milk (to enhance opacity and 

perturb direct visual platform recognition) until the 

waterline was 1cm above a submerged platform. 

Water temperature was maintained at a steady 

25±1°C. That the murine subjects find water 

aversive creates the necessary motivational drive to 

locate the platform as rapidly as possible. Subjects 

were randomised to one of four quadrants (north-

east / south-east / north-west / south-west) for 

platform placement during the trial period, where it 

remained for that particular subject until the probe 

trial. Three dimensional spatial cues were placed 

external to the container (clearly visible from within), 

whilst two dimensional placards were placed 

internally. Discrete spatial cues were located at each 

cardinal 90° compass point, as presented in Figure 

2-3. 

Each subject received four trials per day, with initial 

quadrant placement for the first trial randomly 

seeded, then sequentially carried out for each of the 

four quadrants. Subjects began each trial facing the 

wall, and were allowed a minimum of two minutes 

(but up to eight minutes) rest between trials. If a 

subject failed to find the submerged platform come 

the end of each two minute session, a trailing finger 

was used to guide said subject to the platform, upon 

which they were allowed to acquaint themselves for 

thirty seconds. Animals received training until all 

subjects no longer showed a significant difference in 

the ‘latency-until-platform’ parameter between 

subsequent days. The day following the ultimate 

training session, the submerged platform was 

removed from the container and a single two minute 

probe trial was conducted for each subject. Subjects 

were randomly assigned an initial quadrant for 

placement, then monitored for the time spent and 

entries into the quadrant which was known to 

previously house the platform during the trial period. 

Figure 2-3: Morris Water Maze (DVD Image) 

 

The Morris Water Maze with accompanying 2D 
spatial cues is presented. 

2.2.2.C: Elevated Plus Maze 

Another assay for anxiety-like behaviours is the 

elevated plus maze (EPM). The EPM apparatus, 

shown Figure 2-4, sits 50cm above the ground, and 

consists of two ‘open’ arms and two ‘closed’ arms, 

the latter of which have lateral walls but which are 

open at the dorsal and distal surface. The EPM is a 

highly light sensitive test, so under very low lighting 

conditions, subjects were initially placed in the 

testing room 1.5 hours prior to commencement of 

the experiment in order to accommodate to the 

environment. Furthermore, subjects were not 

scuffed during identification, thus avoiding any 

artificial anxiogenic confounders. To initiate the 

experiment, subjects were individually placed in the 

centre of the open field, facing an open arm, after 

which they were tracked during a single five minute 

session for key parameters, including arm entries 

and time spent in either the closed or open arms. 
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Figure 2-4: Elevated Plus Maze (DVD Image) 

 

Above, a mouse is shown on one of the Elevated 
Plus Maze open arms. 

2.2.2.D: Y Maze 

Novelty-seeking behaviours can be assessed 

through the Y maze apparatus. Of a most apropos 

nomenclature, as can be visually confirmed in Figure 

2-5, the Y maze is composed of three centrally 

linked, enclosed arms (except for continuous 

openings on the dorsal surface). Each arm can be 

identified by a uniquely patterned inwardly-facing 

placard at the most distal end. During an initial five 

minute training session, subjects were placed in the 

centre of the Y, with access to one randomly 

assigned arm occluded. The floor was padded with 

fresh litter mixed in with home cage litter, to enhance 

familiarity and focus novelty upon the arms, rather 

than unique olfactory stimuli. Through the training, 

subjects were permitted free access to two arms. 

Two hours later, subjects were returned to the 

apparatus to receive a five minute test, whereupon 

the third arm of the Y maze was exposed, and 

novelty seeking behaviour was assessed by tracking 

entries and time spent in the novel arm, relative to 

the two familiar arms. 

Figure 2-5: Y Maze Apparatus 

 

The three arms of the Y Maze are displayed, each 
with its own unique visual cue. 

2.2.3: Conditioned Place Preference 

The rewarding aspects of psychological dependence 

associated with drug use is often measured using 

place preference 61. Conditioned place preference 

(CPP) was undertaken to determine subjects’ 

response to the rewarding valence of cocaine. The 

CPP apparatus, presented in Figure 2-6, is of an 

enclosed, rectangular design, with two equally sized 

chambers made distinct by somatosensory (floor 

pad) and visual (patterned walls) cues (circular 

pattern – rippled floor; striped pattern – smooth 

floor), and a small central conjoining vestibule for 

initial subject placement. Each chamber and the 

vestibule were independently lit by its own white 

LED battery grid (described in the Light/Dark Test). 

Retractable doors placed at the lateral sides of the 

small central vestibule facilitate for either free 

access to both chambers, or the confinement of 

subjects to a single chamber for the duration of a 

session.  

On a preliminary pre-treatment day, subjects had 

free access to both chambers to assess for any 

basal chamber preference. A treatment schedule 

involving alternating days of cocaine and saline over 

seven days, began and ended with cocaine (4d 

cocaine, 3d saline). On every odd treatment day 
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(1,3,5,7), subjects received cocaine 20mg/kg 

(0.1ml/10g body weight of a 2mg/ml solution, i.p.) in 

their non-preferred side, whilst on every even 

treatment day (2,4,6), subjects received saline 

0.1ml/10g body weight (i.p.) in their preferred side. 

Subjects were then immediately placed in the given 

chamber and monitored with the Hamilton Kinder™ 

system for a thirty minute session. The day following 

the final treatment day, subjects were initially placed 

in the central vestibule, and allowed free access to 

both sides of the chamber. Time spent and entries 

into either chamber were monitored. A free access 

test was again performed one week and four weeks 

later, thus assaying for long-lived conditioned reward 

associations. During the course of all sessions, 

locomotor activity was quantified with the Hamilton 

Kinder™ system. 

Figure 2-6: Conditioned Place Preference 

 

The Place Preference apparatus is shown, 
displaying the two conditioning chambers with 
unique visual and tactile cues, as well as the middle 
chamber, employed on test day. 

2.2.4: Photooptic Locomotor Cells 

Locomotor cells were employed for the automated 

photooptic tracking of subjects through XYZ 

coordinates, one of which is presented in 

Figure 2-7. The TruScan™ Photobeam system 

(Coulburn Instruments®, USA) came bundled with 

the cages consisting of an E63-10 activity-field 

mouse arena (10”w x 10”h x 10”d), slide-out floor 

and dual photooptic arrays (sensor rings), 

TruScan™ Linc station interface and an in-house 

developed software program. The lower sensor ring 

tracks floor-plane ambulation (XY), whilst the 

elevated sensor ring tracks vertical-plane 

movements (Z; for example, rearing). Tracking was 

performed by monitoring beam breaks instantiated 

by scanning the photobeams and analysing the 

moving coordinates of the subject’s body centre. On 

a more prosaic level, the system’s photooptic 

precision is gauged in a 32x32 matrix, described by 

0.6” spaced beams in a grid affording 0.3” spatial 

resolution, for the calculation of subject XYZ 

coordinates by an onboard microprocessor. Upon 

session priming, the software was triggered to 

initiate data acquisition with the deployment of 

subject into the activity-field arena. Similarly, 

abnormal absence of a subject from the arena 

during a session would throw a warning indicating 

early session termination. 

The following behavioural assays were performed in 

these locomotor cells. In all cases, experiments 

were conducted under low-level lighting conditions, 

lit by wall-mounted fluorescent lights, and subjects 

were acclimated to the environ for at least half an 

hour. Between all sessions, the slide-out floor 

expedited cleaning, and the inner cage walls were 

wiped with 70% EtOH. Data was acquired in five 

minute bins for the session duration. 
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Figure 2-7: TruScan™ Photobeam Photooptic 
Locomotor Cell 

 

Presented above, the photooptic locomotor cells 
used in locomotor monitoring experiments. 

2.2.4.A: Light/Dark Test 

The light/dark test for anxiety places subjects in the 

locomotor cells described. The light/dark box was 

fabricated from plastic to completely cover one half 

of the activity-field arena, and is flush with the top 

and bottom of the cage. A small rectangular hole on 

the open pane furnishes access to the dark region. 

The light/dark box was open at the top, allowing the 

placement of a white 6x8 LED battery grid, similar to 

those used during CPP (described previously), 

which was calibrated with an luminometer to emit an 

arbitrary luminous flux (corner 750 LUX, centre 800 

LUX) constrained to the box. The enclosed box thus 

served as the highly-luminescent region, whilst the 

unenclosed side served as the region of low 

luminousity. Photobeams could freely penetrate the 

plastic light/dark box, allowing accurate tracking, 

which was thus opaqued to visible spectrum light but 

penetrable by photobeams. Beginning in the 

unenclosed dark half, subjects were allowed free 

access to either the enclosed high-luminescent 

region or open low-luminescent region, for ten 

minutes. Total time spent, as well as entries into 

either the light or dark regions, were monitored.  

2.2.4.B: Locomotor Habituation 

A separate, novel cohort of mice was used for the 

assessment of locomotor habituation. 

Locomotor habituation was conducted over a period 

of three sequential days in thirty minute sessions, 

equitemporally. This test determines differences in 

the habituation of subject spontaneous locomotor 

activity to a novel environment. Subjects were 

tracked for movement in all planes, stereotypic 

measures and arena centre and margin movements. 

2.2.4.C: Behavioural Sensitization to 
Cocaine 

Initially, all subjects were habituated to the 

locomotor cells over three days in thirty minute 

sessions.  

Mutant mice of either genotype (knockout or control) 

were then randomised into different treatment 

groups to receive either cocaine 20mg/kg body 

weight (i.p., Sigma, Vic, Aust) or saline 0.1ml/10g 

body weight (i.p.) once per day over five sequential 

days, before immediately being placed into 

locomotor cells for a thirty minute session. One 

week later, subjects were randomly assigned to 

challenge with either saline 0,.1ml/10g or cocaine 

20mg/kg (i.p.). Final groups are denoted by pre-

treatment, followed by challenge, separated by a 

tilde (~):Coc~Coc-20 (Sensitized), Coc~Sal (Context 

/ Environmental Control), Sal~Coc-20 (Acute). 

These data are similarly presented in tabular format, 

demonstrated in Table 2-1. Subjects were tracked 

for movement in all planes, and arena centre and 

margin movements. 
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Table 2-1: Behavioural Sensitization Treatment 
Groups  

Treatment Challenge Treatment X 
Challenge Groups 

Saline 

Cocaine-20 

Saline 

Cocaine-20 

Acute 

Context-Control 

Sensitized 

The above table indicates the respective treatment 
(saline 0.1ml/kg; cocaine 20mg/kg, i.p.) and 
challenge (saline 0.1ml/kg; cocaine 20mg/kg, i.p.) 
regimens, as well as subsequent groups (described 
in the text). 

2.2.5: Mouse Operant Conditioning 
Chambers 

The Med Associates Inc operant behaviour package 

is a complete system for the assay of complex 

behavioural repertoires. In particular, these operant 

conditioning chambers were employed to facilitate 

the acquisition and discrimination of instrumental 

learning tasks, including the self administration of 

sucrose solution and cocaine, a representative of 

which is demonstrated in Figure 2-8. Ethological 

assessment concerning the success of these 

procedural processes were established through 

automated monitoring of subjects’ lever presses and 

lickometer contacts. Individual chambers were 

housed in sound-attenuating cubicles, and featured 

a stimulus light, two response levers, a reward 

dispenser, and an infusion pump. A grid floor 

allowed for the separation of wastes from the 

experimental arena. 

Operant conditioning experiments were conducted in 

a test environment under reverse-cycle conditions 

(light 7pm-7am, dark 7am-7pm). As the 

investigator’s murine counterpart is most active 

nocturnally, all experiments were performed during 

the hours of 7am-7pm to coincide with the subjects’ 

more active nocturnal period (consistent with 

reverse-cycle conditions). Subjects were allowed to 

accommodate to reverse-cycle conditions for at least 

one week prior to the commencement of 

experiments. 

Figure 2-8: Mouse Operant Chamber 

 

Above, a representative Med Associates mouse 
operant conditioning chamber is demonstrated. 

2.2.5.A:  Operant Responding: Sucrose 
Solution 

Subjects were first trained to acquire a simple 

sucrose self-administration instrumental learning 

task. Mice were singly housed and food restricted (1 

pellet standard mouse food per diem, free water 

access) twenty four hours prior to training, and for 

the duration of training. Food restriction creates an 

added imperative / motivation to learn the food-

rewarding task 125. During the first three days of 

operant responding, mice were presented with a 

single ‘active’ lever on a fixed ratio of one (FR-1) 

lever presses per delivery of sucrose solution (10% 

w/v). The sucrose solution was delivered into an in 

situ drinking receptacle; the sucrose solution was 

advanced to the end of the tubing just prior to the 

beginning of each session. Each successful reward 

response (active lever press) was keyed to a light 

cue. Furthermore, a vanilla essence olfactory cue 

was presented beneath the active lever associated 

with the sucrose reward.  

During a further five days of sucrose operant 

conditioning, mice were presented with a second 

‘inactive’ or dummy lever (whereupon presentation 

of paw onto said lever failed to generate a change in 

the environment; or, no programmed response), and 

was not associated with any cues. This dual-lever 

setup thus presented an active lever programmed to 

deliver the natural reward (sucrose solution), with 

associated visual and olfactory cues, and an inactive 
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lever (programmed to have no effect). Mice were 

trained under this two-lever paradigm until a stable 

discrimination had been observed, come day eight. 

Session times averaged at two hours across all 

training days. 

2.2.5.B: Intravenous Catheter Surgery 

Catheter Creation 
Catheters were fabricated from the ground up, with 

the final product demonstrated in the accompanying 

schematic in 

Figure 2-9 The procedure, previously described 126
, 

is elaborated upon in the following. Using 22G X 1¼” 

needles, the sharp distal end was removed, and 

BCOEX-T22 tubing (0.6 X 1.6 mm, Dow Corning, 

Midland, MI, USA) pulled over the first two 

centimetre length of the shaft, with a remaining distal 

0.5cm let uncovered. The needle was then bent at 

the base transversely, then the latter third of the 

needle was bent back upon itself, forming a U-turn 

shape. In the fume hood, 3.8cm lengths of silastic 

tubing (0.3 X 0.64 mm, cut_508-00, Dow Corning, 

Midland, MI, USA) were dipped in a tincture of (R)-

(+)-Limonene 97% solvent (Sigma-Aldrich, St. Louis, 

MO, USA), a pleasant smelling terpene which acts 

to soften the silastic tubing. The tubing was pulled 

over the uncovered end of the needle with fine 

forceps, for an approximate 3.5cm overhang, and 

left dry overnight. The next day, the silastic tubing 

length was trimmed to 3.3cm, and silicone was 

applied to the silastic-BCOEX joining. A dab of 

silicone was applied one centimetre from the apical 

end of the silastic tubing, thus marking the extent of 

insertion into the jugular vein. Leaving to dry 

overnight, the catheters were now complete. 
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Figure 2-9: Catheter 

 

The above schematic demonstrates measurements 
applied during the making of catheters for IVSA. 

Surgical Cannulation 
Cannulation was assisted with help from other lab 

members, including Andrew Lawrence (jugular vein 

cannulation, suturing, gluing), and Robyn Brown, Liz 

Cahir, Michael Bird, Heather Madsen (preparation of 

mouse, up to and including the isolation of the 

jugular vein)  

In contrast to other groups whom implant the 

catheter onto the back of the mouse 127
, catheters 

were implanted through a skin incision made above 

the cranium. Catheters affixed to the skull remain 

secure for the duration of the experiment whilst 

affording a short and direct path to the jugular vein, 

reducing the invasive nature of the surgery.  

The equipment required for surgical cannulation is 

extensive, and a similar setup has been reviewed 

previously 127
. To begin, fresh bench coat was 

wrapped around a warming pad, used for the 

duration of surgery, whilst surgical equipment was 

kept in 100% EtOH when not in use. Vapour 

anaesthesia was induced in mice using a 5% 

isofluorane (Abbott Australasia P/L, Kurnell, NSW, 

Australia) mix, until loss of righting reflex had 

occurred. The isofluorane mix was subsequently 

lowered to 1.75% until procedural completion, 

applied via a specially designed mouse nose cone. 

Lying prone, a 1X1cm square section of the head 

was shaved and iodine solution (Povidone-Iodine 

solution, Orion Laboratories P/L, WA, Australia) 

applied to the epidermal surface. A 0.5cm incision 

was made rostrocaudally along this section, then the 

mouse was turned into a supine position. A 2X1cm 

section of hair was shaved, medial of the left foreleg 

and posterior to the jaw, and a 0.75cm incision was 

made along the shaved section.  

Fine forceps were used to clear connective tissue to 

isolate left jugular vein, located approximately 2-3 

mm below ventral the incision point. Having isolated 

the vein, a 15cm length of suture cord (Dysilk sterile, 

Dynek P/L, SA, Australia) was doubled over, pulled 

beneath the vein, then cut in twain. Two loose knots 

were tied and lightly taped to the stomach (lower 

knot) and nose cone (upper knot). An available 

catheter was rinsed in 100% EtOH, then flushed with 

heparin-neomycin solution (HepAb; 90U 

preservative-free heparin sodium (mucous, with 

0.3% w/v cresol, CSL Ltd, Melbourne, Australia) 

homogenised with 1.5ml neomycin sulphate 

(200mg/ml, Delta Veterinary Laboratories, Hornsby, 

NSW, Australia), and made to 50ml with saline 

(0.9% NaCl, Delta West P/L, Bentley, WA, 

Australia)), ensuring there was no bubbles. Fine 

forceps were navigated through the ventral incision, 

around the base of the ear and though the dorsal 

incision above the cranium, pulling the catheter 

tubing through, so that a length of about 0.5cm 

pointed out above the jugular vein. A small amount 

of heparinised gel (Telemetry Research Ltd, 

Auckland, NZ) was applied to the apical end of the 

catheter tubing.  

Using iris scissors, a 0.5mm incision was made 

rostrocaudally along the ventral surface of the 

jugular vein. Holding the incision point open with 

straight fine forceps, the catheter end was inserted 

using curved fine forceps. The tubing was then fed 

though until the silicone dab was reached (one 

centimetre insertion). The posterior knot was then 

tied to hold the catheter tubing in the vein, followed 
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by the anterior knot, the latter thus holding the 

descending limb of vein closed and keeping the 

silastic tubing in close proximity to the vein. Flushing 

(0.1ml HepAb solution) and drawback (0.01ml 

HepAb solution) were carefully tested to check for 

resistance to flow. The exposed viscera were briefly 

cleaned with sterile saline solution, and the ventral 

cuts sutured closed.  

Returning the mouse to a prone position, the syringe 

was removed from the catheter, and a few drops 

HepAb solution added into catheter port to prevent 

air inclusions, and capped. Loctite 454 glue was 

applied to the skull surface, and the catheter was 

tethered to the skull, the port pointing vertically. The 

site was filled in with dental cement (powder and 

solvent mix, Vertex Dental B.V., Netherlands), using 

the cranial epidermal folds to restrict its flow. Mice 

were then administered an antiinflammatory NSAID, 

0.1ml meloxicam at a 5mg/ml formulation 

(16.7mg/kg i.p., Boehringer Ingelheim, Troy 

Laboratories P/L), and returned to cages with fresh 

bedding under a warming light for at least thirty 

minutes.  

2.2.5.C: Operant Responding: Intravenous 
Self Administration of Cocaine 

For two days following surgery, mice had twice daily 

catheter flushing with HepAb. In order to avoid 

subject struggling and anxiogenesis, mice were 

gently enclosed in towels, with the thumb and 

forefinger enclosing the catheter end, whilst the free 

hand removed the cap. One to two drops of HepAb 

were applied to the catheter port to avoid air bubble 

inclusions, then the port was flushed with 

0.02±0.01ml HepAb. During operant conditioning, 

mice were maintained in a food limited, but 

sufficient, state (1-2 pellets food per day), thus 

facilitating acquisition of intravenous cocaine 

responding. Mice were also weighed daily to monitor 

health. 

Patency was assessed periodically by administration 

of a ketamine/midazolam test, flushing 0.02 ml a 

solution containing ketamine 15 mg/ml and 

midazolam 0.75 mg/ml in saline. The test, described 

in a methodological review by Thomsen and Caine 
127, would reveal catheter malfunction through the 

observation of delayed or absent sedation followed 

administration. As sedation in fully patent catheters 

was almost immediate, any deviation from this was a 

harbinger for compromised catheter patency. Mice 

exhibiting this were subsequently removed from 

assessment. 

The operant responding session protocol follows. 

Syringe infusion pumps were loaded with a cocaine 

(cocaine-HCl, Sigma, Castle Hill, NSW, Australia) 

solution designed to administer cocaine at 0.5mg/kg 

or 1mg/kg per infusion (20µl, i.v.). Prior to a session, 

catheters were flushed with 0.02±0.01ml 10U 

heparin solution, then hooked up to intravenous-line 

swivels in individual operant chambers. Mice were 

run under a dual lever (active lever – cocaine 

infusion; inactive lever – null) program for at least 

ten days in total, with a ten second time-out between 

rewards, and a ceiling of one hundred rewards per 

two hour session. Mice were run on a fixed ratio of 1 

(FR-1) lever press to one intravenous infusion of 

cocaine.  

Again, the active lever was paired with an olfactory 

cue (vanilla essence), and a visual light cue was 

activated concurrent with the intravenous infusion of 

cocaine. At the end of a session, catheters were 

again flushed, with 0.02±0.01ml 90U heparin 

solution. When stable operant responding for 

cocaine (i.v.) was observed, mice were run on a two 

hour progressive ratio (PR) program. The criteria for 

stable responding was set at ≥ ten infusions of 

cocaine per session, as well as an active lever 

discrimination of ≥ 75% versus inactive lever, over 

the three days prior to being run on PR. The PR was 

represented by an incrementally increasing ratio of 
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active lever presses for each subsequent cocaine 

delivery, and is presented in Table 2-2, adapted 

from Thomsen 128 . A breakpoint was measured, 

taking the value of the step associated with the last 

completed ratio (number of reinforcers earned) after 

a sixty minute hold (the period with no reinforcer 

earned) 128
. For at least two days following PR, mice 

were returned to their normal FR-1 program. Mice 

were subsequently withdrawn from cocaine for three 

weeks, then returned to the chambers for a sixty 

minute session assessing cue-induced drug-

seeking. The operant chamber setup was as usual, 

however, the syringe pumps were not connected to 

the subjects’ catheter (that is, no cocaine reward 

was received for active lever pressing).  

Table 2-2: Progressive Ratio Schedule 

Infusion Number Ratio (# Lever Presses 
required for infusion) 

1 1 

2 3 

3 9 

4 13 

5 16 

6 18 

7 20 

8 22 

9 24 

10 25 

11 27 

12 28 

13 29 

14 31 

15 32 

16 34 

17 35 

18 37 

19 39 

20 41 

21 44 

22 47 

23 52 

24 64 

25 76 

26 88 

27 100 

28 112 

29 124 

30 136 

The above table displays the progressive ratio 
schedule employed during operant experiments, 
taken from 

128
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2.3: In Vitro Characterisation 
Methodologies 

Molecular methodologies exploring salient molecular 

beacons are detailed in the following. 

2.3.1: Stereology 

To assess for any histological differences as well as 

cell number dysregularity in regions devoid of 

CREB1 in the Creb1Emx1Cre mutant mice, stereology 

was performed on coronal brain sections from wild 

type and knockout mice. The procedure has been 

similarly canvassed earlier 129, 130
. Tissue was 

prepared as described in the immunohistochemistry 

procedure within this chapter. Sections were cut 

such that every fourth section (200µm interval) was 

slide mounted (0.5% gelatine) to provide a 

representative rostrocaudal map of the brain. Slide 

mounted sections were stained with neutral red 

(0.5%) and coverslipped with Depex Mounting 

Medium (Gurr®, Germany). 

Sectional analysis was performed on a Leica DM 

LB-2 microscope, using Stereo Investigator 7.0x 

(MicroBrightField Inc., Williston, VT, USA) with the 

MicroFire 2.1 B plug-in for the Optronics real time 

frame grabber. Video feed (L-RGB capture) was 

directly piped into a Philips 107p 17” monitor, from 

which sections were analysed. Stereological 

assessment involved cellular quantification and 

volumetric analyses, with relative stereotaxic 

Bregma coordinates established according to 

Paxinos 131
.  

The cingulate cortex (1, 2) was subject to cellular 

quantification by fractional analysis. With the 

Preview SRS function, I determined to count 

approximately 400 cells per region, through ten 

sample sites per region, to yield an approximate CE 

Schaeffer error of 0.1. In concert with the Serial 

Section Manager and Optical Fractionator, four 

sections were counted unilaterally per animal per 

region, generating an average predicted cell count 

through the length of the structure. Tracing 

functionality was employed to delimit the extent of 

each region. Counting was performed at a 

magnification of 40X (oil) to better determine 

discrete neurons, and a 2µm safe-guard applied to 

the top and bottom of each section (to avoid 

counting cells ‘ripped’ from the section). 

Both the hippocampal CA1 region and striatum 

(CPu, NAc) were analysed volumetrically using the 

Cavalieri Estimator. At 5X magnification, the desired 

region was grossly traced, then further and more 

accurately delineated at 10X magnification. 

Employing both the Serial Section Manager and 

Cavalieri Estimator (40µm grid for CA1, 400µm grid 

for striatum), a grid framework was presented; those 

grid units encapsulated by the region were marked, 

ultimately generating a predicted assessment of the 

regonal area, and volume through the structure. 

Sections analysed with stereology are presented in 

Table 2-3. 

Table 2-3: Stereological Assessment – Bregma Coordinates by Region 

Brain Region Stereological 

Assessment 

Representative Bregma 
(mm) 

Sections Analysed  

(Bregma coords, mm) 

cingulate cortex 1,2 cellular 
quantification 

1.42 à -0.82 1.18, 0.98, -0.22, -0.82 

hippocampus CA1 volumetric analysis -2.06 à -2.92 -2.06, -2.3, -2.54, -2.8 

striatum (CPu, NAc) volumetric analysis 1.42 à 0.62 1.42, 1.18 or 1.1, 0.86, 0.62 

The above table demonstrates regions probed for stereological analysis, as well as representative 
coordinates for analysis. 
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2.3.2: mRNA Expression with qRT-PCR 

Assaying for mRNA expression can be performed 

saliently in two key protocols, each with their 

respective strengths. One of these is in situ 

hybridization histochemistry (ISHH), an experiment 

in which employs labelled radioprobes to assay for 

mRNA transcript in brain sections, furnishing the 

ability to semi-quantitatively determine and visualize 

expression though multiple nuclei or regions. A 

drawback is that only one gene at a time can be 

determined on a slice.  

Conversely, quantitative or real-time reverse 

transcription polymerase chain reaction (qRT-PCR) 

allows for the quantitative analysis of multiple genes 

contemporaneously, from within a single structure. 

One of its main drawbacks, however, is the lengthy 

time course to successful optimisation. 

Quantitative RT-PCR for analysis of mRNA 

transcript is now an established methodology, 

however, the initial setup can prove challenging. The 

ultimate fidelity of qRT-PCR in producing robust and 

reproducible results is in part contingent upon 

obtaining high quality RNA, and the optimisation of 

PCR experimental conditions, through primer set 

amplification efficiency and specificity. 

A particularly clear and coherent exposition 

addressing the many aspects of qRT-PCR is 

presented by Pfaffl 132. In order to expedite 

optimisation and setup of our transcript assay, I 

drew upon the expertise of neighbouring 

laboratories, the upshot of which was to perform a 

relative quantification of target transcript. Personnel 

from three distinct neighbouring laboratories were 

consulted to obtain opinions upon experimental 

design and setup. The consequence of these 

discussions is the following protocol for the assay of 

transcript when employing qRT-PCR. It is by no 

means the only variant methodology, but 

nevertheless proved a successful experimental 

protocol. 

2.3.2.A: Total RNA Extraction from brain, 
and Integrity Analysis 

Mice were initially anaesthetised with sodium 

pentobarbitone 80mg/kg body weight followed 

quickly by cervical dislocation. Brains from these 

freshly sacrificed subjects were placed upon ice-cold 

plates, and portions of the cerebellum, 

frontal/parietal cortex, striatum and hippocampus 

were microdissected. These structures were placed 

immediately onto a metal plate pre-cooled on dry 

ice. Upon freezing, structures were individually 

stored in 1.5ml eppendorfs and kept at -80C° until 

use.  

All RNA extraction experiments were performed in 

designated ‘RNAse-Free’ zones decontaminated 

with RNAse-Zap (Sigma-Aldrich, St. Louis, MO, 

USA), running with no more than twelve samples per 

run. Performing the subsequent experiments with 

sample numbers greater than this can increase 

opportunities for RNA degradation given a 

commensurate increase in processing time. 

Total RNA was extracted from selected brain nuclei 

using the QIAGEN (Australia) RNeasy Mini Kit, 

following instructions under the section “Total RNA 

Isolation from Animal Tissues”. Briefly, tissues was 

initially homogenised (to reduce viscosity) and 

disrupted (to break down plasma membrane, 

nuclear envelope and organelles, solubilising all 

available RNA) in Buffer RLT (containing β-

mercaptoethanol), using a Microson™ Ultrasonic 

Cell Disruptor (Farmingdale, NY) at setting 6 of 20 

for ten seconds. The sonicator was washed with 

100% EtOH and DN/RNAse-free water between 

samples. Upon centrifugation, the lysate was 

aspirated to a fresh eppendorf and mixed with 70% 

EtOH, then applied to an RNeasy MinElute spin 

column. After a brief spin, flow-through was 

discarded, and Buffer RW1 was applied, spun, and 

the flow-through discarded. The optional on-column 

DNAse I treatment (in Buffer RDD; QIAGEN RNAse-
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free DNAse Set) was performed, and applied directly 

to the membrane for 15minutes, followed by Buffer 

RW1, a spin, and discard of flow through. Buffer 

RPE was then applied to the spin column, spun 

briefly, and the flow through discarded, followed by 

the same for an 80% EtOH solution, the latter drying 

the silica-gel membrane. Into a new collection tube, 

total RNA was eluted from the membrane with 30µl 

DN/RNase-free water. A 3μl aliquot of each sample 

was stored in separate PCR microtubes for RNA-

integrity analysis, whilst the remainder was stored at 

-80°C until use.  

On dry ice, 3µl RNA samples were sent to the 

Australian Genome Research Facility (Parkville, 

Melbourne) for integrity assessment using the 

BioAnalyser calibrated for RNA.  
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Figure 2-10: Electropherogram RNA Analysis 

 

RNA was analysed for integrity/quality by AGRF on a BioAnalyser. Strong 18s (peak #2) and 28s (peak #4) 
bands of eukaryotic RNA are shown in the above schematic, representing a sample with high quality RNA, 
also indicated by the RNA Integrity Number (RIN), in this example equal to 10. 
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As demonstrated (Figure 2-10), strong 18s and 28s 

bands of eukaryotic RNA are indicative of quality, 

non-degraded RNA, with the 28s band overall higher 

than the 18s band. Ideally, I were looking for RNA 

integrity numbers (RIN) approaching ten. It has been 

suggested, however, that RINs have little 

consequence for qRT-PCR results for amplicons 

less than 200nt’s, have no influence on amplification 

efficiency, and that relative quantification (the 

technique employed herein) can circumvent any 

problems arising from low RINs 133
. That being said, 

RINs for all samples were no less than nine in this 

series of experiments. 

2.3.2.B: First Strand cDNA Synthesis 

As cDNA is more stable and less susceptible to 

nuclease activity than RNA, total RNA is reverse 

transcribed into cDNA. Reverse transcription of 

cDNA from total RNA (RT-PCR) was performed 

using the Invitrogen SuperScript™ III Platinum® 

Two-Step qRT-PCR Kit with SYBR® Green, 

following the accompanying manual instructions. 

The kit uses a Moloney-Murine Leukaemia Virus (M-

MLV) reverse transcriptase (RNA-directed DNA 

polymerase) which exhibits RNA:DNA duplex 

ribonuclease activity, thus, eliminating RNA as 

cDNA is synthesised. Applying two approaches to 

first strand cDNA synthesis, the kit uses both 

random hexamers and dT20-oligo primers for 

extension by the reverse transcriptase. Briefly, for 

each 20µl of cDNA required, 1µl of total RNA was 

mixed with 10µl 2XRT Reaction Mix, 2µl RT Enzyme 

Mix, and 7µl DEPC-treated water, using a master 

mix. A total volume no greater than 50µl was made 

in each PCR microtube to avoid PCR thermal cycler 

heating or cooling complications. 

Each sample was incubated at 25°C for 10minutes 

(primer annealing), followed by 42°C for 50minutes 

(RT extension), 85°C for 5minutes (reaction 

termination) and finally returned to 4°C. An RNAse 

step (E. coli RNAse H) step was subsequently 

performed at 37°C for 20minutes to remove residual 

RNA contamination. cDNA was stored at -80°C until 

use. 

2.3.2.C: qRT-PCR Primer Design 

An oft-used and design fundamental behind qRT-

PCR primers is that they flank intronic regions of 

target genes of interest (GOI). Given that cDNA is 

devoid of intronic genome, primers designed based 

upon flanking exons will produce the desired 

amplicon, whereas DNA will not. qRT-PCR primer 

and amplicon attributes include the following: 

forward and reverse primers 20 nucleotides in 

length; primers complementary to exons flanking 

intronic sequences of GOI; primers do not form 

secondary structures nor show cognate primer 

dimerisation capacity; primers encode an 

approximately 120bp amplicon (or within the range 

of 80à250bp).  

The latest transcript information for each GOI was 

obtained from Mouse Ensembl 134
. Using GOI 

transcript exon sequence, the Primer3 web interface 
135 was employed to automatically generated primer 

sets meeting desired attribute specifications. A 

suggested forward and reverse primer set was 

subsequently run on UCSC BLAT (BLAST-Like 

Alignment Tool) 136
 and BLAST (Basic Local 

Alignment Search Tool) 137 to ensure sequence 

specificity. The successful flanking of amplicon and 

intron was corroborated with the UCSC In-Silico 

PCR 138 web application. 

Primers were made to 50µM stock solution by 

adding DN/RNAse-free water to the lyophilised 

product (Geneworks, Hindmarsh, SA, Australia), 

pipetting gently and allowed to equilibrate at room 

temperature for five hours, then subsequently stored 

in aliquots at -20°C until use. Primer sets 

experimented with are displayed in Table 2-4. 
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Table 2-4: qRT-PCR Primer Sets 

Gene (or 
primer 
name) 

Forward Primer / Length / Exon Reverse Primer / Length / Exon Amplicon 
Length (bp) 

Final Primer 
Concentration 
(µM) 

Note(s) 

Atf1 GGCTGGCAAGTGAGGAGTAA / 20 / 1
st
 GAACCAGGCTGAGATGCAGT / 20 / 

2
nd

 
146 300 amplicon 

exhibits 2 
melt curves. 
likely due to 
differential 
melting, 
induced by 
runs of AT vs 
runs of CG 
(ie: staged 
melt) 

Atf2 CAAGAAGGCTTCCGAAGATG / 20 / 6th AGGTAAAGGGCTGTCCTGGT / 20 / 
7th 

130 50 Atf2’s prior 
sobriquet was 
Creb2.  

Cbp GTCTTTGCCTTTTCGTCAGC / 20 / 16th CCACATACTGCCAGGGTTCT / 20 / 
17th 

143 50  

Crem AGTCCCCAGCAACTAGCAGA / 20 / 6th GATTTTCAAGCACAGCCACA / 20 / 
7th 

142 300  

Creb1 GGAGCTTGTACCACCGgtaa / 20 / 1st GGGCTAATGTGGCAATCTGT / 20 / 
2nd 

136 50 total Creb1 
(last 4 bases 
on fwd primer 
do not 
overlap with 
exon) 

Creb1 
excised 
(F1R1) 

AAGCAGCACGGAAGAGAGAG / 20 / 2
nd

 
last (recombined) 

TTTCAAGCACTGCCACTCTG / 20 / 
last 

117 50 recombined 
Creb1 (fwd 
primer in 
recombined 
exon) 

not used 
(redundant) 

Creb1 
(F2R2) 

CCAAACTAGCAGTGGGCAGT / 20 / 4th last GAATGGTAGTACCCGGCTGA / 20 / 
3rd last 

140 300 total Creb1 

Creb1 
excised 

ATGCACAGACCACTGATGGA / 20 / 3rd last GGAGGACGCCATAACAACTC / 20 / 
2nd last (recombined) 

143 50 recombined 
Creb1 (rev 



Chapter 2         

42 

primer in 
recombined 
exon) 

Creb1 
excised 
(FR1) 

CCTCAGGCGATGTACAAACA / 20 / 2nd last 
(recombined) 

CTCTCTTCCGTGCTGCTTCT / 20 / 
2nd last (recombined) 

129 50 recombined 
Creb1 (both 
primers in 
recombined 
exon) 

Creb1 
excised 
(FR2) 

CCTCAGGCGATGTACAAACA / 20 / 2
nd

 last 
(recombined) 

GACCTCTCTCTTCCGTGCTG / 20 / 
2nd last (recombined) 

143 300 recombined 
Creb1 

not used 
(redundant) 

IcerI ATGGCTGTAACTGGAGATGAAACTG / 25 / 
1st 

TTGCGACTTGCTTCTTCTGC / 20 / 
2nd 

155 300 not used 
(poor primer 
set) 

β-Actin GATCTGGCACCACACCTTCT / 20 / 3
rd

 GGGGTGTTGAAGGTCTCAAA / 20 / 
4

th
 

138 50 candidate EC 

Hprt1 CTTTGCTGACTTGCTGGATT / 20 / 2
nd

 
intron  

TATGTCCCCCGTTGACTGAT / 20 / 
2

nd
 

129 300 candidate EC 

Mthfd1 AAGGAAAGTCGTGGGTGATG / 20 / 5
th
 

intron 
GCTGTGCGCTCTCTACTGTG / 20 / 
5th  

131 300 candidate EC 

Tbp TTCGTGCAAGAAATGCTGAA / 20 / 2
nd

   TCCTGTGCACACCATTTTTC / 20 / 
3

rd
 intron 

128 300 candidate EC 

The initial qRT-PCR primers for total Creb1, ‘creb1’, were designed based upon the predicted BLAST mRNA CDS. The BLAST mRNA sequence does not 
necessarily match that expected from the cognate DNA sequence, hence, the mis-match with the last four bases on the forward primer. All other primer sets 
were subsequently designed based upon the genomic DNA sequences. 
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ICER Primers 
Whilst initially looking to design primers for ICERI, 

the literature was examined to identify whether they 

had been used elsewhere. Conti and colleagues 139
 

suggested a probe (5’- 

TGATGGCTGCCTCACCAGGAA-3’) for ICERI, 

however, comparison with relevant transcripts 

demonstrated that the sequence was common not 

only to ICERI, but also generalised to CREM 

transcripts. Their assay was not so much for ICERI 

(as the eponymously entitled paper seems to 

suggest), as it was for all CREM isoforms. Indeed, 

an analysis of the ICER to CREM isoforms is 

indicated in Table 2-5 below: 

Table 2-5: ICER vs CREM Exon Detail 

ICER Exon CREM equivalent 
Exon 

1 (25bp in length only) not represented 

2 6 

3 7 (leading sequence) 

The three exons constituting ICER are compared 
with representative/homologous CREM exons, 
where possible. 

When attempting to design a primer set for ICERI 

using Primer3 135 passing the unique ICERI exon 1, 

and exon 2 (which is not unique), the software failed 

to generate any acceptable primer pairs. As an 

alternative, I determined to use the whole of exon 1 

(25bp) as a forward primer, as well as the Conti 139
 

exon 2 reverse primer which they employed in RT-

PCR. The problem with this, of course, was the 

forward primer. Validation experiments with four 

magnitudes of cDNA (1, 1:10, 1:100, 1:1000) 

demonstrated differential efficiencies of amplification 

given different starting quantities of cDNA. That is, 

desired slope of Ct vs log10cDNA demonstrated a 

slope of -2.511, which is greatly outside the ideal 

range of -2.8 à -3.9. This is unacceptable, thus, the 

primer set had to be discontinued. As I cannot 

fabricate another primer which will specifically pick 

up ICERI, in contrast to what Conti and colleagues 

claim 139, I had to forego ICERI analysis. 

qRT-PCR Primer Test 
Primers were tested for specificity by running them 

in a normal PCR with cDNA and DNA. Briefly, 

forward and reverse primers were used at a final 

concentration of 0.5µM. In a 10µl reaction volume, 

0.1µl of forward and reverse primers were added to 

1µl cDNA or DNA, 3.8µl DN/RNAse-free water and 

5µl Red (Sigma Red-Extract-N-Amp kit, Sigma, 

Castle Hill, NSW, Australia) or GoTaq (Promega 

Corp, Madison, WI, USA), using a master mix. 

Samples were run under thermal cycling conditions 

specified in Table 2-6. In all cases, template was 

present upon completion of thermal cycling in the 

presence of cDNA, but was absent when DNA was 

added, indicating the successful generation of qRT-

PCR primers. Amplicons of expected length were 

also generated, presented in Table 2-6. 

Table 2-6: qPCR Primer Assay 

Repetitions Temp Duration Detail 

1X 95°C 2min TAq DNA 
Polymerase 
activation* 

30X    

è 94°C 30sec melt dsDNA 

è 60°C 30sec anneal primer 
to ssDNA 

è 72ºC 45sec template 
extension 

1X 72ºC 10min final 
extension 

1X 4°C ∞ hold 

* Causes an antibody to dissociate from the TAq 
enzyme. This antibody is previously incorporated to 
prevent non-specific activity of TAq DNA polymerase 
when used during the experimental setup, at room 
temperature. 
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2.3.2.D: General qPCR Protocol 

Having obtained good cDNA, I proceeded with the 

real-time or quantitative PCR (qPCR) component. 

The Invitrogen SuperScript™ III Platinum® Two-

Step qRT-PCR Kit with SYBR® Green users SYBR 

Green I dye, which intercalates within the helical ds-

DNA minor groove, fluorescing to a substantially 

greater extent than unbound dye. That is, as more 

target GOI template is produced, the sample 

fluorescence will increase. SYBR Green I lacks the 

precision, specificity and reduced background 

exhibited by TaqMan probes, but it is substantially 

less expensive and more flexible in its use. As 

multiple GOIs were under investigation, the flexibility 

of SYBR Green I was important, although its use 

placed greater emphasis upon designing primers of 

high specificity. 

I employed an Applied Biosystems ABI 7500 Fast 

thermal cycler, run in Normal Mode and using 20µl 

reaction volumes. Using the Invitrogen kit, idealized 

per-sample requirements are specified (Table 2-7): 

Table 2-7: qPCR Reaction Mixture 

To minimise pipetting error, I used a master mix 

when performing these experiments, adding the mix 

to cDNA volumes previously aliquoted to each well. 

Reactions were run in triplicate for reproducibility, 

and after sealing, each plate was spun down at 

150rpm for 60seconds. Primers were diluted to 5µM 

to increase the volume aliquoted to the master mix, 

thus reducing experimental pipetting error. The 

Invitrogen kit employed ROX as a passive reference 

dye which when added, acts as a reporter for 

background fluorescence, thus allowing for 

normalisation between samples; that is, normalised 

reporter,  

Rn = SYBR Green I fluorescent signal / ROX signal. 

The general thermal cycling conditions for qPCR 

follow in Table 2-8. 

Table 2-8: qPCR Thermal Cycling Conditions 

Repetitions Temp Duration Detail 

1X 50°C 2min RNase 
inactivation 

1X 95°C 2min TAq DNA 
Polymerase 
activation 

40X    

è 95°C 15sec melt dsDNA 

è 60°C 60sec anneal 
primer to 
ssDNA 

1X 4°C ∞ hold 

Data acquisition was performed during the annealing 

and extension step by the software. Immediately 

following the thermal cycling protocol was a 

dissociation or melt stage, which displays the 

temperatures at which product or amplicon melts. As 

the product melts, the rate of decrease in the level of 

fluorescence is recorded. As the SYBR Green I 

dissociates from the ds-DNA, the level of 

fluorescence diminishes, thus, a curve with a greater 

amplitude at a given melt temperature is indicative 

of a greater proportion of a particular template in the 

sample. As a general rule, primer dimers melt at 

approximately 60-70°C, whilst templates (of 

approximately 120-160bp) melt between 80-95°C. 

Dissociation stage conditions were: 95°C - 15sec, 

60°C - 60sec, 95°C - 15sec. 

Optimising Primer Concentrations 
Data from qPCR experiments is often plotted as ∆Rn 

versus Cycle Number. ∆Rn represents the 

normalised reporter less baseline fluorescence, 

which is often averaged over a range of cycles, 

Item vol (µl) / 
sample 

Platinum® SYBR® Green qPCR 
SuperMix-UDG 

10 

5µM fwd_primer (20mer) x 

5µM rev_primer (20mer) y 

ROX Reference Dye 0.04 
RNAse-Free dH20 (7.96-x-y) 

cDNA 2 

TOTAL 20 
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usually 3 to 15. The cycle number at which 

amplification of target template reaches one hundred 

percent efficiency (template doubles each cycle) is 

called the cycle threshold, Ct. The Ct can occur over 

a range of cycles, and is often arbitrarily selected for 

a cycle within this range. By running the forward and 

reverse primers with cDNA at different 

concentrations (asynchronously, if desired), one can 

determine which combination generates a lower Ct, 

and is therefore more efficient in the amplification of 

template. The generally acceptable ranges for final 

concentrations of primers are between 0.05µM 

(50nM) and 0.5µM (500nM). I chose to test primers 

at a final concentration of either 50nM or 300nM. As 

can be seen in Figure 2-11, for the given ∆Rn, the 

ATF2 primers used at a final concentration of 50nM 

resulted in a Ct of 20.5 at the given level, and 21 

when used at 300nM, suggesting greater efficiency 

when used in a lower final concentration. This 

optimising process was performed for all primer 

sets. 

Melt curves were also examined for all samples and 

non template controls (NTCs). Each primer set 

should ideally generate a clear dissociation curve for 

the target template with a single peak at the 

amplicon melting temperature, and the absence of 

primer dimers. Demonstrated in Figure 2-12, the 

melt curve for the ATF2 template shows a clear 

79°C melt profile, which is absent in the NTC (flat 

line). All primer sets appeared to check out 

efficiently in generating GOI template. These 

products were run on a 2% agarose gel to confirm 

the presence of desired length template, and 

establish that non-specific template was not coded 

for, which are demonstrated in Figure 2-13. Other 

factors which can impact the efficiency of these 

reactions were not optimised for (including cDNA 

concentration [too high may inhibit], SYBR Green I 

concentration [1:10000à1:60000 desired], MgCl2 

concentration [1.5à5mM desired]), but maintained 

within desired parameters. 
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Figure 2-11: ATF2 Amplicon Optimisation: Amplification Plot 

 

The schematic above plots the ∆Rn against Cycle Number for a typical qPCR experiment. Here I see the 
results of such a plot when using the ATF2 primers at either 50nM or 300nM for each forward/reverse primer. 
As can be observed, at the chosen ∆Rn threshold (horizontal red line), ATF2 primers used at a final 
concentration of 50nM (blue line) resulted in a Ct (cycle number the threshold was achieved at) of 20.5, 
versus a Ct of 21 when the primers were used a final concentration of 300nM each (grey line). Subsequently, 
as the former conditions were more efficient, ATF2 primers were used at a concentration of 50nM for all 
ongoing experiments. 
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Figure 2-12: ATF2 Amplicon Optimisation: Dissociation Plot 

 

Following template amplification in qPCR experiments, all products were run on a melt program. The above 
schematic plots the detail from this melt against temperature for the ATF2 product template, demonstrating a 
clear melt at 79ºC (blue/green lines for separate samples), in contrast to a flat line for the non-template 
control (red line). A single peak is indicative of a single template product for the given primers, revealed as 
the SYBR-Green is de-sequestered from the minor groove. 
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Figure 2-13: qPCR Amplicons run on 2% Agarose Gel 

 

Gel A and gel B demonstrate that the desired amplicons were produced by qPCR, with the previously 
specified primer sets. They are visible under UV in the presence of EtBr intercalator, run on a 2% agarose 
gel.  

Gel A à left column (rows) à right column (rows) Gel B 

1-2: creb1 1-2: mthfd1 1,5: creb1 excised (F1R1) 

3-4: creb1_ex6 3-4: tbp 2,6: creb1 (F2R2) 

5-6: crem 5-14: NTCs 3,7: creb1 excised (FR1) 

7-8: cbp 15-16: icerI 4,8: creb1 excised (FR2) 

9-10: atf1 17: NTC  

11-12: atf2   

13-14: beta-actin   

15-16: hprt1   

For Gel A, the final primer concentration for the 1st sample for each primer is 50nm, and 300nm for the 2nd 
sample. For Gel B, final primer concentrations are 50nm for rows 1-4 and 30nm for rows 5-8. 
Abbreviations: mthfd - methylenetetrahydrofolate dehydrogenase (NADP+ dependent); tbp – TATA box 
binding protein; icerI – inducible cAMP early repressor; hprt - hypoxanthine guanine phosphoribosyl 
transferase; NTC – non-template control. 
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Table 2-9: Validation Experiment: Desired Parameters for EC and GOI Primer Sets 

EC GOI 100% Primer  

Efficiency 

90-110% Primer  

Efficiency 

80-120% Primer 
Efficiency 

R2≥0.995 R
2
±10% of EC R

2
 

Slope: 

-3.32 

Slope Range: 

-3.1 à -3.6 

Slope Range: 

-2.92 à -3.92 

Efficiency is calculated by the formula: E=10
(-1/slope)

-1, such that a slope of -3.32 produces an E=1 or 100% 
efficiency.  
 

2.3.2.E: Performing Validation 
Experiments 

Before initiating qPCR experiments, I need to 

establish that both the EC and GOI primers amplify 

the target template from cDNA with similar 

efficiencies across discrete orders of starting cDNA. 

If the efficiencies of EC and GOI primers are 

different at a given starting level of cDNA, then 

generated data will be erroneous. To address this, 

the chosen EC and all GOI primers are run on cDNA 

from a single subject, across at least four orders of 

starting cDNA, which encompasses the 

concentration of cDNA to be used during 

experiments. I chose to run in parallel four orders of 

starting cDNA, designated, 1:1, 1:10 (ten times 

dilution), 1:1000 and 1:10000.  

There are two basic methods for analysis of these 

data. The first is listed in the Invitrogen SuperScript 

handbook, and entails creating a relative efficiency 

curve by plotting ∆Ct against log10cDNA_dilution and 

looking for a fitted slope<0.1. This was found to 

prove highly stringent and ultimately unacceptable, 

as many GOI primer sets were excluded 

inappropriately.  

An alternative method which is widely used 140 

creates an efficiency curve by plotting Ct against 

log10cDNA_dilution. The desired parameters for the 

successful validation of the GOI primer with those of 

the EC primer set are listed in the table above. The 

R2
 is indicative of standard curve linearity, 

demonstrating linear template amplification for the 

discrete orders of starting cDNA. Moreover, the GOI 

primers must display a similar linearity to that of the 

EC primer set (within 10%). With regard to the 

desired slope of -3.32, for every ten-fold dilution, if 

the primers amplify at 100% efficiency, I should 

witness a 3.322 cycle shift to the right. For example, 

2-3.322
=0.1. Ultimately, all primer sets should amplify 

template with an efficiency between 80 and 120% 
141

.  

Choosing an Endogenous Control for 
Each Region Assayed 

Endogenous control or housekeeping genes are a 

core component of relative quantification/expression 

studies. The housekeeping genes perform the 

function of controlling for the level of starting cDNA 

in each sample. It is important to normalise qPCR 

data given variance in initial starting material 

(cDNA), arising from variance in sample-to-sample 

cDNA aliquotting, RT-PCR enzymatic efficiency and 

quality of RNA (RNA integrity). It is regarded as 

acceptable to employ a single housekeeper gene for 

normalisation 132. 

A critical feature of any housekeeper gene is that its 

expression levels do not fluctuate between groups, 

such that within the nuclei of given cells, expression 

of a housekeeper gene should not be dissimilar 

between knockout and control mice. To this end, 

common housekeeping genes commonly include 

18s and 28s rRNA (not assayed), β-actin, Mthfd1, 

Hprt1, Tbp (TATA box binding protein) and Gapdh, 

whose levels are often observed to be fairly stable 

across regions.  

Our model generates the ablation of CREB1 protein 

expression in brains of mice with spatial resolution, 
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so I first had to establish that none of the candidate 

EC genes are regulated by CREB1 (for example, 

whether they exhibit conserved CRE motifs in their 

promoter regions), nor are induced transcriptionally 

by cAMP in mammalian brain cells. An online tool 

perfect for this analysis is the CREB Target Gene 

Database (http://natural.salk.edu/CREB/) 
142

. None 

of the above candidate ECs exhibit conserved CRE 

motifs proximal to their promoters, however, Gapdh 

does express a half-site CRE motif and TATA box 

around its promoter, as well as three half-site 

upstream CREs. To err on the side of caution, 

Gapdh was excluded as a candidate EC, whilst β-

actin, Mthfd1, Hprt1 and Tbp were maintained as EC 

candidates (18s rRNA was not assayed). 

For each brain region assayed (cerebellum, cortex, 

striatum and hippocampus), cDNA was run for all 

subjects in both groups (n=4 for knockout and wild 

type), simultaneously on the same 96-well reaction 

plate, for each candidate EC gene (β-actin, Mthfd1, 

Hprt1, Tbp). What I wanted to establish is the gene 

which displays the least variance between genotype 

within a specific brain region. geNorm 143
 is a VBA-

Excel program which calculates variation of a 

candidate EC gene relative to other candidate ECs. 

This variance (V) is subsequently averaged 

(geometric averaging) to produce the mean variance 

(M). The lower the M, the more stable this EC gene 

is in the specified structure, thus, proving to be the 

EC of choice. Briefly, average sample Ct values 

(with samples run in triplicate) were obtained from 

the qPCR experiment. For each gene, Ct values 

were converted into ∆Ct using the highest relatively 

expressed sample as ‘control’. For example, the Ct 

value underlined in Table 2-10 (ie: ∆Ct = Ct_sample 

– Ct_most_efficient). Next, I establish relative 

expression given the equation 2-∆Ct
 (assuming one 

hundred percent efficiency), and input these data 

into the geNorm spreadsheet.  

geNorm data output table for these data are 

demonstrated in Table 2-11. The M reflects the 

average variability of a given EC gene with respect 

to other EC genes. A lower M signifies greater 

stability of expression between animals. This 

outcome here suggests that TBP is the endogenous 

control gene of choice for this mouse mutant, in this 

brain region (cerebellum). 
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Table 2-10: Calculations for geNorm Input 

geNorm Input Data Table

>> input non-normalised dCt relative expression <<

raw average Ct
↓Samp/Gene → B-actin Tbp Mthfd1 Hprt1

WT_270 16.053367 18.740833 19.845033 17.2567333
WT_246 16.212967 18.690667 20.136833 17.0483

WT_238 16.512867 18.715367 20.3345 17.2843333
WT_222 16.354367 18.8667 19.967867 17.1857333

KO_277 17.162433 19.226633 20.527933 18.1304333

KO_269 17.161667 20.408167 20.658833 18.9035
KO_236 17.317167 20.6994 21.629 19.1976333

KO_217 17.141033 20.502267 21.353667 19.1632
dCt (gene - highest relative expression [ie: lowest Ct] )

WT_270 0 0.0501667 0 0.20843333
WT_246 0.1596 0 0.2918 0

WT_238 0.4595 0.0247 0.4894667 0.23603333

WT_222 0.301 0.1760333 0.1228333 0.13743333
KO_277 1.1090667 0.5359667 0.6829 1.08213333

KO_269 1.1083 1.7175 0.8138 1.8552
KO_236 1.2638 2.0087333 1.7839667 2.14933333

KO_217 1.0876667 1.8116 1.5086333 2.1149
2^-dCt (non-normalised dCt relative expression)

WT_270 1 0.9658247 1 0.86547657

WT_246 0.8952733 1 0.8168822 1
WT_238 0.7272383 0.983025 0.7122884 0.84907663

WT_222 0.8116896 0.8851333 0.9183823 0.90913514
KO_277 0.4635939 0.6896964 0.6229119 0.47232987

KO_269 0.4638403 0.3040752 0.5688815 0.27639434
KO_236 0.4164456 0.2484912 0.2903839 0.22541676

KO_217 0.4705218 0.2848748 0.351444 0.23086158  

The data table above presents the calculation of non-normalised ∆Ct for calculation of an endogenous 
control from multiple candidates. Data for each subject are grouped by candidate endogenous control in 
columns as average Ct from a qPCR reaction plate run synchronously. ∆Ct is then calculated by subtracting 
the lowest Ct (highest relative expression of gene) from each Ct from other subjects, and subsequently 
converting on the assumption of 100% efficiency. geNorm utilises these values in the calculation process. 
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Table 2-11: geNorm Output Data Spreadsheet 

1.5 actB tbp mthfd hprt
Normalisation 

Factor

WT_270 1.00E+00 9.66E-01 1.00E+00 8.65E-01 1.6537
WT_246 8.95E-01 1.00E+00 8.17E-01 1.00E+00 1.5993

WT_238 7.27E-01 9.83E-01 7.12E-01 8.49E-01 1.4024

WT_222 8.12E-01 8.85E-01 9.18E-01 9.09E-01 1.5220

KO_277 4.64E-01 6.90E-01 6.23E-01 4.72E-01 0.9578

KO_269 4.64E-01 3.04E-01 5.69E-01 2.76E-01 0.6674
KO_236 4.16E-01 2.48E-01 2.90E-01 2.25E-01 0.4962

KO_217 4.71E-01 2.85E-01 3.51E-01 2.31E-01 0.5585

0.621524571 0.578108624 0.610610795 0.50946914

M < 1.5 0.458 0.376 0.399 0.383  

The data table above represents conversion of the input data (demonstrated in Table 2-10) through 
geometric averaging. The average variability of all genes (M) is less than 1.5, suggesting that all are 
potentially viable candidate endogenous control genes. The lowest M here is that of tbp, suggesting a 
greater stability relative to other candidates, between animals, and is thus, the endogenous control gene of 
choice wihtin this brain region (cerebellum).  

2.3.2.F: Run qPCR Experiment 

96-well microplates were used to perform our 

experiments, running the EC in parallel with GOIs on 

the same plate, with samples run in triplicate for 

each subject. To analyse data, I employed the ∆∆Ct 

method where sample Ct values (GOI) are 

normalised with a paired internal reference gene 

(EC) (generating ∆Ct). This method has been 

described more formally, elsewhere 144. The 

knockout group ∆Ct values are then calibrated with 

the average ∆Ct from the wild type group, 

generating a ∆∆Ct. For example, ∆∆Ct = ∆Ct 

(target=knockout) - ∆Ct (calibrator=wild type). Using 

the formula 2-∆∆Ct (given that this is the point at which 

amplicon production is doubling), I can generate a 

normalised relative quantification for cDNA (and 

hence, mRNA transcript) between groups. 

2.3.3: DNA Expression 

2.3.3.A: DNA Sequencing 

A purified DNA template consisting of the dsDNA 

amplicon was prepared by running a PCR on cDNA 

under standard conditions with the qRT-PCR ATF1 

primers. Samples were run on a TBE-based 2% 

agarose gel for 20 minutes at 100V, with EtBr 

intercalation. The desired band (146bp) was cut 

from the gel for each sample, then individually 

weighed and placed into a 1.5mL microtube. DNA 

was purified using an Eppendorf Perfectprep Gel 

Cleanup kit (Westbury, NY, USA). The agarose gel 

was first solubilised by adding 3 volumes of binding 

buffer containing guanidine thiocyanate, to 1 volume 

gel. The solution was incubated at 50°C for 10 

minutes with vortexing every other minute. One 

volume of isopropanol (propan-2-ol) equal to the 

volume of gel was added, and the solution was 

pipetted onto a silica membrane spin column, 

followed by centrifugation. Subsequently, 750µl of 

75% EtOH wash buffer was added to the spin 

column and centrifuged, removing dNTP’s, primers, 

salts and other contaminant molecules, leaving the 

template DNA bound to the silica membrane. This 

was then repeated, and finally, template DNA eluted 

with 30µl DNA/RNAse-free water, added to the 

centre of the membrane. 

Template DNA quality and quantity were confirmed 

by spectrophotometry (NanoDrop 1000, Thermo 
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Scientific, Wilmington, DE, USA). The machine 

(calibrated for DNA-containing samples) was 

blanked with 2µl water, then 2µl of each sample was 

added and individually analysed for quality (desired 

OD260/OD280=1.7à2.0) and quantity (ng/µl). 

Samples containing 6ng template DNA and 6.4pmol 

of either forward or reverse ATF1 qRT-PCR primer 

were sent in 12µl aliquots (made up in DNA/RNAse-

free water) to AGRF (Parkville, Victoria) for their 

Purified DNA service. DNA labelling (sequencing), 

cleanup and analysis on an Applied Biosystems 

AB3730xl sequencer was performed by AGRF 

Brisbane sequencing branch. Additionally, data files 

(*.ab) generated by the sequencer were visualised, 

retrospectively, using the freeware program 

Chromas Lite 2001 

(http://www.technelysium.com.au). 

2.3.3.B: DNA Extraction and PCR 
Genotyping 

These methods are described in Chapter 4, 

Designing the Creb1Emx1Cre Conditional Mouse 

Mutant. 

2.3.4: Protein Expression 

Protein assays are typically performed by targeting 

select proteins with an antibody, and visibly 

expressing this with perhaps a chromogenic, 

luminescent or fluorescent reporter. The success of 

these endeavours is largely dependent upon the 

quality of the antibody (age and chemistry), its 

access to cognate epitope(s), and the method of its 

application. The key methods employed for 

identifying protein expression were 

immunohistochemistry (IHC) on free-floating 

sections, and Western blotting. 

2.3.4.A: Immunochemistry 

The following immunohistochemistry methodology, 

described previously 129, 130, 145, 146, was applied in 

both the Sprague-Dawley rat study, and Creb1Emx1Cre
 

mutant mouse study. 

Tissue Preparation 
Subjects were first anaesthetised with sodium 

pentobarbitone 80mg/kg (i.p.) body weight. Upon 

absence of reflex pathway activation, determined by 

an acute pressure applied to the foot, anaesthetised 

rodents were transcardially perfused individually with 

30ml (mice) or 150ml (rats) phosphate-buffered 

saline (PBS, 0.1M, pH 7.4) followed by fixation with 

30ml (mice) or 200ml (rats) of 4% paraformaldehyde 

(PFA, Sigma) in PBS, using a dual-control syringe 

system. Mice were immediately decapitated and 

brains quickly removed and post-fixed overnight in 

fixative containing 10% sucrose. Brains were 

subsequently frozen on dry ice, and sectioned on a 

microtome at 40µm in the coronal, sagittal or 

horizontal plane, and floated in 48-well tissue culture 

microplates containing cryoprotectant solution 147, 

and stored at -20°C until use. Every fourth section 

(200 µm interval) was slide-mounted with 0.5% 

gelatine, counterstained with neutral red (0.5%), 

differentiated, cleared and coverslipped with Depex 

Mounting Medium (Gurr®, Germany), and kept as a 

reference map for each rodent. 

Immunostaining Procedure 
The immunohistochemical procedure, previously 

described 129, 130, 145, 146
, was adapted for individual 

antibodies. Brain sections from each treatment 

group  were processed simultaneously for each 

discrete brain region. All Bregma readings were 

derived from Paxinos 131, 148
. Sections were removed 

from cryoprotectant, washed in 0.1M PBS 

(3x10min), then pre-blocked with 10% normal serum 

(NS), 0.3% Triton X-100 (TX-100) and 0.1M PBS for 

15 minutes. The normal serum host constituted the 

animal which the secondary antibody was raised in. 

Following washing (3x5min in PBS), sections were 

incubated with the required primary antibody 
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(usually 1:1000 dilution – see Table 2-12) in PBS 

containing 1% NS and 0.3% TX-100 (PBS-NTx) 

between 24 to 48 hours at 4°C, with agitation. The 

following morning, sections were removed from 

refrigeration, washed, then incubated in PBS-NTx 

containing biotinylated secondary antibody (usually 

1:500 dilution) solution for 1 hour at room 

temperature, again rinsed, then immersed in PBS-

NTx containing streptavidin horse radish peroxidase 

(S-HRP, 1:500, Vector) for 1 hour at room 

temperature. After washing, sections were reacted 

with nickel-enhanced 3,3’-diaminobenzidine 

tetrahydrochloride chromagen (DAB, Sigma, Vic) 

solution (0.1M PBS, 0.004% w/v ammonium chloride 

/ ammonium nickel (II) sulfate hexahydrate) for ten 

to thirty minutes, and immunoreactivity was then 

developed by addition of hydrogen peroxide 

(0.03%). The reaction was terminated by washing in 

0.1M PBS (3x10min). Sections were subsequently 

slide-mounted and coverslipped as previously 

described. Where necessary, protein expression 

was quantified for raw counts as previously 

described 130
. 
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Table 2-12: Antibodies Employed for Protein Assays 

Antibody 
(target/raised in) 

Source Dilution 
Employed 

Conditions Notes / Special 
Conditions 

anti-CREB1, 
rabbit mAb 

Cell Signalling Technology, 
(48H2), #9197 

1:1000 48hours at 4°C  

anti-pCREB1, 
rabbit pAb 

Santa Cruz Biotechnology, 
(Ser-133), sc-7978-R 

1:1000 24hours at 4°C 2° @ 1:200 

anti-c-Fos, rabbit 
pAb 

Santa Cruz Biotechnology, (4), 
sc-52 

1:1000 24hours at 4°C   

anti-Orexin-A, 
goat pAb 

Santa Cruz Biotechnoloy, (C-
19), sc-8070 

1:4000 24hours at 4°C  

anti-Calbindin-D-
28K, mouse mAb 

Sigma-Aldrich, clone CB-955, 
C9848 

1:3000 24hours at 4°C >quench endogenous 
preoxidase activity 

>pre-block w/ BSA 
and NHS 

anti-GABA, rabbit 
pAB 

David Pow, UQ Centre for 
Clinical Research 

1:3000 24hours at 4°C  

anti-GABA, 
mouse mAB 

Sigma-Aldrich, A0310 1:500 24hours at 4ºC  

anti-Parvalbumin, 
mouse mAb 

Sigma-Aldrich, P3088 1:1000 24hours at 4°C  

anti-CREM, 
rabbit pAb 

Theo Mantamadiotis, Victorian 
College of Pharmacy, Monash 
University 

1:1000 24hours at 4°C  

2.4: Software and Data Analysis 
A necessary component of this project has been the 

rapid analysis of vast quantities of data generated 

during the course of the many experiments. 

Principally, this has come in the form of behavioural 

data, where every appropriate ambulation, 

response, repetition, iteration and action has been 

digitally monitored unfailingly in order to furnish the 

investigator every ability to determine the 

corresponding consequence of the imposed 

experimental milieu. The various molecular 

experiments also employed powerful software, and 

these are briefly discussed. 

2.4.1: Behavioural Software 

2.4.1.A: Hamilton Kinder 

Hamilton Kinder software was released with 

conditioned place preference chambers, monitoring 

entries into and time spent in discrete (arbitrarily 

defined) chamber zones, as well as the total number 

of movements. For the most part, this software 

performed as the investigator wanted it, with a 

function allowing individual data files to be 'reduced' 

to a single file for later analysis. 

It was clear, however, that the interface could have 

been much improved, as seemingly esoteric 

commands, command buttons, check and 

radioboxes bedazzled the investigator. 

2.4.1.B: EthoVision 

EthoVision have reached the pinnacle of software 

design for cognate ethological assessment 

hardware. The software system provided a 

seamless interface with the technology driving the 

automated monitoring of subjects within defined 

arenas, whilst providing intuitive access to ex-post 

data acquisition. The system has created a gold 
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standard for deployment of automated behavioural 

monitoring platforms. 

2.4.1.C: TruScan Locomotor 

Truscan locomotor software, which complements 

what are otherwise robust and consistent photooptic 

locomotor chambers, was clearly coded in Visual 

Basic 6, and exhibited a number of shortcomings. 

Briefly, the software captures subject movements in 

the x and y planes, recording based on defined 

'stereotypies', movement time, distance and region. 

These data were recorded with competency, 

however, many software features were lacking, 

including crashing for anything greater than a 9 hour 

'by-second' monitoring; a non-intuitive menu system; 

data output changes with minor software versions; a 

feeling of ‘untestedness’ to the program; awfully long 

load times with nothing to indicate what was taking 

place (ie: a load dialog may have helped). 

2.4.1.D: MedIV-PC 

The MedIV-PC system interfaced with operant 

chamber hardware, monitoring lever presses, timing 

of lever presses, lickometer contacts, syringe pump 

infusions, and a host of expandable activities. The 

software was extremely stable, and allowed the user 

to write macros to run individual programs.  

A critical drawback with the software, however, was 

its unacceptable data export format, which was 

neither CSV nor space separated. Rather, data was 

delimited in an inconsistent format, which 

encouraged the user to purchase their MS-XL add-

on.  

2.4.1.E: The PIG (Python Import GUI) 

Off the back of a variety of MS-XL VBA macros for 

handling TruScan data, as well as some basic 

Python code for handling MedIV-PC data, I wrote a 

simple script coupled to a wxWidget GUI set in 

Python to gather and organise data from TruScan, 

MedIV-PC and Hamilton Kinder, exportable to an 

MS-XL .xls file. This primarily served the purpose of 

increasing the rapidity of data analysis. The PIG 

(http://sourceforge.net/projects/the-pig/) interface is 

demonstrated below. 

Figure 2-14: The Python Import GUI 

 

2.4.2: Molecular Biology Software 

2.4.2.A: PCR 

Software bundled with thermal cyclers was 

invariably stable and simple, providing a highly 

robust running environment. On only one occasion 

did an a Applied Biosystems thermal cycler crash, 

however, it resulted in the complete deletion of all 

stored programs. 

2.4.2.B: AB SDS 1.7 

The Applied Biosystems ABI Fast 7500 thermal 

cycler used in qPCR experiments came with 

advanced software, controlling real time 

amplification of templates, and fluorescent spectral 

analysis. For the most part, this software was 

extremely stable and well coded, allowing the user 

to manipulate a host of experimental parameters, 

with an intuitive interface, and great data and 

graphing export functionality. Although the program 

supports multiple child frames, it did crash on one 
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occasion during which a second child frame had 

been launched. 

2.4.2.C: Scion Image and NIH Image J 

These programs allow for the delimitation of 

subregions within images and their subsequent OD 

analysis. Scion image, based upon Image J, was 

found to crash with a regularity becoming an infant. 

Image J, on the other hand, was well coded and 

stable freeware. As Image J was coded in Java, it 

furnished the user the ability to write plug-in macros 

for customised image analysis, proving an all-round 

superior product. 

2.4.2.D: MCID 6.0 

MCID 6.0 was used to take high-resolution TIF 

images for later Image J analysis, as well as for the 

real time OD analysis of Western blots. The 

interface was extremely unintuitive, however, the 

program proved stable. 

2.4.2.E: Primer and Probe Design Ware 

A host of internet based applications were employed 

for the design of primers and probes, including 

Primer3 (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi), Sigma DNACalc 

(http://www.sigma-genosys.com/calc/DNACalc.asp), 

OligoCalc 

(http://www.basic.northwestern.edu/biotools/oligocal

c.html), UCSC In-Silico (http://genome.ucsc.edu/cgi-

bin/hgPcr), UCSC BLAT 

(http://genome.ucsc.edu/cgi-bin/hgBlat) and BLASTn 

(http://www.ncbi.nlm.nih.gov/Genbank/GenbankSear

ch.html). All programs were exceptional in their 

functionality, proving both fast, free and accessible 

from any internet-connected terminal. 

2.4.3: Summary 

Collectively, these programs have proved essential 

to the process of handling, recording and analysing 

the extensive set of data generated through 

numerous experiments. Together, they have 

facilitated for a significantly greater throughput of 

experiments and analyses than could have been 

conceived a mere two decades ago. 
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Chapter 3 
Quantification of pCREB1 Expression Throughout the Brain of Amphetamine 

Sensitized Rats: Activation of Hypothalamic Orexin A-Containing Neurons 
 

 

 

 

 

At first it seemed a little speck, 

And then it seemed a mist; 

It moved and moved, and took at last 

A certain shape, I wist. 

 

A speck, a mist, a shape, I wist! 

And still it neared and neared: 

As if it dodged a water-sprite, 

It plunged and tacked and veered. 

 

The Rime of the Ancient Mariner (1817), Part III 

Samuel Taylor Coleridge (1772-1834) 
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3.1: Summary 
In the present study using Sprague-Dawley rats, I 

have examined acute, contextual and sensitized 

patterns of activated or phosphorylated CREB1 

(pCREB1) expression in parallel, assaying across 

multiple nuclei which have been implicated in 

addiction. The paradigm employed included a 

comparison of pre-treatment dose of amphetamine 

upon patterns of cellular activation, following re-

challenge. As efferent orexinergic projections 

synapse on many targets through the mammalian 

brain, including mesotelencephalic regions and 

limbic systems involved in drug reward and 

reinforcement, I examined for co-expression of 

pCREB1 or c-Fos double-labelling within orexin A-

immunopositive neurons following sensitization. 

Acute challenge with amphetamine (1.5 mg/kg, i.p.) 

resulted in an increase in the number of pCREB1-

immunoreactive (-IR) cells within the substantia 

nigra but a decrease of pCREB1-IR cells in the 

central and medial subnuclei of the amygdala. 

Contextual re-exposure to the drug treatment 

environment altered pCREB1 expression, 

particularly in the basal ganglia and hypothalamus, 

although these effects were dictated by pre-

treatment dose of amphetamine. Sensitization to 

amphetamine resulted in robust increases in 

pCREB1-IR cell numbers in the basal ganglia and 

lateral septum of rats that had been pre-treated with 

high dose (10 mg/kg, i.p.) but not low dose (2 mg/kg, 

i.p.) amphetamine, despite a similar behavioural 

response. Orexin A-containing cells in the 

hypothalamus of sensitized rats did not co-express 

pCREB1; however, these cells double-labelled for c-

Fos and orexin A. These data suggest that 

orexinergic neurons are activated during the 

expression of behavioural sensitization, although in 

a heterogenous manner with regards to afferent 

topologies and functional roles in the nervous 

system. 

3.2: Introduction 
Reverse tolerance, or sensitization, to drugs of 

abuse is a phenomenon which involves long-lasting 

changes in complex inter-connecting neural 

systems. This contrasts with tolerance, which can be 

more directly correlated with absolute changes in 

post-synaptic signalling efficacy. Sensitization has 

been described as the selective enhancement of 

neural substrates associated with the incentive 

salience of a drug, or the desire to use drugs, driven 

by previous exposure 5. Studies have developed the 

case for the importance of environment (or context) 

in the process of sensitization 149
  

Sensitization to intermittent psychostimulant 

exposure is often employed as a de facto indicator 

for long-lasting neural change following drug use 60
. 

In rodents, this observation is robust and 

reproducible 67
. The bulk of studies thus far 

concerning sensitization have typically focussed 

upon regions involved in the now well-established 

mesotelencephalic dopaminergic projections, 

terminating on the striatum 5, 58, 59
, and more 

recently, corticotegmental and corticostriatal 

glutamate projections 150. Indeed, extensive 

evidence implicates the ventral striatum (nucleus 

accumbens, NAc) in rewarding and reinforcing 

salience with the dorsal striatum (caudate putamen, 

CPu) contributing to associative habitual learning 

and stereotypies 13.  

Sensitization has been previously demonstrated to 

last up to a year or multiple years in rodents 151 and 

humans respectively 152
, however, it is widely 

acknowledged 
15, 153

 that the molecular substrates 

mediating these changes are yet to be completely 

characterised. Amongst the potential substrates, a 

leading molecular target is the bZIP family 

transcription factor CREB1 (cAMP Response 

Element Binding Protein). CREB1 functions in cells 

to enhance transcriptional activity of many products 
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crucial to cellular signalling, growth, substrate-

trafficking/targeting and development 14.  

An intermittent cocaine-dosing conditioned place 

preference (CPP) paradigm  displayed no changes 

in phosphorylated CREB1 (pCREB1) expression 

within the BNST, NAc and VTA ten days after the 

last dose, but pCREB1 expression was increased 

within the amygdala 84
. Difficulties present 

themselves when cross-interpreting these results 

through factors including the technique 

(immunoblotting for pCREB1 protein), drug and 

dosing schedule, which often produce potential 

confounders to interpretation, which lie not just with 

studies of psychostimulants, but extend to those 

using ethanol, methamphetamine and morphine 34
. 

The existing literature assaying for CREB1 or 

pCREB1 subsequent to drug exposure typically 

focus upon the striatum 41, 58, 154-157
. Such a 

constrained treatment is inadequate if I are to better 

to establish how CREB1 signalling operates in 

systems which mediate ongoing cellular change 

following drug administration. Therefore, in the 

present study using amphetamine, I have examined 

acute, contextual and sensitized patterns of 

pCREB1 expression in parallel, assaying across 

multiple nuclei which have been implicated in drug-

seeking.  

An involvement of the lateral hypothalamus in the 

salience of prandial states has been known for some 

time 158, 159
, as well as being implicated in arousal 

and sleep regulation 160. It was subsequently 

discovered that a distinguishing hallmark of these 

neurons is the expression of orexins (also known as 

hypocretins). These neurons project widely through 

the brain, with efferent fibres synapsing throughout 

the neuraxis 161
, making a case for the orexinergic 

system as a potential modulator of reward systems 
12

. Indeed, the selective OX1 receptor antagonist 

(SB-334867) prevents cue-induced reinstatement of 

alcohol-seeking 162
, yohimbine-primed reinstatement 

of alcohol-seeking 
163

 and stress-induced 

reinstatement of cocaine-seeking 164. In addition, 

recent investigations have found activation of orexin-

positive hypothalamic neurons in response to 

context- or cue-driven reinstatement of cocaine-

seeking and alcohol seeking 165-167, making the 

orexins a compelling target for ongoing/further 

investigation. 

Consequently I examined co-expression of pCREB1 

or c-Fos double-labelling within orexin A-

immunopositive neurons to assay for concurrent 

activation of these systems. 

3.3: Methods 

3.3.1: Animals 

All experiments described herein were performed in 

accordance with the Prevention of Cruelty to 

Animals Act 1986, under the guidelines of the 

National Health and Medical Research Council of 

Australia Code of Practice for the Care and Use of 

Animals for Experimental Purposes in Australia, and 

approved by the Howard Florey Institute Animal 

Ethics Committee. Forty-eight male Sprague-Dawley 

rats (ARC, Perth, WA) were obtained and housed in 

standard rat boxes under a controlled 12/12 

light/dark cycle (7:00 AM to 7:00 PM). Standard rat 

food and water were freely available. 

3.3.2: Drug Administration 

The model of amphetamine sensitization has been 

described previously 130. Briefly, rats were 

randomised into three equal groups (n=16 per 

group) and allowed to acclimatise to the holding 

room for five days. In a test environment separate 

from the holding room, rats were injected with either 

low or high dose amphetamine (2.0 or 10.0 mg/kg, 

i.p., d-amphetamine sulfate powder; Sigma, Vic) 

dissolved in saline, or saline (1.0 ml/kg, i.p., 0.9% 

NaCl, Delta West P/L) once daily for ten consecutive 

days.  



Chapter 3         

62 

Following a four week period of abstinence, each 

group was equally divided and challenged with 

saline (1ml/kg, i.p.) or amphetamine sulfate (1.5 

mg/kg, i.p.). Ninety minutes following challenge, rats 

were deeply-anaesthetised with sodium 

pentobarbitone 80 mg/kg, i.p.. The experimental 

treatment schedule is demonstrated in Table 3-1. 

The final groups (n = 8) are denoted based on their 

treatment and subsequent challenge; saline 

treatment-saline challenge (Control), saline 

treatment-amphetamine challenge (Acute), low dose 

amphetamine (2.0 mg/kg) treatment-saline 

challenge (Low-Saline, L-S), low dose amphetamine 

treatment-amphetamine challenge (Low-Challenge, 

L-C), high dose amphetamine (10.0 mg/kg) 

treatment-saline challenge (High-Saline, H-S) and 

high dose amphetamine treatment-amphetamine 

challenge (High-Challenge, H-C). 
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Table 3-1: Experimental Treatment Schedule 

Groups Treatment 

Control Salineb Abstinence Saline 

Acute Saline Abstinence Amph 1.5 

L – S Amph 2 Abstinence Saline 

L – C Amph 2 Abstinence Amph 1.5 

H – S Amph 10 Abstinence Saline 

H – C Amph 10 Abstinence Amph 1.5 

All rats were randomised into three equal groups to receive low or high dose amphetamine (2.0 or 10.0 
mg/kg, i.p.), or saline (1 ml/kg, i.p.) once daily for ten consecutive days. Each group was equally and 
randomly divided (n=8 per group) to receive either amphetamine (1.5 mg/kg, i.p.) or saline (1.0 ml/kg, i.p.) 
challenge, four weeks following the pre-treatment period (final groups:  6 x n=8 per group). 
 

3.3.3: Tissue Preparation 

Anesthetised rats were transcardially perfused 

individually with 100ml phosphate-buffered saline 

(PBS, 0.1M, pH 7.4) followed by fixation with 250ml 

of 4% paraformaldehyde (PFA, Sigma) in PBS. The 

rats were immediately decapitated and brains were 

quickly removed and post-fixed overnight in fixative 

containing 10% sucrose. Brains were subsequently 

sectioned on a freezing microtome at 50µm in the 

coronal plane and floated in 48-well tissue culture 

microplates containing cryoprotectant solution, and 

stored at -20°C until use 130
. Every fourth section 

(200 µm interval) was slide-mounted with 0.5% 

gelatine, counterstained with neutral red (0.5%), 

differentiated, cleared and coverslipped with Depex 

Mounting Medium (Gurr®, Germany), and kept as a 

reference map for each rat. 

3.3.4: Immunostaining 

Immunohistochemical procedures have been 

generally described in Chapter 2, General Methods. 

More specifically, brain sections from each treatment 

group were processed simultaneously for each 

discrete brain region (n=4 sections per brain region 

of interest per rat from n=6 rats per treatment 

group). The brain regions examined included the 

striatum and lateral septum (Bregma: 1.7 – 0.7), 

amygdala and habenula (Bregma: -2.2 – -3.3), 

BNST (Bregma: -0.3 – -0.8), mesencephalon 

(Bregma: -4.8 – -6.04) and hypothalamus (Bregma: -

2.56 – -3.6) 168
, equating to a typical assay of 144 

sections from any given anatomic level. Sections 

from the level of the hypothalamus were first 

immunostained for pCREB1 or c-Fos. Subsequently, 

the sections were assayed for orexin A-

immunoreactivity using a goat anti-orexin A 

antibody. Immunoreactivity was developed with 

DAB, in the absence of nickel enhancement and 

ammonium chloride, generating a brown stain for 

orexin A-immunopositive cytoplasm, relative to 

pCREB1 or c-Fos-expressing nuclei, which were 

stained black. 

3.3.5: Microscopic Analysis 

Counting of pCREB1-immunoreactive (pCREB1-IR) 

nuclei was performed unilaterally in each section, 

without reference to treatment group. Regions 

quantified included the caudate putamen, nucleus 

accumbens, amygdaloid complex, substantia nigra 

pars compacta, ventral tegmental area, lateral 

septum, habenula and the bed nucleus of the stria 

terminalis. pCREB1-IR quantification was conducted 

with a stereology L-RGB video capture device 

analysis system as described in Chapter 2, General 

Methods, and previously 130
. Quantification of c-Fos 

and orexin A immunoreactivity was conducted using 
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a 20X objective using the same stereological 

apparatus. 

3.3.6: Statistics 

pCREB1-IR was analysed by a two-way ANOVA 

within regions, factors being pre-treatment dose and 

challenge. One way ANOVA’s were employed to 

determine differential c-Fos/orexin A co-labelling, 

with treatment group as a factor through each 

discrete hypothalamic region. A value of P < 0.05 

was regarded as statistically significant in all cases. 

 

Figure 3-1: Regional pCREB1 Immunolabelling Photomicrographs 

 

The photomicrographs demonstrate pCREB1-immunoreactivity in the lateral septum (A), dorsolateral 
striatum (B) and NAc (D) of a sensitized rat, and the NAc of a control rat (C). LV: lateral ventricle; CPu: 
caudate putamen; cc: corpus callosum; NAc: nucleus accumbens; ac: anterior commisure. Scale bar = 100 
µm. 
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Figure 3-2: pCREB1 Expression in Discrete Nuclei 

 

These histograms depict the expression of pCREB1-IR across discrete nuclei, by group. Presented are the 
A. NAc, B. Dorsomedial CPu, C. BLA and D. CeA. 
Ψ p<0.05 for Acute vs. Control (acute drug effect); * p<0.05 for High-Challenge or Low-Challenge vs. Acute 
(sensitization effect); Φ p<0.05 for High-Challenge vs. Low-Challenge (dose effect); # p<0.05 for High-Saline 
or Low-Saline vs. Control (context effect). 
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Table 3-2: Regional Raw pCREB1-IR Count by Group 

 Group (n=6)     

Region Control Acute L– S L–C H – S H – C 
CPu – DM 5381±619 5331±599 3339±312#  4519±437 5124±524 7681±337*Φ 
CPu – DL 3397±485 3016±452 1980±316#  2473±475 4005±455 5295±312*Φ 
CPu – VM 4171±670 3220±601 1371±320#  2259±520 4418±476 6773±460*Φ 
CPu – VL 3648±573 3488±552 1672±398#  2713±487 4710±424 6354±381*Φ 

NAc 1760±512 3547±1004 945±466 2376±492 4191±510# 7226±684*Φ 
MedBNST 1885±158 1441±147 1338±162 1492±198 1849±193 2155±175*Φ 
LatBNST 1720±86 1406±126 1269±142 1695±282 1587±209 1953±161 
Dor LS 366±42 237±38 326±60 449±61 654±96# 729±120*Φ 
Ven LS 422±75 172±54 335±66 430±104 777±151# 852±148*Φ 
DMH 228±39 145±25 42±6#  321±101* 489±90# 372±77* 

PFA 164±33 149±21 21±4#  170±46 228±36 263±38 
LH 231±50 283±38 62±11#  248±59 252±42 312±26 
LaA 867±103 844±194 780±90 880±106 652±77 779±97 
BLA 216±27 187±49 112±32 213±48 193±46 272±54 
CeA 993±99 561±44Ψ 599±133 967±141* 793±89 924±90* 
MeA 1929±252 1238±121Ψ 1611±320 2260±168* 1470±134 1828±103* 
MHab 14±2 18±5  6±1 6±1* 7±4 10±3 
LHab 408±28 320±30 342±30 303±32 320±43 454±38*Φ 
SNc 37±14 81±16Ψ 20±6 41±11* 14±3 47±9* 
VTA 111±55 118±22 23±5 100±20 27±10 87±15 

Ψ p<0.05 for Acute vs. Control (acute drug effect); * p<0.05 for High-Challenge or Low-Challenge vs. Acute 
(sensitization effect); Φ p<0.05 for High-Challenge vs. Low-Challenge (dose effect); # p<0.05 for High-Saline 
or Low-Saline vs. Control (context effect). Raw pCREB1-IR counts for each region by treatment group. Data 
represent mean±SEM; within-region statistical tests performed by 2-way ANOVA using Student-Newman-
Keuls post-hoc analysis. 
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3.4: Results 
Behavioural data regarding acute, contextual and 

sensitized responses to amphetamine treatment in 

these rats have been published previously 130. 

Representative pCREB1 immunostaining 

photomicrographs are demonstrated in Figure 3-1, 

whilst examples of pCREB1 quantitation within a 

nucleus are presented in Figure 3-2. 

3.4.1: Acute Effects of Amphetamine 

A limited number of brain structures demonstrated 

altered pCREB1-IR subsequent to acute 

amphetamine treatment. As shown in Table 3-2, an 

induction of expression was observed in the SNc 

(81±17 vs 38±15; q=3.508, P=0.016) whereas 

diminution of pCREB1 expression was observed 

within the CeA (q=4.224, P=0.004, Figure 3-2D) and 

MeA (q=3.379, P=0.021) versus control. In contrast, 

there was no effect of acute amphetamine on 

expression of pCREB1 within BLA cells (Figure 

3-2C). 

3.4.2: Drug-Environment Associations 

Upon re-exposure to the drug context environment, 

in the Low-Saline group, expression of pCREB1 was 

diminished within all quadrants of the CPu (P < 0.05; 

see Table 3-2 for detail, Figure 3-2B for DM 

quadrant) but unchanged in the High-Saline group. 

In the NAc, pCREB1-IR in the High-Saline group 

was double that of the controls (Sal-Sal: q=4.015, 

P=0.005, Figure 3-2A), although this was not 

observed in the Low-Saline group. This pattern of 

pCREB1-IR was paralleled in the lateral septum (LS) 

where the High-Saline group showed increased 

pCREB1-IR compared to controls (q=4.028, 

P=0.006) whereas the Low-Saline group were 

equivalent to controls. 

 Within the hypothalamus there was a significant 

interaction between pre-treatment and challenge 

(F2,86=5.956, P=0.004) in the DMH. Notably, in the 

Low-Saline group pCREB1-IR was reduced 

compared to controls (q=3.16, P=0.028) whereas in 

the High-Saline group pCREB1-IR was increased 

(q=3.968, P=0.006) throughout the DMH. A similar 

outcome was observed in the PFA, where an 

interaction between pre-treatment and challenge 

(F2,87=3.164, P=0.047) occurred. Post-hoc analysis 

indicated that pCREB1-IR in the Low-Saline group 

was reduced compared to controls (q=4.403, 

P=0.003) but this was not the case for the High-

Saline group. The situation in the LH mirrored that in 

the PFA, where pCREB1-IR was reduced in the 

Low-Saline group compared to control (q=3.979, 

P=0.006), whereas the High-Saline group showed 

similar pCREB1-IR as controls. 

3.4.3: Sensitization Effects of 
Amphetamine 

Low-Challenge rats demonstrated sensitization 

effects, with elevated pCREB1-IR levels within the 

CeA (q=3.653, P=0.032, Figure 3-2D), MeA 

(q=4.995, P=0.003) and DMH (q=2.888, P=0.044), 

compared to rats acutely challenged with 

amphetamine (see Table 3-2).  

In all dorsal striatal quadrants and the NAc, High-

Challenge sensitized rats exhibited greater pCREB1 

expression than Low-Challenge rats (Table 3-2 for 

detail). High-Challenge sensitized rats exhibited 

greater pCREB1 expression than acutely treated 

rats in the LHab (q=3.845, P=0.008), CPu (all 

quadrants P<0.05) and NAc (q=5.649, P<0.001, 

Figure 3-2A). Similar to the Low-Challenge rats, 

amygdaloid CREB1 activation was not different to 

controls (but different to acute amphetamine, shown 

in Table 3-2), and mesencephalic (SNc) pCREB1-IR 

levels were also similar to basal, but elevated 

compared to contextual re-exposure (48±9 vs 14±4 

high pre-treatment alone: q=3.166, P=0.028). 

pCREB1 expression in the DMH demonstrated a 

pre-treatment x challenge interaction (F2,86=5.956, 

P=0.004), as all sensitized rats had enhancement of 

pCREB1 expression, regardless of pre-treatment 
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amphetamine dose. A schematic of the circuitry 

responsive to acute, contextual and/or sensitized 

effects of amphetamine is depicted in Figure 3-3. 

Figure 3-3: pCREB1 Neural Expression: Acute, 
Context and Sensitization Effects 

 

The cartoon schematic demonstrates the pCREB1 
expression profile immediately following acute 
amphetamine exposure (A), contextual re-exposure 
(B) and upon sensitization (C). 
Acutely, within the CeA and MeA, expression of 
activated CREB1 was diminished, whilst being 
enhanced within the SNc. Pre-treatment with low 
dose amphetamine produced a contextual decrease 
of expression within the CPu, PFA, LH and DMH. In 
contrast, high amphetamine pre-treatment 
contextually enhanced pCREB1 expression through 
the LS, NAc and DMH. True sensitization effects of 
amphetamine are represented as those where 
sensitized animals also differed to their contextual 
controls with regards to regional pCREB1 
expression. Sensitization effects of amphetamine 
were prevalent, with high pre-treatment animals 
displaying enhanced pCREB1 expression within the 
CPu, NAc and LHab, but diminution within the SNc. 
A different subset of structures were affected by low 
dose pre-treatment, as animals displayed an 
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increase of pCREB1 in the DMH as well as CeA and 
MeA.  
Regional effects: black text = no change; sky blue 
text = increase in pCREB1; red text = decrease in 
pCREB1; fawn text = bidirectional change in 
pCREB1. Projections: navy blue = glutamate; green 
= dopamine; magenta = GABA. 

3.4.4: Lateral Hypothalamic Orexinergic 
Neurons: co-expression with c-Fos, 
not pCREB1 

There was a distinct absence of pCREB1 and orexin 

A double staining within the lateral hypothalamus, 

perifornical area and dorsomedial hypothalamus. 

The number of orexin A expressing neurons, 

however, did not differ between groups through 

these regions of the hypothalamus. To verify that the 

methods employed were robust, as well as to fully 

assay for activation of orexinergic neurons, parallel 

sections from the high dose amphetamine pre-

treatment group were processed for both c-Fos and 

orexin A co-expression. Representative 

immunolabelling photomicrographs are presented in 

Figure 3-4. Sensitized rats (High-Challenge) 

demonstrated a significantly greater proportion of c-

Fos:orexin A double-labelled cells relative to both 

control and acutely treated rats within the DMH 

(q=4.848 vs control, q=4.192 vs acute, both P < 

0.05), as demonstrated in Figure 3-5. A similar 

scenario occurred in the PFA whereby sensitization 

to amphetamine increased the proportion of c-

Fos:orexin A double-labelled cells (q=4.905 vs 

acute, q=7.121 vs control, both P < 0.01). In the LH, 

sensitization to amphetamine increased the 

proportion of c-Fos:orexin A double-labelled cells 

compared to controls (q=4.177, P=0.016) but not 

compared to acute amphetamine.  

Analysed by hypothalamic nuclei there was a 

significant interaction between region by treatment 

(F4,99=3.126, P=0.018; as demonstrated in Figure 

3-5). The control (saline-saline) group demonstrated 

greater basal c-Fos:orexin A co-expression within 

DMH compared to both the PFA (q=3.981, P=0.006) 

and LH (q=5.295, P<0.001), while there was no 

difference between the PFA and LH. Following acute 

amphetamine treatment, there were no differences 

between nuclei with regards c-Fos:orexin A co-

expression, a result of non-significant increases in 

double-labelling within the PFA and LH. 

Sensitization to amphetamine enhanced co-

expression of c-Fos:orexin A more in the DMH 

compared to both the PFA (q=5.176, P<0.001) and 

the LH (q=9.277, P<0.001), as well as increasing co-

expression in the PFA versus the LH (q=4.101, 

P=0.005). 
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Figure 3-4: Double Immunolabelling: c-Fos/orexin A and pCREB1/orexin A 

 

At (A), c-Fos (black nuclei) and orexin A (brown cytoplasmic stain) expression are demonstrated within the 
hypothalamus of an amphetamine sensitized rat. Arrows demonstrate specific nuclei co-expressing c-Fos 
and orexin A. In (B), pCREB1-IR (black nuclei) and orexin A (brown cytoplasmic stain) expression within the 
hypothalamus of an amphetamine sensitized rat. Although the hypothalamus clearly expresses an 
abundance of pCREB1-IR relative to that of c-Fos, no co-expression of pCREB1 and orexin A was observed. 
PFA: perifornical area. Scale bar = 100µm. 

Figure 3-5: c-Fos and Orexin A Co-expression Immunoreactivity 

 

(A) The proportion of orexin A-immunopositive neurons co-expressing c-Fos as a percentage of cells which 
stained immunopositive for orexin A, within the DMH, PFA and LH hypothalamic structures. In each region, 
sensitized animals display a greater proportion of neurons co-expressing c-Fos and orexin A, with a trend for 
an increase versus controls in the PFA and LH. (B) Differential effects of treatment by nuclei for Control 
(white boxes), Acute (grey boxes) and High-Challenge (black boxes). * p<0.05 vs Control and Acute (A); 
p<0.05 vs PFA and LH (B). # p<0.05 vs Control (A); p<0.05 vs LH (B). 
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3.5: Discussion 
Here I report enhancement of pCREB1-IR upon 

sensitization to amphetamine within the 

hypothalamus, basal ganglia and extended 

amygdala. Examination of acute, contextual and 

sensitized pCREB1 expression in parallel provides 

evidence for a complex network, regulated by drug 

and environmental context. I also demonstrate 

differential activation of orexin A-containing cells 

following sensitization. 

3.5.1: Acute Effects of Amphetamine 

Rats received amphetamine treatment during 

periadolescence and the behavioural consequences 

were published previously 130. Neuronal 

reorganisation during this ontogenetic period may 

result in elevated basal pCREB1 levels relative to 

adulthood within the telencephalon 169. The SNc, 

CeA and MeA were affected by acute amphetamine, 

with enhancement (SNc) or reduction (amygdala) of 

pCREB1-IR. These structures are components of a 

basal ganglia motor circuit and limbic system, with 

the CeA and SNc sharing reciprocal connectivity. 

Previous studies employing adult rats indicate 

enhancement of striatal pCREB1 expression 

following acute amphetamine (4-6mg/kg, ip) 58, 59, 170, 

171
. Whilst I observed a strong trend for pCREB1-IR 

enhancement within the NAc, this was not mirrored 

in the CPu unlike c-Fos-IR 130. This may in part be 

explained by differing developmental ages, 

treatment paradigms and doses. Fos, a target gene 

for CREB1 and involved in downstream 

transcriptome expression, can exhibit 

(a)synchronous expression with CREB1, as 

previously noted 172. Collectively, these results 

suggest that a single exposure to psychostimulants 

can alter gene expression via CREB1 signalling. 

3.5.2: Drug-Environment Associations 

Environmental drug-context effects are acquired 

subsequent to drug treatment, and expressed upon 

re-challenge 130
. Our data demonstrate a significant 

reduction in pCREB1-IR in the dorsolateral CPu 

following re-exposure to drug environment, a 

structure previously implicated in habitual learning 30, 

173. Within the hypothalamus, a polarised pCREB1 

response to low or high amphetamine pre-treatment 

occurred. The DMH is implicated in stress 

responses, and shares connectivity with the 

amygdaloid complex either directly, or via the PVN 

of the hypothalamus 145.  

pCREB1 was depressed in the basal ganglia and 

hypothalamus in the Low-Saline group. This may 

reflect a refractory period or allostasis (although this 

was not observed following pre-treatment with high 

dose amphetamine). Regardless, behavioural 

sensitization 130 and “recovery” of pCREB1 activation 

upon challenge following low amphetamine pre-

treatment occurred. Examining the temporal profile 

of pCREB1 following variable amphetamine pre-

treatment doses may explain the lability of this 

cellular mechanism.  

3.5.3: Sensitization Effects of 
Amphetamine 

The striatum functions as a primary interface for 

afferent dopaminergic and glutamatergic coincident 

detection 12, 13, integrated within GABAergic medium-

spiny neurons that feedback onto mesencephalic 

dopamine neurons. Given that striatal CREB1 

activation was only apparent following high dose 

amphetamine pre-treatment, it would appear that for 

certain structures, pre-treatment dose is critical. 

Moreover, there was no impact of pre-treatment 

dose upon sensitized behaviour 130
. Indeed, these 

data agree with a mis-match between behaviour and 

c-Fos expression within the basal ganglia 130. This 

does not preclude a role for pCREB1 in drug-

induced plasticity within the striatum or other brain 

structures. Locomotor activity is only one of a 

number of traits that can indicate drug-induced 

plasticity. The development of behavioural 
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sensitization takes place over time, alongside 

fluctuations in transcription factors and protein 

synthesis. This discrepancy in pCREB1-IR between 

groups may be explained by the notion that 

expression of sensitization is less contingent upon 

striatal pCREB1 levels than the development of 

sensitization. Alternatively, our data may reflect 

differential desensitization of CREB1 

phosphorylation, as apparently occurs with cocaine 
174. 

When compared to contextual controls, drug-

sensitized rats had a “recovery” of pCREB1 in the 

amygdala. The CeA participates in contextual 

stimulus-response drug associations 175
. Although 

the BLA participates in both stimulus-response 

association and expression, I failed to observe 

differences in pCREB1 expression between groups 

within this structure, as reported for c-Fos 130
. The 

LS has been shown to exhibit stimulated 

glutamatergic signalling following chronic cocaine 

exposure 176
, and enhanced extracellular DA 

following systemic or intra-VTA morphine 177. I 

observed enhancement of pCREB1-IR in the LS of 

High-Challenge sensitized rats. 

3.5.4: A Dual Neural Network to Describe 
Sensitization to Psychostimulants 

I hypothesise that a dual neural network is activated 

within our paradigm. These may interdependently 

regulate contextual drug-associations acquired 

during chronic exposure, as well as adaptations of 

signalling pathways in discrete nuclei, which appear 

to respond differently upon re-presentation of drug. 

Structures encompassing a network of contextual 

association included the DMH, LS, PFA and LH. In 

contrast, an acute and drug-sensitized network 

selectively involved the amygdala and NAc. Some 

structures may be common to both networks (e.g. 

SNc, CPu and habenula). Importantly there may 

also be additional components to these networks 

that have not been characterised in this study. For 

example, cocaine self-administration causes 

enhancement of pCREB1 within the pre-frontal 

cortex, CPu, NAc core and CeA. Neither acute nor 

chronic cocaine enhanced phosphorylation of 

CREB1 in hippocampal subregions 174
. 

3.5.5: Orexinergic neurons in the 
hypothalamus do not co-express 
pCREB1 upon sensitization 

I observed a complete absence of overlap between 

neurons positive for orexin A and pCREB1. Whilst 

these results may appear surprising given the 

implication of orexin-expressing neurons of the LH in 

the context of addiction 178
, this can be reconciled. It 

is possible that orexin A-expressing cells of the LH 

do not use CREB1 as a transcription factor, but rely 

upon Fos/Jun AP-1 or other immediate early genes 

(Egr1, Stat-3) 32
. Chronic morphine and naltrexone-

induced withdrawal individually produced a near ten-

fold enhancement of CRE-activity in LH orexin-

expressing neurons. While this appears to provide 

support of CREB1-based orexin A activation, the 

orexin gene has not yet been identified as a target of 

the cAMP-induced cascade.  Moreover, orexin A 

gene expression was not activated by chronic 

morphine, but only upon naltrexone-induced 

withdrawal 179
. Although CREB1 is present in all 

cells, functional heterogeneity is afforded through 

cell-dependent CREB1-CRE binding 180. It is 

possible that activity-dependent phosphorylation of 

CREB1 is not a major regulatory mechanism for 

transcription in these orexinergic cells, and that 

constitutive levels of endogenous CREB1 

phosphorylation are sufficient for cytosolic response 

to drug-stimulus activation.  

Alternatively, there may be a differential time course 

of CREB1 activation in these cells. Possibly, 

different stimuli are required to activate CREB1 in 

these cells, such as motivational/appetitive aspects 

of reward-related behaviour, rather than 

adaptations/responses to non-contingent schedules. 
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Thus, psychostimulant sensitization may be more 

selective toward extra-hypothalamic circuitry, 

whereas place preference involves this structure 178, 

via declarative, reward-driven behaviours. The wide 

distribution of orexin-expressing axons 161
 suggests 

orexinergic neurons may function in afferent 

coincident response systems.  

3.5.6: Orexinergic neurons of the 
hypothalamus do co-express c-Fos 
upon sensitization 

Sensitization to amphetamine resulted in preferential 

activation of c-Fos in DMH and PFA orexin A-

containing cells. In the LH, sensitized rats showed 

increased activation of orexin A-containing neurons 

compared to controls, but not compared to acute 

amphetamine. In contrast, place preference to drug 

and natural rewards showed preferential activation 

of the LH 178, whereas chronic morphine exposure 

alone did not activate LH neurons 179
. Interestingly, 

the former study showed a high percentage of orexin 

A-positive neurons which co-expressed c-Fos, in 

contrast to the latter and herein. Additionally, c-Fos 

activation in orexin A-containing neurons was not 

increased following acute amphetamine. This 

contrasts with a report of increased activation in 

medial hypothalamic orexin containing neurons (but 

not within the LH/PFA) 159. It could be that an acute 

aprandial aspect of amphetamine inside our time 

frame (90 minutes), had partly recovered two hours 

following treatment 159. Together, these data suggest 

that activation of hypothalamic subregions is 

differentially responsive to discrete stimuli.  

Data arising from recent studies supports a 

functional topography or heterogeneity in orexinergic 

neurons with respect to reinstatement of drug-

seeking. The renewal paradigm of reinstatement 

found preferential activation of orexin-containing 

neurons of the PFA to cocaine-seeking, whilst 

preference was shown to LH/PFA orexin-containing 

neurons upon reinstatement of alcohol-seeking 165, 

166. 

Indeed, such a dichotomy of orexin A-containing 

neurons between the LH (reward processing) and 

the DMH/PFA (stress/arousal) has been suggested 
181

. While on the surface the present data may 

appear to contradict this notion, further consideration 

of the enhanced locomotor activity upon 

amphetamine sensitization in these rats 130
 would 

predict activation of the DMH/PFA. It should be 

remembered that behavioural sensitization to non-

contingently administered drug somewhat differs to 

reinstatement of reward-seeking. Consequently, the 

present data suggest functional heterogeneity within 

orexin-containing cells 181
.  

Orexin A is implicated in the development of 

cocaine-induced plasticity in the VTA 182, suggesting 

that the subpopulation of orexinergic neurons 

identified in the current model likely synapse directly 

onto dopaminergic neurons. The heterogeneous 

nature of hypothalamic orexinergic neurons 159 

indicates a need to ascertain markers unique to 

these sub-populations. Indeed, our data further 

support this notion, suggesting subpopulations of 

orexinergic neurons within and between 

hypothalamic nuclei which may play discrete roles in 

various affective states, possibly linked to individual 

afferent targets.  

3.6: Conclusion 
This study has examined central patterns of 

pCREB1 protein expression along the neuraxis, 

subsequent to behavioural sensitization to 

amphetamine. The results highlight a role for 

CREB1 phosphorylation in drug-induced plasticity. 

These data also suggest that orexinergic neurons 
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are activated during the expression of behavioural 

sensitization, although in a heterogenous manner. 
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Chapter 4 
Designing the Creb1Emx1Cre Conditional Mouse Mutant 

 

 

 

 

 

Alone, alone, all, all alone,  

Alone on a wide wide sea! 

And never a saint took pity on 

My soul in agony. 

 

The Rime of the Ancient Mariner (1817), Part IV 

Samuel Taylor Coleridge (1772-1834)
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4.1: Summary 
In this chapter, the Creb1

Emx1Cre
 conditional mutant 

mouse model is presented and described. The 

mutant was designed to exhibit the conditional 

ablation of all CREB1 isoforms with a spatiotemporal 

fidelity restricted to the mid-embryonic dorsal 

telencephalon. The breeding strategy required for 

the successful generation of mutant mice is 

discussed, along with the detail of the founding lines. 

Confirmation of the knockout is subsequently 

described, using PCR and immunohistochemical 

techniques, to corroborate and confirm the genetic 

basis of the conditional Creb1 deletion.  

4.2: Creb1Emx1Cre: The Conditional 
Knockout Model 

The Creb1 gene encodes the transcription factor 

cAMP responsive element binding protein (CREB1). 

CREB1 can homodimerise or heterodimerise with 

other CREB1/ ATF-1/CREM bZIP  family members, 

thus, binding to either palindromic or single motif 

cAMP response elements (CRE) in DNA promoter 

regions, encompassing a wide array of genes 20. 

Many of these target genes have been identified as 

key molecular biomarkers for the cellular 

adaptations which underpin the development of 

addiction through ongoing drug abuse, and critically 

include growth factors 43, 183-185
, transcription factors 

186-189, neuropeptides and neurotransmitters 31, 58, 63. 

The intracellular signalling cascade resulting in 

CREB1 activation and subsequent 

genomic/proteomic effects is complex, and involves 

spatiotemporal intracellular regulation with individual 

fidelity described with cell-type specificity 180
. The 

expression and activation profile of CREB1 is 

extremely broad, the result of divergent afferent 

signalling that culminates in its activation 

(phosphorylation at serine-133), recruitment of 

CREB-binding protein (CBP) 190, 191 and CRE 

association 14
. These events result in an extensive 

network of transcriptome and proteome alteration 

192
, eliciting feed-forward and feed-backward events, 

neural functional change, long-lasting 

electrophysiological adaptations, and, given that 

CREB1 is expressed within every cell in the body, a 

result which is almost inscrutable to systemic 

analysis.  

In order to better elucidate the specific function of 

CREB1 at a neural systems level, and the 

contribution CREB1 makes to addiction outcomes, I 

have employed a conditional knockout model to 

generate the knockout of CREB1 with 

spatiotemporal resolution. To achieve this, I cross-

bred two transgenic mouse lines, one which 

expressed the Cre transgene driven by the 

homeobox gene Emx1 193, and the other having a 

critical exon of its Creb1 gene “floxed” (flanked with 

loxP sequences) 77
. Subsequently, I generated a 

novel mouse model exhibiting the ablation of all 

CREB1 isoforms from the dorsal telencehpalon, 

including cortical and hippocampal brain regions, 

both of which make important efferent glutamatergic 

connections with the striatum and ventral tegmental 

area (VTA), brain regions critically involved in the 

development of addiction. The creation, execution 

and validation of this mouse model is subsequently 

discussed. 
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4.2.1: Emx1Cre Mutant 

Emx1 is a homeobox-containing gene, critical during 

ontogenesis of the developing mouse embryo. It is 

expressed from approximately E9.5 through 

adulthood in developing (differentiating) and 

postmitotic neurons, which are predominantly 

glutamatergic of origin 105, 193. The expression profile 

of Emx1 is restricted to the forebrain and almost 

exclusively the dorsal telencephaloni
, including the 

medial pallium (hippocampal primordium), dorsal 

pallium (neocortical primordium), and lateral pallium 

(olfactory cortex primordium) 195
. Using homologous 

recombination, Iwasato and colleagues 193 inserted 

the Cre recombinase gene into the Emx1 locus in 

embryonic stem cells to subsequently generate the 

mutant, shown in Figure 4-1.  

                                            

 

i More generally, the telencephalon has been 
defined as the anterior-most region of the neural 
tube, comprising the cerebral cortex, basal ganglia, 
hippocampus, septal nucleus, olfactory bulb  
194. Wonders, C.P. & Anderson, S.A. The origin and 
specification of cortical interneurons. Nat Rev 
Neurosci 7, 687-696 (2006). 
Emx1, however, is expressed exclusively in the 
dorsal telencephalon. 
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Figure 4-1: Emx1
Cre

 Model 

 

The figure above demonstrates the generation of the Emx1
Cre

 (cre recombinase transgene expressing) 
mutant mouse. At left, the targeting vector and allele are shown, whilst at right, a lacZ reporter (X-gal stain) 
demonstrates the expression of Cre. (Adapted from Iwasato and colleagues 

193
). Shaded boxes represent 

exons; red bolts bridge distant genomic regions. 

Figure 4-2: Creb1
loxp

 Model 

 

The figure depicts the generation of the “floxed” Creb1 mouse mutant. The wild type and floxed alleles are 
shown, with loxP flanking the penultimate exon. The genome following Cre recombination is demonstrated at 
bottom. (Adapted from Mantamadiotis and colleagues, 

77
) Shaded boxes represent exons, and right-pointing 

arrows represent loxP sequences. 
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4.2.2: Creb1loxp Mutant 

Theo Mantamadiotis and colleagues 
77

 targeted loxP 

sequences to flank exon 10 of the Creb1 genome 

(demonstrated in the schematics Figure 4-2).  

This exon (or exon 10, as described by 

Mantamadiotis and colleagues 77
), is responsible for 

translation of the protein domain responsible for 

DNA binding and CREB/ATF-1 bZIP family member 

dimerisation. I now know, however, that there are at 

least four Creb1 transcripts, rather than one, as 

detailed on Mouse Ensembl 

(http://www.ensembl.org/Mus_musculus/). These 

transcripts (Ensembl Transcript ID: 

ENSMUST00000027097, ENSMUST00000027099, 

ENSMUST00000049932, ENSMUST00000087366) 

have 7, 3, 9 and 8 exons, respectively. The 

corresponding exon targeted for recombination 

through loxP flanking, in this mutant, is exon 6, 8 

and 7 for the first, third and fourth transcripts, 

respectively, and is detailed in Table 4-1. Of note, 

the exon sequence flanked by loxP sequences in 

each case was no different from the next transcript, 

and was unfailingly the penultimate transcript. 

Table 4-1: Creb1 Transcript and Exon Flanked by 
loxP Sequences (originally exon 10) 

Transcript 
Length 

Ensembl ID Exon 
Flanked by 
loxP 
Sequences 

1848 bps ENSMUST00000027097 6 (of 7 
exons) 

321 bps ENSMUST00000027099 n/a (3 exons 
only) 

8420 bps ENSMUST00000049932 8 (of 9 
exons) 

8378 bps ENSMUST00000087366 7 (of 8 
exons) 

4.2.3: The Cre-loxP System 

As so efficiently stated by Mantamadiotis and 

colleagues 
77

,  

Cre-mediated recombination of the 
Creb1

loxP allele leads to a Creb1 null 
allele that encodes a truncated CREB 
protein devoid of DNA-binding and 

dimerisation domains. This truncated 
protein is unstable; thus, successful 
recombination results in loss of 
CREB[1]. 

Utilisation of the Cre-loxP system is an ingenious 

methodology for the conditional and targeted 

recombination of genome, which opens up myriad 

applications of this technology, was only recently 

pioneered 196
. Cre-recombinase (Cre) is a 38kDa 

protein encoded from a 1.1Kb gene, a member of 

phage µ-integrase family of site-specific 

recombinases 197. Cre binds as a homodimer to 

sequential loxP sites, culminating in an insertion or 

deletion recombination event, determined by 

orientation of the loxP sites.  Locus of cross (X)-over 

P1 (loxP) is a 34bp sequence with a 13bp dyad (a 

palindromic sequence termed “recombinase binding 

element” 197) flanking an 8bp spacer which 

determines the 5' to 3' orientation of the motif. The 

loxP sequence reads as 5'-ATAACTTCGTATA-

GCATACAT-TATACGAAGTTAT-3'. As mentioned, 

orientation affects the recombination event such that 

a direct repeat in cis (same DNA strand) inducts 

deletion of the enclosed or “floxed” genome. LoxP 

sequences are applied to transgenic models by 

successfully flanking a genetic target of interest. 

Tronche and colleagues 198
 provide a detailed review 

on the role of site-specific recombinases in 

transgenic mouse models, describing an early 

application for Cre in switching on gene expression. 

In the current Creb1 conditional knockout model, 

loxP sequences flank the penultimate exon of the 

Creb1 gene which is the exon responsible for the 

DNA binding motif and part of bZIP region 

responsible for dimerisation 77
. In recombinant 

models, mice homozygous for Creb1
loxP

 (which are 

said to have been “floxed” for Creb1) allele are 

subsequently crossed with transgenic mice 

possessing the transgene for Cre recombinase, 

which are typically under the control of a specific 

promoter, including the nestin promoter and 
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enhancer or calcium-calmodulin-dependent protein 

kinase IIα and emx1 promoters 
77, 83, 109. 

Conditionally mutant mice are thus homozygous for 

Creb1loxP/loxP
 and carry one Cre transgenic allele.  

By crossing mice floxed for Creb1 with those 

expressing Emx1-driven Cre, the subsequent mutant 

shows selective ablation of all CREB1 isoforms (α, 

β, δ) from the dorsal telencephalon with 

spatiotemporal resolution. More specifically, I have 

targeted the glutamatergic pyramidal neurons of the 

cerebral cortex, which are predicated in the cortical 

modulation of striatal and tegmental neuronal 

change during acute and chronic drug abuse, and 

ongoing change in addiction related behaviours 18, 

199, 200. 

4.3: Breeding and Animals 

4.3.1: Animals 

All experiments described and performed with these 

conditional mutant mice were performed in 

accordance with the Prevention of Cruelty to 

Animals Act 1986, under the guidelines of the 

National Health and Medical Research Council of 

Australia Code of Practice for the Care and Use of 

Animals for Experimental Purposes in Australia, and 

approved by the Howard Florey Institute Animal 

Ethics Committee.  

4.3.2: Housing 

All mice were housed on a 12 hour light/dark cycle 

(7am-7pm), with free access (ad libitium) to water 

and rodent chow (Ridley AgriProducts, Pakenham, 

Vic, Aust), upon cat litter (Breeders Choice, 

fibreCycle, Nerang, Qld, Aust) with tissue supply for 

nesting. Those undergoing intravenous self-

administration of cocaine were singly housed under 

reverse-cycle lighting conditions. 

4.3.3: Mice and Breeding 

In order to generate transgenic mice for 

experimentation, it was necessary to follow a 

breeding strategy using Mendelian ratios to 

determine optimal production of knockout and 

control littermates. From initial breeding to the final 

optimal crosses, this process took in the order of 

fifteen months. Initially, all mice were back-crossed 

for ten generations onto a B6 background. 

Transgenics expressing Cre recombinase (Cre-Neo 

cassette insert into chromosome 6) driven by the 

Emx1 promoter were crossed with mice expressing 

floxed Creb1. Control mice were taken as those 

mice with the following genotypes: Emx1+/+
.Creb1

+/+
, 

Emx1
Cre/+

.Creb1
+/+

, Emx1
Cre/Cre

.Creb1
+/+

, 

Emx1+/+.Creb1lox/+, Emx1+/+.Creb1loxP/loxP, whilst 

conditional knockout mice were regarded as those 

expressing one (Emx1Cre/+
.Creb1

loxP/loxP
) or two 

(Emx1Cre/Cre.Creb1loxP/loxP) alleles of the Cre 

recombinase transgene, with both Creb1 alleles 

floxed (flanked by loxP).  

Emx1Cre mice were obtained from Iwasato and 

colleagues 193 whilst the floxed Creb1loxP/loxP 

transgenics were procured from Mantamadiotis and 

colleagues 77
. The breeding strategy employed is 

demonstrated in Figure 4-3. The first step was to 

cross mice heterozygous for floxed Creb1 with mice 

heterozygous for Emx1-driven cre recombinase, a 

quarter of whose progeny harbored one floxed 

Creb1 allele, and one cre recombinase allele. Such 

mice were then interbred, generating the desired 

knockout mice which harbored floxed Creb1 alleles 

and either one or two alleles of cre recombinase. To 

optimize throughput of knockout mice, I interbred 

mice homozygous for floxed Creb1, with mice 

homozygous for floxed Creb1 and expressing one 

cre recombinase allele. Progeny of such a cross 

were half knockout, and half control. 



Chapter 4         

81 

Figure 4-3: Mendelian Breeding Strategy for Emx1
Cre

 X Creb1
loxP

 Transgenics 

 

The schematic demonstrates the three crucial breeding pairs required to generate knockout and control mice 
in equal numbers, and the order in which these crosses proceeded. 
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4.4: Confirmation of Deletion 
Two salient methods were routinely employed to 

confirm the conditional knockout of CREB1 protein 

in specific brain regions of the Creb1Emx1Cre mutant 

mice. PCR is a technique routinely employed in 

molecular biology laboratories to ascertain with 

relatively good consistency murine parental and filial 

genotypes. Immunohistochemistry for CREB1 

protein was also performed on the brains of mice 

following behavioural experiments, to further 

corroborate the genotypes of mice. 

4.4.1: PCR Genotyping 

4.4.1.A: DNA Extraction from Tail and Toe 
Tissue 

DNA was extracted through one of three methods, 

with the ultimate method being dictated by time 

efficiency and resource cost; these methods are 

detailed. 

Ethanol DNA Extraction 
Microtubes containing the tail or toe clippings had 

250µl of autoclaved tail buffer (see Table 2 for 

formulation) and 12µl proteinase K (10mg/ml) 

added. The contents were vortexed and incubated 

for four hours at 55°C or overnight until tissue was 

completely digested. Microtubes were heated to 

95°C for 10minutes to deactivate proteinase K. 

Subsequently, 0.4µl RNase A (10mg/ml) was added 

and incubated in solution at 37°C for 30minutes, 

followed by addition of 110µl 5M NaCl, with up to 

1minute vortexing. Tubes were then centrifuged at 

8000rpm for 15minutes at room temperature, and 

the supernatant aspirated to a fresh tube (carefully 

avoiding aspiration of the tissue matter). Individually, 

samples had 400-600µl 100% EtOH added with 

gentle inversion mixing, upon which the egression of 

a DNA precipitate was observed. With care, EtOH 

was pipetted off to leave the DNA mass, and 800µl 

70% EtOH added, washing the DNA with multiple 

inversions of the tube; this was followed by a brief 

5minute centrifuge at 4000rpm, and the supernatant 

poured off. Tubes were allowed to air dry or placed 

at 55°C for 10minutes until dry. Finally, 200µl 

autoclaved TE buffer (see Table 4-2 for formulation) 

was added with heating for 2hours at 37°C to 

resuspend the DNA, then stored at 4°C until use.  

Table 4-2: Tail Buffer and TE Buffer Formulations 

Constituent Tail Buffer (1L) TE Buffer (1L) 

1M Tris, pH 8.0 50ml 10ml 
0.5M EDTA, pH 
8.3 

200ml 2ml 

5M NaCl 20ml - 
20% SDS 50ml - 

>> detail: make up to 1L 
with dH2O;  

final pH≅8.6; 
autoclave 

make up to 1L 
with dH2O;  

pH to 7.5; 
autoclave 

Sigma REDExtract-N-Amp™ Tissue 
PCR Kit 

The second method employed for DNA extraction 

from tissue was adopted given the substantial 

procedural time savings. Briefly, 100µl extraction 

solution and 25µl tissue preparation solution were 

added to each sample, making sure the tissue was 

fully immersed. Subsequently, samples were 

incubated at room temperature for 10minutes, 

followed by 3minutes at 95°C. Samples then had 

200µl neutralisation solution added, with vortexing, 

and stored at 4°C until use. 

HotSHOT DNA Extraction 
The ultimate method not only catered to rapid DNA 

extraction from aforementioned tissues, but also had 

the added benefit of requiring readily-available 

laboratory chemicals; it is described more thoroughly 

in the original article 201
. Briefly, 600µl 50mM NaOH 

was added to the tissue, and tubes were incubated 

at 95°C for 10minutes (max), with 30seconds 

vortexing. Samples were neutralised with 150µl 1M 

Tris pH8.0, followed by vortexing, then centrifugation 
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for 6minutes at 14000rpm, and stored at 4°C until 

use. 

4.4.1.B: Emx1Cre and Creb1loxP Genotyping 

Mice were primarily genotyped by PCR, using 

previously described Creb1
loxP

 genotyping 
77

 

methods, as well as those provided electronically by 

Taku Iwasato for Emx1Cre
 genotyping. The primers 

employed in PCR, as well as the expected 

amplicons, are listed in Table 4-3. A representative 

post-amplification Creb1/Cre primer duplex PCR, 

run on a 2% agarose gel in the presence of EtBr 

intercalator under UV, is demonstrated in Figure 4-4.



Chapter 4         

84 

Table 4-3: Genotyping Primers and Expected Amplicons 

Target Fwd Primer (5’à3’) Rev Primer (5’à3’) Expected 
Amplicon 

Creb1 TATGTAAAGCAAGGGAAGATACTG TAGACATACTTGACCCATAGCATT WT – 500bp 
KI – 568bp 
Het – 500bp 
and 568bp 

Cre ACCTGATGGACATGTTCAGGGATCG TCCGGTTATTCAACTTGCACCATGC WT – none 
KI – 108bp 
Het – 108bp 

Emx1 TGAGTGCATGTGCCAGGCTTG TGGTTCATGGCCTCTGGGAA WT – 381bp 
KI – none 
Het – 381bp 

The above table presents primers used in the PCR genotyping for both Emx1
Cre

, Creb1
loxp

 and Creb1
Emx1Cre

 
strains, as well as expected amplicons related to genotype. 
 
Figure 4-4: Emx1

Cre
 X Creb1

loxP
 Duplex PCR on 2% Agarose Gel 

 

The schematic depicts amplicons generated having run mutant genomic DNA in an Emx1Cre
 and Creb1

loxP
 

primer duplex PCR. Amplicon bands fluorescing at 568bp and 500bp indicative of “floxed” and wild type 
Creb1 alleles respectively, and a 108bp band indicative of Cre recombinase transgene expression. 

 

DNA extracted by any of the aforementioned 

procedures (ethanol, REDExtract-N-Amp, HotSHOT) 

could be successfully used for genotyping. For the 

most part: DNA extracted with ethanol (a ‘cleaner’ 

procedure) was run through PCR using reaction 

mixtures built from individual constituents, including 

TAq DNA Polymerase, 10X reaction buffer, Mg2+ 

and a nucleoside-triphosphate set (Promega, 

Madison, WI, USA); DNA extracted by REDExtract-

N-Amp was run though PCR using the REDExtract 

N-Amp PCR 2X reaction Mix (Sigma, Saint Louis, 

MI, USA); and DNA extracted by HotSHOT was run 

through PCR using the GoTaq Green Master Mix 

(Promega, Madison, WI, UA).  

Initially, a duplex of Cre and Emx1 primers was tried, 

however, given substantial primer cross-interactions, 

many artifacts were produced during the thermal 

cycling process. Instead, a more favourable 

outcome for PCR genotyping was achieved through 

the duplex of Creb1 primers with Cre primers, whilst 

running a separate singleplex thermal cycling 

experiment for the Emx1 primers. In the instance 

when the parents were either heterozygous or wild 

type for Cre recombinase transgene expression, 

only the Creb1 and Cre duplex experiment was 
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necessitated. Final primer concentrations 

(forward/reverse) for the Emx1 singleplex: 0.375µM. 

Final primer concentrations (forward/reverse) for 

Creb1 and Cre duplex: 0.5µM and 0.1µM, 

respectively. 

PCR experiments were performed on a Perkin Elmer 

thermal cycler for both experimental setup, under 

the following conditions detailed in Table 4-4. 

Table 4-4: Genotyping Thermal Cycling 
Conditions 

Repetitions Temp Duration Detail 

1X 94°C 2min TAq DNA 
Polymerase 
activation 

30X    
è 94°C 30sec melt dsDNA 

è 60°C 60sec anneal primer 
to ssDNA 

è 72°C 30sec extend 
amplicon 
(template) 

1X 72°C 7min final extension 

1X 4°C ∞ hold 

4.4.2: Immunohistochemistry  

4.4.2.A: CREB1 Immunoreactivity along 
the Neuraxis 

Immunohistochemistry for CREB1 protein in the 

brains of Creb1
Emx1Cre

 mutants was performed as 

previously described in Chapter 2, General Methods. 

As clearly demonstrated in Figure 4-5A and C, in 

knockout mice CREB1 protein was almost 

completely ablated through a mediolateral axis 

within the dorsal cerebral cortex, and was similarly 

ablated from pyramidal cell layers of the 

hippocampus. In contrast, robust nuclear 

immunoexpression of CREB1 protein in control mice 

was clearly observed, within both cingulate cortex 

(B) and hippocampal CA1-3 and DG subregions (D). 

Sub-cortical CREB1 expression remained intact in 

the Creb1Emx1Cre
 mutant, with clear CREB1 

immunostaining observed within the arcuate nucleus 

and ventromedial hypothalamus (E-F); similarly, 

albeit less prominently, robust CREB1 

immunoreactivity was demonstrated in the striatum 

of mutant and control (G-H) mice. These data 

provide clear evidence for the fidelity of CREB1 

ablation in mice previously flagged by PCR as those 

having received a knockout, and similarly confirm 

the expected spatial resolution conveyed by the 

recombination event.  
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Figure 4-5: Neuraxis – CREB1 Immunostaining – Creb1
Emx1Cre

 Mice 

 

The schematic presents photomicrographs of DAB immunostaining for CREB1 in Creb1Emx1Cre conditional 
knockout and control mice. A-B = Cingulate cortex; C-D = Hippocampus; E-F = Arcuate Nucleus and 
Ventromedial Hypothalamus; G-H = Dorsal Caudate Putamen. It can be clearly observed that CREB1 
nuclear expression is replete through the cingulate cortex and pyramidal cell layers (CA1-3, DG) of the 
hippocampus in control mice, whilst being almost completely devoid in that of the knockout mice; inset 
photomicrographs at higher magnification also demonstrate this contrast. In the arcuate nucleus, 
ventromedial hypothalamus and dorsal striatum, equivalent CREB1 immunoreactivity is demonstrated in both 
the knockout and control mice. CG: cingulate cortex; cg: cingulum; CA1: field CA1 of hippocampus; DG: 
dentate gyrus; VMH: ventromedial hypothalamus; Arc: arcuate nucleus; CC: corpus callosum; CPu: caudate 
putamen; LV: lateral ventricle. Scale bar = 100µm at 10X  
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4.4.2.B: CREB1 and Parvalbumin / GABA 
Immunofluorescence 

A necessary step was to ensure that any remaining 

nuclear expression of CREB1 within the cortex and 

hippocampus was primarily restricted to 

interneurons, rather than glutamatergic projection 

neurons (70-80% of neurons). I assayed for this by 

performing double staining for GABA, (GABA, 

A0310, mouse mAB, SigmaAldrich) or parvalbumin 

(Parvalbumin, P3088, mouse mAB, SigmaAldrich) 

and CREB1 (CREB1, rabbit mAB, NEB). Pre-

blocking and primary antibody incubation (1:1000 

dilution) has been previously described in Chapter 2, 

General Methods. Subsequent to this, sections were 

incubated for four hours at room temperature with 

relevant secondary antibodies, Alexa Fluor 594 goat 

∝ mouse IgG and Alexa Fluor 488 goat ∝ rabbit IgG 

at 1:500 dilution (Invitrogen, Oregon, USA), for 

parvalbumin/GABA and CREB1 respectively. 

Shortly, sections were slide-mounted and 

coverslipped with anti-fade Fluorescent Mounting 

Medium (Dako, Kingsgrove, NSW, Aust). Stereology 

was performed under fluorescence on a Leica DM 

LB-2 microscope, running Stereo Investigator 6.00-

PR (MicroBrightField Inc., Williston, VT, USA). 

Images were corrected for differences in color 

balance, brightness, intensity and contrast using 

Corel Draw 12.0 (Corel Corporation, USA). 

Cortical interneurons are characterized by the 

expression of GABA, which is subsequently an ideal 

choice for doublestaining with CREB1. As 

parvalbumin is expressed in basket cells, the 

subtypes of which represent approximately 50% of 

all inhibitory cortical interneurons 202, with such 

interneurons tending to be perisoma targeting cells 
203, co-expression immunostudies were also 

performed for parvalbumin and CREB1. In contrast, 

the immunoexpression of CREB1 is constrained to 

the nucleus. 

Immunofluorescent data (Figure 4-6) reveals 

substantial deletion of CREB1 immunofluorescence 

in the cingulate cortex of Creb1Emx1Cre mutant mice, 

whilst the cingulate cortex of control mice appears 

replete with CREB1-immunopostitive cells. Such 

data suggests that the conditional recombination 

event was highly successful in the brains of mutant 

mice, producing near complete ablation of CREB1 

protein in these brain regions. Similarly, 

immunohistochemical data presented above using 

the DAB chromogen suggested limited, diffuse 

expression of CREB1 in the cingulate cortex of 

Creb1Emx1Cre
 mutants. In an attempt to explain this, I 

performed double staining for GABA or parvalbumin 

and CREB1 on sections. As demonstrated in Figure 

4-7B, I observed that those neurons in the 

hippocampus of Creb1Emx1Cre
 mutant mice which 

expressed CREB1 co-expressed parvalbumin in a 

uniform manner. In contrast, whilst control mice also 

demonstrated a subset of hippocampal neurons co-

expressing CREB1 and parvalbumin (Figure 4-7A), 

a predominance of strictly CREB1-immunopositive 

neurons was revealed. Further GABA and CREB1 

co-expression evidence in the cingulate cortex 

(Figure 4-7C) and CA1 region (Figure 4-7D) of 

Creb1Emx1Cre
 mutants demonstrated the knockout of 

CREB1 in all neurons other than those co-

expressing GABA (interneurons). These data 

provide evidence that CREB1 recombination in the 

dorsal telencehpalon of mutant mice is essentially 

constrained to glutamatergic excitatory neurons, 

whilst any remaining CREB1 is evident only in the 

inhibitory interneurons. 
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Figure 4-6: CREB1 Immunofluorescence – Creb1
Emx1Cre

 Mice 

 

The schematic presents photomicrographs of fluorescent immunostaining for CREB1 in Creb1Emx1Cre 
conditional knockout and control mice in the cingulate cortex. It can be clearly observed that CREB1 nuclear 
expression is deficient in the cingulate cortex of mutant mice (A), and replete within the cingulate cortex of 
control mice (B). CG: cingulate cortex. Scale bar = 100µm at 10X. 
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Figure 4-7: CREB1 and Parvalbumin or GABA Immunofluorescence: Merge - Creb1
Emx1Cre

 Mice 

 

A merge of parvalbumin-immunopositive somas (red) and CREB1-immunopositive nuclei (light green) (A-B) 
or GABA-immunopositive somas (red) and CREB1-immunopositive (light green) (C-D) is demonstrated for 
the Creb1

Emx1Cre
 mutant. As indicated with arrows, neurons in the CA1/2 of control (A) and knockout (B) mice 

immunopositive for CREB1 co-express parvalbumin. Whereas CREB1 immunoexpression can be observed 
more broadly in the control mice (A), this is not the case for knockout mice (B). Co-expression of GABA- and 
CREB1-immunopositive neurons are similarly displayed within the cingulate cortex (C) and CA1 (D) regions 
of Creb1

Emx1Cre
 mutants, as indicated with arrows. CA1/2: field CA1/2 of hippocampus; CG: cingulate cortex. 

Scale bar = 100μm at 20X.  
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4.5: Conclusion 
Collectively, the above data confirm the successful 

generation of the desired mutant mouse, 

demonstrating conditional ablation of all CREB1 

isoforms with spatiotemporal fidelity. Here, I have 

shown the backcross and generation of the mutant 

through a successive breeding strategy, concomitant 

with a robust PCR method to determine the 

genotypes of all progeny. Knockout of CREB1 was 

demonstrated at the protein level with 

immunohistochemistry, providing evidence for the 

ablation of CREB1 specifically within glutamatergic 

pyramidal cell lineages of the cortex, hippocampus 

and lateral amygdala, whilst leaving sub-cortical 

brain regions intact. These data further confirm the 

validity and rigorousness of the science underlying 

the generation of this mutant 77, 193. 
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Chapter 5 
In vitro Characterisation of the Creb1Emx1Cre Mutant 

 

 

 

 

 

Around, around, flew each sweet sound, 

Then darted to the sun;  

Slowly the sounds came back again, 

Now mixed, now one by one. 

 

How long in that same fit I lay, 

I have not to declare; 

But ere my living life returned,  

I heard and in my soul discerned 

Two voices in the air. 

 

The Rime of the Ancient Mariner (1817), Part V 

Samuel Taylor Coleridge (1772-1834) 
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5.1: Summary 
This chapter describes the in vitro characterisation 

of the Creb1Emx1Cre
 mutant. The conditional knockout 

model studied involved an embryonic recombination 

of the Creb1 gene. CREB1 is important in synaptic 

plasticity and growth and development though 

actions upon target genes. For this reason, I 

determined the likelihood that, as such, pleiotropic 

ontogenetic or developmental defects in the brains 

of developing mutant mice might arise. Stereological 

investigations revealed no gross anatomical 

changes in brain nuclei receiving CREB1 deletion of 

mutant mice, nor at a cellular or volumetric level. 

Furthermore, CREB1 shares high sequence 

homology with CREM, a member of the CREB/ATF-

1/CREM bZIP family, prompting the assay of Crem 

mRNA transcript and appropriate genes in relevant 

brain regions. Brain regions receiving a 

recombination in mutant mice were confirmed by 

downregulation in excised Creb1, whilst concurrent 

upregulation in Crem and total Creb1 transcript 

levels were witnessed. These data suggest that 

Crem transcript was upregulated as a 

developmental compensatory mechanism in brain 

regions receiving Creb1 recombination in mutant 

mice. 

5.2: Introduction 
The Creb1Emx1Cre mouse model described in Chapter 

4 generated a temporal ablation of all CREB1 

isoforms from specific brain regions in mutant mice. 

Expression of the Cre transgene within the dorsal 

telencephalon 204
 critically drives the knockout of 

CREB1 from glutamatergic neurons within the cortex 

of mutant mice 107
. Current evidence has given birth 

to the understanding that excitatory corticostriatal 

and corticotegmental projections are key substrates 

in both the basal ganglia 205
 and limbic systems 

206
. 

This mechanism plays an integrative role in adaptive 

behaviours arising subsequent to drug abuse 12. 

Long term changes in these behaviours are 

mediated through plastic changes at a molecular 

level, in both motivational and incentive systems 8, 18, 

207. Mid-brain dopamine pathways arising from the 

ventral tegmental area and substantia nigra pars 

compacta which synapse on the nucleus accumbens 

and dorsal striatum (caudate putamen), respectively, 

are an established candidate for mediating the 

rewarding and psychomotor properties of drugs of 

abuse 208, 209. Furthermore, medium spiny neurons of 

the ventral striatum function as coincident detectors 

for the concomitant activation of dopamine (D1R; 

terminating on neck of dendritic spine and dendrite 

shaft) and glutamate (NMDA; terminating on head of 

dendritic spine) receptor activation 187
, crucially 

integrating both the corticostriatal and mesostriatal 

pathways.  

As the Emx1 homeobox gene is expressed from 

approximately E9.5 210
, CREB1 protein is 

correspondingly ablated in Creb1Emx1Cre mutants 

from an early developmental stage. This establishes 

a prima facie case for possible genetic 

compensations during ontogeny in the mutant 

transcriptome and proteome. By illation, such 

compensations and trans-synaptic effects of CREB1 

ablation within excitatory neurons participating in 

these circuits will potentially impact upon 

homeostatic functioning of shared networks, and 

taken as a whole, are necessary to investigate.  

To this end, experiments were performed to canvas 

endogenous levels of relevant transcriptome and 

proteome targets within specific brain regions of 

Creb1Emx1Cre mutants. Assays for both the 

messenger transcript (transcribed mRNA) and 

polypeptide product (encoded or translated protein) 

act as a good counterpoint to the other, as together, 

they provide a complementary exposition upon 

molecular sequelae or consequences arising from 

exogenous (genetic) shocks to a system. At a 

protein level, immunohistochemistry for CREB1 

protein was performed, which has been previously 
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presented and discussed in Chapter 4. These data 

confirmed the targeted nature of the CREB1 

knockdown in the Creb1Emx1Cre mutant. Changes in 

transcript were investigated and are subsequently 

reported herein, using quantitative reverse 

transcriptase PCR (qRT-PCR). qRT-PCR targets 

investigated include CREB/ATF-1/CREM bZIP 

family members (Atf1, Atf2, Creb1 (total and excised 

exon) and total Crem), and CREB co-activating 

factor, Cbp 191
, to assay for any compensatory 

regulations in specific brain regions.  

Finally, as CREB1 is important in both growth and 

development in the nascent animal (for example, 

CREB1 participates in myelin regeneration and axon 

formation 211
), I sought to establish whether regular 

cellular function and senescence has been 

perturbed in the Creb1Emx1Cre 
mutant. To this end, I 

performed stereological assessment of brain regions 

where a recombination event was expected (or 

expected to impact upon). This entailed cell counting 

within the cingulate cortex, and volumetric analyses 

of the striatum and hippocampal CA1 region. 

5.3: Methods 

5.3.1: Experimental Methods 

All experimental methods are described in Chapter 

2, General Methods. 

5.3.2: Statistical Methods 

All stereological analysis was performed using Prism 

5.0, with specific between-genotype tests involving 

2-tailed t-tests. qRT-PCR data was plotted in Prism 

5.0, and linear regression performed for data arising 

from the validation experiments. Data from all other 

qRT-PCR experiments were analysed in SigmaStat 

3.1 with 1-way ANOVAs, taking genotype as a 

factor, and employing Student-Newman-Keuls 

(SNK) post-hocs. 

5.4: Results 

5.4.1: Quantitative RT-PCR 

Levels of specific transcriptome were assayed for in 

quantitative real time-PCR experiments. qRT-PCR 

was employed to assay for genes of interest (GOI), 

including Atf1, Atf2, Cbp, Crem, Creb1 and the 

excised Creb1 exon, as well as the candidate 

endogenous control (EC) genes, Hprt1, Mthfd1, Tbp 

and β-Actin.  

5.4.1.A: Optimisation Experiments 

An initial precondition to performing qPCR 

experiments successfully was the careful 

optimisation of experimental conditions. Upon 

optimisation, one can consistently extrapolate and 

quantify mRNA levels with sample cDNA for specific 

genes. Data from such optimisation experiments 

follows. 

Optimisation of qPCR Primer 
Concentrations 

Forward and reverse primers for each of the primer 

sets used were tested with uniform cDNA from 

brains of Creb1Emx1Cre mice at two final 

concentrations of 50nM and 300nM each. These 

final concentrations provide a window within which 

maximum and minimum concentrations of candidate 

forward and reverse primers are often utilised in 

experimental qRT-PCR 139, 212
. The narrow margin 

between Ct at either final primer concentrations 

indicates how tight the optimisation process was, 

particularly for the genes of interest. Representative 

amplification plots for the Creb1 and Tbp primer sets 

are presented in Figure 5-1, whilst data for Ct’s 

realised at either 50nM or 300nM concentrations are 

presented .Table 5-1. 

Confirmation of Specific 
Amplification of the desired 
Amplicon 

The second step in optimisation was the 

confirmation that the desired amplicon had 

specifically been generated through thermal cycling. 

One component of this was running the post-qPCR 
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samples on a 2% agarose gel to confirm a single 

band was visible, and this has been presented 

earlier in Chapter 2, General Methods. The cognate 

component is the demonstration of a clean single-

peak dissociation curve. As can be seen in Table 

5-2, all genes of interest show clean single-peak 

dissociation curves, indicating that only one template 

has been produced with the given primer set. The 

Atf1 gene, however, displayed two peaks, 

suggesting either SNPs or a differential melt profile 

caused by runs of AT and CG bases at cause. The 

subsequent DNA sequencing of Atf1 primer template 

products is discussed below. 

DNA Sequencing and Atf1 Primer 
Amplicon Confirmation through 
DNA Sequencing 

DNA sequencing was performed subsequent to the 

observation that the amplicon generated by the Atf1 

qPCR primers demonstrated two peaks in a plot of 

change in fluorescence level against increasing 

temperature. This can be indicative of either SNPs, 

a non-specific amplification of a second or multiple 

templates, or a differential melt curve due to runs of 

AT and GC, whose expression perturbs the 

simultaneous melting of amplicon at the one 

temperature. The dual-peak dissociation curve of the 

Atf1 primer amplicon is demonstrated in Figure 5-3. 

Use of the online oligonucleotide tool OligoCalc 

(http://www.basic.northwestern.edu/biotools/oligocal

c.html) confirmed that the basic melt temperature for 

the expected Atf1 amplicon is 86°C. As the 

dissociation melt curves shows peaks at 83°C and 

90°C, this may suggest a partial melting of the ds-

DNA at these temperatures, as the thermal cycler 

temperature increases. A representative plot of the 

spectral peaks generated by the sequencing 

reaction is presented in Figure 5-4. 

Using cDNA from both control and knockout mice, 

the Atf1 primers were run and samples were 

sequenced with either the forward or reverse primer. 

As presented in Table 5-2, the sequencing data 

provide a felicitous demonstration that the generated 

amplicon completely overlaps with that of the 

nucleotide sequence for the expected amplicon. The 

inaccuracies upstream and downstream are often an 

imputation of sequencing that comes with such short 

stretches of DNA. In this case, primers used in the 

sequencing reaction were the same as those used 

to generate the template, ensuring an inability to 

generate sequence for the leading template stretch. 

Indeed, as noted by Johnson in a personal 

communication 213
, approximately 30 bp of leading 

dye-labelled extension products are not adequately 

resolved on the AB 3730xl capillary DNA analyser. 

This is possibly due to inadequate or differential 

separation of small template fragments through the 

polymer. With this in mind, the  sequences reported 

using both the forward and reverse primers 

collectively confirm that a template of the expected 

sequence was generated through the qRT-PCR 

reaction, with ‘quality’ sequencing pertaining to 

approximately 60bps (+30ßà+90bps).  

Together, these data, taken with that of the qPCR 

agarose gel result, suggest that the dual-peak 

dissociation curve of the Atf1 primer amplicon is 

likely attributable to repeated runs of G and C, 

perturbing the melt. Thus, the data generated by 

subsequent qPCR experiments with this primer set 

stand, and will be accepted as indicative of the 

desired amplicon. 

 

Validation of Candidate Endogenous 
Control Genes with Genes of 
Interest 

Validation experiments are critical in establishing 

that the primers for the candidate EC genes (β-Actin, 

Hprt1, Mthfd1, Tbp) are similarly efficient as GOI 

primers through different starting concentrations of 

cDNA (total mRNA). Candidate EC genes were 

chosen on the basis that their promoter is not 
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regulated by CREB1, nor induced transcriptionally 

by cAMP in mammalian brain cells. Four separate 

experiments were conducted to confirm linearity and 

efficiency of amplification between candidate 

endogenous control genes, and the genes of 

interest. As the validation experiments tended to be 

retrospective relative to the choice of EC gene by 

region (discussed below), the need to perform 

validation on β-Actin never arose. Thus, the data for 

Ct versus four orders of cDNA were plotted 

separately for three of the four candidate ECs 

against all GOIs, and are presented in Figure 5-5. 

Data from the validation experiments received linear 

regression, thus, establishing the correlation (R2) 

between Ct and order of starting cDNA, as well as 

the slope of the fitted curve. The latter of these was 

used in the calculation of efficiency of amplicon. 

These data are presented in Table 5-3. Tbp and 

Hprt1 (experiments 1,4 and 3,4 respectively) exhibit 

an R2
>0.995 across four orders of cDNA magnitude 

(1, 1:10, 1:100, 1:1000), and all GOI R
2
 were within 

10%. Moreover, Tbp and Hprt1 both displayed 

similar efficiencies to the GOIs, as the vast majority 

exhibited a slope between -3.1 and -3.6 (90-110% 

efficiency), or very close to -3.1. Both Tbp and Hprt1 

are appropriate to be successfully employed as ECs 

in target brain regions. Conversely, Mthfd1 

(experiments 2,4) presented an R2<0.995, which is 

not preferred. Mthfd1 template amplification was 

also observed at the edge of the 80-120% (slope 

between -2.92 and -3.92) efficiency bracket, with a 

slope of -2.95. Whilst this is within the acceptable 

efficiency range, together, these data encourage 

preference to use Tbp or Hprt1 where possible. To 

this effect, Mthfd1 was declined in favour of these 

aforementioned genes, as candidates in later 

experiments. 

Choice of Endogenous Control Gene 
by Region 

Uniform cDNA was generated from source total 

mRNA for each brain region from Creb1
Emx1Cre

 

control and knockout mice. Each four candidate EC 

genes (β-Actin, Hprt1, Mthfd1, Tbp) were run in 

qPCR experiments contemporaneously, and the 

processed Ct data analysed by geNorm 143. 

Critically, for all brain regions assayed, every 

candidate gene returned an M value less than 1.5, 

highlighting their inherent stability (low variability) 

with respect to other candidate ECs. The 

corresponding data generated by geNorm analysis 

are presented in Table 5-4. For three of the four 

brain regions, geNorm calculations suggested the 

EC as Mthfd1. Given that the validation experiments 

established that Mthfd1 is not an optimal control 

gene, the next best gene from the list of candidates 

was chosen. The ultimate endogenous control gene 

used in ongoing qPCR experimentation by brain 

region is presented in Table 5-5. 
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Table 5-1: Ct’s for Final Primer Concentrations of 50nM and 300nM 

Primer Set Ct @ Cf=50nM Ct @ Cf=300nM Concentration used 
for ongoing 
experimentation 

Atf1 25.6 25.2 300nM 

Atf2 20.3 21 50nM 

Cbp 20.4 21.4 50nM 

Crem 23.5 23.3 300nM 

Creb1 21.3 21.9 50nM 

Creb1 (F2R2) 22.3 21.5 300nM 

Creb1 excised 22.67 22.71 50nM 

Creb1 excised (FR1) 22.5 23.3 50nM 

Hprt1 20.1 18.8 300nM 

Mthfd1 22.5 21.2 300nM 

Tbp 24.3 22.1 300nM 

β-Actin 15.4 15.6 50nM 

The data above demonstrate the number of cycles taken to reach threshold using uniform cDNA, when 
presented with primers at a final concentration of 50nM or 300nM each. The column to the farthest right 
displays the final concentration of primers employed for all ongoing qPCR experimentation. 

Figure 5-1: Amplification Plot (∆Rn vs Cycle #) for Creb1 and Tbp for Final Primer Concentrations of 
50nM and 300nM 

 

In graph A, the plot for ∆Rn against cycle number are shown for Creb1 primers with uniform cDNA; at the 
threshold cycle, a final concentration of 50nM is more efficient. This directly contrasts with the Tbp primers in 
graph B, which are more efficient at a final concentration of 300nM each. 
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Figure 5-2: Dissociation Curves for Genes of Interest 

 

The above graphs display the change in fluorescence against increasing temperature gradient. For seven of 
the eight GOI’s (Creb1; Creb1-ex6; Creb1-ex6-FR1; Creb1-F2R2; Atf2; Cbp; Crem), a single clean peak is 
observed at a melting temperature consistent with the expected amplicon. Atf1, however, shows two melt 
peaks, separated by approximately 6ºC. 
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Figure 5-3: ATF-1 Amplicon Dissociation Plot  

 

The plot of change in fluorescence against increasing temperature gradient for Atf1 primer amplicon shows a 

dual-peak dissociation curve, separated by approximately 6°C. 
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Figure 5-4: ATF-1 Amplicon Sequencing – Spectral Plot 

 

The above plot demonstrates the spectral peaks for sequences generated using labelled dideoxynucleotides. 
This representative plot matches that for sample 1, using the forward primer. guanine – black; cytosine – 
blue; adenine – green; thymine – red. 
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Table 5-2: Expected Atf1 Amplicon Sequence and qPCR Sample Sequencing Results 

 Sequence (5’à3’) 

Expected Atf1 
Amplicon 
Sequence 

GGCTGGCAAGTGAGGAGTAAAGTCGGCGCCGCCTGGGACGGGGGAGTGGAGCTTCCTG
CCCCGGGCAGCGGCCAGGCGGCCCCGCGGTTGATTATGGAAGATTCCCACAAGAGTAAC
ACGACAGAGACTGCATCTCAGCCTGGTTC 

qPCR Atf1 Product 
with Forward Primer 
– Sample 1 

TGAGCGCTCGA*GGGGAGTGGAGCTTCCTGCCCGGGCAGCGGCCAGGCGGCCCCGCGGT
TGATTATGGAAGATTCCCACAAGAGTAACACGACAGAGACTGCATCTCAGCCTGGTTC*AAG
CGATGGG 

qPCR Atf1 Product 
with Forward Primer 
– Sample 2 

AAGAGCCAGGGA*GGGGAGTGGAGCTTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCG
GTTGATTATGGAAGATTCCCACAAGAGTAACACGACAGAGACTGCATCTCAGCCTGGTTC*A
ACTGGC 

qPCR Atf1 Product 
with Forward Primer 
– Sample 3 

TCAAGCGCTGGGA*GGGGAGTGGAGCTTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGC
GGTTGATTATGGAAGATTCCCACAAGAGTAACACGACAGAGACTGCATCTCAGCCTGGTTC*
AATGAAG 

qPCR Atf1 Product 
with Forward Primer 
– Sample 4 

TAAAAGGCTGCA*GGGGGAGTGGAGCTTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGC
GGTTGATTATGGAAGATTCCCACAAGAGTAACACGACAGAGACTGCATCTCAGCCTGGTTC*
CATTTTCTTCTTTTTTTTTTTTTTTCTTCTGCTTTTCCTGTCACCTTGTATTGAGAGTCGACAC
TGGTCATATGCATCCATCTAACCGTCTCATGCTTCGTTGGTGTTTCATAGCCTCTTGTGTGA
AATTGATTATAATATATCCTATTCCTGCCGATTCCATTGTCCTCTATCTTCACGTACTTCCAAA
TTC 

qPCR Atf1 Product 
with Forward Primer 
– Sample 5 

TCAGCCTGACAGA*GGAGTGGAGCTTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCGG
TTGATTATGGAAGATTCCCACAAGAGTAACACGACAGAGACTGCATCTCAGCCTGGTTC*AA
TGTGTCTACTTCCCCCTGCTTTTCTGCGTTCCTGACTCCTTGTATTGACAGTCACGACTGGC
CATATGCATCCACATCACCACATGCCACGTTGGTGTTTCATAATCTCTT 

qPCR Af1 Product 
with Forward Primer 
– Sample 6 

TGAAGGCCCTCTGA*GGAGTGGAGCTTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCG
GTTGATTATGGAAGATTCCCACAAGAGTAACACGACAGAGACTGCATCTCAGCCTGGTTC*A
AGGTAG 

qPCR Atf1 Product 
with Reverse Primer 
– Sample 1 
(antisense) 

TCATGTT*GGCTGGCAAGTGAGGAGTAAAGTCGGCGCCGCCTGGGACGGGGGAGTGGAGC
TTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCGGTTGATTATG^AAGAT^CCCACA^GA^
^AA*CGCCGG 

qPCR Atf1 Product 
with Reverse Primer 
– Sample 2 
(antisense) 

CAGGGTT*GGCTGGCAAGTGAGGAGTAAAGTCGGCGCCGCCTGGGACGGGGGAGTGGAG
CTTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCGGTTGATTATG^AAGAT^CCCACAAG^
AA*CGACGG 

qPCR Atf1 Product 
with Reverse Primer 
– Sample 3 
(antisense) 

GGGCTT*GGCTGGCAAGTGAGGAGTAAAGTCGGCGCCGCCTGGGACGGGGGAGTGGAGC
TTCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCGGTTGATTATG^AAGAT^CCCACAAG*G
ATACCCGCCCCC 

qPCR Atf1 Product 
with Reverse Primer 
– Sample 4 
(antisense) 

ATTCTT*GGCTGGCAAGTGAGGAGTAAAGTCGGCGCCGCCTGGGACGGGGGAGTGGAGCT
TCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCGGTTGATTATG^AAGAT^CCCACAAG*AT
ACCCCCT 

qPCR Atf1 Product 
with Reverse Primer 
– Sample 5 
(antisense) 

AAAGTT*GGCTGGCAAGTGAGGAGTAAAGTCGGCGCCGCCTGGGACGGGGGAGTGGAGCT
TCCTGCCCCGGGCAGCGGCCAGGCGGCCCCGCGGTTGATTATG^AAGAT^CCCACAAG*AG
ACCCCCCCC 

The data above indicate the results from Atf1 primer amplicon samples sequenced with either the forward or 
reverse Atf1 primer, in contrast to that of the expected amplicon sequence. Nucleotides underlined and 
flanked by the asterisks (*) are a direct match with that of the expected sequence. Hats (^) are used to 
indicate a missing nucleotide from the sequenced sample, which failed to correlate with the expected 
amplicon.
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Figure 5-5: Validation Experiment Graphs 

 

The graphs above plot the Ct results for each candidate EC along with all GOI’s against the log10 of discrete 
orders of starting cDNA. All GOIs (except Creb1 (F2R2)) are plotted versus Tbp (A), Mthfd1 (B), Hprt1 (C), 
whilst Creb1 (F2R2) is plotted against these ECs in D. 
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Table 5-3: Validation Experiment Linear Regression Results 

Experiment 1: Tbp vs GOIs 

 Tbp Atf1 Atf2 Cbp Crem Creb1 Creb1 
excised 

Creb1 
excised 
(FR1) 

R
2 

0.9993 0.9903 0.9974 0.9989 0.9999 0.9999 0.9966 0.9963 

Slope -3.294 -3.523 -3.497 -3.404 -3.086 -3.375 -3.574 -3.518 

Efficiency 1.011 0.922 0.932 0.967 1.109 0.978 0.905 0.924 

Experiment 2: Mthfd1 vs GOIs 

 Mthfd1 Atf1 Atf2 Cbp Crem Creb1 Creb1 
excised 

Creb1 
excised 
(FR1) 

R
2 

0.9786 0.9925 0.9979 0.9984 0.9931 0.9981 1 0.9999 

Slope -2.965 -3.68 -3.421 -3.326 -3.086 -3.54 -3.518 -3.072 

Efficiency 1.174 0.869 0.960 0.998 1.109 0.916 0.924 1.116 

Experiment 3: Hprt1 vs GOIs 

 Hprt1 Atf1 Atf2 Cbp Crem Creb1 Creb1 
excised 

Creb1 
excised 
(FR1) 

R
2 

0.9999 0.995 0.9987 0.9997 0.9997 0.9994 0.9981 0.9978 

Slope -3.117 -3.327 -3.106 -3.182 -3.077 -3.12 -3.126 -3.076 

Efficiency 1.093 0.998 1.099 1.062 1.113 1.092 1.089 1.114 

Experiment 4: Candidate ECs vs Creb1 (F2R2) 

 Tbp Mthfd1 Hprt1 Creb1 
(F2R2) 

R
2 

0.9987 0.998 0.996 0.9961 

Slope -3.103 -3.064 -3.209 -3.227 

Efficiency 1.100 1.120 1.049 1.041 

The above tables present the linear regression results from validation experiments plotting Ct for discrete 
GOIs and ECs against four orders of starting cDNA. Data are presented on the correlation between these 
variables (R

2), slope of the fitted line and calculated amplification efficiency (E=10 -1/slope-1). 
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Table 5-4: geNorm Regional Analysis of Candidate Endogenous Control Gene 

Cerebellum 

actB mthfd tbp hprt 
Normali
sation 
Factor 

1.00E+
00 

1.00E+
00 

1.00E+
00 

1.00E+
00 

1.7179 

7.19E-
01 

6.73E-
01 

5.49E-
01 

4.37E-
01 

1.0024 

8.35E-
01 

8.16E-
01 

7.59E-
01 

6.30E-
01 

1.2980 

6.35E-
01 

5.19E-
01 

5.10E-
01 

3.40E-
01 

0.8396 

5.99E-
01 

5.33E-
01 

5.08E-
01 

3.75E-
01 

0.8531 

6.88E-
01 

6.23E-
01 

5.88E-
01 

4.45E-
01 

0.9943 

9.17E-
01 

2.84E-
01 

2.43E-
01 

2.83E-
01 

0.6282 

0.7582
71137 

0.5965
12307 

0.5511
43537 

0.4606
11971 

 

0.591 0.325 0.345 0.354 M<1.5  

Cortex 

actB mthfd tbp hprt 
Normali
sation 
Factor 

7.76E-
01 

8.54E-
01 

9.75E-
01 

6.69E-
01 

0.9219 

8.80E-
01 

8.23E-
01 

8.39E-
01 

8.79E-
01 

0.9722 

8.56E-
01 

1.00E+
00 

9.32E-
01 

8.96E-
01 

1.0453 

8.76E-
01 

8.40E-
01 

8.50E-
01 

8.74E-
01 

0.9776 

9.95E-
01 

9.33E-
01 

1.00E+
00 

1.00E+
00 

1.1159 

1.00E+
00 

8.51E-
01 

9.33E-
01 

9.30E-
01 

1.0540 

9.35E-
01 

7.79E-
01 

8.20E-
01 

7.44E-
01 

0.9283 

0.8994
55499 

0.8659
19467 

0.9048
12319 

0.8491
35484 

 

0.165 0.150 0.159 0.177 M<1.5  
Hippocampus 

actB mthfd tbp hprt 
Normali
sation 
Factor 

7.12E-
01 

5.50E-
01 

4.58E-
01 

5.56E-
01 

0.9968 

5.62E-
01 

4.40E-
01 

4.42E-
01 

4.34E-
01 

0.8286 

9.74E-
01 

9.85E-
01 

8.64E-
01 

9.54E-
01 

1.6737 

1.00E+
00 

1.00E+
00 

7.08E-
01 

1.00E+
00 

1.6283 

8.57E-
01 

8.09E-
01 

1.00E+
00 

5.98E-
01 

1.4243 

4.01E-
01 

8.38E-
01 

3.98E-
01 

6.05E-
01 

0.9466 

5.68E-
01 

3.26E-
01 

2.80E-
01 

2.42E-
01 

0.5945 

5.04E-
01 

2.92E-
01 

2.67E-
01 

2.42E-
01 

0.5543 

0.6651
98237 

0.5935
91224 

0.4965
16133 

0.5140
44294 

 

0.537 0.403 0.422 0.412 M<1.5  

Striatum 

actB mthfd tbp hprt 
Normali
sation 
Factor 

1.00E+
00 

1.00E+
00 

1.00E+
00 

1.00E+
00 

3.2063 

2.86E-
01 

1.86E-
01 

2.35E-
01 

1.88E-
01 

0.7056 

2.84E-
01 

2.48E-
01 

2.42E-
01 

2.28E-
01 

0.7998 

2.19E-
01 

1.26E-
01 

1.30E-
01 

1.23E-
01 

0.4645 

4.04E-
01 

3.25E-
01 

3.07E-
01 

2.61E-
01 

1.0270 

3.85E-
01 

2.73E-
01 

3.18E-
01 

3.03E-
01 

1.0168 

4.42E-
01 

3.41E-
01 

3.61E-
01 

2.93E-
01 

1.1395 

0.3834
85214 

0.2906
25527 

0.3073
81022 

0.2762
02829 

 

0.256 0.191 0.168 0.186 M<1.5  

The data presented displayes geNorm analyses of Ct data for all brain regions studied. The computed 
optimal choice control genes are displayed and highlighted green, whilst those found least favourable are 
highlighted red. 
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Table 5-5: Endogenous Control Gene by Brain 
Region in Creb1

Emx1Cre
 Mice 

Brain Region Endogenous Control 
Gene 

Cerebellum Tbp 

Cortex Tbp 

Hippocampus Hprt1 

Striatum Tbp 

Table 5-6: qPCR Experiments for mRNA Levels – 
Brain Regions and Genes of Interest 

Brain Regions Analysed Genes of Interest 
Assayed For 

Hippocampus, Cortex, 
Striatum, Cerebellum 

Atf1, Atf2, Cbp, Crem, 
Creb1, Creb1 excised 
exon 

5.4.1.B: qPCR Experiments 

A number of genes from the same bZIP family as 

well as Cbp were analysed for relative levels of 

expression in specific brain regions of both control 

and knockout Creb1Emx1Cre mice, as displayed in 

Table 5-6. A summary of the mRNA expression 

levels in the knockout CREB1 mutants relative to the 

control mice is presented in Table 5-7, and 

discussed below. 

As demonstrated in tabular form (Table 5-7) and 

graphical form (Figure 5-6), the brain regions in 

knockout mice which received a deletion in CREB1 

also had substantial changes in the levels of mRNA 

expression of bZIP family members. As expected, 

levels of excised Creb1 mRNA were substantially 

diminished (Creb1 excised and Creb1 excised 

(FR1)) in both the hippocampus and cortex of 

knockout mice. In both these regions, levels of Crem 

and total Creb1 mRNA were significantly 

upregulated. Furthermore, in the cortex of knockout 

mice, Atf2 (Creb2) mRNA was significantly 

upregulated, although Cbp mRNA was significantly 

downregulated (all p<0.05, 1-way ANOVA with SNK 

post-hoc). Although the striatum and cerebellum 

received no genetic recombination of CREB1, the 

striatum displayed a downregulation of Atf1 mRNA 

and upregulation of Cbp mRNA in knockout mice, 

and Crem mRNA was significantly upregulated in 

the cerebellum of these Creb1Emx1Cre mutants. A 

possible explanation for what I observe in the 

cerebellum is that the Crem dysregulation may have 

been created by statistical noise, given low power. 

Moreover, the actual change in Crem transcript 

observed is quite small and shows a higher SEM 

relative to that observed in either the hippocampus 

or cortex in knockout Creb1Emx1Cre
 mutant mice.
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Table 5-7: Summary of Changes in mRNA Expression in Knockout Relative to Control 

Gene  
( primer name)  

hippocampus cortex striatum cerebellum  Notes 
  

Atf1 - - DOWN -    

Atf2 - UP - -    

Cbp - DOWN UP -    

Crem UP UP - UP    
Creb1 UP UP - - Total Creb1 

Creb1 (F2R2) UP UP - - Total Creb1 

Creb1 excised DOWN DOWN - - Excised Creb1 

Creb1 excised (FR1) DOWN DOWN - - Excised Creb1* 

Changes in mRNA expression levels for specified brain regions in the knockout Creb1
Emx1Cre

 mice relative to 
that of control mice are displayed. Red text is used where the knockout expressed a downregulation in target 
gene mRNA, and green text in the place of an upregulation of relative mRNA levels, to that of the control.  
* The primers associated with ‘Creb1 excised’ were designed so that the reverse primer was complementary 
to the excised exon, whilst the forward primer complementary to exon code outside this region. As the 
transcripts express the excised region differentially (as a different exon), the amplicon may reflect only a 
portion of total excised isoforms. Instead, the ‘Creb 1 excised (FR1)’ primer set was designed within the 
excised exon, thus, to show up any divergent Creb1 expression for all isoforms. See Table 4 in Chapter 2, 
General Methods, for detailed design information. 
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Figure 5-6: Normalised Relative mRNA Gene Expression by Brain Region 

 

The above graphs show the normalised relative expression of mRNA from Creb1Emx1Cre mice by gene across 
genotype (knockout, n=3 – Purple vs control, n=4 – Red) through the hippocampus (A), cerebellum (B), 
cortex (C) and striatum (D). Between-genotype significance is indicated by a * (p<0.05, 1-way AVOVA with 
SNK post-hoc). 
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5.4.2: Stereology 

Stereology was performed on the brains of 

Creb1Emx1Cre mice to assess for any gross 

remodelling change induced by the germline 

deletion of Creb1 during ontogenesis (pleiotropic 

effects). Sections were stained with neutral red and 

performed cell counting within the cingulate cortex 

(1,2), as well as volumetric analysis of the striatum 

(CPu, NAc) and CA1 region of the hippocampus. 

Total estimated cell counts for the cingulate cortex of 

control mice were no different to those observed for 

knockout mice (F6,4=1.441, P=0.8195, 2-tailed t-

test). Indeed, as shown in Figure 5-7, plotted cell 

counts match the other. Similarly, Cavalieri 

estimation of structural volume was not statistically 

different between control and knockout groups in 

both the CA1 regions of the hippocampus 

(2.159*107±2106606 vs 1.954*107±2765692), nor 

the striatum (8.832*10
8
±4.261*10

7
 vs 

8.299*10
8
±2.165*10

7
). It is worth noting that tighter 

error bars around the data points may arise from 

further experiments involving more mice from either 

group. These data are presented in plots in Figure 

5-7. 
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Figure 5-7: Stereology – Cingulate Cortex Counts and Hippocampal / Striatal Volume 

 

In the figure, bar graphs showing the number of cells estimated by the optical fractionator for control (n=3, 
Red) and knockout (n=3, Purple) Creb1

Emx1Cre
 mice are presented at A, with the average estimated cell count 

by subject at B. Bar graphs at C and D demonstrate Cavalieri estimation of volume in both the CA1 region of 
the hippocampus, as well as striatum, respectively. In all cases, no statistical difference between groups 
were observed (P>0.05, 2-tailed t-test). 
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5.5: Protein Expression 
Preliminary profiling of CREB/ATF-1/CREM 

proteome expression other than CREB1 was 

performed for CREM with coronal brain sections 

from naive control and mutant Creb1Emx1Cre
 mice.  

As demonstrated in Figure 5-8, robust CREM 

immunoexpression is demonstrated within neurons 

through the cingulate cortex of both knockout and 

control mice. 

Figure 5-8: Cingulate Cortex - CREM Immunostaining 

 

The schematic presents photomicrographs of DAB immunostaining for CREM in Creb1Emx1Cre contidional 
knockout (A) and control (B) mice. Robust expression of CREM immunopositive nuclie is demonstrated 
within the cingulate cortex of both genotypes. CG: cingulate cortex; cg: cingulum. Scale bar = 100μm at 10X. 
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5.6: Discussion 

5.6.1: qRT-PCR 

The real time PCR furnished a window for analysis 

of endogenous cognate bZIP CREB/ATF-1/CREM 

family members, subsequent to the deletion of 

CREB1 in specific brain structures in the 

Creb1Emx1Cre mutants. As mentioned earlier, CREM 

is a popular target for endogenous upregulation 

upon deletion of CREB1 isoforms in mutant mice 

models. Indeed, previous studies investigating the 

neural knockdown or knockout of CREB1 isoforms 

have routinely observed a developmental 

compensation in the form of upregulation of CREM 
71, 76, 79, 83, a member of the CREB/ATF-1/CREM 

bZIP family which shares high sequence homology 

with CREB1 14, 214
. Presumably, this compensation 

acts to circumvent any untoward developmental 

deficits, given the similarity of function conveyed or 

furnished by this protein 14
.  

Here, our data demonstrate that in Creb1Emx1Cre 

mutants, Crem messenger transcript was 

upregulated in both hippocampal and cortical brain 

regions, but not the striatum. The former two brain 

regions both received the conditional ablation of all 

CREB1 isoforms, whereas the striatum is a control 

structure, as no recombination was expected to 

have taken place. Furthermore, I witnessed in 

mutants the concurrent downregulation of excised 

Creb1 transcript (id est, primers targeted against the 

recombined exon) in the cortex and hippocampus, 

but neither the striatum nor cerebellum. These data 

confirm that the spatial resolution of the 

recombination event is constrained to the 

hippocampus and cortex, and that in response to 

this developmental insult, Crem transcript is 

upregulated to compensate. It is important to note 

that the downregulation of excised Creb1 transcript 

here represents the downregulation of functional 

CREB1, as the proteome will lack the exon 

responsible for CRE binding and dimerisation 77
. 

This observation distinguishes itself in light of the 

observed upregulation of total Creb1 transcript in 

both hippocampal and cortical structures, however, it 

is worth noting that in the mutant, this transcript is 

functionally devoid for the reasons provided.  

Interestingly, the cerebellum demonstrated an 

upregulation of Crem transcript, however, it was the 

only transcript to demonstrate any dysregularity in 

the knockout mice, within this structure. This is 

challenging to explain, however, it may relate to 

downstream and / or long-term protein regulation 

within this structure. Alternatively, this may appear 

as an anomaly due to insufficient statistical power, 

rather than bearing out necessarily as an 

observation of any biological significance. 

A combination of bZIP family and Cbp transcript 

dysregularity were observed broadly in the mutant. 

Within the cortex, Atf2 transcript was found 

upregulated in the mutant, whilst Cbp transcript was 

found to be downregulated. In the striatum, however, 

Atf1 transcript was found to be downregulated and 

Cbp transcript to be upregulated. CBP plays an 

important role in the functional effect of bZIP family 

member dimers, bridging at the TATA box the 

formation of stable RNA Pol-II transcription factor 

complexes 14. As described in Bleckmann 214, ATF-1 

plays a critical developmental role in mice, so the 

dysregulation of Atf1 transcript in the striatum of 

mutants may be due to alterations in the efferent 

innervation by glutamatergic projection neurons 

arising from the cortex. 

For all these data, however, it is important to note 

that although the dysregulation of numerous 

transcripts were observed in the mutant, this is 

neither a necessary nor sufficient precondition in 

describing a complementary alteration in the 

translation of target protein, as clearly demonstrated 
215

. 

Together, these data support the expected 

spatiotemporal resolution of CREB1 ablation, 
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afforded by the Cre recombinase-loxP system of 

recombination. Moreover, the data demonstrate the 

developmental plasticity of the murine foetal nervous 

system, with compensatory upregulation of other 

bZIP family members in the absence of functional 

CREB1. These data also help explain why such a 

unique, but not absent, phenotype is observed (in 

the form of functional degeneracy). 

5.6.2: Stereology 

The contribution of CREB1 to normal cellular 

development was firmly established by Rudolph and 

colleagues a decade earlier 71
 with their study of 

total germline CREB1 ablation. Further evidence 

demonstrated that CREB1 partially mediates these 

effects through neurotrophins 73, 74, 216
, a group of 

structurally-related homodimeric peptides which act 

upon secretion, also regulating survival, plasticity, 

proliferation, differentiation and growth of neurons 73-

75, and saliently include brain-derived neurotrophic 

factor (BDNF) and nerve growth factor (NGF). 

Previous studies of CREB1-deficient mice have 

demonstrated excessive apoptosis 75, 77, pre- or peri-

natal mortality 77, 214, and developmental 

perturbations in both neural structures 

(hypothalamus) and grossly (body weight) 83.  

The data provided here demonstrate no differences 

of cellular expression and volume between 

genotypes, in brain regions expressing the 

conditional ablation of CREB1. Such data furnish at 

least three explanations for these observations. 

Firstly, CREB1 may not play a critical role in the 

developmental trajectory of Emx1-positive cells. It 

has been mentioned that ATF-1 (rather than CREM) 

is highly expressed during early central nervous 

system development in the mouse 214
, and it could 

be that ATF-1 may play a role of primacy in the 

developing dorsal telencephalon, rather than 

CREB1. Second, as the recombination / ablation 

event occurs only upon expression of Emx1 at E9.5, 

it may be that critical window for cellular jeopardy 

(E0 à E9.5, or past the forty fifth percentile of the 

foetal period of gestation) may have lapsed. To wit, 

the ablation of all CREB1 isoforms in affected cells 

may be less severe, arisen due to established 

differentiation events incorporating realisation of 

essential proteome, structural elements, intra- and 

inter-cellular signalling mechanisms, transcriptome 

and proteome regulatory devices, cell-specific 

polypeptides and other necessary substrates. The 

final and most obvious conclusion is that 

upregulation of other bZIP family members has been 

inherently invoked to compensate for this 

unexpected developmental dysregulation, an initial 

supposition supported with qPCR data.  

5.6.3: Candidate Mechanisms for 
Neuronal Changes 

Whilst I have examined the messenger transcript of 

specific genes with a view to explaining the 

observed phenotype of the mutant, a panoply of 

other cytological compensations and disruptions are 

likely evident. A prime candidate mechanism for long 

lasting neuronal change lies with epigenetic 

modifications, including chromatin remodelling. 

CREB1 associates with CBP upon kinase activation, 

a substrate exhibiting histone acetyltransferase 

(HAT) activity 217, thereby acetylating nucleosomes 

of the target gene, leading to chromatin 

decondensation and, thus, facilitating genomic 

transcription. Alterations in the dimer ratios of 

CREB1-containing bZIP family members, 

undoubtedly contributes to the underlying phenotype 

of the mutant. Indeed, recent studies examining the 

functional contribution of histone acetylation 186, 218-

220
 have highlighted the importance of chromatin 

remodelling to transcriptional efficacy of CREB1 on 

target genes. CREB1 acts upon numerous target 

genes, as demonstrated in the online 

computationally-predicted database 142
. In turn, 

these target transcriptome contribute to the 

proteome milieu which functions in ongoing protein 
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regulation (proteases, protein phosphatases 

including PP-1A and PP-2B (calcineurin), and 

protein kinases), the regulation of mRNA expression 

(endogenous siRNA and miRNAs in concert with 

RISC/slicer) and transcriptional complexes (c-fos, 

STAT3 (signal transducer and activator of 

transcription 3), krox-24/zif-268), and the initiation of 

translation by IRES (internal ribosome entry site) 221
. 

With this in mind, future studies addressing the 

regulation of such protein and transcript networks 

will better clarify specific alterations in biomarkers 

which tie in with or help explain the phenotype 

observed in this mutant. 
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Chapter 6 
In vivo Characterisation of the Creb1Emx1Cre Mutant 

 

 

 

 

 

And now this spell was snapped: once more 

I viewed the ocean green, 

And looked far forth, yet little saw 

Of what had else been seen – 

 

Swiftly, swiftly flew the ship, 

Yet she sailed softly too: 

Sweetly, sweetly blew the breeze –  

On me alone it blew. 

 

The Rime of the Ancient Mariner (1817), Part VI 

Samuel Taylor Coleridge (1772-1834)
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6.1: Summary 
Transcriptional changes in neurons underpin the 

long-lived cellular response to environmental stimuli 

and CREB1 has been implicated in this process. 

Exposure to psychostimulants such as cocaine 

results in persistent neuronal plasticity that likely 

modulates the motivation to use the drug again. To 

examine whether CREB1 in cortical glutamatergic 

neurons was implicated in cocaine use I developed 

conditional CREB1 mutants that exhibit ablation of 

functional CREB1 in the cortex and hippocampus. 

Here I report that CREB1 mutants demonstrate a 

diminished drive to self-administer cocaine. In 

addition, while CREB1 mutants show a place 

preference for cocaine, the drug-environment 

contextual association is not retained in the long-

term. I conclude that there is a specific role for 

CREB1 in telencephalic glutamatergic neurons 

regulating the motivational and associative 

properties of cocaine. 

6.2: Introduction 
Ethological assessment in animal models is an 

important step in determining aberrations from 

control behavioural repertoires or phenotypes. In the 

case of the Creb1Emx1Cre
 mutant, such aberrations 

may arise due to recombinant genetic manipulation, 

neural pathologies, or both. When a deviation is 

discovered, this phenotype may reflect the physical 

or observed manifestation of an underlying 

molecular or genetic perturbation, and can ultimately 

assist with increasingly sensitive ongoing analysis 

and elucidation. A critical element into investigations 

of a genetically recombinant nature is that pursuant 

to the successful development of a novel model, a 

robust battery of behavioural analyses is performed, 

employing relevant assays.  

As previously canvassed in Chapter 4, the 

Creb1Emx1Cre
 mutant under investigation results in 

the specific ablation of all CREB1 isoforms (α, β, δ) 

from glutamatergic pyramidal neurons of the dorsal 

telencephalon, including dorsal cortical regions and 

the hippocampus 77, 193. These brain regions are 

components of the limbic system, which also form 

an integral component of, and impact upon, the 

reciprocal projections found within the basal ganglia 

circuit 222, 223. Specifically, projections of primacy 

include glutamatergic corticostriatal and 

corticotegmental efferents, glutamatergic 

hippocampostriatal efferents, in concert with 

nigrostriatal DAergic and striatotegmental 

GABAergic basal ganglia pathways. Together, these 

systems encompass and have been implicated in 

cognitive repertoires, learning and memory, affective 

traits and motor control 200, 205, 222, 223
. Studies have 

demonstrated the necessity of functional NMDA 

receptor expression on neurons co-expressing D1 

receptors, specifically the striatal medium spiny 

neurons, which underlie development of cocaine 

behavioural sensitization and cocaine reward 224, 

and the long-lived LTD arising at corticostriatal 

terminals upon chronic drug abuse 225
. Modulation of 

CREB1 expression in the cortex of Creb1Emx1Cre is 

thus hypothesised to interact with systems mediating 

these behaviours. 

Possible perturbations in these ethological markers 

have been addressed by subsequently assaying for 

anxiety, novelty seeking, locomotor activity, motor 

control and spatial learning and reference memory. 

Indeed, similar behavioural assays have been 

previously conducted in nestin driven 83, 109, CamKIIα 

driven 109, Crebαδ 78, 81, 88, 226 and Crebcomp 88 CREB1 

knockout models. 

CREB1 is an essential component of the molecular 

machinery which drives ongoing homeostatic 

regulation of cellular transcriptome. Target genes for 

CREB1 in particular include the neurotrophins 

BDNF, NGF and receptor target trkB , all of which 

play essential roles in neuronal growth, synaptic 

plasticity and survival 72-75, 227
. A compelling theory 

for the insidious and perennial nature of drug 
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addiction is that of the incentive salience 

mechanism. As a key tenet, it holds that long lasting 

neural change is manifest in brain regions which 

underlie the ongoing motivation to consume or 

abuse a drug 5-7
, rather than the brain regions which 

mediate its rewarding aspects. In acknowledgement 

of the contribution that CREB1 makes to learning 

and memory systems 228
 as well as long lasting 

neuronal change and molecular adaptation 229, it is 

incumbent upon us to examine the current CREB1 

knockout model under investigation in the context of 

addiction models. Essential assays have 

subsequently characterised the psychoactive effects 

of cocaine, including the mutant affinity for the 

rewarding effects of cocaine, the development and 

expression cocaine-induced behavioural 

sensitization, the reward threshold of cocaine and 

the motivation to self administer a psychoactive drug 

of abuse.  

6.3: Methods 

6.3.1: Behaviour 

All behavioural testing was performed at the Howard 

Florey Institute in experimental environments 

separate from the housing environment. 

Experimental protocols have been previously 

described in Chapter 2, General Methods. 

6.3.2: Statistical Methods 

All behavioural data was analysed statistically using 

SigmaStat 3.1.  The specific statistical details for 

each behavioural assay are presented in Table 6-1. 



Chapter 6         

116 

Table 6-1: Statistics Performed on Behavioural Data 

Behavioural Experiment Statistical Test Factors (where 
applicable) 

Notes 

Rotarod 1-way ANOVA Genotype  

Large Open Field 1-way ANOVA with SNK 
post-hocs 

1-way KW ANOVA on 
ranks 

Genotype ranks where test for 
normality (parametric 
data) failed 

Light / Dark Test 2-way ANOVA Side / Genotype  
Elevated Plus Maze 1-way ANOVA 

1-way KW ANOVA on 
ranks 

Genotype ranks where test for 
normality (parametric 
data) failed 

Locomotor Habituation 2-way RM ANOVA with 
SNK post-hocs 

Day / Genotype  

Y Maze 1-way ANOVA with SNK 
post-hocs 

1-way KW ANOVA on 
ranks with Dunn’s post-
hocs 

Genotype ranks where test for 
normality (parametric 
data) failed 

Morris Water Maze 2-way ANOVA & 1-way 
ANOVA with SNK post-
hocs 

1-way KW ANOVA on 
ranks with Dunn’s post-
hocs 

training: Day / Genotype 
 
probe trial: Genotype 

2-way: Day / Genotype 
1-way: within Genotype, 
by Day 

Development of 
Locomotor Sensitization 

1-way ANOVA with SNK 
post-hocs 

between genotype: 
Treatment Group 

within genotype: Day 

 

Expression of Locomotor 
Sensitization 

1-way ANOVA with SNK 
post-hocs 

Challenge Group grouped on drug 
treatment and challenge 

Conditioned Place 
Preference 

1-way ANOVA with SNK 
post-hocs 

Challenge Group grouped on genotype 
and challenge day 

Operant Natural Reward 
Training 

active vs inactive lever: 
2-way ANOVA with SNK 
post-hocs 

latency to criteria: 
unpaired t-test 

Day / Genotype  

Operant Cocaine Fixed 
Ratio Responding 

2-way RM ANOVA with 
SNK post-hocs 

Day / Genotype  

Operant Cocaine 
Progressive Ratio 
Responding 

cumulative response: 2-
way RM ANOVA with 
SNK post-hocs 

breakpoint / infusions: 2-
way KW ANOVA on 
ranks with Dunn’s post-
hocs 

cumulative response: 
Time Bin / Genotype 

breakpoint / infusions: 
Concentration / Genotype 

post-hocs where 
between-factor 
difference was observed 

Operant Cue-
Conditioned Drug-
Seeking 

2-way ANOVA with SNK 
post-hocs 

Day / Genotype analysis performed 
within-lever 
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6.4: Results 

6.4.1: General Ethological Assessment 

A prototypical battery of tests comprising relevant 

ethological assessments were conducted in order to 

establish any underlying phenotypical idiosyncrasies 

in the Creb1Emx1Cre mutant. As discussed in Chapter 

4, Creb1Emx1Cre mice were specified either a 

knockout or control genotype. To determine that 

there was no within-control group phenotype 

masking, statistical analyses arising from ethological 

assessment was broken down by control subgroups. 

The control subgroups chosen for this purpose were 

the following:  

C1 – n=9  (Emx1*/*
.Creb1

*/*
,  

 Emx1Cre/Cre.Creb1+/+);  

C2 – n=12  (Emx1+/+.Creb1loxP/+,  

 Emx1+/+
.Creb1

loxP/loxP
);  

C3 – n=23  (Emx1Cre/+.Creb1+/+).  

This remained true for all assays. The results are 

presented in the following prose. 

6.4.1.A: Rotarod Assay for Motor Control 

The rotarod is a general assay for motor 

coordination as well as extant ataxia in a subject. 

When analysed across pooled data from both 

challenges, as well as when comparing within 

challenges, the Creb1Emx1Cre knockout and control 

mice showed no difference in time to fall from the 

rotarod apparatus. Between challenges within the 

knockout, no significant difference between time to 

fall was observed, however, the control did display 

an increased time to fall between the second and 

first challenge (challenge 1: 2.6± 0.17sec vs 

challenge 2: 4± 0.14sec; p<0.05; data not shown). 

Pooled challenge data for both genotypes and within 

control genotype are represented in Figure 6-1.  

Figure 6-1: Rotarod - Time to Fall by Group 

 

Data are presented for time to fall from the 
apparatus for both Creb1Emx1Cre genotypes. Data are 

expressed as mean±SEM. C1: red open, n=9; C2: 
red hatched, n=12; C3: red solid, n=23; KO: purple 
solid, n=13. Time to fall (min) is displayed for both 
genotypes, with data pooled for the two challenges. 
No significant difference in time to fall was observed 
between genotype nor within control genotype, 
p>0.05 (1-way ANOVA). 

6.4.1.B: Anxiety Assay 

Three distinct experiments were conducted to 

assess for anxiety in the Creb1
Emx1Cre

 mutant, 

including the large open field, elevated plus maze, 

and light/dark test. The light/dark test was conducted 

with a separate cohort of mice to those used for the 

former two anxiety assays. No anxiety phenotype 

was observed between the Creb1Emx1Cre
 mutant and 

control mice in the light/dark test (data not shown). 
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Large Open Field 
Creb1

Emx1Cre
 mice were tracked in the large open 

field for key parameters, including entries into inner 

and outer zones, and time spent in these discrete 

regions. No statistical difference was observed 

between knockout and control genotypes in these 

measures Figure 6-2). When the EthoVision system 

tracked distance moved by genotype during a 

session, however, I observed that a statistically 

greater distance was covered by the control mice 

(3481.496± 90.055cm) versus knockout mice 

(2841.525± 228.274cm), in particular for groups C2 

and C3 (p<0.05, Figure 6-3). The control subgroup 

C1 showed a trend for heightened distance move 

relative to knockout mice (p=0.072), which was likely 

not significant given low power. 

Figure 6-2: Large Open Field – Inner Zone 
Entries and Time Spent 

 

Entries into the inner zone of the large open field, as 
well as corresponding time spent are displayed in 
the accompanying bar graphs. Data are expressed 
as mean±SEM. C1: red open, n=9; C2: red hatched, 

n=12; C3: red solid, n=23; KO: purple solid, n=13. 
(A) Displays the entries made into the inner zone. 
No significant difference between genotype or within 
control genotype was observed, p>0.05 (1-way 
ANOVA). (B) Displays the time spent (sec) in the 
inner zone. No significant difference between 
genotype or within control genotype was observed, 
p>0.05 (1-way ANOVA). 

Figure 6-3: Large Open Field – Distance Moved 

 

Distance moved by either genotype during the large 
open field session was tracked and summated. Data 
are expressed as mean±SEM. C1: red open, n=9; 
C2: red hatched, n=12; C3: red solid, n=23; KO: 
purple solid, n=13. A statistically significant 
difference between distance moved during the 
session was observed between the control C2 and 
C3 subgroups versus knockout mice, * p<0.05 (1-
way ANOVA, SNK post-hoc). 
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Elevated Plus Maze 
Creb1

Emx1Cre
 mice of either genotype were tracked 

for time spent and entries into either the closed or 

open arms on the elevated plus maze apparatus. 

Differences between genotype and within control 

genotype for these parameters were not statistically 

significant (p>0.05, Figure 6-4). Tracking of total 

distance moved during the course of the 

experiments similarly revealed no difference 

between genotypes and within control genotype 

(p>0.05, Figure 6-5). 

Figure 6-4: Elevated Plus Maze – Open Arm 
Entries and Time Spent 

 

Data regarding closed and open arm entries, by 
Creb1

Emx1Cre genotype, are displayed in the bar 

graphs. Data are expressed as mean±SEM. C1: red 
open, n=9; C2: red hatched, n=12; C3: red solid, 
n=23; KO: purple solid, n=13. (A) Displays the total 
open arm entries made by mice of either genotype. 
No significant difference in closed arm entries was 
observed, p>0.05 (1-way ANOVA). (B) Displays the 
time spent in the open arms by mice of either 
genotype. No significant difference in time spent in 
open arms was observed, p>0.05 (1-way ANOVA). 

Figure 6-5: Elevated Plus Maze – Distance Moved 

 

Distance moved by knockout and control mice 
during the elevated plus maze session was tracked 
and summated. Data are expressed as mean±SEM. 
C1: red open, n=9; C2: red hatched, n=12; C3: red 
solid, n=23; KO: purple solid, n=13. No statistically 
significant difference between genotype was 
observed, p>0.05 (1-way ANOVA).  

6.4.1.C: Photooptic Chambers Assay for 
Habituation to Novel Environment 

Creb1
Emx1Cre

 mice were introduced to a novel 

environment and their locomotor behaviour 

monitored over three successive days for time spent 

moving and distance moved during a single session 

(Figure 6-6). Both genotypes displayed a robust 

habituation to the locomotor chambers by day three, 

with key parameters no different on day three to day 

two, yet significantly diminished relative to day one 

(p<0.05). During the entire three days of habituation, 

knockout mice displayed a significantly diminished 

spontaneous locomotor activity profile relative to 

control mice, with reduced time spent moving and 

distance moved observed over days one to three 

(p<0.05). When control subgroups were analysed, 

only subgroup C3 consistently showed a significant 

difference in locomotor parameters relative to 

knockout mice. However, all other subgroups 

displayed a similar trend relative to the mutants. 
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Figure 6-6: Locomotor Cells – Time Spent Moving and Distance Moved 

 

Creb1Emx1Cre mice of either genotype (knockout, control) were tracked for time spent moving and total 
distance moved in a novel environment during a thirty minute session, over three successive days. Data are 
expressed as mean±SEM. All analyses: 2-way RM ANOVA, SNK post-hocs.  
[Graphs A-B, knockout and pooled control mice: C: red line, n=84; KO: purple line, n=36.] 
[Graphs C-D, knockout and control subgroup mice: C1: red open, n=15; C2: red hatched, n=37; C3: red solid 
n=31; KO: purple solid, n=36.] 
(A,C) Time spent moving (sec) during the three days of habituation is presented; the knockout mice spent 
significantly less time moving than did the control mice for all three days, specifically against the C3 
subgroup * p<0.05. Control subgroups C1 and C2 did not differ to knockout on any day. Moreover, both 
genotypes displayed a statistically diminished time spent moving on days two and three relative to day one, ^ 
p<0.05; no difference, however, was observed between days two and three. (B,D) Distance moved (cm) 
during the three days of habituation is presented; the knockout mice spent significantly less time moving than 
did the control mice for all three days, and for days two and three when compared to control subgroup C3, * 
p<0.05. Control subgroups C1 and C2 did not differ to knockout on any day. Moreover, both genotypes 
displayed a statistically diminished time spent moving on days two and three relative to day one, ^ p<0.05; 
no difference, however, was observed between days two and three. 
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6.4.1.D: Y Maze Assay for Novelty Seeking 

Creb1
Emx1Cre

 mice were presented with two arms of a 

three-arm apparatus during an initial trial. Memory 

retention was assessed two hours later, whereupon 

mice were re-presented (challenged) to the 

apparatus, and a novel arm was made available. 

Upon challenge, Creb1Emx1Cre mice demonstrated 

no greater preference for the novel arm than did 

control mice, with equivalent time spent in the novel 

arm (Figure 6-7). There were no significant 

differences in latency to enter the novel arm, time 

spent in the novel arm, however, the knockout mice, 

were observed to enter the novel arm significantly 

fewer times than the control subgroup C1, and also 

displayed significantly diminished total movement 

distance during the challenge to all control 

subgroups (Figure 6-7). When all control subgroups 

were pooled, knockout mice were found to move 

significantly less during both the test and challenge 

sessions then the control mice, p<0.05 (Figure 6-8). 

The reduced movement distance offers a compelling 

explanation for the reduced number of entries 

knockout mice made into the novel arm during the 

challenge session. 
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Figure 6-7: Y Maze – Novel Arm Total Entries, Time Spent and Latency to Entry, and Total Distance 
Moved 

 

Data are presented for behaviours associated with the novel arm for Creb1Emx1Cre mice. Data are expressed 

as mean±SEM. C1: red open, n=9; C2: red hatched, n=12; C3: red solid, n=23; KO: purple solid, n=13. (A) 
Displays the total number of novel arm entries made by mice of either genotype. Novel arm entries were 
significantly reduced in the knockout mice, relative to control subgroup C1 mice, * p<0.05 (1-way ANOVA on 
ranks, Dunn’s post-hoc). (B) Displays the total time spent (sec) in the novel arm by mice of either genotype. 
No significant difference in time spent in novel arm was observed, p>0.05 (1-way ANOVA on ranks). (C) 
Displays the latency (sec) to enter the novel arm by mice of either genotype. No significant difference in 
latency to enter the novel arm was observed, p>0.05 (1-way ANOVA on ranks). (D) Distance moved by 
knockout mice and control subgroups during the test was not significantly different, however, knockout mice 
were found to move less than all control subgroups during the challenge session, p<0.05 (1-way ANOVA, 
SNK post-hocs). 
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Figure 6-8: Y Maze – Distance Moved during Trial 
and Test 

 

Creb1
Emx1Cre

 mice were tracked for total distance 
moved during both the trial and challenge Y-maze 
sessions. Data are expressed as mean±SEM. C: 
displayed in red (solid), n=44; KO: displayed as 
purple (chequered), n=13. In both sessions, 
knockout mice expressed a diminished total distance 
moved than the control mice, * p<0.05 (1-way 
ANOVA, Dunn’s post-hoc). 

6.4.1.E: Morris Water Maze Assay for 
Spatial Learning and Reference 
Memory 

Spatial Learning 
Creb1Emx1Cre mice were trained on the Morris water 

maze (MWM) apparatus until their platform latency 

had reached a baseline for all mice in each group, 

across both cohorts. This period of training is 

indicative of ability to process and resolve spatial 

cues. Control and knockout mice alike showed a 

typical pattern of task learning, with a significantly 

reduced latency to platform established by day 3 

training, relative to day 1 (Figure 6-9). Only the 

control C3 subgroup displayed ongoing reductions in 

latency to platform, with day 4 significantly different 

to day 3, however, when analysed across 6 days of 

training, no further reductions in latency to platform 

were revealed (day 4 versus day 5, p=0.284). 

Indeed, latency to platform for knockout and pooled 

control genotypes was not significantly different 

between day five and six, confirming that a baseline 

had been reached (data not shown). 

Latency to platform was not different between 

genotypes on any individual day 

Figure 6-9: Morris Water Maze – Spatial Learning 
(Training) 

 

The above graph depicts MWM latency to platform 
training data for Creb1Emx1Cre mice. Data are 

expressed as mean±SEM. C1: red open, n=9; C2: 
red hatched, n=12; C3: red solid, n=23; KO: purple 
solid, n=13. All control and knockout mice displayed 
a significantly reduced latency to platform by day 
three, versus day one latency. No differences were 
observed in latency across genotypes on any given 
day (2-way ANOVA, SNK post-hocs). 

Reference Memory 
After learning, a probe trial was performed to test 

spatial reference memory. Creb1Emx1Cre and control 

mice displayed a similar latency to locate the 

previous platform locus (Figure 6-10A), and also 

similar time was spent in the previous platform locus 

and home quadrant (Figure 6-10B), suggesting 

equivalent spatial reference memory, under the 

conditions of the test. 
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Figure 6-10: Morris Water Maze – Reference 
Memory (Probe Trial) 

 

Data are presented for trained mice of either 
genotype, from the probe trial analysis. Data are 
expressed as mean±SEM. C1: red open, n=9; C2: 
red hatched, n=12; C3: red solid, n=22; KO: purple 
solid, n=13. (A) Time (sec) spent by region is 
presented for both the home quadrant and prior 
platofrm location, on the probe trial day. No 
significant differences were observed between 
knockout and control subgroup genotypes, p>0.05 
(1-way ANOVA on ranks). (B) Latency (sec) to enter 
previous platform location is presented. The bar 
graph demonstrates no significant differences 
between knockout and control subgroup mice 
latency until location of platform area, p>0.05 (1-way 
ANOVA on ranks). 

6.4.1.F: General Ethology Assessment of 
Control Subgroups 

Having apportioned the control mice into respective 

subgroups (C1, C2, C3), taken together, the data 

suggests that no substantive difference is apparent 

between these subgroups. Moreover, where 

subgroups failed to show a significant difference in 

phenotype relative knockout mice, in contrast to 

other subgroups, a similar trend was still observed. 

With this in mind, it is deemed appropriate that data 

from these mice be pooled for future phenotyping 

analyses. 

6.4.2: Behavioural Response to 
Repeated Cocaine 

Creb1
Emx1Cre

 mice were assayed for their 

behavioural response to repeated cocaine in three 

separate paradigms, which are presented in the 

following. 

6.4.2.A: Photooptic Chambers Assay for 
Behavioural Sensitization to Cocaine 

After three days habituation to the locomotor cells, 

both mutant genotypes were randomly assigned to 

receive either cocaine or saline treatment for five 

days. Following a seven day withdrawal period, mice 

were challenged with saline or cocaine, as described 

in Chapter 2, General Methods. Mice from either 

genotype demonstrated a robust habituation to the 

locomotor cells, as earlier demonstrated in Figure 

6-6. For a habituated mouse, injection with saline 

(0.1ml/10g, i.p.) caused no change in locomotor 

activity (data not shown). 

The acute cocaine response was similar between 

genotypes, and across the five days of treatment, 

mice of both genotypes similarly developed 

sensitization to the behavioural effects of repeated 

cocaine exposure. (p<0.05, Figure 6-11). 

During the challenge day, mice challenged with 

cocaine (Sensitized) displayed a sensitized 

behavioural response to cocaine; which was 

observed in both the control and knockout 

genotypes. Moreover, this was consistent across 

time spent moving and distance moved, during the 

final five minutes (Figure 6-12). The sensitized 

behavioural response appeared to manifest 

throughout the entire 30 minutes session across 

both genotypes and measures (Figure 6-12). 
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Figure 6-11: Locomotor Cells – Development of Cocaine Behavioural Sensitization 

 

Creb1
Emx1Cre

 mice of either genotype (knockout, control) were tracked for time spent moving and total 
distance moved during a thirty minute session over five successive days. Control mice (red line) and 
knockout mice (purple line) both received cocaine 20mg/kg. Data are expressed as mean±SEM. C-Coc: 
n=31; KO-Coc: n=23. 
(A) Time spent moving (sec) for individual days throughout the entire treatment period is presented. A 
development of behavioural sensitization to cocaine was observed for both genotypes treated with cocaine, 
as day four and day five time spent moving was significantly greater than it was on day one, *, p<0.05 (1-way 
ANOVA, SNK post-hocs). (B) Distance moved (cm) for individual days throughout the entire treatment period 
is presented. A strong trend toward behavioural sensitization was demonstrated in distance moved for 
knockouts receiving cocaine treatment. 
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Figure 6-12: Locomotor Cells – Expression of Cocaine Behavioural Sensitization 

 

One week following treatment, Creb1Emx1Cre knockout and control mice were challenged with saline 
(0.1ml/10g, i.p.) or cocaine (20mg/kg, i.p.). The line graphs above individually display time spent moving and 
distance moved for control and knockout mice. Data are presented in five minute bins for the entire thirty 
minute challenge session. Data are expressed as mean±SEM. * p<0.05 vs Acute; ^ p<0.05 vs Context (1-
way ANOVA, SNK post-hocs). 
Groups: Sensitized=Coc-Coc-20, blue; Context Control=Coc-Sal, red; Acute=Sal-Coc-20, green (See 
Chapter 2, General Methods, for detail). 
Numbers (Control/Knockout): Sensitized, n=10/8; Context Control, n=10/5; Acute, n=31/19. 
(A) Time spent moving for control mice is presented; in the final ten minutes, both the Sensitized group spent 
significantly more time moving than the Acute and Context group. (B) Time spent moving for knockout mice 
is presented; with the Sensitized group demonstrating significantly more time spent moving than Context and 
Acute groups for the entire or almost the entire session respectively. (C) Distance moved for control mice is 
presented; in the first and last five minutes, the Sensitized group moved a significantly greater distance than 
the Acute and Context groups. (D) Distance moved for knockout mice is presented; with the Sensitzed group 
moving significantly more than the Context group in the first five minutes, and signficantly moe than the 
Acute group in the final five minutes of the session. 



Chapter 6         

127 

6.4.2.B: Conditioned Place Preference 
Chambers Assay for the Rewarding 
Valence of Cocaine 

Creb1Emx1Cre knockout and control mice were 

analysed for expression of conditioned place 

preference to cocaine at a dose of 20mg/kg. 

Analyses were made for the first five minutes and 

the entire thirty minute challenge session, and were 

conducted twenty four hours, seven days and four 

weeks following final cocaine exposure. Mice of 

either genotype which displayed a place preference 

for cocaine were further analysed for preference 

retention testing. In total, 11 of 13 mutant mice 

demonstrated a preference to cocaine, whilst 32 of 

41 control mice demonstrated a cocaine preference; 

these mice were subsequently assayed for retention 

of cocaine preference. 

As demonstrated in Figure 6-14, no significant 

differences in cocaine preference (presented as time 

spent in preferred side) were observed between 

Creb1Emx1Cre mutant and control mice within any of 

the days assayed. Data from the entire place 

preference session demonstrated robust preference 

toward the cocaine-paired chambers for mice of both 

genotypes when challenged 24 hours and seven 

days later; however, the place preference 

disappeared in Creb1Emx1Cre mice challenged four 

weeks later, while controls showed intact preference 

for the previously drug-paired context. 
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Figure 6-13: Conditioned Place Preference for Cocaine 

 

Time spent (sec) in the saline-paired (SP) and cocaine-paired (CP) chambers is plotted for Creb1Emx1Cre 
knockout and control mice for the entire thirty minute session. Data are presented upon environmental 
challenge twenty four hours (day 1), one week (day 7) and four weeks (day 28) following the final cocaine 
exposure. Data are expressed as mean±SEM.  
C: displayed in red (solid-day 1, pale-day 7, border only-day 28), n=42; KO: displayed in purple (solid-day 1, 
pale-day 7, border only-day 28), n=13. Entire thirty minute session time spent in SP and CP chambers is 
presented; the time spent in the CP chamber was significantly greater than SP chamber for all days across 
genotypes, except for day 28 in knockout, * p<0.05 (1-way ANOVA, SNK post-hoc). No significant 
differences between controls and knockouts were observed within day. 



Chapter 6         

129 

6.4.2.C: Self Administration of a Natural 
Reward 

Creb1
Emx1Cre

 mice were trained over eight 

successive days to self administer a natural reward, 

10% sucrose (w/v) solution. As demonstrated in 

Figure 16A-B, both genotypes displayed similar 

instrumental learning capabilities and reward 

discrimination heuristic, rapidly acquiring active 

(sucrose) lever administration of the reward, whilst 

showing little preference toward the inactive (dummy 

/ no programmed response) lever. Indeed, on days 

three through eight for the knockout, and days two 

through eight for the control, mice made a 

significantly greater number active lever presses 

than they had on day one. Similarly, on days five 

through eight, both genotypes made significantly 

fewer inactive lever presses than they had on day 

four, when the inactive lever was first introduced. On 

any given day, active and inactive lever presses by 

knockout and control mice were not statistically 

significantly different between groups. Furthermore, 

the latency to criteria (35 lever presses within the 

first hour of each sucrose training session) was not 

significantly dissimilar between genotype, as shown 

in Figure 6-14C.  
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Figure 6-14: Natural Reward Training – Lever 
Presses for Sucrose, and Latency to Criteria 

 

The graphs at left plot the number of lever presses 
made by Creb1Emx1Cre

 knockout and control mice on 
the active (A) or inactive (B) lever, made during the 
first sixty minutes of each natural reward (sucrose 
solution) training session. Pressing the active lever 
on an FR-1 dispensed a small volume of a 10% 
sucrose solution reward into an indwelling 
receptacle. The inactive (dummy) lever was made 
contemporaneously available with the active lever 
on day four, through the end of training on day eight. 
Data are expressed at mean±SEM. C: red (solid), 
n=50. KO: purple (solid), n=29. (A) The number of 
active lever presses for 10% sucrose solution made 
on individual days during eight days training is 
presented. By day three, both genotypes displayed 
significantly greater active lever presses than 
observed on day one, * p<0.05 within genotype (2-
way ANOVA, SNK post-hocs). (B) The number of 
inactive lever presses made on individual days 
during final five days training is presented. For all 
days subsequent to the initial presentation of the 
inactive lever, fewer lever presses were made by 
both genotype, * p<0.05 within genotype (2-way 
ANOVA, SNK post-hocs). (C) Latency (days) to 
reach criterion of 35 active lever-yoked sucrose 
rewards within the first hour of each training session. 
This was not significantly different between 
genotype, p>0.05 (unpaired t-test). 
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6.4.2.D: Intravenous Self Administration 
of Cocaine: An Assay for Rewarding 
and Motivating Properties of Cocaine 

Operant responding for intravenous cocaine in 

Creb1
Emx1Cre

 mice was conducted over eight 

contiguous days, with two hour self-administration 

sessions on individual days. As demonstrated in 

Figure 6-15A, on an FR1 schedule, both genotypes 

displayed a significantly greater responding for the 

active (cocaine) lever than for the inactive (no 

programmed response) lever; however, responding 

for the active lever was significantly greater in 

control mice than it was for Creb1Emx1Cre
 mice. No 

differences in inactive lever responding were 

observed between genotype. Responding for 

intravenous cocaine (0.5mg/kg/inf) was significantly 

lower in knockout mice during the first hour of 

operant responding across days one to four (Figure 

17B), and this also appeared to be commensurate 

with a greater latency to respond for cocaine in 

knockout mice during this period (data not shown). 

When self-administering cocaine at a concentration 

of 0.5mg/kg/infusion, control and knockout mice 

administered themselves a greater cumulative dose 

of cocaine per diem than at a concentration of 

0.25mg/kg/infusion. The relative increase in 

corresponding self-administration was greater in 

control mice, such that at a dose of 0.5mg/kg/inf 

control mice self-administered significantly more 

cocaine than did the knockout mice (Figure 6-15C). 

The event records presented are indicative for either 

genotype, demonstrating the ‘bunched’ or periodic 

manner in which infusions are made, as well as the 

manner in which control mice appeared to self-

administer cocaine through the session, whilst 

knockout mice would bring self-administration to a 

cessation, prior to session end. Creb1Emx1Cre
 mice 

were placed under a progressive ratio in order to 

illuminate their motivation towards the intravenous 

self-administration of cocaine, across two doses, 

0.25mg/kg/infusion and 0.5mg/kg/infusion. As 

demonstrated in Figure 6-16A-B, a significant 

genotype difference was observed at 

0.5mg/kg/infusion for breakpoint and number of drug 

infusions (actual deliveries of intravenous cocaine), 

consistent with a modulation in the motivational 

properties of cocaine in Creb1Emx1Cre
 mice in a dose-

specific manner. The cumulative response record on 

cocaine at 0.25mg/kg/infusion demonstrated no 

difference between genotypes during the two hour 

PR session, however, the control mice made 

significantly higher cumulative responses for 

intravenous cocaine at 0.5mg/kg/infusion during the 

last forty minutes of the two hour session versus 

Creb1Emx1Cre mice (Figure 6-16C-D). A true 

breakpoint (defined at the last completed ratio, after 

which a period of 60 min ensued where no reinforcer 

was earned 126
) was only observed for a small 

proportion of mice of either genotype at 

0.25mg/kg/inf cocaine (1 KO, 2 C), and slightly more 

for controls at 0.5mg/kg/inf cocaine, but true of about 

half the knockout mice (4 KO, 2 C). This suggests 

that with extended session duration, mice of either 

genotype would continue to lever press under the 

progressive ratio. It is important to note, however, 

that the disparate motivational status observed 

between genotype at a dose of 0.5mg/kg/inf cocaine 

appears robust, as half the knockout mice reached a 

true breakpoint by session end, whereas only a 

small proportion of control mice reached a true 

breakpoint. 

Following the final day of intravenous cocaine self-

administration (day eight), mice of either genotype 

were withdrawn for three weeks, and then returned 

to the operant chambers for a single sixty minute 

drug-seeking session. Cues were left intact, 

although actual drug infusions were not 

administered. Data were separately analysed within 

levers. As demonstrated in Figure 6-17, both 

genotypes demonstrated a significant increase of 
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total active lever presses during the drug-seeking 

session. No significant differences were observed 

between genotype and day within lever. 
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Figure 6-15: IVSA of Cocaine at 0.25 or 0.5mg/kg/infusion concentrations on FR-1 Schedule – Data 
Medley 

 

The above graphs plot data for lever presses and intravenous cocaine self-administration made by 
Creb1

Emx1Cre knockout and control mice during the first sixty minute epoch of each session. Pressing the 

active lever on an FR-1 ratio delivered a 20µl infusion of cocaine solution, at the indicated concentration. 
Data are presented for the eight contiguous days of cocaine intravenous self-administration, during which 
time the inactive (dummy) lever was made contemporaneously available with the active lever. Data are 
expressed as mean±SEM. C: displayed in red (solid) and KO: displayed in purple (chequered), unless 
otherwise indicated. 
At cocaine concentration 0.25mg/kg/infusion, C: n=20 (d1-4), 6 (d5-8); KO: n=12 (d1-4), 8 (d5-8); and at 
0.5mg/kg/infusion, C: n= 22; KO: n=11 
(A) Average total lever press data (active and inactive lever) is presented for the entire eight days self-
administration. Active lever presses were significantly greater than inactive lever presses for either genotype, 
* p<0.05; moreover, control mice displayed significantly greater responses on the active lever than did the 
knockout mice, # p<0.05 (2-way ANOVA, SNK post-hocs), but with no difference observed between 
genotype on inactive lever presses, p>0.05. The active lever is presented in black (solid) and the inactive 
lever as a black-bordered bar, for both genotypes. (B) Number of drug infusions realised on individual self-
administration days during the first hour, as well as dose of cocaine obtained, on a 0.5mg/kg/infusion 
concentration. Across days one to four and seven to eight, control mice received significantly more infusions 
than knockout mice, * p<0.05 (2-way RM ANOVA, SNK post-hocs). (C) Average dose of cocaine self-
administered during a two hour session on any given day at different concentrations of cocaine (0.25 or 
0.5mg/kg/infusion). Control mice self-administered significantly more cocaine on 0.5mg/kg/infusion than 
knockout mice, * p<0.05 within concentration; however, self-administration of cocaine was significantly lower 
at 0.25mg/kg/infusion for both genotypes than at 0.5mg/kg/infusion # p<0.05 within genotype (2-way 
ANOVA, SNK post-hocs). (D) Event record for cocaine self-administration at 0.5mg/kg/infusion, during a 
single FR-1 session for a Creb1

Emx1Cre knockout and control mice. Individual vertical lines represent discrete 
intravenous infusions of cocaine. 
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Figure 6-16: IVSA of Cocaine on a Progressive Ratio Schedule – Data Medley 

 

Data are presented for intravenous cocaine self-administration made by Creb1
Emx1Cre

 knockout and control 
mice on a progressive ratio (PR) schedule, described in Chapter 2. All data corresponds to the entire two 
hour self-administration session. Data are expressed as mean±SEM. C: displayed in red (solid), and KO: 
displayed in purple (chequered). 
At cocaine dose 0.25mg/kg/infusion: C: n=5, KO=5; and at 0.5mg/kg/infusion: C: n=21, KO: n=9. 
(A) Breakpoints are presented for the PR session, with a significantly lower breakpoint observed for knockout 
mice at a concentration of 0.5mg/kg/infusion, p<0.05 (2-way ANOVA). (B) Number of drug infusions realised 
during the PR session are presented, with a significantly lower breakpoint observed for knockout mice at a 
concentration of 0.5mg/kg/infusion, p<0.05 (2-way ANOVA). (C) Cumulative (active lever) response record 
for the PR session for cocaine concentration at 0.25mg/kg/infusion is presented in 10 minute time bins. No 
significant differences were observed between genotype, p>0.05 (2-way RM ANOVA, SNK post-hocs). (D) 
Cumulative (active lever) response record for the PR session for cocaine concentration at 0.5mg/kg/infusion 
is presented in 10 minute time bins. The control cumulative response was significantly greater than the 
knockout during the final forty minutes of the session, * p<0.05 (2-way RM ANOVA, SNK post-hocs). 
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Figure 6-17: Cue-Conditioned Drug-Seeking - 21d Following Final Cocaine IVSA 

 

The bar graphs plot cue-conditioned drug-seeking following three weeks of cocaine withdrawal in 
Creb1Emx1Cre knockout and control mice. Data are presented for total active and inactive lever presses for the 
sixty minute drug-seeking session (cues present, but no drug infusions received), as well as a baseline 
session. The baseline session corresponds to the final day of intravenous cocaine self-administration (day 
eight) for the entire two hour session, on an FR-1. Data are presented as mean±SEM. Baseline data: 
displayed as solid bars, and Drug-Seeking data: displayed as border-only bars. C: displayed as red, and KO: 
displayed as purple. Baseline, C: n=42; KO: n=21; and Drug-Seeking, C: n=41; KO: n=24. 
Total active and inactive lever presses are presented as a bar graph for the drug-seeking (sixty minute) and 
baseline (two hour) sessions. Analysis of inactive levers presses revealed a significant increase during the 
drug-seeking session for control mice, * p<0.05, and a similar trend for knockout mice, p=0.55 (2-way 
ANOVA, SNK post-hoc). Analysis of total active lever presses revealed a significant increase of lever 
presses during the drug-seeking session for both genotype against baseline responding, * p<0.05 (2-way 
ANOVA, SNK post-hoc). No significant differences were observed between genotype and day within lever. 
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6.5: Discussion 

6.5.1: General Phenotyping 

6.5.1.A: Motor Control, Anxiety, Novelty 
Seeking, Spontaneous Locomotor 
Activity 

Our data demonstrate that the Creb1
Emx1Cre

 mutant 

displayed no phenotype in assays for motor control, 

anxiety or novelty seeking behaviours. In the latter 

test for novelty seeking, entries into novel arms were 

less for Creb1Emx1Cre mice, however, corresponding 

locomotor activity was also diminished, suggesting 

that this parameter likely accounted for the reduced 

number of novel arm entries, than it being an 

indicator of aberrant novelty seeking. These results 

appeared to contrast with other CREB1 knockout 

models, which found an anxiogenic phenotype in the 

nestin-driven Creb1 mutant knockout 83 and in 

mutants hypomorphic for Creb1 81, 83
. These 

observations could in part be due to an 

overinterpretation of the data, or perhaps, a 

misreading of it. Indeed, in a number of behavioural 

assays, the Creb1Emx1Cre mutant displayed a 

substantially reduced spontaneous hyperactivity 

upon exposure to novel environments, corroborated 

across observation in the locomotor photooptic 

chambers, open field and Y-maze, but not EPM; 

note, however, that EPM is performed under very 

dark lighting conditions in contrast to the 

aforementioned tests, possibly altering locomotor 

activity of both genotypes, such that a phenotype 

was no longer apparent. In the open field and EZM, 

the nestin-driven CREB1 knockout displayed 

reduced locomotion, even though spontaneous 

locomotor activity was shown to be normal 83. 

Furthermore, mice hypomorphic for Creb1 had 

reduced spontaneous locomotor activity and EZM 

locomotion 83. Collectively, these data suggest that 

the ‘apparent’ anxiogenic nature of the nestin-driven 

CREB1 knockout and hypomorphic model may be 

due to diminished spontaneous locomotor activity to 

a novel environment, rather than a realised 

anxiogenic phenotype. 

6.5.1.B: Spatial Learning and Reference 
Memory 

The MWM paradigm specifically assayed for deficits 

which may arise in spatial learning or reference 

memory, given the ablation of all CREB1 isoforms 

from the hippocampus. The hippocampus is a 

component of limbic information processing, 

important for relating external cues and events to an 

internal affective state 230, 231, providing a 

translational interface between motivation and 

subsequent action. No difference was observed 

between Creb1Emx1Cre mutant and control mice in 

spatial learning on individual days, which held when 

control subgroups were analysed separately, as 

when pooled. Moreover, I observed no spatial 

reference memory deficits in the knockout mice; 

together, these data suggest that these aspects of 

learning and memory are intact in the mutant, under 

the conditions of the test. Furthermore, they also 

signpost that the observed cocaine phenotype of the 

mutant (discussed below) is attributable to molecular 

change underlying exposure to cocaine, rather than 

that associated with learning and memory systems. 

Indeed, as I demonstrated earlier, Crem transcript is 

significantly upregulated in the hippocampus of 

mutants, a developmental compensatory 

mechanism which foreshadows the notable lack of 

spatial learning and reference memory phenotype.  

Data from other CREB1 knockout models in the 

context of MWM, however, appeared to set off a 

note of discord. Whilst studies using a nestin- 83, 

CamKIIα-driven 
109

 or hypomorphic 
88

 CREB1 

knockout demonstrated no MWM phenotype, other 

Crebαδ (hypomorphic) 
78

 and Creb
comp

 
88

 research 

found impairments in learning and reference 

memory. Pittenger and colleagues 95 recently 

generated a mutant with CREB/ATF-1/CREM bZIP 

family knockdown restricted to the dorsal CA1 region 
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of the hippocampus. Their MWM findings were of 

intact learning and short-term memory in the mutant, 

but subtle impairments in long-term memory; 

moreover, LTD and LTP on hippocampal slices from 

CREB1 knockouts remained robust for extended 

periods 109. Collectively, these data would lead us to 

believe that hippocampal CREM and ATF-1, alone, 

are sufficient to ensure long-term reference memory 

in the Creb1Emx1Cre mutant. 

6.5.2: Cocaine Phenotyping 

6.5.2.A: Cocaine Reward through CPP 
The Creb1Emx1Cre mutant demonstrated the same 

preference toward the reinforcing effects of cocaine 

(20mg/kg) as did the control, both one day and one 

week following final exposure to cocaine. These 

data suggest that the Pavlovian conditioning within 

the mutant remains intact, and that conditioned 

place preference for cocaine demonstrates a robust 

assay for context-associated memory retrieval in this 

model. This environmentally-conditioned preference, 

however, was not displayed in the mutant mice four 

weeks later, whereas control mice demonstrated 

maintenance of the contextual memory phenotype. 

Whilst short term memory retrieval appears to be 

unaffected in the Creb1Emx1Cre mutant, long term 

memory retrieval and contextual associations 

appear to be impaired, which may in part be 

explained by a heightened lability of 

environmentally-conditioned memory.  

The involvement of the prefrontal cortex and 

hippocampus in contextual memory has been 

established 123, 165
, and recent evidence suggests 

that de novo protein synthesis is required for long-

term memory formation following cocaine 

conditioning 41. The absence of CREB1 in these 

structures, and the subsequent perturbation in 

transcription, may contribute to the apparent 

impairment in long run memory formation and 

retrieval. 

Other studies employing CREB1 deficient mice 

collectively demonstrate that preference to cocaine 

may be dose dependent. Equivalent cocaine reward 

was displayed at a 10mg/kg dose in Crebαδ knockout 

mice, relative to their congenic control, yet increased 

preference for cocaine was displayed at a dose of 

5mg/kg 80
; such dose-related reward behaviour also 

extends to differential morphine doses 80, 83, 85. 

These data suggest that the reward threshold for 

cocaine may in fact be lower in those mice subject to 

genomic Creb1 dysregulation, due to an enhanced 

sensitivity to the rewarding effects of cocaine. These 

points would be illuminated through the pursuit of 

conditioned place preference at discrete lower 

doses; they are discussed in the context of operant 

conditioned intravenous cocaine self administration 

data, below. 

6.5.2.B: Behavioural Sensitization to 
Cocaine 

Behavioural sensitization to the effects of 

psychostimulants is a complex phenomenon, 

involving drug-induced context dependent neural 

plasticity at the molecular level 67, and has been 

introduced in Chapter 3. Our data here 

demonstrated that Creb1Emx1Cre
 and control mice 

alike both develop and express behavioural 

sensitization to cocaine. 

Development of Behavioural 
Sensitization 

Both Creb1
Emx1Cre

 and control mice demonstrated 

the development of sensitization to cocaine, as time 

spent moving significantly increased over the five 

days cocaine treatment, despite the dose remaining 

unchanged. This phenomenon, behavioural 

sensitization, is well characterised in rodents as a 

regimen of repeated cocaine which produces 

subsequent increases in motor activity 232-234. 

Indeed, cocaine sensitization critically involves 

cortical and subcortical glutamatergic drive, 

activating NMDA receptors in the ventral striatum. 
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and ventral tegmental area 
235

. Data arising from the 

Crebαδ model corroborate our observation, with 

equivalent locomotor activity observed to cocaine 

acutely, and also in the development of cocaine 

sensitization 80. 

Expression of Behavioural 
Sensitization 

Expression of behavioural sensitization involves 

stable or enduring changes in neural activity, which 

arise following the process of development of 

sensitization, mediating an augmented behavioural 

response 67
. Substrates underlying such changes 

may principally involve alterations in tegmental 

dopamine neurons and accumbal medium spiny 

neurons, mediated though a compelling host of 

candidate mechanisms 200, 235. Control and 

Creb1Emx1Cre mutant mice alike expressed 

behavioural sensitization upon challenge with 

cocaine one week following cocaine treatment, with 

time spent moving and distance moved both 

heightened.  

These data collectively suggest that the molecular 

events underpinning the development of 

sensitization, and the stability of these changes 

which accompany its expression, are not perturbed 

significantly in the Creb1Emx1Cre mutants, such that a 

phenotype is observed. It is likely that compensatory 

upregulation of related bZIP factor CREM 

ameliorated any deficits which may have arisen due 

to ablation of CREB1, in this specific experimental 

context. 

6.5.2.C: Cocaine Reward Threshold and 
Motivation to Self Administer 
Cocaine 

Insights offered by the observation of Creb1Emx1Cre 

mutants in the operant responding assay for 

intravenous cocaine self-administration are manifold. 

Quite clearly, the data suggest a dose-dependent 

selectivity of responding in the Creb1Emx1Cre
 mice, 

such that responding for cocaine at a concentration 

of 0.25mg/kg/infusion was no different to that of the 

control, however, was diminished during the first 

hour of responding at a dose of 0.5mg/kg/infusion. 

This finding is corroborated by latency data, as well 

as data from the progressive ratio session, with 

mutants demonstrating a profile of diminished active 

lever responding in order to obtain that next iteration 

of a reward, than did the control mice.  

These data raise some interesting questions, 

however. For example, are we observing an 

alteration in willingness (preparedness to do work), 

motivation (incentive salience mechanism), or a 

perceptual alteration of the rewarding valence of a 

cocaine infusion at differential dose? These notions, 

it might be added, are not necessarily mutually 

exclusive, and, to a greater or lesser extent, overlap 

in their exposition. Many pieces of data can 

contribute to our understanding of this conundrum. 

To begin, total lever presses over the eight days of 

cocaine IVSA, in both active and inactive lever 

presses, were greater for control mice than those 

observed for knockout mice. This talks to data 

acquired on a progressive ratio, such that control 

mice made cumulatively more active lever presses 

than knockout mice self-administering cocaine at 

0.5mg/kg/infusion (but not at 0.25mg/kg/infusion). 

This suggests that control mice may generally have 

greater motivation to self administer cocaine than 

knockout mice, and can also discriminate by dose. 

Indeed, more evidence which lends itself to a dose-

discriminant theory is the observation that control 

mice administered themselves a greater cumulative 

dose of cocaine when infusing at 0.5mg/kg/infusion, 

than did knockout mice. At 0.25mg/kg/infusion, 

however, the dose of cocaine self administered was 

not different between genotypes, yet was reduced 

relative to that self administered at the greater 

concentration of cocaine. 

As demonstrated in Figure 6-15D, control and 

knockout mice similarly display a typical binge 
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pattern of abuse, with burst of cocaine self-

administration observed at the start as well as 

throughout the session. Notably, however, despite 

the pattern similarity between genotype, this is 

characterised by fewer cocaine infusions in the 

Creb1Emx1Cre mutant mice. A final observation here is 

that on a progressive ratio, control mice increased 

cumulative responses when self-administering at a 

higher concentration of cocaine, whereas knockout 

mice cumulatively responded at a similar level at 

either dose; this may be interpreted as a ceiling in 

motivated or goal-orientated behaviour in the 

Creb1Emx1Cre
 mutant. 

Collectively, these data describe a phenotype in the 

Creb1Emx1Cre mutant which is reflected in a dose-

dependent diminution in the motivation to self-

administer cocaine intravenously. The willingness to 

self-administer cocaine (that is, preparedness to do 

work for a reward) on balance, however, does not 

appear to have been perturbed. The motivation to 

self-administer cocaine, furthermore, has been 

observed to manifest in a dose-dependent manner, 

and may be associated with an alteration in the 

rewarding profile of cocaine at different doses, which 

has come about as a reduced threshold in 

Creb1Emx1Cre
 mutants to the rewarding effects of 

intravenous cocaine. That, at the higher cocaine 

concentration (0.5mg/kg/infusion) control mice 

administered a greater, and knockout mice a lower, 

total dosage of cocaine, than at the lower cocaine 

concentration (0.25mg/kg/infusion), further lends 

support to the notion that the mutants suffered from 

a perceptual alteration in the rewarding valence of 

cocaine at discrete doses. 

Cardinal and colleagues 122
 note that Pavlovian 

mechanisms are implicated in goal-directed 

behaviours, with the NAc mediating “the motivational 

impact of Pavlovian conditioned stimuli”. Clearly this 

mechanism remains intact in the Creb1Emx1Cre
 

mutant, given the robust cue-conditioned drug-

seeking displayed upon return to the operant 

chambers. There appears to be two components to 

this motivational valence, however, with initial 

motivation observed through cue-conditioned drug-

seeking responding, in contrast to conserved or 

enduring motivation, cf. progressive ratio cumulative 

response data. These motivational components can 

be separated temporally, with the initial motivation 

involving preparedness to do work, whilst the 

conserved motivation involves an ongoing 

requirement to perform a procedural task for reward. 

Indeed, although control and Creb1Emx1Cre mice were 

no different in cumulative responses during the first 

hour (progressive ratio) nor in cue-conditioned drug-

seeking during the one hour session, Creb1Emx1Cre 

mice displayed diminished responding during the 

final forty minutes of the two-hour progressive ratio 

session in cumulative response. Cue-conditioned 

drug-seeking 236 and drug-seeking assessed by a 

second-order schedule of cocaine reinforcement 27 

is known to critically involve the NAc core 237
; longer 

term lability or signalling within the NAc core of 

knockout mice may be perturbed during an extended 

time frame of responding, and further, may involve 

an impairment in the activation profile of ERK 156.  

A good lead for future studies with Creb1Emx1Cre
 mice 

lies with the alteration in the motivational properties 

of cocaine. Placing mice under a progressive ratio 

until a true breakpoint were revealed would 

illuminate motivational attributes of cocaine in the 

mutants, while training cohorts to self administer at 

both a higher (1mg/kg/inf) and lower (0.1mg/kg/inf) 

doses of cocaine may help determine whether 

knockout mice can effectively titrate the dose of 

cocaine self-administered. Creb1Emx1Cre mutant mice 

were observed to respond similarly to control mice 

for natural rewards, however, intracranial self-

stimulation experimentation might also illuminate 

upon differences in reward thresholds between 

genotypes. 
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6.5.2.D: Composite Analysis 

Cocaine Thresholding 
Juxtaposing intravenous cocaine self-administration 

with locomotor data, we know that Creb1
Emx1Cre

 

mutants and control mice behaviourally sensitise to 

cocaine, and that Creb1Emx1Cre
 mice also find 

cocaine equally rewarding (demonstrate place 

preference) at a non-contingent dose of 20mg/kg. If 

the threshold of cocaine reward has been 

diminished, however, it is possible that at a lower 

dose, mutants would glean reward whilst control 

mice would show comparatively reduced preference; 

in turn, this would explain the need of control mice to 

self-administer more often at a higher concentration 

of cocaine infusion, than do the knockout mice. That 

I observe a similar learning period in self-

administration of natural rewards (sucrose) during 

training, however, suggests that the mutant mice are 

not inherently deficient in acquiring the procedural 

and discriminative aspects of this instrumental 

learning task. Moreover, natural reward operant 

training data provide evidence that both genotypes 

similarly respond to cue-associated reinforcement; 

also, acquisition of intravenous cocaine responding 

was observed to be no different between genotypes, 

as total active lever presses on day one were not 

significantly different to those made on day eight. 

This being said, I can conclude here that the 

alteration in intravenous cocaine self-administration 

profile of Creb1Emx1Cre mice relative to that of control 

mice at different concentrations of cocaine arises 

through a perturbation of the perceptual rewarding 

valence of cocaine at these discrete concentrations. 

Follow-on behavioural repertoires are filtered 

through a motivational field associated with the 

reinforcing nature of cocaine. 

It is worth noting, however, that the method of 

cocaine delivery, be it contingent or otherwise, may 

inadvertently alter the perceived reinforcing value of 

the drug. 

Pavlovian Conditioning and 
Contextual Memory 

Pavlovian conditioned responding remains intact in 

the Creb1Emx1Cre mutant, with supporting evidence 

from expression of a conditioned place preference to 

cocaine, and cue-conditioned drug-seeking 

responding. Manifest contextual memory, however, 

appeared to present as a more complicated 

phenomenon. Whilst a place preference to cocaine 

was demonstrated in control mice one, seven and 

twenty eight days following final cocaine exposure, a 

place preference was only demonstrated in 

Creb1Emx1Cre mutant mice one and seven days later, 

suggesting that contextual memory is not long-lived 

in Creb1
Emx1Cre

 mutants. Interestingly, the operant 

chamber experiment for cue-conditioned drug-

seeking twenty one days following final intravenous 

cocaine demonstrated that a robust contextual 

memory was present in the Creb1Emx1Cre
 mutant. By 

illation, either something critical occurs between 

days twenty one and twenty eight following final 

cocaine exposure in the mutant, which perturbs 

possession of the associated contextual memory, or 

the cues associated with the operant chambers 

(active stimulus light and passive olfactory cue) are 

more salient than those used in concert with place 

chambers (passive tactile and passive visual cue). 

Cue-conditioned drug-seeking and conditioned place 

preference paradigms both model incubation of 

craving, such that following context- and/or stimuli-

associated drug treatment, animals are placed into 

withdrawal. It may be that such models for relapse 

are more dependent upon these discrete cues than 

are models for drug-seeking using extinction 

training. Recent evidence shows support for distinct 

circuits underlying both incubation of craving versus 

extinction reinstatement models for drug-seeking, 

including involvement of the CeA in the former, and 

BLA in the latter 30, 123, 238
. Our data may only shed 

light upon one aspect of cue-conditioned drug-
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seeking, and would be assisted by extinction 

reinstatement models of relapse with the 

Creb1Emx1Cre mutants. Regardless, I can tentatively 

conclude here that in the Creb1Emx1Cre
 mutant, 

contextual memory is retained in the short run, and 

perturbed in the long run, with discrete cues 

differentially controlling this temporal lapse. 

6.5.2.E: A Comment Upon Degeneracy 
(Compensatory Regulation of bZIP 
Family Members) 

Degeneracy has been described as the ability of 

structurally different substrates to yield the same 

function 239, 240
. This inherent function is predicated 

in biologically complex networks, as it arises through 

the machinations of evolutionary development. In 

the Creb1
Emx1Cre

 mutant, the conditional ablation of 

CREB1 results in a corresponding upregulation in 

the highly homologous Crem transcript to 

compensate. This mechanism appears to furnish a 

solid theoretical foundation in accounting for this 

aberrance. That is, although CREM can preserve 

some functional aspects at an affective and 

behavioural level, phenotypical perturbations are still 

observed in the mutant. Taking this observation into 

account, I can clearly state that in some 

environmental contexts, the degenerate 

compensation afforded in the Creb1Emx1Cre mutant 

successfully returns a control phenotype, however, 

in other contexts, behavioural deficits, or perhaps 

more appropriately, perturbations, are observed. 

Indeed, it is in this latter case such that I observe a 

unique phenotype in the mutant, which has arisen 

through differential locomotor activity and in an 

altered response toward cocaine self-administration.  

It is worth noting that this compensatory mechanism 

does not mask the real phenotype of the mutant, as 

it is merely a regulatory mechanism inherent to the 

system. That being said, neither does it highlight 

behavioural repertoires which are homeostatically 

‘important’ to the organism, as again, it is merely a 

characteristic of complex biological networks. Such 

observations, however, do contribute toward our 

understanding of why, in this case, I have observed 

a fascinating and complex phenotype in the mutant. 

6.5.3: Conclusion 

The Creb1Emx1Cre model has demonstrated a 

fascinating phenotype which is contingent upon long 

term lability of contextual memory associations and 

motivational aspects of cue-associated cocaine self-

administration. Previous CREB1 knockout studies 

demonstrate limited congruence of phenotype to a 

subset of the behavioural paradigms employed here, 

as some, but not all, results are reflected to the 

same degree in all CREB1 knockout models. The 

intimation is thus a nuclei-specific behavioural and 

functional role for CREB1. 
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Chapter 7 
General Discussion 

 

 

 

 

 

Forthwith this frame of mine was wrenched 

With a woeful agony, 

Which forced me to begin my tale; 

And then it left me free. 

 

I pass, like night, from land to land; 

I have strange power of speech; 

That moment that his face I see, 

I know the man that must hear me: 

To him my tale I teach. 

 

The Rime of the Ancient Mariner (1817), Part VII 

Samuel Taylor Coleridge (1772-1834) 
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One thing is for sure – the molecular changes 

underlying the development of an addicted state in 

susceptible individuals, is complex. By addicted 

state, I mean the uncontrolled behaviours 

associated with abuse of a compound which can 

cross the blood brain barrier and interact with the 

reward systems, prominently including the limbic 

system, and often the basal ganglia. So far, we 

know that a unifying feature of all drugs of abuse is 

that they are similarly reinforcing in animals 3, 10, 12, 

and they involve a key molecular substrate – 

enhancement of the mesostriatal dopaminergic 

system, also described as the dopamine hypothesis 
241

. This means two things. Firstly, that drug abuse 

and the events underpinning the phenotype 

associated with addiction can be, with a degree of 

confidence, studied in animal models. Secondly, that 

we have a starting place for examining changes in 

the brain which occur following acute or repeated 

exposure to drugs of abuse.  

With these points in mind, we can now be 

reductionist about determining the manifestation of 

addiction at a molecular and mechanistic level. we 

can ask, for example: for an animal receiving a drug 

of abuse, which displays the behavioural hallmarks 

of an addicted state, what molecular changes are 

observed in brain regions known to be involved in 

the course of addiction, which are different to control 

animals. Ostensibly, this should be quite simple, and 

were that the case, we would already know all there 

is to know about addiction. The reality is slightly 

more sinister, not least because all drugs of abuse 

exhibit a dissimilar mechanism of action at a 

molecular level, with differential affective properties, 

and unique temporal profiles. Furthermore, such 

compounds also tap into neural systems which are 

utilised during normal homeostatic functioning in the 

naïve state. This complicates things, and the 

resulting change in neural functioning of reward 

systems has, on one hand, gained the titular status 

of ‘allostasis’ 242. 

So where does this leave us? Do we therefore cling 

to our dopamine hypothesis, recumbent with what I 

already know? If we do not, then where are we to 

start, for how are we to peel back the inevitably long 

lived changes of the addicted state, from an event 

which may occur in the drug-free state? These are 

conundrums which we are presently answering, and 

gradually, we are building a new hypothesis, and 

unravelling the molecular minutiae of addiction. To 

do this, we start with lead molecules and examine, 

individually, the changes which a perturbation of 

such molecules and their cognate signal 

transduction pathways yields upon addiction related 

behaviours. If changes in behaviour are apparent, 

then such a change may be explained by the 

contribution of this molecule, or alternatively, a 

downstream biomarker, or change in a homologous 

factor.  

It is known that the addicted state can be a long-

term phenomenon, and is clearly seen by 

associative relapse in individuals re-exposed to drug 

use conditions 207
. This phenotype is underpinned by 

long term stable changes in neurons and of 

molecular expression in brain regions of the 

susceptible individual or animal 15
. The search, 

therefore, is for a molecule, or group of interacting 

molecules, which underpins these changes, and is 

hopefully prototypical for all drugs of abuse.  

A lead on such a molecule was heralded during 

studies developed in the early 1990’s 243-247, 

whereby cAMP response element binding protein 

(CREB1) was found to contribute to long term 

learning and memory systems in Aplysia, and later, 

mice 76, 78
. CREB1 is a transcription factor, 

susceptible to dysregulation during development of 

the addicted state, and responsible for long term 

effects upon cellular transcriptome and ultimately, 

proteome. Such changes at a molecular level are 
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likely to manifest as changes in phenotype, and 

make a biomarker target of addiction, worthy of 

follow-up investigation. Indeed, many such 

investigations which have been performed are 

introduced and described in Chapter 1. 

Here, I have addressed the contribution that CREB1 

makes to addiction on two fronts. Firstly, I started by 

determining changes in the activated form of CREB1 

(phosphorylated CREB1, or, pCREB1) in response 

to amphetamine behavioural sensitization in rats. 

This study helped determine that pCREB1 is a 

viable lead molecular substrate underlying important 

behavioural repertoires witnessed during the 

development of addiction to psychostimulants. That 

is, Sprague-Dawley rats developed behavioural 

sensitization to repeated amphetamine, and showed 

alterations in pCREB1 expression within multiple 

brain structures, including those of the limbic system 

and basal ganglia. This study, presented in Chapter 

3, further demonstrated that following a even single 

exposure to a psychostimulant drug of abuse 

(amphetamine), gene expression can be altered 

broadly across neural structures, precipitated by 

activation of CREB1. Moreover, a broad 

phosphorylation profile of CREB1 was also 

witnessed subsequent to re-exposure to an 

environment previously paired (contextually 

associated) with amphetamine. These data 

confirmed that CREB1 plays an important role in the 

development of addiction, from nascence through 

maturity, and in drug-environment associations, at a 

neural molecular level. With this in mind, I sought to 

narrow down the contribution of CREB1, by 

examining specific structures through which it exerts 

such control. 

This led us to pursue a murine (mouse) CREB1 

conditional knockout model. Previous CREB1 

knockout studies in mice have been deficient in that 

they either beget perinatal mortality 71 or lead to 

upregulation of a novel isoform of CREB1 79
, which 

acts as a confounder. I addressed both these issues 

by developing a novel mouse mutant which 

presented with spatiotemporally-regulated 

knockdown of all CREB1 isoforms from dorsal 

telencephalic excitatory neurons within structures 

whose afferents synapse onto medium spiny 

neurons of the striatum. In this manner, I were able 

to specifically investigate the contribution of which 

CREB1, in these brain structures, makes to the 

developmental profile and behavioural repertoires 

inherent to the addicted state. Furthermore, I also 

investigated the contribution of CREB1 to rewarding, 

reinforcing and motivational properties of cocaine in 

mice exposed acutely or repeatedly, with follow-on 

studies addressing subsequent molecular 

compensations.  

Employing the Cre-loxP system of recombination, I 

used the Emx1 promoter to drive the knockout of 

CREB1 in the aforementioned brain regions. 

Chapter 4 describes the generation of this 

Creb1Emx1Cre mutant, as well as data providing 

evidence of its successful production. Indeed, 

immunohistochemistry for CREB1 protein showed 

the near complete ablation of CREB1 

immunoreactivity in the cingulate cortex and 

hippocampus of Creb1Emx1Cre
, but not control mice, 

whilst leaving expression of CREB1 untouched in 

sub-cortical brain regions of the mutant. The CREB1 

which remained was demonstrated to specifically 

localise with GABAergic interneurons. 

CREB1 has been demonstrated to participate, 

through target genes, in synaptic plasticity and 

neural development 74, 75
. Moreover, CREB1 shares 

high sequence homology with a related family 

(CREB1/ATF-1/CREM) of bZIP members 
14

. It was 

important therefore to address these points, 

determining whether the embryonic recombination of 

CREB1 in Creb1Emx1Cre mutants led to ontogenetic 

neural deficits, as well as whether developmental 

compensation of related bZIP family members and 
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of CREB binding protein was apparent. Chapter 5 

presents the in vitro characterisation of the 

Creb1Emx1Cre mutant. Stereological data provided 

evidence that no difference in cellular expression 

and volume existed between genotypes in brain 

regions targeted for the conditional ablation of 

CREB1, nor within the striatum. An assay for 

transcript levels of related bZIP family members and 

Cbp showed the upregulation of Crem transcript in 

the cortex and hippocampus of Creb1Emx1Cre
 

mutants, concomitant with the downregulation of 

Creb1 excised-exon transcript. This confirmed the 

spatial resolution of the mutant model, whilst 

displaying the compensatory upregulation in a 

related bZIP family transcript, a result consistent 

with other CREB1 conditional knockout studies 77, 

109. Furthermore, the striatum of Creb1
Emx1Cre

 

mutants showed dysregulation of Atf1 and Cbp, 

indicating the prominence of trans-synaptic effects of 

CREB1 knockdown in afferent glutamatergic 

pathways.  

With the in vitro characterisation of the Creb1Emx1Cre 

mutant established, I then moved to first clarify the 

general phenotype of these mice, and later, to 

examine the impact upon behavioural sensitization 

to cocaine, and its rewarding, reinforcing and 

motivational properties. General ethological 

assessment of the Creb1Emx1Cre mutant, presented in 

Chapter 6, revealed that these mice largely exhibit 

an intrinsic phenotype no different to control mice. 

Interestingly, the Creb1Emx1Cre mutants did present 

with spontaneous locomotor hypoactivity, a result 

consistent with mice receiving Nestin-driven central 

knockout of CREB1 83. Previous studies involving 

disruption of CREB1 expression in the CA1 region of 

the hippocampus 95
 showed a slight deficit in Morris 

water maze spatial learning (but not reference 

memory), not observed in Creb1Emx1Cre mutants. 

Whereas the Pittenger study allowed no time for 

compensation, the current mouse model allowed for 

developmental compensation in the form of Crem 

transcript upregulation, thus, correcting for such a 

development. 

As mentioned earlier, neural lability is a core 

component of long lasting behavioural repertoires 

consistent with the addicted state. A model which 

assays for these neuroadaptive changes following 

drug abuse, is the behavioural sensitization 

paradigm. Creb1Emx1Cre and control mice alike 

developed and expressed behavioural sensitization 

to cocaine. I conclude here that the ablation of 

CREB1 in telencephalic structures failed to perturb 

changes in the brain subsequent to chronic cocaine 

exposure, and that the changes similarly endured in 

Creb1Emx1Cre and control mice. It is quite likely that 

the apparent lack of change in behavioural 

sensitization experiment was the result of Crem 

upregulation in the structures receiving Creb1 

recombination, thus, masking an underlying 

phenotype. It is important to note, however, that 

even though I witnessed no change of sensitization 

in the mutant, and by illation relevant neural 

plasticity, the data do not wholly suggest that 

CREB1 is not a key contributor to enduring neural 

change precipitated by cocaine exposure, as 

CREB1 is still present post-synaptically in striatal 

and tegmental structures  

Place preference data for cocaine was presented in 

Chapter 6, revealing that Creb1Emx1Cre
 and control 

mice expressed the same preference to the 

rewarding effects of this psychostimulant, indicating 

that Pavlovian conditioning cues remained intact in 

the mutant. Whilst this was true both one and seven 

days following final cocaine exposure, mutants failed 

to demonstrate a place preference for cocaine upon 

long term withdrawal, unlike control mice. The 

apparent impairment in long term context-associated 

memory retrieval in Creb1Emx1Cre mutants, under 

these conditions, invokes the hypothesis that 

mutants possess a heightened lability of 
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environmentally-conditioned memory, not 

compensated for by upregulation in Crem.  

Operant conditioning studies with Creb1Emx1Cre mice 

provided a rich source for insights into the effect of 

this mutation. Creb1
Emx1Cre

 mice demonstrated 

unimpaired acquisition of the procedural task 

required to self administer a natural reward, sucrose, 

per os. Moreover, the mutants displayed similar cue-

conditioned instrumental learning, discriminating 

between levers programmed to either administer the 

reinforcing substance (sucrose solution), or nothing 

(no programmed response). In contrast, operant 

conditioning experiments using cocaine as a 

reinforcer revealed that Creb1Emx1Cre
 mice displayed 

diminished motivation to self-administer cocaine at a 

dose of 0.5mg/kg/infusion, and would collectively 

self-infuse a lower amount. This finding was dose-

dependent, in that at a lower dose of cocaine 

(0.25mg/kg/infusion), mutant mice were as 

motivated as control mice to self-administer cocaine, 

and infused a similar amount of cocaine. Despite 

this, mutant and control mice withdrawn for twenty 

one days displayed robust cue-conditioned drug 

seeking when returned to the operant chambers 

previously paired with cocaine, with cues intact. 

In summary, these data collectively provide a sound 

case for the important contribution that the 

transcription factor CREB1 plays in the molecular 

processes underlying specific behavioural assays 

presaging the development of addiction. Here, I 

report the prevalence with which CREB1 is activated 

subsequent to psychostimulant exposure, as well as 

a specific role for CREB1 in telencephalic 

glutamatergic neurons in regulating the motivational 

and associative properties of cocaine. 

A poignant comment is made by Malik 248
 that 

“humans, uniquely, are both the subjects that 

create…science, and objects of that science”. 

Science moves where humans will it to, hence, it 

may appear as if we ‘create’ science, as we delve 

into sub-stratums of a hitherto untapped world or 

infinity of possible investigation. The study of 

addiction is a keen example of such select inquiry, 

as it is necessarily anthropocentric by nature, for, 

what other living species instantiates a physical or 

psychological addiction to substances which serve 

no physiological purpose, other than to distract the 

organism from its fundamental basal instincts – 

feeding, sleeping and procreation? 

Ultimately, I hope that the studies presented here 

have canvassed and illuminated upon a molecular 

mechanism important to the progression of addiction 

and related behaviours, and subsequently, will pave 

the way for the development of novel 

pharmacotherapies, which may better ameliorate the 

sequelae associated with addiction, and abet the 

convalescence of so afflicted individuals. 
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