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ABSTRACT 
 

THE DISSOCIABLE INVOLVEMENT OF EPIGENETIC 
MECHANISMS IN HIPPOCAMPUS- AND PERIRHINAL CORTEX-

MEDIATED OBJECT MEMORY IN MALE RATS  
 

Krista Anne Mitchnick      Advisor:  
University of Guelph, 2018     Professor B.D. Winters 
 
 
This thesis investigated the involvement of several epigenetic proteins in hippocampus (HPC)- 

and perirhinal cortex (PRh)-mediated object recognition. Previous literature has demonstrated the 

requirement for both DNA methylation and histone acetylation, two prominent epigenetic 

mechanisms, in HPC-dependent memory, including object recognition, but at the outset of these 

experiments no one had studied these mechanisms within the PRh, another structure necessary for 

object recognition. Specifically, we determined the involvement of the DNA methyltransferases 

DNMT1, DNMT3a, and DNMT3b, which are required for DNA methylation; the GADD45 

isoforms GADD45a, GADD45b, and GADD45g, which are involved in DNA demethylation; and 

three prominent histone acetyltransferases, CBP, p300, and PCAF, which are involved in histone 

acetylation, in both the HPC and PRh for object-in-place (OiP) memory. The use of the OiP task 

enabled us to compare the involvement of these mechanisms within these two regions, as 

successful performance in this paradigm requires the HPC and PRh for processing of object 

location and object identity, respectively. The role of these factors in short-term (20min) and long-

term (24h) OiP memory was assessed using intra-HPC and PRh administration of various 

compounds that selectively inhibit or activate these proteins. Furthermore, quantitative polymerase 

chain reaction (qPCR) was used to measure mRNA expression of these factors. Similarly, 

chromatin immunoprecipitation and methylated DNA immunoprecipitation, followed by qPCR, 

were used to measure protein and 5mC occupancy, respectively, on specific genomic loci. Our 

results demonstrate that epigenetic mechanisms are necessary for PRh-mediated memory, but 

additionally illustrate differential involvement of these epigenetic factors in the HPC and PRh for 

successful OiP memory. Notably, we determined that DNMT1 and GADD45a, neither of which 

have been implicated in mnemonic processes, are both necessary in PRh, but not the HPC, for 

long-term OiP memory. Moreover, our results suggest that GADD45a modulates DNMT1-
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mediated methylation on two intergenic loci, following learning. Additionally, we have shown that 

PCAF functionally interacts with ERa to support short-term memory in the HPC, but not PRh. 

These regional dissociations are likely due to the differences in information processing, 

highlighting the importance of comparing the involvement of epigenetic mechanisms between 

mnemonic structures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 iv	
	

Acknowledgements 
 
Although it is at the beginning of this thesis, I left writing the acknowledgement section until the 

end because I knew it would be the hardest part; when you have been part of a department and 

research lab with such supportive and enthusiastic colleagues and professors for 8 years, it is hard 

to have it come to an end. Not only have the people that I have worked with at the University of 

Guelph helped me succeed and reach this point, they have become something of an academic 

family, and some of my best friends. 

     First and foremost, I want to thank Mary Fowler, Dr. Marcus Litman, Michael Brunt, 

Michelle Cieplak, Panos Mavronicolas, the rest of the staff at the Central Animal Facility, and 

of course, Dr. Cheryl Limebeer, for keeping the facility running smoothly and always being 

willing to help and accommodate. Similarly, the staff in the Psychology Department have always 

been so helpful and organized, so I thank Leslea Bird, Lynn Hamilton, Valerie Wilson, Laurie 

Finlay, Cortney Evans, Mary Ann Male, and Robin Sorbara. 

     Thank-you to all of the undergraduate students that have contributed to my various projects. 

You made it possible to collect the amount of data that I (we!) did. [Oleksiy Zaika (F12, W13), 

Samantha Creighton (S13, F13, W13, S14), Monica Van Tiggelen (S13), Tania Galinda (S13), 

Bethany Christen (F13, W14), James Humble (F13, W14), Amia Al-izzi (S14, F14, W15) 

Allison LaCoursiere (S14), Rhiannon Jamieson-Williams (F14, W15), Michael Wolter (F15), 

Cassidy Wideman (S16, F16, W17), Dana Main (S16), A. Ethan Huff (F16, W17), Chelsea 

MacGregor (S17), Addison Smith (W17), Cassandra Sgarbossa (W17), and Anne Marie 

Mueller (F17)]. 

     Dr. Iva Zovkic and Dr. Naseem Al-Aidroos, thank you for serving on my Ph.D. defense 

committee. Iva, I want to additionally thank you for traveling to Guelph for the defense.  

     Dr. Craig Bailey, thank you for teaching me fluorescence-related histological techniques, in 

addition to serving on my Qualifying Exam committee.  

     Dr. Linda Parker, thank you for your time, support, and guidance over the years, as a member 

of my Ph.D. committee.  

     Dr. Neil MacLusky, thank you for all of your insightful comments and ideas as a collaborator. 

I also need to thank you for welcoming in ‘The Winters Lab Invasion’!  

     Dr. Bettina Kalisch, thank you for taking so much time over the years teaching me basic 

molecular research skills, as well as several techniques. I need to also thank you for your continual 



	 v	
		

support and assistance through this degree, as a member of my Ph.D. committee, Qualifying 

Examination committee, defense committee, and of course as a collaborator. 

     Dr. Elena Choleris, thank you for the insight and feedback you have provided as both a 

member of my Qualifying Exam committee, defense committee, and as a collaborator.  

     Dr. Timothy Bredy, thank you for welcoming me into your lab for 6 months and providing 

me the opportunity to be exposed to a different lab setting and learn new techniques. A special 

thanks to Dr. Wei Wei and Laura Leighton for teaching me a myriad of molecular research skills 

and techniques, and being great friends throughout my time in Australia.  

     To Meenu Minhas (Meenuz), Jennifer Lymer (Hangry Jenny), Karson Thériault (K-Diddy 

Fresh), Kiri Wills, Stephen Daniels (Steve-O), Richard Matta (Richie-Rich), Paul Sheppard, 

Kelsy Ervin and Thomas Horman, you guys have been such amazing friends, both in and out of 

the lab. From early Saturday morning surgeries, to the Halloween and Rogers Road parties, and 

all of the experiment rants, lunch dates, and NACS talks in between, you have made this degree a 

blast! Additional thanks to the rest of the NACS grads for your continual support and camaraderie. 

    Derek Jacklin, thanks for teaching me so many lab techniques and always keeping it gangsta! 

    To Ari Mendel, thank you for your constant assistance with all of our protein work; your 

technical and academic knowledge has helped us immensely. I need to apologize for always 

punching your bad shoulder, making you miss the garbage can when you practice your shot, and 

for calling you with really silly problems (e.g., the transfer machine needs the lid to work…).  

     To my former lab-mate Daniel Palmer (D Palms), thank you for being the good-natured guy 

that you are. First of all, Belgium… I want to also thank you for always lending your expertise or 

help in the lab, for always being up for a chat, and for attending every party, planned activity, 

lunch date, and lab meeting; your honesty and dependability make you such a good friend. 

     To my current lab mate and the last third of Samistassidy - Cassidy Wideman, thanks for being 

an amazing undergraduate student and helping with any experiment under any circumstance. 

Having the opportunity to work with a student who soaks up everything you say and who is so 

motivated is truly rewarding.  More importantly, thank you for being so much fun, for talking more 

than me J, and being such a good friend; Sam and I did not even know we needed a third!  

     To my current lab mate and the first third of Samistassidy – Samantha Creighton (Sammy 

Sam; DJ Sammy C), thank you for being the best friend and lab mate anyone could ask for. There 

has not been a time where you were not there to help me, both in and out of the lab. I cannot count 



	 vi	
	

the number of times you have bailed me out, pulled me up, helped me figure out a solution, or just 

listened. The long days (and nights) in the animal and molecular labs were intermixed with 

conferences (both those that actually occurred and the one that did not), beach days, hikes, sushi 

dates, Wonderland, trampoline parks, shopping when data worked out and we felt on top of the 

world, as well as shopping when we were so frustrated in the lab that it was time to call it a day. It 

will feel strange not doing research with you, but at least we can always beach and shop together!  

     To my supervisor Dr. Boyer Winters, thank you for pushing me. I think I have gained a lot of 

skills during this degree, but it has been my critical thinking and scientific writing skills that have 

grown the most, and that is a direct reflection of your expert guidance and teaching. You have 

taught me to be parsimonious, to never overstate my data, to speculate but not superfluously so, 

and to be critical of everything I read. You have also taught me to be true to the science; it is not 

about using the newest technique or necessarily publishing in top journals, but about whether your 

research is sound and advances science. It is the science, not the publishing, that gets you really 

excited, and your enthusiasm for the research is infectious; I always leave a meeting more excited 

than I was prior to it. You are tough on us and that is what has made us better researchers and 

academics, but you care about us and that is why we all stay. Thank you for everything.  

     Although not directly part of my research, Mom and Dad, the love and support that you have 

given me over the years has enabled me to flourish. You have never been too busy for a phone call 

or a visit, and always seemed to know when I needed advice and when I just needed someone to 

talk something through with. Thank you for the work ethic that you have instilled in me; it is 

without a doubt what has gotten me as far as I am. And Dad, thanks for all the help building things 

for our various projects! Scott Mitchnick (Sccoodddiaa), thank you for being so easy-going; I do 

not know many siblings you could have lived with each other during graduate school and actually 

helped each other out. “You’re a good kid!” 

     Luke Savard, thank you for showing me how to detach, how to relax, and what life is actually 

about. A lot of my self-worth comes from my accomplishments; thank you for helping me see that 

I have more to offer, and for loving me regardless of my successes. Thank you for being 

understanding when I am busy, because I know I am not always pleasant. Thank you for always 

making me laugh, even when I am stressed, or mad at you… Finally, thank you for supporting me 

through the completion of my PhD. I will only do one more, I promise!  

     And lastly, I must not forget to thank the star of the show: Mr. Long Evans! 



	 vii	
	

Table of Contents 
 
 
Abstract           ii 
Acknowledgments          iv 
Table of contents          vii 
List of figures           xi 
List of tables           xiii 
List of abbreviations          xiv 
 
Chapter 1: Literature Review and Introduction      1 
1.1 Epigenetics          2 

1.1.1 Chromatin structure         2 
1.1.2 Histone acetylation        3 

1.1.2.1 Histone acetyltransferases (HATs)     3 
1.1.3 Histone deacetylation        4 
 1.1.3.1 Histone deacetylases (HDACs)     4 
1.1.4 DNA methylation        5 
 1.1.4.1 DNA methyltransferases      6 

1.1.4.2 Methyl CpG binding domain proteins    7 
1.1.5 DNA demethylation        7 
 1.1.5.1 Deamination        7 
 1.1.5.1 Oxidation        8 
 1.1.5.1 Base and nucleotide excision repair (BER, NER)   9 
 1.1.5.1 Growth arrest and DNA damage inducible 45 (GADD45)  9 

1.2 Epigenetic mechanisms within the central nervous system    10 
1.3 Cognitive neuroepigenetics: Epigenetic modulation of learning and memory  11 
 1.3.1 Role of histone acetylation in memory formation    12 
  1.3.1.1 Fear conditioning, reconsolidation, and extinction   12 
  1.3.1.2 Morris water maze       19 
  1.3.1.3 Object memory       21 
  1.3.1.4 Other forms of learning and memory     25 

1.3.1.5 Restorative functions in cognitively-impaired models  26 
1.3.2 Role of DNA methylation in memory formation    29 

  1.3.2.1 Fear conditioning, reconsolidation, and extinction    30 
  1.3.2.2 Morris water maze       36 
  1.3.2.3 Object memory       37 
  1.3.2.4 Other forms of learning and memory     38 

1.3.1.5 DNA methylation in cognitively-impaired models   39 
1.3.3 DNA methylation and histone acetylation work in concert   40 

1.4 Perirhinal cortex-mediated memory       41 
1.5 Current study          42 
 
 
 
 



	 viii	
	

Chapter 2: Differential contributions of de novo and maintenance DNA   44 
methyltransferases to object memory processing in the rat hippocampus  
and perirhinal cortex - a double dissociation       
2.1 Abstract           45 
2.2 Introduction          46 
2.3 Materials and Methods         47 
 2.3.1 Subjects          47 
 2.3.2 Surgical procedures        48 
 2.3.3 Drugs and DNMT inhibitors       48 
 2.3.4 Infusions          49 
 2.3.5 Apparatus and stimuli        49 
 2.3.6 Object-in-place procedure       50 
 2.3.7 Histology         52  
 2.3.8 Behavioural training and tissue extraction for mRNA analysis   52 
 2.3.9 RNA isolation and qPCR       53 
 2.3.10 Statistical analysis        54 
2.4 Results – Behavioural/Infusions        55 
 2.4.1 Histology         55 
 2.4.2 Experiment 1: RG-108 in the HPC impairs long-term OiP memory  56 
	 2.4.3 Experiment 2-4: DNMT3a, but not DNMT3b or DNMT1, siRNA impairs  57 
                     OiP memory in the HPC        
	 2.4.4 Experiment 5: RG-108 in the PRh impairs long-term OiP memory  59 
 2.4.5 2.4.5 Experiments 6-8: DNMT1, but not DNMT3a or 3b, siRNA in the   61  
                     PRh impairs OiP memory 
2.5 Results – mRNA          63 
	 2.5.1 Experiment 9: de novo DNMT3a and 3b, but not maintenance DNMT1,  63 

         mRNA are upregulated in the dentate gyrus following object learning 
 2.5.2 Experiment 10: DNMT1, but not DNMT3a or 3b, mRNA is upregulated  64 

         in the PRh following object learning 
2.6 Discussion           65 
 2.6.1 Hippocampus         67 

2.6.2 Perirhinal cortex         69 
2.6.3 Conclusion         70 

 
CHAPTER 3: Double dissociation between the involvement of GADD45a   72 
and GADD45b/g in the perirhinal cortex and hippocampus of rats for object  
memory: Evidence for GADD45a mediated modulation of DNMT1 in     
perirhinal cortex           
3.1 Abstract           73 
3.2 Introduction          74 
3.3 Materials and Methods         75 
 3.3.1 Animal subjects         75 
 3.3.2 Surgical procedures        76 
 3.3.3 Protein inhibitors and infusions       76 
 3.3.4 Object-in-place procedure       77 
 3.3.5 Data analysis         77 



	 ix	
	

 3.3.6 Histology         78 
 3.3.7 Tissue extraction procedure       78 
 3.3.8 Reverse transcription qPCR (RNA)      79 
 3.3.9 Chromatin immunoprecipitation      80 
 3.3.10 Methylated DNA immunoprecipitation     81 
 3.3.11 qPCR (for DNA)        81 
3.4 Results           81 
 3.4.1 Histology         81 
 3.4.2 GADD45b and GADD45g, but not GADD45a, in the HPC impairs   82 
          long-term OiP memory 
	 3.4.3 Selective inhibition of GADD45a, but not GADD45b or GADD45g, in  84 
          PRh impairs long-term OiP memory 
 3.4.4 GADD45b, but not GADD45a or GADD45g, mRNA is significantly  85 
          upregulated in the DG following object exposure 
 3.4.5 GADD45a and GADD45b, but not GADD45g, mRNA is significantly  86 
          upregulated in PRh following object exposure  
 3.4.6 GADD45a, DNMT1, and 5mC are bound on the same loci in PRh, with  86 
                     evidence that DNMT1-mediated methylation might be blocked by  

         GADD45a following object exposure 
3.5 Discussion           89 
 3.5.1 GADD45a         89  
 3.5.2 GADD45b         93 
 3.5.3 GADD45g         95 
 3.5.4 Conclusion         96 
 
CHATPER 4: Dissociable roles for histone acetyltransferase p300 and PCAF   97 
in hippocampus and perirhinal cortex-mediated object memory    
4.1 Abstract           98 
4.2 Introduction          99 
4.3 Materials and Methods         101 
 4.3.1 Subjects          101 
 4.3.2 Surgical procedures        101 
 4.3.3 Inhibitors and infusions        102 
 4.3.4 Object-in-place procedure       103 
 4.3.5 Data analysis         105 
 4.3.6 Histology         106 
 4.3.7 qPCR          106 
4.4 Results           107 
 4.4.1 Histology         107 
 4.4.2 siRNA knockdown        108 
 4.4.3 Selective inhibition of CBP or p300 in HPC impairs long-term OiP   110 
                     memory, whereas inhibition of PCAF impairs short- and long-term  
                     OiP memory 
 4.4.4 Selective inhibition of CBP or PCAF, but not p300, in PRh impairs   114 
                     long-term OiP memory 
 4.4.5 CBP, p300 and PCAF mRNA are upregulated in the DG, and CBP and  118 



	 x	
		

         PCAF are upregulated in PRh, following OiP learning  
4.5 Discussion           119 
 4.5.1 CBP          121 
 4.5.2 p300          122 
 4.5.3 PCAF          124 
 4.5.4 Conclusion         126 
 
 
CHAPTER 5: The Lysine Acetyltransferase PCAF Interacts with Estrogen   128 
Receptor Alpha in the Hippocampus of Male Rats to Enhance Short-term  
Memory 
5.1 Abstract           129 
5.2 Introduction          130 
5.3 Results           131 
 5.3.1 Intra-hippocampal ERa/b inhibition impairs STM and LTM   131 
 5.3.2 Intra-hippocampal PCAF activation enhances LTM and STM   131 
 5.3.3 PCAF interacts with ERs to enhance STM, but not LTM   132 
 5.3.4 PCAF interacts specifically with ERa to enhance STM   134 
 5.3.5 The STM enhancing effects of the PCAF-ERa interaction does   134 

         not require local estrogen biosynthesis 
5.4 Discussion           136  
 5.4.1 PCAF activation facilitates HPC-dependent OiP memory   136 
 5.4.2 Estrogen receptors are involved in HPC-dependent OiP memory  138 
 5.4.3 PCAF functionally interacts with ERa to enhance STM HPC-  139 

         dependent OiP memory         
5.4.4 Although estrogen is necessary in the male rat HPC for STM, the   140 
         PCAF-ERa functional interaction may be estrogen-independent   
5.4.5 Conclusion         142 

5.5 Methods (brief)          142 
 5.5.1 Subjects          142 
 5.5.2 Behavioural Testing        142 
 
 
CHAPTER 6: General Discussion        144 
6.1 Hippocampus          145 
6.2 Perirhinal cortex          146 
6.3 Extending the Histone Code: Memory-Specific Epigenetic Codes   147 
6.4 Conclusion          151 
 
References           153 
Appendix 1: Supporting materials for Chapter 2       182 
Appendix 2: Supporting materials for Chapter 3      207 
Appendix 3: Supporting materials for Chapter 4      215 
Appendix 4: Supporting materials for Chapter 5      220 
 
 



	 xi	
	

List of Figures 
 
Chapter 1: 
Figure 1 Schematic of a nucleosome and histone acetylation    3  
Figure 2 Schematic of DNA methylation      5  
Figure 3  Object-in-place task        43 
 
 
Chapter 2:  
Figure 1 Schematic of object-in-place task and experimental parameters  51 
Figure 2 Histological figure of intra-cranial cannula placement   55 
Figure 3  RG-108 in the HPC impairs long-term OiP memory    57 
Figure 4 DNMT3a, but not DNMT3b or DNMT1, siRNA impairs OiP   58 

memory in the HPC 
Figure 5 RG-108 in the PRh impairs long-term OiP memory    60 
Figure 6	 DNMT1, but not DNMT3a or 3b, siRNA in the PRh impairs OiP   62 

memory  
Figure 7 de novo DNMT3a and DNMT3b, but not maintenance DNMT1,   63 

mRNA are upregulated in the dentate gyrus following object learning 
Figure 8 DNMT1, but not DNMT3a or DNMT3b, mRNA is upregulated in the   64 

PRh following object learning 
 
 
Chapter 3: 
Figure 1 Histological figure of intra-cranial cannula placement   82  
Figure 2 GADD45b and GADD45g, but not GADD45a, in the HPC impairs  83 

long-term OiP memory 
Figure 3 Selective inhibition of GADD45a, but not GADD45b or GADD45g, in  85 
  PRh impairs long-term OiP memory 
Figure 4 GADD45b, but not GADD45a or GADD45g, mRNA is significantly  86 
  upregulated in the DG following object exposure 
  GADD45a and GADD45b, but not GADD45g, mRNA is significantly  86 
  upregulated in PRh following object exposure 
Figure 5 Schematic of intergenic loci GADD45a occupies    87 
Figure 6 GADD45a, DNMT1, and 5mC are bound on the same loci in PRh,   87 

with evidence that DNMT1-mediated methylation might be blocked   
by GADD45a following object exposure Locus #1 

Figure 7 GADD45a, DNMT1, and 5mC are bound on the same loci in PRh,  88 
with evidence that DNMT1-mediated methylation might be blocked   
by GADD45a following object exposure Locus #2 

 
 
 
 
 
 



	 xii	
	

 
Chapter 4: 
Figure 1 Schematic of object-in-place task and experimental flow chart  104 
Figure 2 Histological figure of intra-cranial cannula placement   108 
Figure 3 In vivo siNRA validation       109 
Figure 4 Selective inhibition of CBP or p300 in HPC impairs long-term OiP  114 

memory, whereas inhibition of PCAF impairs short- and long-term  
OiP memory 

Figure 5 Selective inhibition of CBP or PCAF, but not p300, in PRh impairs  118 
long-term OiP memory 

Figure 6 CBP, p300 and PCAF mRNA are upregulated in the DG, and CBP and  119  
PCAF are upregulated in PRh, following OiP learning 

 
Chapter 5: 
Figure 1 Object-in-place and infusion parameters     131 
Figure 2 Intra-Hippocampal ERa/b Inhibition Impairs STM and LTM  133 
  Intra-Hippocampal PCAF Activation Enhances LTM and STM 
  PCAF Interacts with ERs to Enhance STM, But Not LTM  
Figure 3 PCAF Interacts Specifically With ERa To Enhance STM   134 
Figure 4 The STM Enhancing Effects of the PCAF-ERa Interaction Does Not  135 

Require Local Estrogen Biosynthesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 xiii	
	

List of Tables 
 
Chapter 5: 
Table 1  Inhibitor and activator compounds, and intra-cranial infusion parameters 132 
 
Chapter 6: 
Table 1 Summary of behavioural results      145 
 
 
 
	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 xiv	
	

List of Abbreviations 
 
5mC    5-methyl cytosine 
5hmC    5-hydroxymethyl cytosine 
5fC    5-formyl cytosine 
5caC    5-carboxyl cytosine 
AcH#    Acetylation of Histone (specific #) 
AcH#K#   Acetylation of Histone (specific #) on Lysine (specific #) 
AD    Alzheimer’s disease 
AP site    Apurinic/apyrimidic site 
APE1    Apurinic/apyrimidic endonuclease 1 
bp    base pairs 
BDNF    Brain-Derived Neurotrophic Factor 
BER    Base excision repair 
C646    CBP/p300 inhibitor 
CA1    Cornu Ammonis 1 (region of HPC) 
CA3    Cornu Ammonis 3 (region of HPC) 
CaN    Calcineurin 
CBP    CREB binding protein (HAT; also known as KAT3a) 
CNS    Central nervous system 
CpG    Cytosine-Guanine Dinucleotides (p denotes phosphodiester bond) 
DG    Dentate Gyrus 
dHPC    Dorsal HPC 
eRNA    Enhancer RNA 
ERa    Estrogen Receptor a 
ERb    Estrogen Receptor b 
FC    Fear conditioning (i.e., contextual FC or cued FC) 
DNMT    DNA Methyltransferase 
DNMTi   DNA Methyltransferase Inhibitor  
GCN5    Specific HAT (also known as KAT2a) 
HAT    Histone Acetylatransferase 
HATi    Histone Acetyltransferase Inhibitor   
HDAC    Histone Deacetylase 
HDACi   Histone Deacetylase Inhibitor 
HPC    Hippocampus  
i    Inhibitor 
K/O    Knock-out 
lncRNA   Long non-coding RNA 
LTD    Long-term Depression 
LTP    Long-term Potentiation 
LTM    Long-term Memory 
MBP    Methyl Binding Domain Protein 
MWM    Morris water maze 
mPFC    Medial Prefrontal Cortex 
ncRNA   Non-coding RNA 
NER    Nucleotide Excision Repair 



	 xv	
	

NF-Kb    Nuclear Factor Kappa Beta 
NMDA   N-Methyl-D-Aspartate  
OiP    Object-in-Place 
OL    Object-location 
OE    Over expression 
P300    EAI-binding protein (HAT; also known as KAT3b) 
PCAF    P300/CBP- associated factor (HAT; also known as KAT2b) 
PFC    Pre-frontal cortex 
PP1    Protein Phosphotase 1 
POL    Polymerase 
PRh    Perirhinal Cortex 
Ptx3    Pentraxin3 
qRT-PCR   Quantitative Real Time- Polymerase Chain Reaction 
RG108    Broad DNMTi 
siRNA    Short-interference RNA  
SOR    Spontaneous Object Recognition 
STM    Short-term Memory 
Tcf4    Transcription factor 4 
Tip60    Specific HAT 
TDG    Thymine DNA glycosylase 
WT    Wild-type 
 
 
Note to the Reader: 
BDNF expression   italicized indicates mRNA expression 
BDNF expression  indicates protein expression 
BDNF gene   refers to the actual DNA segment representing this gene



	 1	

 

Chapter 1 

 Literature Review and Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 2	

1.1 Epigenetics 

The term ‘epigenetics’ was coined by Conrad Waddington in 1942 to describe the interactions that 

occur between genes and their products, which ultimately shape phenotype (Waddington, 1942). 

For example, all cells within an organism share an identical DNA sequence yet have vastly 

different phenotypic presentations and functions.  Waddington’s idea of a set of regulatory 

mechanisms governing the selective readout of DNA has been shaped over the years, but the 

modern use of the term was crystallized by C. David Allis and colleagues; specifically, these 

researchers described epigenetics as, “the study of any potentially stable and, ideally, heritable 

change in gene expression or cellular phenotype that occurs without changes in WatsonCrick base-

pairing of DNA” (Goldberg et al., 2007). In other words, epigenetic processes act on DNA to 

determine which aspects of the genome are expressed and repressed within each cell, without 

changing the genomic sequence, essentially linking genotype and phenotype. These mechanisms, 

or ‘epigenetic tags’, are put in place during cell differentiation and are maintained throughout the 

life of that cell. Additionally, they are incorporated into replicated cells in order to perpetuate the 

particular cellular phenotype, such as a heart cell or a red blood cell (Goldberg et al., 2007). Thus 

the name is fitting, as epigenetics is Greek for ‘upon genetics’ (Zhang and Meaney, 2010). 

The two most widely studied epigenetic mechanisms are histone modifications, in 

particular, histone acetylation and DNA methylation, and these will be the focus of this thesis. 

More recently, the domain of non-coding RNAs (ncRNAs) have been shown to modulate gene 

expression and even other epigenetic regulators, and are now also classified as epigenetic 

mechanisms (Peschansky and Wahlestedt, 2014; Schaukowitch and Kim, 2014); however, 

ncRNAs will not be discussed in detail in this thesis.  

1.1.1 Chromatin Structure 

Collectively, DNA and nuclear histone proteins comprise the two major components of chromatin. 

Nuclear proteins are intimately associated with DNA and are essential for the compaction of this 

genetic material; specifically, DNA is wound around an octamer of core histone proteins consisting 

of two H2A/H2B dimers and a H3/H4 tetramer (Kumari et al., 2013). Under certain circumstances 

these canonical histone proteins can be exchanged for histone variants (e.g. H3.3, H2A.Z; Zovkic 

et al., 2014; Venkatesh and Workman, 2015). An additional linker histone protein, H1, binds to 
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the outside of the nucleosome at the point of DNA entry and exit (Kumari et al., 2013). The 

opposing charges of DNA (negative) and histones (positive) attract, pulling the DNA tightly to the 

proteins. In this state, these repeating DNA-histone complexes, referred to as nucleosomes, appear 

as beads on a string. In certain situations, these nucleosomes can slide along the DNA and 

reposition, a phenomenon referred to as chromatin remodelling (Kumari et al., 2013).  

Protruding from these nucleosomes are N-terminal, amino acid ‘tails’ of the core histone 

proteins (Kumari et al., 2013). These histone tails can support a myriad of post-translational 

modifications, including: acetylation, methylation, phosphorylation, ubiquitination, sumoylation 

and several others. Addition of these groups to different residues on the various histone tails can 

alter the compaction of the DNA, facilitating or disabling gene accessibility and transcription 

(Kumari et al., 2013). One of the most well-studied histone modification, which almost exclusively 

facilitates transcription, is histone acetylation (Peixoto and Abel, 2013). 

1.1.2 Histone Acetylation 

The acetylation of histone tails is catalyzed by a histone acetyltransferase 

(HAT) enzyme that transfers an acetyl group (-C2H3O) from acetyl coenzyme 

A (acetyl CoA) onto an ε-amino group of 

a lysine residue located on a histone tail 

(Kuo and Allis, 1998). The addition of 

these negatively charged acetyl groups 

effectively neutralizes the positive 

histone tails, disrupting the attraction of DNA to the histone 

octamer (Kuo & Allis, 1998). In this 

relaxed state, the DNA becomes 

accessible to transcription factors and 

polymerases, enabling gene expression 

(Fig. 1; Kuo & Allis, 1998).		

1.1.2.1 Histone Acetyltransferases (HATs) 

The HATs can be categorized into two distinct types. Type A HATs are localized to the 

nucleus, most often acetylating nuclear histones for transcriptional purposes, whereas Type B 

Figure 1. Schematic of a nucleosome and histone 
acetylation. DNA is wound around an octamer of histone 
proteins to form a nucleosome. Histone acetyltransferases 
(HAT; pink circles) transfer acetyl groups (black circles) onto 
lysine residues on histone tails. This relaxes the chromatin, 
enabling transcriptional machinery to access the DNA and 
transcribe genes.   

HAT     
Acetyl group 
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HATs are found in the cytoplasm (Kundu, 2013; Kuo & Allis, 1998). Type A HATs can further 

be categorized into three groups by their catalytic domain. There are the Gcn5-N-acetyltransferase 

(GNAT) family, including Gcn5, PCAF, Hat1, Hat2, Elp3 and Nut1, the MYST family, including 

Morf, Ybf2, Sas2 and Tip60 (Lee and Workman, 2007), and the CBP/p300 family (You et al., 

2012). These HATs, however, do not often operate in isolation; multiprotein HAT complexes 

contain a variety of subunits, the combination of which contributes to the function and specificity 

of each complex (Lee and Workman, 2007). For example, some subunits, such as bromodomains 

and chromodomains, function as chromatin-binding domains, that help to recruit and bind the 

complex to the chromatin (Lee & Workman, 2007; You et al., 2012). Although typically discussed 

in terms of their capacity to acetylate histone proteins and modulate gene expression, these proteins 

can also acetylate lysine residues on non-histone proteins and are therefore more broadly known 

as lysine acetyltransferases (Spange et al., 2009; You et al., 2012; Kumari et al., 2013). 

1.1.3 Histone Deacetylation  

Histone deacetylation, acts in opposition to histone acetylation, facilitating DNA compaction and 

limiting gene expression. This process occurs through the activity of histone deacetylase (HDAC) 

enzymes. HDACs are typically part of multiprotein complexes including proteins such as Sin3, 

NuRD, p53 or REST, that are subsequently recruited to the DNA or other proteins bound to the 

DNA (Ng and Bird, 2000). Once the complex is bound to the DNA, HDACs catalytically remove 

acetyl groups (Ruijter, Van Gennio, Caron, Kemp & Van Kuilenberg, 2003). The elimination of 

these acetyl groups from the histone tails allows the DNA and histone proteins to associate closely, 

limiting gene expression (Ng and Bird, 2000). For example, nuclear hormone receptors bound at 

gene promoters cause repression in the absence of their ligand hormone. This repression is 

accomplished through the additional binding of NCoR (nuclear hormone corepressor) to the 

nuclear hormone receptor, and further recruitment of HDAC-repressive complexes. Hormone 

binding causes a conformational change in the complex, transforming it into a powerful activator 

(Ng and Bird, 2000). Interestingly, some HDACs have been shown to lack catalytic activity 

(HDAC4, HDAC5) and alternatively act as a bridge for the HDAC3-containing complexes 

(Fischle et al., 2002).  

1.1.3.1 Histone Deacetylases (HDACs) 
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There are two main families of HDACs: the SIR2 family of NAD+-dependent HDACs 

(which will not be discussed further), and the classical HDACs. Within the classical HDACs, there 

are three classes (Mottamal et al., 2015). Class 1 HDACs contain HDAC1-3 and HDAC8, and are 

most often localized in the nucleus, whereas Class 2 contains HDAC4-7 and HDAC9-10, which 

can shuttle between the nucleus and cytoplasm depending on their phosphorylation status 

(Mottamal et al., 2015). Class 3 contains only HDAC11, as it shares features with all classes 

(Mottamal et al., 2015). 

1.1.4 DNA Methylation 

The other most commonly studied epigenetic mechanism makes alterations directly on the DNA, 

rather than on the histone proteins. The process of DNA methylation requires the transfer of a 

methyl group from a S-adenosy L-lmethionine molecule by a DNA methyltransferase (DNMT), 

to the 5-carbon site of a cytosine nucleotide within the DNA, most often on cytosine-guanine 

dinucleotides (CpG; cytosine-phospho-guanine), giving rise to 5-methylcytosine (5mC; Bird, 

2002; Moore, Le, & Fan, 2013). The opposing charges between the methyl groups (+) 

and DNA (-) attract, facilitating the compaction of the chromatin structure (Fig. 2); 

therefore, DNA methylation is known for its gene 

silencing capabilities, such as in X-

chromosome inactivation (females), genomic 

imprinting, regulation of gene expression, and 

maintenance of these epigenetic patterns (Bird, 

2002).  

The 

repressive nature of 

DNA methylation 

has been shown to 

occur via two 

separate mechanisms (Bird, 2002). First, methylation of transcription factor binding sites directly 

disables the adherence of transcriptional regulators to these sequences, silencing the gene. Second, 

the addition of these methyl groups to other sequences on the DNA can attract methyl-CpG-

binding domain (MBD) proteins that ultimately attract HDAC enzyme complexes. As mentioned, 

DNMT        

methyl group  

Repressive 
complex  

MBD protein 

HDAC 

 

Figure 2. Schematic of DNA methylation. DNA 
methyltransferases (DNMT; pink circle) transfer methyl 
groups directly onto the DNA. Often, this attracts methyl 
binding domain proteins (MBD; yellow circle) and histone 
deacetylase (HDAC; green circle)-containing repressive 
complexes (four circles). These remove histone tail 
acetylation, facilitating chromatin compaction. In this 
condensed state, transcriptional machinery cannot 
access the DNA, thereby inducing a situation of gene 
repression. 
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HDACs catalyse the removal of acetyl groups, triggering DNA compaction. Thus, this latter 

pathway indicates that DNA methylation and histone deacetylation can functionally interact to 

modulate gene repression.  

The distribution of CpGs throughout the genome is not uniform, as clusters of CpGs, or 

CpG islands, exist (Kundu, 20130; Moore et al., 2013). With a proportionally larger number of 

CpG dinucleotides in a stretch of 1000 base pairs (> 60%), these CpG islands often contain gene 

promoters or transcriptional start sites for housekeeping or reference genes, and genes necessary 

for developmental regulation (Deaton & Bird, 2011; Kundu, 2013; Moore et al., 2013), but have 

also been noted in actively transcribed intergenic enhancers (Gallus et al., 2018). As one might 

expect, GpG islands are rarely methylated, a status conducive to the transcription of these common 

genes (Kundu, 2013; Moore et al., 2013). There does exist a small portion (~ 30%) of CpG islands 

that are located within or between transcriptional start sites, and these demonstrate a much higher 

rate of DNA methylation activity (Deaton & Bird, 2011; Moore et al., 2013; H. Wu et al., 2010). 

In addition to containing a higher percentage of CpGs, CpG islands also have a vastly reduced 

number of nucleosomes, facilitating access to the DNA (Kundu, 2013, Moore et al., 2013). Of the 

nucleosomes that are present, many of the histones are hyperacetylated, particularly H3 and H4, 

another factor facilitating gene expression (Kundu, 2013, Moore et al., 2013). Conversely, there 

are areas of the genome that are heavily methylated and suppressed, including the second X 

chromosome in females (i.e., X-chromosome inactivation), and many transposable elements 

located at intergenic regions throughout the genome (Bird, 2002; Shultz et al., 2006). 

Not all promoters are CpG rich; approximately 35% of promoters are CpG poor, yet still 

have the capacity to become methylated and modulate transcriptional activity (Kundu, 2013). 

Furthermore, DNA methylation at small clusters or even single CpG sites within gene promoters, 

exons, introns, and distal enhancers, has been shown to reduce transcription (Parrish et al., 2015). 

In recent years, many laboratories have also demonstrated 5mC at different cytosine dinucleotides 

(e.g., CpA), as well as methylation of adenosine (e.g., N6 -methyl-2¢-deoxyadenosine; Guo et al., 

2014; Parashar et al., 2018), although these novel modifications are beyond the scope of this 

review. 
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1.1.4.1 DNA methyltransferases (DNMTs) 

There are three families of DNMT enzymes in eukaryotes: DNMT1, DNMT2 and DNMT3 (Moore 

et al., 2013; Siedlcki & Zielenkiewicz, 2006). DNMT1 is characterized as a maintenance 

methyltransferase, as it preferentially methylates hemi-methylated DNA during DNA replication, 

in addition to repairing any damaged DNA methylation marks through the BER or NER processes. 

DNMT2 is missing the catalytic domain shared by the other families, and its function remains 

enigmatic (Siedlcki & Zielenkiewicz, 2006). Both DNMT3a and DNMT3b are characterized as de 

novo methyltransferases, and act differentially to DNMT1, adding methyl marks to the 

unmethylated DNA of pluripotent or totipotent cells during cellular differentiation. It should be 

noted that these designated titles, maintenance versus de novo, were given based on preferential 

activity, but a level of redundancy does exist (Siedlcki & Zielenkiewicz, 2006). DNMT3a is further 

differentiated into two isoforms, DNMT3a1 and DNMT3a2, which bear strong resemblance to one 

another with the exception of an additional 219-amino-acid, non-catalytic, N-terminal domain 

located on DNMT3a1 (Siedlcki & Zielenkiewicz, 2006). Additionally, DNMT3a1 is typically 

associated with heterochromatin (condensed; T. Chen, Ueda, Xie, & Li, 2002), whereas DNMT3a2 

associates with euchromatin (transcriptionally active; Kotini, Mpakali, & Agalioti, 2011). 

Anatomically, DNMT3L (DNMT3-like) is extremely similar to the DNMT3 family; however, it 

lacks several crucial domains, disabling any methyltransferase activity (Jaenisch & Bird, 2003; 

Siedlcki & Zielenkiewicz, 2006). Additionally, DNMT3L is not observed within the brain 

postnatally (Moore et al., 2013). 

1.1.4.2 Methyl-CpG-Binding Domain Proteins 

As mentioned previously, HDAC complexes are often recruited to the DNA via MBD 

proteins. MBD proteins preferentially bind to methylated CpGs, and can adhere HDAC complexes, 

facilitating gene repression. Of the six proteins - MeCP2, MBD1-4, and Kaiso – MBD3 and MBD4 

have slight differences (Moore et al., 2013). A mutation in the MBD domain disables MBD3 from 

directly binding to DNA, while MBD4 preferentially binds to guanosine and is involved in 

enzymatic repair (G/T; Jaenisch & Bird; Moore et al., 2013). The other proteins can successfully 

bind to 5mC and recruit repressor complexes through their transcriptional repressor domain 

(Moore et al., 2013). Interestingly, MeCP2 seems to be involved in maintenance methylation, as 
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it can bind DNMT1 through its transcriptional repressor domain and recruits it to hemi-methylated 

DNA (Moore et al., 2013).  

1.1.5 DNA Demethyalation 

Mechanisms for DNA demethylation in mammals have only recently been uncovered (Bhutani et 

al., 2011). A strong carbon-carbon bond forms between the methyl group and cytosine, and 

currently there is no known mechanism that can cleave this (Moore et al., 2013). Instead, a series 

of chemical reactions modify 5mC until DNA repair machinery can replace the modified cytosine 

with a naked one (Moore et al., 2013).  

1.1.5.1 DNA Demethylation by Deamination 

One method entails deamination (removal of an amine group) by activation initiated 

deaminase (AID), converting a 5mC into thymine (as well as a naked cytosine to uracil; Moore et 

al., 2013; Bochtler et al., 2017). This creates a C/T nucleotide pair mismatch and recruits the BER 

process to remove and repair the incorrect base (ie., thymine; Moore et al., 2013; Bochtler et al., 

2017).  

Interestingly, one group suggested that DNMT3a and DNMT3b facilitated DNA 

demethylation by engaging in active deamination of the estrogen receptor alpha (ERa) gene 

promoter in MDB-MB231 cells, in addition to methylating this region at different stages of cell 

division  (Métivier et al., 2008). However, it is unclear whether DNMT3a/b might have actually 

been recruiting a deaminase enzyme (Métivier et al., 2008), or whether DNMT3a/b were just being 

blocked from methylating the promoter at specific points in the cell cycle.  

1.1.5.2 DNA Demethylation by Oxidation 

Another method, mediated by the TET (ten-eleven translocation) family of dioxygenases; 

oxidize 5mC to 5-hydroxymethyl-cytosine (5hmC). The TET proteins (TET1-3) can further 

oxidizes 5hmC to 5-formyl-cytosine (5-fC), and then 5-carboxy-cytosine (5caC; Moore et al., 

2013). Again, the BER pathway completes the transformation in these latter two pathways, as 

thymine DNA glycosylase can cleave not only thymine nucleotides, but 5fC, 5caC and 5-hmU as 

well (Moore et al., 2013). Alternatively, once generated, 5hmC can be deaminated to form 

5hydroxymethyluracil (5hmU), and 5hmU:G mismatch is repaired (Moore et al., 2013). 
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1.1.5.3 Base Excision Repair and Nucleotide Excision Repair Pathways 

The BER and NER pathways both repair single-stranded breaks (SSBs) within DNA 

(Wilson and Bohr, 2007; Al-Safi et al., 2012). BER is initiated by DNA glycosylases, such as 

thymine DNA glycosylase (TDG) and MBD4, that excise the modified (deaminated or oxidized) 

base (Wilson and Bohr, 2007; Al-Safi et al., 2012). This creates an apurinic/apyrimidic (AP) site 

(i.e., a site without a purine [A/G] or pyrimidine [C/T/U]; (Wilson and Bohr, 2007; Al-Safi et al., 

2012). Apurinic endonuclease 1 (APE1) displaces the bound glycosylase and excises the AP site 

(i.e., removes the phosphodiester backbone 5’ to the AP site), while DNA polb replaces the excised 

base (Wilson and Bohr, 2007; Al-Safi et al., 2012). If a single nucleotide was repaired, DNA ligase 

3a seals the remaining nick in the phosphodiester backbone (short-patch BER), whereas DNA 

ligase 1 repairs the nick when 2-7 adjacent nucleotides are replaced (long-patch BER; Wilson and 

Bohr, 2007; Al-Safi et al., 2012). NER is a more widespread DNA repair mechanism, based on its 

ability to remove/repair larger portions of DNA and a plethora of DNA lesion types, such as bulky 

adducts (de Boer and Hoeijmakers, 2000). Although BER typically repairs more minor lesions, 

such as deamination, oxidation, and alkylation, NER can also repair these insults as well (de Boer 

and Hoeijmakers, 2000). Because NER deals with a variety of DNA lesions, there are 

approximately 30 different proteins that can be involved, but generally, NER involves opening of 

the DNA and lesion excision, followed by DNA repair synthesis and strand ligation (de Boer and 

Hoeijmakers, 2000). 

1.1.5.4 Growth Arrest and DNA Damage Inducible 45 (GADD45)  

The GADD45 family (GADD45a, GADD45b, and GADD45g) of 18 kDa proteins lack 

any obvious catalytic activity and yet have been implicated in a plethora of functions (Schafer, 

2013). In general, they are known as ‘stress sensor genes’ and are upregulated following exposure 

to UV radiation, DNA damaging agents, apoptosis, inflammation, oncogenic stress, and signals 

that halt growth (e.g., serum depletion in cell cultures; Salvado et al., 2013), in addition to their 

recently discovered role in mammalian DNA demethylation (Schafer, 2013). Within this family, 

GADD45a has been the best characterized. Specifically, GADD45a depletion induced 

hypermethylation of bulk genome in human cells, and overexpression reduced methylation at 

specific loci (Barreto et al., 2007). GADD45a has been shown to be recruited to sites of 
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demethylation by various proteins, including TAF12 (to rRNA; Schmitz et al., 2009) and ING1 

(to DNA; Schäfer et al., 2013), as well as long non-coding RNAs (Arab et al., 2014). Once at the 

appropriate site, GADD45a can recruit various enzymes involved in DNA repair pathways. For 

example GADD45a has been shown to recruit the DNA endonuclease XPG to demethylation sites, 

triggering the NER pathway (Barreto et al., 2007; Schmitz et al., 2009). Under different 

circumstances, GADD45a engages the BER pathway at demethylation sites by recruiting TDG  

(Arab et al., 2014; Li et al., 2015). All three isoforms have been shown to bind to AID/Apobec and 

MBD4, and it is suggested that the GADD45s help these proteins functionally or physically 

interact at the site of DNA demethylation (Rai et al., 2008). 

 

1.2 Epigenetic mechanisms within the central nervous system 

 

 Epigenetic mechanisms have long been investigated as a potential explanation and cure 

for various forms of cancer (Klein & Weinhouse, 1970); however, about four decades ago histone 

acetylation mechanisms were demonstrated in the adult rodent brain (Caspary and Sewell, 1968; 

Bondy et al., 1970; Sarkander et al., 1975), and less than two decades ago, studies were published 

showing evidence for high levels of DNMTs in the adult central nervous system (CNS; Brooks, 

Marietta & Goldman, 1996, Yen, Vertino, Nelkin, Yu, el-Deiry, Cumaraswarmy, Lennon, Trask, 

Celano & Baylin, 1992).  These findings stood in stark contrast to the previously understood role 

of epigenetic mechanisms during development, and later on in adult mitotic cells (Sweatt, 2009, 

Levenson et al., 2006).  

Histone modification, specifically acetylation and methylation, were first discovered by 

Allfrey and colleagues in 1964 (Allfrey et al., 1964; Lee and Workman, 2007). Soon after, Caspary 

and Sewell (1968) demonstrated increased levels of acetylated histones in the whole brain of mice 

with the astrocyte proliferative disease Scrapie, while Bondy and colleagues (1970) determined 

that this histone acetylase activity within the brain occurred almost exclusively in the nucleus, and 

increased following development. This team suggested that histone acetylation regulated the 

cerebral genome, modulating protein synthesis in response to changing physiological conditions 

(Bondy et al., 1970), but it was not until about 30 years later that this idea began to be extensively 
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explored after the discovery of the first HAT enzymes, HAT1 and GCN-5 (Lee & Workman, 

2007).  

DNA methyltransferase levels had been noted to be extremely high in dividing cells during 

early development, and taper off thereafter (Bestor, Laudano, Mattalinao & Ingram, 1988, Singer-

Sam, Robinson, Bellve, Simon & Riggs, 1990, Yen et al., 1992); therefore, it was surprising to see 

such high levels in post-mitotic adult neurons (Brooks et al., 1996; Yen et a., 1992). Additionally, 

research has implicated misregulation of DNA methylation in Prader Willi Syndrome (parental 

imprinting defects), Rett syndrome (MeCp2 mutations), developmental delay due to Fragile-X 

syndrome, and a variety of cognitive disorders (Sutcliffe et al., 1992; Dragich et al., 2000). These 

aforementioned results sparked interest in the study of experience-dependent epigenetic 

modifications as a possible mechanism for learning and memory (Levenson et al., 2006). 

1.3 Cognitive neuroepigenetics: Epigenetic modulation of learning and memory 

 

How can memories remain stable in light of the continual molecular turnover in neurons 

(Miller & Sweatt, 2007; Gräff & Tsai, 2013; Griffith & Mahler, 1969)? This is one of the most 

puzzling questions in the field of learning and memory. The DNA contained within neurons is one 

of the few components to be present and unchanged throughout the life of the cell, making DNA 

theories of memory storage highly plausible (Griffith & Mahler, 1969); however, these theories 

do not support the cellular individuality necessary to maintain the thousands of memories we all 

possess (Griffith & Mahler, 1969). In 1969, Griffith and Mahler suggested that enzymatic 

modification of the DNA within nerve cells could maintain a memory trace, reasoning that DNA 

methylation could mask and unmask the portions (tickets) of DNA critical for mRNA transcription 

upon cell firing. A few decades later, and following a similar line of thinking, Francis Crick 

proposed that the stability of our memories might be a product of self-perpetuating modifications 

of specific proteins, and he gave the known model for perpetuation in mitotic cells as a hypothesis 

- DNA methylation (Crick, 1984).  Robin Holliday further developed this theory fifteen years later 

postulating that DNA methylation might be able to maintain a cellular phenotype in neurons, post-

differentiation, to enable the persistence of a memory (Holliday, 1999).  

Recently, intriguing research has provided evidence for the idea developed by these 

geneticists, that DNA methylation could provide a mechanism for behavioural as well as 
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developmental memory (Sweatt, 2009).  In fact, the postulation that neurons have ‘co-opted’ these 

developmental epigenetic mechanisms to instantiate experience-dependent neuronal modifications 

for memory formation is an idea that is becoming very well established (Zhang and Meaney, 2010; 

Day and Sweatt, 2012; Nelson and Monteggia, 2012; Bohacek and Mansuy, 2013). The cardinal 

difference between current findings and these initial postulates, however, is the dynamic nature of 

DNA methylation in post-mitotic cells, compared to the static methylation status prevalent in the 

peripheral nervous system (Day & Sweatt, 2010). While histone modifications have been known 

to be readily reversible, DNA methylation marks were thought to be laid down during development 

and immutable thereafter (Wu and Zhang, 2011). It is now understood that these two epigenetic 

mechanisms can work in concert in the adult brain to dynamically regulate behavioural memory.  

 

1.3.1 Role of histone acetylation in memory formation 

Although known for its role in gene expression for many decades, it was not until the early 

2000’s that histone acetylation was documented in the adult brain. Crosio and colleagues 

demonstrated that chemical stimulation of hippocampal neurons by dopaminergic, glutamatergic 

or muscarinic receptor agonists, induced increases in histone modifications, including acetylation 

(Crosio et al., 2003). Additionally, the histone deacetylase inhibitor (HDACi) trichostatin A (TSA) 

administered to slices of the mouse insular cortex resulted in increased acetylation of histone 

proteins (Swank and Sweatt, 2001). It has now been shown that although HDACi administration 

can enhance histone acetylation, if administration is uncoupled from any form of neuronal 

activation there are no effects on gene expression (only long non-coding RNA expression; Benoit 

et al., 2016), indicating that histone acetylation in the brain subserves a gene-environment 

interface. The following sections will summarize the literature demonstrating evidence for histone 

acetylation involvement in various types of learning and memory.  

1.3.1.1 Fear conditioning, reconsolidation, and extinction  

Learning-induced histone acetylation and HDACs: One of the earliest indications that 

epigenetic mechanisms were involved in mnemonic processes in the brain, came from the lab of 

David Sweatt. This group documented an increase in the acetylation of lysine 14 on histone 3 

(AcH3K14) in the hippocampus (HPC), 1h following contextual fear conditioning (contextual FC; 

Levenson et al., 2004). Contextual FC, a form of classical conditioning, involves the acquisition 
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of an association between a specific context and a fear-inducing shock. If the rodents remember 

this association, they will exhibit robust freezing when placed back in the context. Being a 

contextual task, it relies on the HPC for long-term memory consolidation. Sweatt and his lab found 

that 24h following contextual FC training, AcH3K14 levels had returned to baseline, indicating a 

transient increase in histone acetylation only during the critical window of memory consolidation-

related transcription (Levenson et al., 2004). Furthermore, the increases in histone acetylation were 

shown to be reliant upon N-methyl D-aspartate (NMDA) receptor-mediated signaling cascades 

and extracellular-signal related kinase (ERK) activity, cellular components highly implicated in 

memory-related plasticity (Levenson et al., 2004). Administration of a HDACi to HPC slices also 

increased long-term potentiation (LTP), the leading cellular analog to memory-related synaptic 

plasticity (Levenson et al., 2004). During the same year, Yeh and colleagues demonstrated that 

non-selective HDACi could enhance cued fear memory (Yeh et al., 2004), lending credence to the 

in vitro experiments by Sweatt’s lab. Collectively, these groups suggested that histone acetylation 

(and other epigenetic factors) governed activity-induced expression of memory-enhancing genes 

(Levenson et al., 2004; Yeh et al., 2004). Indeed, this was demonstrated. Following cued FC, when 

a discrete stimulus such as a light or tone is paired with electric shock, Bredy and colleagues 

documented an increase in AcH3 on brain-derived neurotropic factor (BDNF) promoter I and IV, 

a protein implicated in memory, and subsequent increases in mRNA expression, in the pre-frontal 

cortex (Bredy et al., 2007).  

Since this time, many groups have demonstrated a role for histone acetylation processes in 

fear conditioning. For example, inhibition of HDAC enzymes has provided evidence for the 

involvement of histone acetylation in memory consolidation. Inhibition of HDAC1/2 by the 

HDACi suberoylanilide hydoxamic acid (SAHA), as well as genetic knock-out of HDAC2 (but 

not HDAC1), enhanced both cued and contextual long-term fear memory (Guan et al., 2009; 

Morris et al., 2013). Furthermore, Guan et al. (2009) demonstrated increased synapse counts in the 

CA1 and the dentate gyrus (DG) regions of the HPC, in HDAC2 K/O mice (Guan et al., 2009). 

Conversely, genetic overexpression of HDAC2 impaired long-term fear memories and decreased 

dendritic spine density and synapse number in the HPC (Guan et al., 2009), collectively 

demonstrating that HDAC2 is a negative regulator of contextual and cued FC. Marcelo Wood’s 

group analyzed the involvement of another class I HDAC: HDAC3. HDAC3 deposition at 

immediate early genes (IEG) cFos and Nr4a2 in the dorsal HPC (dHPC) was reduced 1h following 
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FC, compared to home-cage controls, with a concomitant upregulation in cFos and Nr4a2 

expression (Kwapis et al., 2017). Furthermore, disruption of HDAC3 acetylase activity by a 

dominant-negative point mutant virus, significantly increased AcH4K8 in the dHPC and enhanced 

long-term contextual fear memory (Kwapis et al., 2017). Cued FC was not affected, as the HPC is 

not typically involved in this form of fear learning (Kwapis et al., 2017). Similarly, when this 

mutant-HDAC3 was infused into the basal amygdala, contextual, but not cued, FC was 

additionally increased (Kwapis et al., 2017). Conversely, reduced HDAC3 activity in the lateral 

amygdala enhanced cued, but not contextual, FC (Kwapis et al., 2017). In addition to an 

involvement of class I HDAC2 and HDAC3, class II HDACs have also been implicated in memory 

formation; specifically, HDAC5-/- mice exhibited impaired contextual and cued FC (Agis-Balboa 

et al., 2013), contextual fear learning reduced HDAC7 protein levels 4-24h following learning, 

and genetic knock-down or overexpression of HDAC7 enhanced and impaired long-term 

contextual fear memory, respectively (Jing et al., 2017). These results indicate that HDAC5 and 

HDAC7 are positive and negative regulators, respectively, of HPC-dependent fear memory 

consolidation. 

Although several groups have implicated increases in AcH3 during fear memory 

consolidation (Levenson et al., 2004; Bredy et al., 2007), the involvement of this histone mark 

might be a bit more complex. Specifically, studies from Anne-Laurence Boutillier’s lab have 

demonstrated increases in HPC AcH3K9 and AcH3K14 following contextual FC, context-only 

exposure, and an immediate shock group (reducing the ability to form an associative context-shock 

memory; Bousiges et al., 2013). Conversely, increases in HPC AcH2BK5 and AcH4K12 were 

associated with contextual FC only (Bousiges et al., 2013). Furthermore, Uchida and colleagues 

(2017) noted increases in HPC AcH3K9 and AcH3K14 30min-1h following either weak (one 

shock) or strong (three shocks) conditioning, but increases in AcH4K5 and AcH4K12 1-2h 

following only strong training, and further demonstrated that AcH4K12, but not AcH3, at specific 

gene promoters was necessary for long-term memory (LTM) formation (Uchida et al., 2017). 

Moreover, as discussed above, Marcelo Wood’s group also noted increases in AcH4 (AcH4K8) 

following FC that was coupled with HDAC3 enzymatic reduction, potentially similar to ‘strong’ 

learning parameters, as well as subsequent increases in fear memory (Kwapis et al., 2017). These 

results indicate that AcH2B and AcH4 might be specifically involved in associative memory 

consolidation while AcH3 might be involved in weaker or more simplistic forms of memory 
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formation (e.g., novel context). The early findings of FC-induced AcH3 might have been due to 

the comparison group, as both Levenson et al. (2004) and Bredy et al. (2007) compared contextual 

FC to home-cage controls, rather than to context-only or shock-only controls.  

Closely coupled to fear conditioning is the process of fear extinction, where the rodent 

experiences the previously conditioned stimulus, such as a context or tone, in the absence of the 

fear-inducing shock (CS-No US). Here, increases in AcH4 were noted (Bredy et al., 2007; Itzhak 

et al., 2012), possibly because fear extinction training was compared to fear learning, and both 

processes likely induce AcH3. Levenson et al. (2004) also found increases in HPC AcH4 during 

latent inhibition (pre-exposure to the context prior to contextual FC, which retards acquisition of 

the context-shock association). Several groups have demonstrated a role for histone acetylation in 

contextual and cued fear extinction, by displaying an accelerated rate of re-learning (i.e., CS-

noUS) following systemic administration of non-selective HDACi (Bredy et al., 2007; Lattal et 

al., 2007; Vecsey et al., 2007; Bredy and Barad, 2008; Itzhak et al., 2012; Bowers et al., 2015). 

HDAC3 is likely uninvolved in the pro-mnemonic effects of HDACi on extinction memory, as 

peripheral administration of the HDAC3 specific inhibitor RGFP966, did not enhance cued fear 

extinction (Bowers et al., 2015), whereas mice with HDAC2 K/O restricted to forebrain neurons 

exhibited enhanced HPC LTP and improved contextual and cued fear extinction (Morris et al., 

2013). Although HDAC1 K/O in post-mitotic forebrain neurons did not affect cued or contextual 

fear extinction (Morris et al., 2013), HDAC1 overexpression in the HPC did facilitate contextual 

fear extinction (Bahari-Javan et al., 2012), demonstrating HDAC2 and HDAC1 as negative and 

positive regulators of fear extinction memory.  

Reconsolidation, or the consolidation of a retrieval-induced destabilization, has likewise 

been linked to modulation of histone acetylation. Specifically, 1h following recall of a contextual 

fear memory (i.e., brief exposure to context 24h post-learning), AcH3, but not AcH4, was 

increased  in the HPC when compared to home-cage controls, and this was attenuated by (systemic) 

inhibition of IKKa, a specific protein in the nuclear factor kappa beta signaling pathway implicated 

in LTM (Lubin and Sweatt, 2007). Furthermore, memory recall increased AcH3, but not AcH4, 

deposition at the immediate early IEG Zif268 and IkBa (nuclear factor kappa beta inhibitor 

protein), and this was also blocked by IKKa inhibition (Lubin and Sweatt, 2007). Finally, non-

selective HDACi ameliorated IKKa-induced reconsolidation impairments (Lubin and Sweatt, 

2007). Maddox and Schafe (2011) also saw increases in AcH3, but not AcH4, in the lateral 
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amygdala following cued fear reactivation. The use of homecage controls as a comparison group 

and/or the lack of specific acetylation marks measured (i.e., AcH4 vs AcH4K12), might have 

contributed to the involvement of AcH3 but not AcH4, as has been seen in fear conditioning and 

fear extinction; however, it is clear that histone acetylation does occur during fear memory 

reconsolidation as well. 

Similar effects have been noted for cued fear memory, as reconsolidation of cued fear 

conditioning in rodents was shown to be enhanced following both systemic (Bredy and Barad, 

2008), and intra-lateral amygdala infusions of non-selective HDACi (Maddox and Schafe, 2011). 

In an elegant study, Graff and colleagues demonstrated that class I HDACi facilitated the 

destabilization of remote cued fear memories (30d), permitting massed extinction training 

immediately following remote memory recall to abolish spontaneous recovery of the original fear 

memory 60d after conditioning (i.e., 29d following extinction; Gräff et al., 2014). Spontaneous 

recovery was also prevented when an inhibitor of molsidomine, a nitric oxide donor for 

nitrosylation, was administered in place of the HDACi; this compound prevented HDAC2 

nitrosylation and subsequent dissociation from IEG promoters in the HPC, permitting 

accumulation of AcH3K9/14 at these IEG promoter and facilitating their expression (Gräff et al., 

2014). Furthermore, HDACi coupled with mass extinction following recall increased structural 

markers of synaptic plasticity in the HPC, including dendritic spine number, dendritic sine 

branching, and synapse number (Gräff et al., 2014). 

Collectively, the above studies suggest that fear learning, reconsolidation, and extinction 

initiate well-known intra-cellular signaling pathways, in corresponding brain regions (HPC, PFC, 

amygdala) that subsequently trigger histone acetylation on memory-and synaptic plasticity-related 

genes, ultimately increasing their expression and enabling successful memory consolidation. 

Furthermore, this process can be enhanced by inhibiting the activity of HDAC enzymes, allowing 

the accumulation of acetyl marks, facilitating memory. Moreover, the different histone marks (e.g., 

AcH3 vs AcH4/AcH2B) and HDAC involvement (i.e., HDAC1-3,5,7) noted between these three 

related forms of memory indicate a specific ‘histone code’ necessary for various forms of memory 

consolidation (Bredy et al., 2007) 

Specific HAT manipulations: The mnemonic facilitation accompanied by HDACi 

administration has been well documented, and although informative, this does not demonstrate 

necessity. Mnemonic impairment caused by HAT knock-out models or HATi on the other hand, 
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would indicate that this process is critical to memory formation. Indeed, numerous groups have 

demonstrated the necessity of various HATs for fear memory (Korzus et al., 2004; Oliveira et al., 

2007a, 2011; Marek et al., 2011; Wei et al., 2012; Maddox et al., 2013b, 2013a; Stilling et al., 

2014; Uchida et al., 2017).  

CREB, or cAMP response-element binding protein, is a transcription factor that binds to 

c-AMP response element (CRE) sequences on the DNA (Xia et al., 2009). Concomitant binding 

of CREB binding protein (CBP) activates CREB, allowing modulation of gene expression, 

including plasticity-related genes implicated in learning and memory (Xia et al., 2009). In addition 

to its co-transcriptional role, CBP also demonstrates HAT capabilities; therefore, several groups 

have generated knock out models for CBP (Oike et al., 1999; Bourtchouladze et al., 2003; Alarcón 

et al., 2004; Korzus et al., 2004; Stefanko et al., 2009; Roozendaal et al., 2010; Haettig et al., 2011; 

Oliveira et al., 2011). Initially, CBP-mutant mice were generated as a model for Rubinstein Taybi 

syndrome (Oike et al., 1999; Bourtchouladze et al., 2003; Alarcón et al., 2004), a developmental 

disorder characterized by severe physical malformations and intellectual deficiencies (Petrij et al., 

1995). Following the discovery that many of the genetic abnormalities in these individuals are 

localized to the CBP gene (Petrij et al., 1995), a few groups generated heterozygous CBP-deficient 

mice and assessed a wide-variety of functions (Oike et al., 1999; Bourtchouladze et al., 2003; 

Alarcón et al., 2004). Since this time, many groups have assessed the cognitive abilities of CBP 

knock-out mice, consistently finding that genetic reduction of CBP within the entire brain or 

restricted to forebrain excitatory neurons, causes long-term, but not short-term, memory deficits 

in fear conditioning (Alarcón et al., 2004; Barrett et al., 2011; G. Chen, Zou, Watanabe, van 

Deursen, & Shen, 2010; Wood et al., 2005; Wood, Attner, Oliveira, Brindle, & Abel, 2006; but 

see Valor et al., 2011 for contradictory results). Moreover, homozygous deletion of CBP in area 

CA1 created impairments in hippocampal-LTP, and these mouse models had reduced basal levels 

of AcH2BK12, AcH3K14, and AcH4K8 (Alarcón et al., 2004; Barrett et al., 2011), although the 

mnemonic consequence of these were not investigated.  

Impairments in long-term fear memory were additionally demonstrated with p300 knock-

out mice (Oliveira et al., 2011). EA1-associated protein, or p300 is CBP’s analogue and family 

member; CBP and p300 share 90% sequence homology, including both the KIX (kinase-inducible 

domain interacting domain) and HAT domains (Kalkhoven, 2004).  Similar to CBP, p300 

functions as a transcriptional co-activator, also binding to CREB, as well as a HAT (Kalkhoven, 
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2004). Importantly, when exclusively the HAT domains of both CBP and p300 are rendered 

inactive, long-term fear memory is also impaired (Korzus et al., 2004; Oliveira et al., 2007b), 

demonstrating that the ability of these two enzymes to acetylate histones, not just their capacity to 

act as co-transcription factors, is necessary for this type of memory.  

 RNA-sequencing following fear learning has illustrated increased expression of both CBP 

and p300, in addition to HATs in the GNAT family, including GCN-5 and PCAF (p300/CBP-

associated factor), and several HATs in the MYST family (Stilling et al., 2014). GCN-5 exhibited 

the highest rate of learning-induced expression, and these researchers subsequently demonstrated 

that CA1 GCN-5 conditional KO mice exhibited impaired hippocampal-LTP, as well as long-term 

contextual FC (mild impairments; Stilling et al., 2014).  

Recently, the complex involvement of Tip60 in fear memory has been demonstrated 

(Uchida et al., 2017). Specifically, CBP was shown to be recruited to the gene promoter of 

fibroblast growth factor 1b (Fgf1b) following weak training parameters (one shock), whereas 

Tip60 was shown to replace CBP at this locus following strong training (three shocks) and induce 

AcH4K5 and AcH4K12 (Uchida et al., 2017). Furthermore, genetic reduction of Tip60 resulted in 

impaired LTP, suppression of AcH4K12 at the Fgf1b promoter, increased Fgf1b expression, and 

enhanced fear memory (Uchida et al., 2017). Similar results were found when HDAC3 was 

inhibited pharmacologically (using T247; Uchida et al., 2017). Collectively, these results 

demonstrate that Tip60-induced histone acetylation led to upregulation of mnemonic genes 

associated with strong training-induced, enduring memory (Uchida et al., 2017). 

There is always a risk when using genetic knock-down or knock-out models that permanent 

knock-down of a particular protein might trigger compensatory mechanisms, which could call into 

question the validity of molecular or behavioural results. Therefore, reversible pharmacological 

agents or transient genetic knockdown are a beneficial tool to use in combination with genetic 

knock-out models, in the assessment of a protein’s function. Until recently, the examination of 

HAT inhibition on learning and memory has not been possible, due to the cell-impermeable nature 

of existing HATi. Recently, following the discovery of the cell-permeable HAT inhibitors C646 

(CBP/p300i) and garcinol (p300/PCAFi), Maddox and colleagues (2013) demonstrated 

impairments in both cued-fear memory consolidation and reconsolidation when either C646 or 

garcinol was infused into the lateral amygdala, with a concomitant decrease in activity-induced 

AcH3 in this region (Maddox et al., 2013a, 2013b). Paradoxically, Tim Bredy’s lab found that 
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either C646 (Marek et al., 2011) or SPV106 (Wei et al., 2012), a CBPi and simultaneous PCAF 

activator (PCAFa), infused directly into the infra-limbic PFC (IL-PFC) enhanced cued-fear 

extinction learning. It is unknown whether both of these results were due to CBP inhibition (rather 

than any effect of PCAF activation), as both compounds inhibit CBP, but it demonstrates that HAT 

activity is not always beneficial for memory formation and may in fact play different roles 

depending on the type of information being acquired.   

 

1.3.1.2 Morris Water Maze 

 Another well-known task assessing HPC function, specifically spatial memory, is the 

Morris water maze (MWM). Variations of this task exist, but typically a rodent learns over the 

course of several days the position of a platform that is submerged under opaque liquid in a circular 

pool (Morris, 1984). Latency to find the platform is used as a measure of learning, and the duration 

of time spent in the target quadrant when the platform is removed (probe trial) is used as an index 

of memory (Morris, 1984). 

Learning-induced histone acetylation and HDACs: Similar to fear conditioning, training in 

the MWM induces changes in histone acetylation. Specifically, Anne-Laurence Boutiller’s lab has 

noted increases in Ach4K12 and AcH2BK12, but not AcH3K9, H3K14, or H2AK9, in the dHPC 

following 3d of MWM acquisition with a hidden platform versus a visible platform (Bousiges et 

al., 2010, 2013). Furthermore, increased AcH2B and AcH4K12 were found on four genes 

(BDNFpIV, c-Fos, FosB, and Zif-268) in the dHPC of mice in the hidden platform condition, with 

concomitant increases in mRNA (Bousiges et al., 2010). Although AcH3 was also found at all four 

genes, no group differences were noted (Bousiges et al., 2010). Interestingly, increases in dHPC 

AcH3 were noted in the visible platform condition when compared with a home-cage control 

condition (Bousiges et al., 2010), suggesting that associative platform-location memory (i.e., 

hidden platform) required additional histone acetylation marks, and presumably differential gene 

regulation, then memory for the simple presence of a platform (i.e., visible condition). Using 

slightly different parameters, Castellano and colleagues (2012) found regional differences in HPC 

histone acetylation marks. Specifically, one month following typical MWM training, rats were 

given a brief place/cue training session that allowed for both HPC-dependent and independent 

solutions, and HPC regions were collected 2h following a probe session (no platform; Castellano 

et al., 2012). An increase in AcH3 was noted in all HPC subregions, but AcH3K9 was significantly 
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down-regulated in CA1, while AcH4 was increased in CA1 and decreased in the DG (Castellano 

et al., 2012). Moreover, HDAC2 protein was decreased specifically in CA1. Although HDAC1 

protein levels remain unchanged, this group noted decreases in phosphorylation (at serine 421), 

and therefore most likely reduced activation, of HDAC1 in all HPC subregions (Castellano et al., 

2012). Immunostaining illustrated HDAC2 localization mainly in neuronal nuclei, but HDAC1 

localization mainly in astrocytes (i.e., GFAP+ cells; Castellano et al., 2012). This could, in part, 

explain the lack of mnemonic impairment seen in mice with HDAC1 overexpression; specifically, 

Guan and colleagues (2009) noted increased escape latencies over acquisition days and a decreased 

preference for the target quadrant on a probe trial in mice with HDAC2, but not HDAC1, 

overexpression. These results might indicate that the enhancing effects of class I/II HDACi on 

both MWM consolidation and reconsolidation seen by Villain et al. (2016), were due to inhibition 

of HDAC2. Moreover, this group noted both increases in AcH3 at 30min, and AcH4 at 30min and 

1h, following HDACi + MWM training as well as HDACi + MWM reactivation (Villain et al., 

2016). The prolonged enhancement of AcH4 is similar to what has been seen following contextual 

fear conditioning using strong learning parameters that resulted in robust memory (Uchida et al., 

2017), providing additional evidence for the role of AcH4 in long-term associative memory. 

In addition to HDAC2, HDAC5 and HDAC7 have been shown to be involved in MWM 

memory consolidation; specifically, both HDAC5 K/O mice (Agis-Balboa et al., 2013) and mice 

overexpressing HDAC7 (Jing et al., 2017), demonstrated impaired learning and memory in typical 

version of the MWM, indicating that HDAC5 and HDAC7 are positive and negative regulators, 

respectively, of HPC-dependent spatial memory.  

These results collectively demonstrate similar acetylation patterns to what has been seen 

in fear conditioning, when considering the differential involvement of AcH3 and AcH4 in simple 

and more complex or associative memory, respectively. Moreover, class I (HDAC2) and II 

(HDAC5, HDAC7) HDACs have been shown to differentially regulate HPC-dependent spatial 

memory in a similar manner to HPC-dependent fear memory. Interesting HPC regional differences 

in histone acetylation marks and HDAC expression following learning warrant a more fine-grained 

analysis of the HPC, and other mnemonic-related brain structures, in future studies. 

Specific HAT manipulations: Similar to their analysis of histone acetylation, Bousiges and 

colleagues (2010) documented increases in HPC CBP, p300, and PCAF, but not Tip60, expression 

following day 3 of MWM acquisition (Bousiges et al., 2010). CBP protein levels were additionally 
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elevated, with trends toward significant increases in both p300 and PCAF (Bousiges et al., 2010). 

Moreover, AcH2B was enriched at the CBP gene in the HPC, indicating a possible mechanism for 

its learning-induced expression (Bousiges et al., 2010). Interestingly, although CBP occupancy 

was increased at the cFos, FosB, and BDNF (pIV) promoters following learning, deposition was 

significantly decreased at the Zif268 promoter, despite increased expression of all four genes 

following learning (Bousiges et al., 2010). This indicates that the various HAT proteins are not 

functionally redundant and might regulate expression of different genes. Conversely, Castellano 

et al. (2012) documented decreases in overall CBP protein levels in the dHPC, 2h following mass-

training (1d) in the MWM, although this might be due to differences in acquisition (3d vs. 1d). 

Nevertheless, CBP has been shown to be necessary for spatial memory, as a truncated form of 

CBP in the forebrain of mice impaired performance on the MWM (Wood et al., 2006a), as did 

genetic knock-out of GCN-5 (Stilling et al., 2014). HAT involvement in MWM memory has also 

been shown by agonizing HAT activity; specifically, Chatterjee and colleagues (2013) enhanced 

the function of CBP/p300 in the HPC through the use of the pharmacological agent TTK21 

(packaged in a carbon-nanosphere to enable passage across the blood-brain barrier), demonstrating 

memory for the platform location 16d following acquisition, significantly longer than control mice. 

TTK21 was injected 3d prior to learning, where it was shown to increase basal levels of AcH2B, 

AcH3, and AcH4K12 in the frontal cortex, and AcH2B and AcH3 in both the dHPC and brainstem 

(Chatterjee et al., 2013). Moreover, TTK21 increased dendritic branching in new-born neurons in 

the DG, without increasing the number of new neurons, suggesting that CBP/p300 agonism 

increased the maturation of new neurons in the DG (Chatterjee et al., 2013). The authors suggest 

that these basal changes, prior to learning, facilitated memory consolidation and subsequent 

memory duration (Chatterjee et al., 2013).  

 

1.3.1.3 Object Memory 

Several studies have assessed the involvement of histone acetylation in object recognition 

memory (Fontán-Lozano et al., 2008; Stefanko et al., 2009; Roozendaal et al., 2010; Zhao et al., 

2010, 2012; Haettig et al., 2011; Oliveira et al., 2011). Briefly, this paradigm capitalizes on 

rodents’ preference for novelty, where successful object recognition memory is determined by a 

rodent’s preference for a novel over a previously explored object, and object-location memory is 

represented by a preference for a familiar object in a novel location compared to a familiar location. 
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These tasks are referred to as spontaneous object recognition (SOR), and object-location (OL), 

respectively, and typically occur in an open arena. Both SOR and OL consist of a learning or 

‘sample’ phase, during which two (sometimes three) identical novel objects are displayed, and a 

test or ‘choice’ phase, in which the novel object or object location, respectively, is introduced. 

Additionally, object-location associative memory can be tested using four different objects, where 

two objects switch locations during the choice phase (Barker and Warburton, 2011). This task is 

typically referred to as object-in-place (OiP; Barker and Warburton, 2011). Manipulating the 

duration between the sample and choice phases allows the assessment of both short-term and long-

term memory in any of these tasks. 

Learning-induced modulation and HDACs: Several studies have shown that agents that 

enhance SOR and OL memory, such as HDACi (Fontán-Lozano et al., 2008; Zhao et al., 2010), 

corticosterone (Roozendaal et al., 2010), norepinephrine (Beldjoud et al., 2015), and 17b-estradiol 

(Zhao et al., 2010), increase levels of AcH3 when coupled with object learning, although it was 

not determined whether object learning-induced AcH3 increases occur in isolation. Conversely, 

Marcelo Wood’s group documented increases AcH4 in CA1 following OL, but not SOR, learning, 

and this was enhanced following selective inhibition of HDAC3 (using RGFP136), or focal CA1 

HDAC3 knock-out (McQuown et al., 2011). This might suggest that, similar to what was seen in 

other HPC-dependent learning paradigms, increases in AcH4 are a better marker for LTM. Karen 

Frick’s lab further demonstrated that 17b-estradiol administration following object learning 

increased HDAC1 expression, reduced HDAC2 protein levels, increase HAT activity (measured 

by increased NADH, a byproduct of free acetyl CoA after acetylation event), and increased 

AcK3K9 levels in dHPC (Zhao et al., 2010, 2012). These modifications were also shown to be 

dependent upon the ERK signaling cascades linked to memory-related plasticity (Zhao et al., 2010) 

and were diminished following intra-HPC infusion of a p300/PCAF inhibitor (garcinol; Zhao et 

al., 2012). Gene expression changes typically associated with memory are also enhanced with 

increases in histone acetylation; Fontan-Lozano et al. (2008) demonstrated that class I/II HDACi 

(sodium butyrate; NaBut) administration 30min prior to object learning significantly enhanced 

plasticity-related gene expression (BDNF, c-fos), as did pharmacological or genetic reduction of 

HDAC3 in area CA1, prior to OL training (increased Nr4a2 and c-Fos expression; McQuown et 

al., 2011). 

Unlike fear conditioning, the measure of object memory is not assessed as a scale. Whereas 
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increases in the percentage of rodent freezing is likened to enhanced memory, to assess enhances 

in SOR or OL memory, often a sub-threshold learning or sample phase is employed (Fontán-

Lozano et al., 2008; Stefanko et al., 2009; Roozendaal et al., 2010; Haettig et al., 2011). Using a 

sub-threshold training regime, non-selective HDACi administration (systemic) shortly before or 

after a SOR sample phase produces successful LTM, but not STM, where vehicle-treated animals 

demonstrate no object preference at either delay period (Fontán-Lozano et al., 2008; Stefanko et 

al., 2009; Roozendaal et al., 2010; Haettig et al., 2011). Similar SOR memory enhancements have 

been reported following intra-PRh infusions of a non-selective HDACi (TSA), but were not seen 

upon intra-PFC HDACi administration in the OiP task (Scott et al., 2017).  

An alternative method to using sub-threshold training to detect memory enhancements is 

to increase the delay period between sample and choice phases. Stefanko and colleagues (2009) 

demonstrated that systemic administration of a class I/II HDAC inhibitor (sodium butyrate; NaBut) 

extended the object memory of mice from 1d in vehicle-treated rodents, to 7d. The effect of 

HDACi was limited to the initial window of memory consolidation, as NaBut administration 

immediately following object learning, but not 1h before memory retrieval on day 7, facilitated 

memory. Moreover, the memory enhancing effects of HDACi were also displayed when 

administered directly into the HPC and insular cortex (Roozendaal et al., 2010). Marcelo Wood’s 

lab further demonstrated that selective inhibition of HDAC3 by both a focal deletion and a 

pharmacological agent, facilitated OL memory duration (McQuown et al., 2011).  Moreover, they 

showed that genetic reduction of HDAC3 could overcome the OL memory deficits and impaired 

HPC-LTP in mice that lack a protein (Baf53b) involved in nucleosome repositioning, another 

epigenetic process that permits access to specific portions of the chromatin (Shu et al., 2018). 

HDAC7 has also been implicated in object memory, as over expression in the dHPC impaired 

long-term OL memory (Jing et al., 2017). Using mice with forebrain deletion of HDAC1 or 

HDAC2, Lisa Monteggia’s group found no impairments in SOR or OL LTM (Morris et al., 2013). 

Similarly, HDAC1 overexpression in the HPC had no effect on long-term SOR (Bahari-Javan et 

al., 2012). Both groups demonstrated modulation in fear memories using these genetic mouse 

models (Bahari-Javan et al., 2012; Morris et al., 2013), indicating viral efficacy. Therefore, 

although HDAC1, HDAC2, HDAC3, and HDAC7 have been implicated in HPC-mediated fear 

memories, only HDAC3 and HDAC7 seem to regulate object memory in the HPC, illustrating the 

unique involvement of these mechanisms for different forms of memory.  
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Specific HAT manipulations: Similar to literature examining HAT involvement in fear 

conditioning and the MWM, much of the research has focused on CBP. For example, CBP 

heterozygotes (Korzus et al., 2004), mutation to the CREB binding domain (KIX domain [kinase 

inducible interaction]; Haetting et al., 2011; Roozedaal et al., 2011; Stefanko et al., 2009) or 

mutation of the HAT domain (Korzus et al., 2004) within forebrain neurons, caused long-term 

object memory deficits, presumably due to reduced memory-related gene expression. Indeed, 

inhibition of acetyl CoA synthetase 2 (ACSS2), and subsequent reduction in the donor necessary 

for histone acetylation, acetyl CoA, caused a decrease in gene expression in the HPC and impaired 

long-term OL memory (Mews et al., 2017). Furthermore, ACSS2 occupancy overlapped with areas 

of CBP and AcH3K27 (expressive histone mark) deposition in publicly available mouse cortex 

databases, predominantly at genes with GO terms involved in synaptic membrane potential, 

indicating that acetyl CoA permitted CBP to acetylate at specific plasticity-related genes 

throughout the genome (Mews et al., 2017). Interestingly, Marcelo Wood’s lab has demonstrated 

that object memory enhancement by HDACi is dependent upon CBP within the HPC. Stefanko 

and fellow researchers (2009) documented that CBPKIX/KIX mice displayed object memory 

enhancements following administration of a class I/II HDACi (NaBut), similar to WT mice; 

however, earlier this lab had demonstrated that HDACi administration to HPC slices facilitated 

LTP in a CBP-dependent manner (Vecsey et al., 2007). Since CBP was dysfunctional in the HPC, 

the team concluded that the way they run the SOR task is HPC-independent, and that CBP must 

not be required in other relevant brain regions for the enhancing effects of HDACi. These 

researchers further demonstrated that HDACi was able to ameliorate the memory deficits 

displayed by CBPKIX/KIX mice on the SOR task, but not the OL task (Roozendaal et al., 2010), 

HPC-independent and HPC-dependent tasks, respectively. Additionally, when the SOR choice 

phase consisted of a novel object and a relocated familiar object (A-B to B-C), HDACi facilitated 

novelty preference in CBPKIX/KIX mice, but not WT, demonstrating that when the HPC is void of 

CBP, the task is accomplished through non-spatial and presumably HPC-indepenent means 

HDACi are able to fulfill their facilitatory role. Similarly, HDAC3 reduction-induced OL memory 

enhancements were not present in CBPKIX/KIX mice (McQuown et al., 2011). These results seem 

to support the notion that object memories with a spatial component are supported by the HPC in 

a CBP-dependent manner.   
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Not surprisingly, SOR deficits have also been reported in transgenic p300 mice (Oliveira 

et al., 2007b, 2011). Oliveria and colleagues (2011) noted SOR memory impairments in their 

p300flox knock-out mice, as well as mice lacking the p300 HAT and activation domains (Oliveira 

et al., 2007). 

Similar to its involvement in fear conditioning and the MWM, genetic reduction of GCN-

5 in the HPC additionally impaired long-term, but not short-term, SOR memory (Stilling et al., 

2014). Another member of the GNAT family of HATs, PCAF, has also been shown to be involved 

in object memory. Named for its interaction with CBP/p300, p300/CBP associated factor (PCAF) 

was later identified as a HAT, as it was originally suggested that CBP/p300 was an adaptor 

complex between PCAF and DNA-binding factors (Yang et al., 1996). It has since been shown 

that PCAF is a co-transcription factor and HAT, similar to CBP and p300 (Chérasse et al., 2007). 

Maurice and colleagues demonstrated that PCAF KO mice have short-term OiP memory deficits, 

but spared STM in the SOR task (Maurice et al., 2008). These results are interesting, given that 

epigenetic mechanisms are not typically involved in STM, which does not require gene expression 

(Fontán-Lozano et al., 2008; Itzhak et al., 2012; Stilling et al., 2014; Villain et al., 2016; Uchida 

et al., 2017). 

 These studies demonstrate a critical role for CBP, p300, and GCN-5 in long-term object 

memory, and further indicate CBP as an essential HAT for HPC memory enhancement-induced 

through HDACi administration. This might suggest that other HATs are unable to compensate for 

specific functions of CBP. Moreover, the involvement of PCAF in short-term OiP memory might 

indicate its action on non-histone proteins, affecting signaling cascades rather than gene 

expression.  

 

1.3.1.4 Other Forms of Learning and Memory 

 The consistent involvement of histone acetylation, including HAT and HDAC proteins, in 

fear conditioning, spatial memory in the MWM, and object recognition, has triggered many labs 

to investigate these mechanisms in a myriad of other mnemonic tasks. Similar results have since 

been obtained in rodents for drug-cue memories (including condition-place preference memory; 

Malvaez et al., 2013; Rogge et al., 2013; Wang et al., 2015; Monsey et al., 2017), 

inhibitory/passive avoidance (Blank et al., 2014; Steckert et al., 2015; Valiati et al., 2017), 
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auditory-reward memory (Bieszczad et al., 2015), conditioned taste aversion (Morris et al., 2013), 

and habit formation (Malvaez and Wassum, 2018). Moreover, two studies have documented a 

mnemonic involvement of histone acetylation in flies; specifically, memory for certain mating 

behaviours was shown to be impaired following genetic knock-down of Tip60 (Xu et al., 2014), 

and olfactory memory was impaired in the absence of HDAC6 (Perry et al., 2017). Interestingly, 

both of these mnemonic impairments in flies were of immediate recall, whereas histone acetylation 

is typically involved in long-term, not short-term, memory (Bourtchouladze et al., 2003; Monsey 

et al., 2011; Itzhak et al., 2012; Maddox et al., 2014; Stilling et al., 2014; Villain et al., 2016). This 

might suggest Tip60 and HDAC6 action at non-histone proteins in flies, and possibly other species. 

 

1.3.1.5 Restorative Functions in Cognitively Impaired Models 

With the memory enhancing effects produced by active histone acetylation, it is no surprise 

that many groups have utilized neurodegenerative and cognitively impaired rodent models in the 

assessment of these mechanisms. The Tsai lab conducted one of the first studies, using the CK-

p25-TG neurodegenerative mouse model. These researchers demonstrated recovery of learning 

and memory (contextual FC and MWM), AcH3, AcH4, and gene expression within the HPC, 

following either environmental enrichment or class I/II HDACi (Fischer et al., 2007). The 

researchers proposed that environmental enrichment or HDACi was increasing the level of histone 

acetylation in these neurodegenerative mice, subsequently allowing for increased expression of 

plasticity and growth proteins, ultimately leading to the recovery of both learning and memory. 

Since this time, HDACi has been shown to ameliorate cognitive and mnemonic deficits in a 

plethora of compromised animal models. Specifically, class I and/or class II HDACi reversed 

MWM deficits displayed by mice with traumatic brain-injuries (Dash et al., 2009), mice lacking 

neural nitric oxide synthase (Itzhak et al., 2012), transcritption factor 4 (Tcf4) knock-out mice 

(Kennedy et al., 2016), and insulin-resistant mice (due to a high fat diet; Sharma and Taliyan, 

2016), while ameliorating long-term SOR memory impairments in a mouse model of Angelman’s 

Syndrome (Ube3-maternal deficient mice; Jamal et al., 2017) and adult rats raised with deprivation 

of maternal care (Albuquerque Filho et al., 2017), enhancing inhibitory avoidance memory in 

insulin-resistant mice (Sharma and Taliyan, 2016) and rats with adult-onset menegitis (Barichello 

et al., 2015), in addition to over-coming social preference/recognition deficits in Angelman’s 

Syndrome (Ube3-maternal deficient mice; Jamal et al., 2017). 
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 Several studies have also investigated the epigenetic therapeutic strategies in aging and 

Alzheimer’s disease (AD). For example, inhibition of class I/II HDACs (NaBut) enhanced 

memory in aged rats (24mo) such that they could recall the inhibitory avoidance event 7 days later, 

compared to only 2d in aged controls; however, young rats (3mo) were able to recall the event 23d 

later without HDACi (Blank et al., 2015), suggesting that HDACi can improve but not always 

entirely reverse, aging-induced cognitive deficits. Singh and Thakur (2014) specifically implicated 

HDAC2 in aged mice (80w), demonstrating increased basal levels of HDAC2 mRNA and protein 

expression in the HPC compared to young (10w) and adult (30w) mice, in addition to deficits in 

long-term SOR memory (Singh and Thakur, 2014). Similarly, Castellano and colleagues (2012) 

found that aged rats (24mo) who were impaired on the MWM, did not demonstrate a reduction in 

HDAC2 protein in area CA1 following a remote ‘reminder’ session, although the basal differences 

noted by Singh and Thakur (2014) were not seen. Furthermore, aged-impaired rats did not 

demonstrate the learning-induced increase in AcH4 in all HPC subregions, as was seen in young 

(6mo) and old-unimpaired rats (Castellano et al., 2012). Dagnas et al (2015) also noted a lack of 

MWM-induced increases in AcH4 in aged (18-20mo) versus young (3-4mo) mice, in area CA1 

and the striatum, a region that has been implicated in spatial information processing (Dagnas et 

al., 2015). These mice demonstrated impaired memory 24h following the 1d mass training, and 

although class I/II HDACi (TSA) reinstated the AcH4 increases in area CA1, it did not induce 

AcH4 increases in the striatum, possibly explaining why memory in these aged mice was not 

enhanced (Dagnas et al., 2015). This illustrates another instance where HDACi might not be able 

to completely ameliorate age-induced mnemonic deficits.  

Two other studies have noted impairments in AcH4 in aged animals, and more specifically 

AcH4K12  (Peleg et al., 2010; Benito et al., 2015). Peleg and colleagues (2010) documented 

MWM and contextual FC impairments in their aged (16mo) mice, when compared to young (3-

8mo) mice, and reduced AcH4K12 at learning-related gene promoters in the HPC. These deficits 

were reversed following HDAC1/2i (SAHA). Interestingly, aged mice demonstrated an increase 

in AcH4K5 at 30min and 60min following contextual FC, whereas this increase was only seen 

60min following learning in young mice, potentially indicating temporal misregulation of 

epigenetic modifications in mnemonic failure. Benito et al. (2015) also noted MWM impairments 

and deficits in learning-induced AcH4K12 in their aged (20mo) compared to young (3mo) mice, 

in addition to alterations in learning-induced gene expression. More specifically, these researchers 
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mapped the AcHK12 accumulation following learning in young mice, to intron/exon junctions 

exclusively in neurons. Histone acetylation rates have been shown to affect exon 

inclusion/exclusion during transcription (i.e., effecting splicing), and this study determined that 

aberrant exon inclusion was occurring at loci lacking AcH4K12 in the aged mice, causing errors 

in mRNA sequences and their subsequent proteins (Benito et al., 2015). As has been consistently 

demonstrated, mnemonic and epigenetic deficits were reversed following inhibition of HDAC1/2 

(SAHA; Benito et al., 2015). 

Similar investigations have been made with respect to AD. One specific AD mouse model 

APP/PSI, which have genetic mutations in the amyloid precursor protein and presenilin 1 genes 

causing amyloid accumulation, has been shown to have increased HDAC3 within the HPC, at 9mo 

(Zhu et al., 2017). Genetic reduction of HDAC3 within the HPC improved mnemonic performance 

on the MWM, decreased levels of amyloid plaques, increased dendritic spine density, and 

attenuated microglial activation most likely leading to a decrease in inflammatory response (Zhu 

et al., 2017), indicating that HDAC3 negatively regulates memory and AD-related pathology. 

Benito and colleagues (2015) also documented mnemonic impairments in the MWM by APP/PS1 

mice, in addition to decreases in AcH4K12 at the promoters of memory-related genes in area CA1, 

similar to the findings of Peleg et al., (2010) in aged mice. Furthermore, they found a number of 

inflammatory genes upregulated in the brains of APP/PS1 mice, versus controls (Benito et al., 

2015). HDAC1/2i (SAHA) ameliorated the MWM deficits and increased AcH4K12 levels, in 

addition to decreasing expression of inflammatory genes. Although HDACi are typically discussed 

in terms of their actions at histone proteins, they additionally have the capacity to deacetylate non-

histone proteins (Wieczorek et al., 2012), and these authors demonstrated that SAHA was 

facilitating acetylation of the protein STAT1 (Benito et al., 2015). Acetylation of STAT1 has been 

shown to modulate signaling cascades, typically resulting in the inhibition of gene targets 

(reviewed in Wieczorek et al., 2012), which was most likely what was occurring at these 

inflammatory genes. Finally, a human post-mortem study by Nativio et al. (2018) demonstrated a 

drastic redistribution of AcH4K16 peaks in the lateral temporal region (Brodmann’s Area 20 or 

21) with age and AD, which negatively effected gene transcription. These researchers concluded 

that AcH416 is highly associated with aging, and that in the AD brain there is most likely a 

dysregulation, rather than an acceleration, of this normal aging process (Nativio et al., 2018). 
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Taken together, it is evident that aberrant histone acetylation plays a role in various 

pathologies and disorders characterized by cognitive and mnemonic deficits. Similar to what has 

been documented during memory consolidation in non-diseased animals, HDACs, particularly 

HDAC2 and HDAC3, seem to negatively regulate memory, accumulating in diseased brains, and 

the use of HDACi can often ameliorate the molecular and mnemonic deficits present (Castellano 

et al., 2012; Singh and Thakur, 2014; Blank et al., 2015; Dagnas et al., 2015; Zhu et al., 2017). 

Furthermore, reduced basal and or activity-induced AcH4 seems to be a consistent pattern in these 

aged or cognitively impaired models (Peleg et al., 2010; Castellano et al., 2012; Benito et al., 2015; 

Dagnas et al., 2015; Nativio et al., 2018). As mentioned previously, AcH4 and AcH2B might be 

more finely tuned for associative or more complex forms of memory, as AcH3 seems to increase 

following more simple experiences, such as context exploration (Bousiges et al., 2013) and weak 

fear training (Uchida et al., 2017). Collectively, these results point towards specific avenues of 

therapeutic potential for genetic and degenerative disorders, and the aging population. 

 

1.3.2 Role of DNA methylation in memory formation 

 

Around the same time that histone acetylation emerged as a potential gene regulator in the brain, 

DNA methylation was also documented to have a functional role in the CNS. Chen and colleagues 

(2003) incubated cultured neurons from mice with an antibody targeting MeCP2, one of the five 

methyl binding domain proteins (Chen et al., 2003). MeCP2 was found to be particularly enriched 

at the promoter III region of BDNF, a gene previously discussed for its role in memory-related 

plasticity. Interestingly, upon administration of potassium chloride and subsequent neuronal 

depolarization, MeCP2 was phosphorylated and released from the DNA (Chen et al., 2003), while 

the BDNF promoter was demethylated and BDNF expression increased (Martinowich et al., 2003).  

Additionally, preliminary clinical results from post-mortem frontal lobe tissue of individuals with 

schizophrenia demonstrated misregulation of the reelin gene, a gene implicated in plasticity and 

cell signaling; specifically, hypermethylation of the reelin gene and reduced reelin mRNA were 

present, in addition to increased DNMT1 levels (Veldic et al., 2004; Abdolmaleky et al., 2005). It 

was becoming clear that DNA methylation was playing some role in brain function, and soon after, 

David Sweatt’s lab pioneered much of the work demonstrating the necessity of DNA methylation 

in learning and memory (Levenson et al., 2006; Miller and Sweatt, 2007); however, the link 
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between DNA methylation and memory formation had actually been demonstrated decades earlier, 

by Borris Vanyushin’s lab (Vanyushin et al., 1974, 1977; Vanyushin and Ashapkin, 2017), but this 

major finding went largely unnoticed because as it was published in Russian.  

Using two different conditioning paradigms (passive defense reflex, food-conditioning 

reflex), Vanyushin and his lab demonstrated increases in 5mC levels in the neocortex and HPC of 

rats following training, but not 24h later (Vanyushin et al., 1974, 1977; Vanyushin and Ashapkin, 

2017). Moreover, learning in both of these paradigms was additionally accompanied by DNA 

synthesis of only specific sequences, rather than the entire genome, and was therefore not a result 

of DNA replication (Ashapkin et al., 1983). These researchers postulated this was a processes of 

DNA repair synthesis involved in DNA demethylation (Ashapkin et al., 1983). Indeed, over 20 

years later active DNA demethylation in frog and zebrafish was shown to require DNA synthesis 

in the form of the BER or NER pathways (Barreto et al., 2007; Rai et al., 2008). 

 

1.3.2.1 Fear Conditioning, Reconsolidation, and Extinction  

DNA Methylation: Initially, Sweatt’s lab determined that plasticity-related genes reelin 

and BDNF, could be altered in vitro by application of a DNMTi; specifically, zebularine treated 

HPC slices produced region specific hypomethylation on both the BDNF and reelin promoters 

(Levenson et al., 2006). Additionally, treatment with zebularine or another DNMTi, 5-AZA-2-

deoxycytidine (5-AZA), resulted in diminution of LTP in HPC slices (Levenson et al., 2006; Miller 

et al., 2008). Having established that DNA methylation affected the cellular mechanisms 

implicated in learning and memory, these researchers investigated the role of DNA methylation in 

contextual FC (Miller and Sweatt, 2007; Lubin et al., 2008). Specifically, 30min following fear 

acquisition DNMT3a and DNMT3b, but not DNMT1, mRNA levels were upregulated in 

comparison to context-only controls, suggesting DNA methylation and gene silencing were 

beneficial for memory formation (Miller and Sweatt, 2007). Moreover, following fear learning, 

the memory-suppressor gene protein phosphatase 1 (PP1) exhibited hypomethylation and a 

concomitant reduction in expression, whereas the opposite effect was seen for the pro-mnemonic 

genes reelin and BDNF (specifically exon IV; Miller and Sweatt, 2007; Lubin et al., 2008). 

Furthermore, intra-HPC DNMTi (5-AZA or zebularine) following contextual FC induced 

hypomethylation of PP1, subsequently decreasing PP1 mRNA levels, while further demethylating 

reelin and BDNF (exons I, II, IV, VI) beyond activity-induced levels, and increasing reelin and 
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BDNF (exon II, IV, VI) mRNA levels (Miller and Sweatt, 2007; Lubin et al., 2008). Furthermore, 

NMDA receptor antagonism (MK-801) impaired learning-induced demethylation of BDNFeIV 

and BDNF expression (Lubin et al., 2008), linking a well-known memory-related signaling 

pathway to the modulation of DNA methylation on plasticity-related genes. Critically, intra-HPC 

DNMTi (5-AZA, zebularine, RG-108) disrupted LTM (24hr), but not STM, compared to context-

only controls (Miller and Sweatt, 2007; Lubin et al., 2008), and this effect was transient, as 

memory-impaired animals (i.e., received DNMTi) re-trained following the 24hr memory test (day 

2) demonstrated comparable freezing to control rats on day 3 (Miller and Sweatt, 2007). Since this 

time, Sui and colleagues (2012) have also documented long-term, but not STM impairments 

following HPC-DNMTi, in both contextual and trace (time delay between CS and US) FC (Sui et 

al., 2012), and Glen Shafe’s lab noted similar mnemonic impairments in cued FC and 

reconsolidation following DNMTi administration (RG-108, 5-AZA) to the lateral amygdala 

(Maddox and Schafe, 2011; Monsey et al., 2011; Maddox et al., 2014). Moreover, DNMT3a 

expression was induced in the lateral amygdala following cued FC, and DNMTi impaired LTP at 

thalamic and cortical inputs into the lateral amygdala (Monsey et al., 2011), similar to findings in 

the HPC (Miller and Sweatt, 2007). DNMTi administered following cued FC was also shown to 

ameliorate training-related changes in auditory-evoked field potentials in the lateral amygdala (in 

vivo) that corresponded with LTM (Maddox et al., 2014). When assessing the roles of DNMT3a 

and DNMT1 separately, Feng et al. (2010) found no impairments in contextual FC; only 

DNMT3a/DNMT1 double knock-out (restricted to excitatory forebrain neurons) mice exhibited 

long-term fear memory impairments, reduced CA1 LTP, and decreased 5mC levels (Feng et al., 

2010). Conversely, Lisa Monteggia’s group demonstrated impairments in contextual FC and 

extinction, as well as cued fear extinction memory and CA1 LTP deficits, upon conditional 

forebrain deletion of DNMT3a, not DNMT1 (Morris et al., 2014). Moreover, these researchers 

found upregulation of DNMT3a, but not DNMT1, in the dHPC following both contextual and cued 

FC, similar to findings by Miller and Sweatt (2007) and Monsey et al. (2011) in the HPC and 

lateral amygdala, respectively. 

Collectively, these results demonstrate that DNA methylation, likely mediated by the de 

novo methyltransferases DNMT3a and DNMT3b, is necessary for HPC-and amygdala-dependent 

fear memory, illustrating a fine balance for the successful consolidation of LTM; specifically, 

although DNMTi can seemingly increase the expression of memory enhancing genes, DNMTi 
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inhibits the repression of memory suppressing genes, ultimately disrupting activity-induced 

plasticity and impairing LTM consolidation (Miller and Sweatt, 2007; Lubin et al., 2008). This 

delicate balance of gene-specific methylation and subsequent memory-related gene expression and 

repression can be modulated by mnemonic signaling pathways (e.g., NMDA receptor-mediated), 

and is necessary for successful LTP.  

The robust nature of fear conditioning allows for the analysis of remote memories, often 

7d-30d following learning, in addition to the ‘LTM’ test that is typically performed (i.e., 24h 

following learning), and several groups have shown epigenetic regulation of remote memories in 

the anterior cingulate cortex (ACC). Whereas reelin hypomethylation and PP1 hypermethylation 

were previously noted in the HPC 1h following contextual FC, changes known to be necessary for 

long-term (24h) fear memory (Miller and Sweatt, 2007), reelin was hypermethylated in the dmPFC 

1h following learning and there was no change in the methylation levels at PP1 and calcineurin 

(CaN; memory-suppressor gene) (Miller et al., 2010). Contrastingly, 1d and 30d following FC, 

CaN hypermethlation in the ACC was observed, and the authors suggested silencing of this 

memory-suppressor gene was allowing for fear memory consolidation in the cortex (Miller et al., 

2010). Furthermore, infusions of 5-AZA bilaterally into the ACC of rats disrupted remote (30d) 

fear memory, and the authors suggest that methylation mechanisms work to stabilize the fear 

memory trace continuously within the cortex (Miller et al., 2010). Similarly, Farah Lubin’s lab 

demonstrated increased 5hmC on the Npas4, but not c-Fos, gene in area CA1 following contextual 

FC, but noted opposite effects in the ACC during remote memory (30d) retrieval, suggesting 

different mechanisms involved in initial and remote memory consolidation (Webb et al., 2017). 

Halder et al. (2015) also found differently methylated regions in the HPC and ACC 1h and 4wk  

following contextual FC (Halder et al., 2015). In accordance with previous reports of activity-

induced methylation in the DG (Guo et al., 2011a), these researchers noted that a majority of the 

differentially methylated regions following fear learning were intergenic (³ 5kB from known 

gene), and to a lesser extent intronic, with ~1% residing in gene promoters (Halder et al., 2015). 

This might suggest DNA methylation-mediated regulation and/or expression of enhancer regions 

or lncRNAs (long non-coding RNAs) are implicated in mnemonic functions. 

GADD45 proteins and DNA Demethylation: The first indication that GADD45 proteins 

were implicated in activity-induced DNA demethylation came from the lab of Hongjun Song. 

These researchers demonstrated that GADD45b, but not GADD45a or GADD45g  was induced, 
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predominantly in neurons, within the DG following a single electroconvulsive treatment (ECT) or 

exploration of a novel environment, and that this activity-induced expression was abolished by 

NMDA receptor antagonism (by CPP). Furthermore, ECT increased the number of proliferating 

neurons in the DG, increased the dendritic spine length and complexity in these new-born neurons, 

induced demethylation of BDNF and Fgf1 (fibroblast growth factor 1), genes known to be involved 

dendritic spine growth and neural progenitor proliferation, respectively, and subsequently 

increased the expression of BDNF and Fgf1 4h following ECT. These changes were ameliorated 

in GADD45b knock-out mice, indicating that GADD45b is involved in activity-dependent 

demethylation and late-onset gene expression in the adult DG that influences neurogenesis. Many 

studies have demonstrated a positive role for adult DG neurogenesis in HPC-dependent memory 

(Deng et al., 2010), and GADD45b-mediated DNA demethylation may modulate gene expression 

during this process. Farah Lubin’s lab demonstrated a similar role for GADD45b in activity-

induced DNA demethylation; specifically, following contextual FC, GADD45b expression was 

upregulated and GADD45b protein accumulated on the BDNF gene, while BDNF was 

significantly demethylated with a concomitant upregulation of mRNA (Jarome et al., 2015). 

Inhibition of the NF-kb signalling pathway abolished these effects. These results suggest that 

GADD45β regulates learning-induced DNA demethylation and subsequent expression of pro-

mnemonic genes in the HPC, and that this process is dependent on a well-known memory-related 

signalling pathway (Jarome et al., 2015). To determine whether GADD45β was necessary for LTM 

Ted Abel and David Sweatt’s groups simultaneously assessed mnemonic performance in 

GADD45b K/O mice. Although both groups found enhanced GADD45b expression following 

contextual FC in WT mice, and no effect on cued FC, Abel’s group documented long-term 

contextual fear memory impairments in their GADD45b K/O (Leach et al., 2012), while Sweatt’s 

group noted LTM enhancements, as well as facilitated LTP (Sultan et al., 2012). The authors 

postulate subtle strain and task differences that might account for these discrepancies (Sultan et 

al., 2012), but it is clear that GADD45β is implicated in the regulation of HPC-dependent memory. 

Although GADD45b was not found to be involved in cued FC, Tim Bredy’s lab has 

recently identified a role for GADD45g in the prelimbic PFC for cued FC. Specifically, 5h 

following cued FC, GADD45g expression was enhanced in the prelimbic PFC, and GADD45g 

occupancy at four IEGs (Npas4, Fos, rc, Cyr61) correlated with their increased mRNA expression 
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levels (i.e., second wave of IEG expression; Li et al., 2018). As might be expected, GADD45g, but 

not GADD45a or GADD45b knock-down in the prelimbic PFC impaired LTM (Li et al., 2018). 

The regional specificity of GADD45b and GADD45g for different forms of fear memory 

suggests different temporal regulation or patterns of gene expression in order to support various 

forms of information. It remains to be seen whether GADD45 isoforms, particularly GADD45a,  

are implicated in other mnemonic processes. 

TET proteins and DNA Demethylation: The involvement of the TET proteins in fear 

memory has also been investigated. Sweatt’s lab noted increases in Tet1 mRNA within the 

HPC/HPC neurons following potassium choloride depolarization, epileptic seizure, or contextual 

FC, whereas Tet2 and Tet3 mRNA was not consistently upregulated (Kaas et al., 2013). At basal 

levels, TET1 overexpression reduced 5mC while increasing levels of non-modified C within area 

CA1, indicative of demethylation (Kaas et al., 2013). Although TET1 overexpression had no effect 

on transcription of several memory-suppressor (CaN, PP1, PP2a) and memory-enhancing 

(CamkIIa, Gdk5, GluR1, reelin) genes, overexpression did lead to upregulation of several 

plasticity-related genes (BDNF, Fos, Arc, Egr1, Homer1, Nr4a2), in addition to Apobec1 

implicated in deamination-induced DNA demethylation (Kaas et al., 2013). Interestingly, 

expression of these genes was increased independent of the catalytic activity of TET1, as 

overexpression of TET1 with a mutated catalytic domain produced the same pattern of results 

(Kaas et al., 2013). Several DNA glycosylases (TDG, Mbd4, Smug1) that mediate the BER 

pathway, were also found to be upregulated following TET1 overexpression, but only when the 

catalytic domain remained functional (Kaas et al., 2013). Finally, regardless of the catalytic 

domain, TET1 overexpression in CA1 impaired contextual FC (Kaas et al., 2013). These results 

suggest that TET1 plays a role in HPC-dependent fear memory consolidation through catalytic and 

non-catalytic actions. It remains possible that TET1 might act as a bridging or linking protein, 

between the DNA and other protein complexes under certain circumstances, similar to GADD45 

proteins (Schafer, 2013) and HDAC4/5 (Fischle et al., 2002). 

Overexpression of a protein can help infer, but not determine the necessity of its role; 

therefore, the finding that TET1 knock-out mice exhibit intact contextual FC demonstrates this 

protein is not required for HPC-dependent fear memory consolidation (Rudenko et al., 2013; 
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Kumar et al., 2015b), although when weaker acquisition protocols are employed, TET1 K/O mice 

exhibited enhanced long-term (1d) and remote (15d, 30d) contextual fear memory (Kumar et al., 

2015b). Additional findings from the lab of Li-Heui Tsai demonstrated that TET1 was necessary 

during contextual fear memory extinction, as TET1 K/O mice exhibited impaired extinction 

memory 24h following a massed 1d extinction learning. TET1 K/O caused a global decrease of 

5hmC in both the HPC and cortex, and caused dysregulation of gene expression including a down-

regulation of several IEGs (Npas4, c-Fos, Erg2, Erg4, Arc; Rudenko et al., 2013; Kumar et al., 

2015). Moreover, 5mC and 5hmC were increased and decreased, respectively, at Npas4 in the 

cortex and HPC of TET1 K/O, presumably leading to the decrease in Npas4 expression. Following 

fear extinction training, Npas4 was hypomethylated and subsequently upregulated (mRNA), and 

this was abolished in the TET1 K/O mice. Furthermore, TET1 ablation in the HPC had no effect 

on LTP (Rudenko et al., 2013; Kumar et al., 2015b), but was found to increase LTD (long-term 

depression), known to be involve in synaptic weakening, and this effect was found to be mediated 

by NMDA receptors, not metabotropic glutamate receptors (Rudenko et al., 2013). In tandem, 

these studies implicate TET1 as a negative regulator of contextual FC (Kaas et al., 2013), but a 

positive regulator of contextual fear memory extinction (Rudenko et al., 2013). Sweatt’s lab 

additionally postulates that TET1 reduction in the HPC might trigger a series of compensatory 

mechanisms that facilitate specific patterns of gene expression, as they noted mRNA increases in 

several factors involved in both DNA methylation (DNMT1, DNMT3a, DNMT3b, MeCp2, Mbd3) 

and DNA demethylation (GADD45b, Apobec1, Smug1, Mbd4, Tdg1) in TET1 K/O mice (Kumar 

et al., 2015b). 

Tim Bredy’s lab also demonstrated a role for the TET proteins in fear memory extinction, 

noting the necessity of TET3 in the infralimbic PFC for cued fear extinction (Li et al., 2014). 

Specifically, following potassium chloride-induced depolarization in primary cortical neurons, or 

in infra-limbic PFC following fear memory extinction training, Tet3 expression was induced, but 

not Tet1 as has been shown in the HPC following contextual FC (Kaas et al., 2013), and this was 

blocked by the NMDA receptor antagonist, MK-801 (Li et al., 2014). Likewise, TET3, but not 

TET1, knock-down in the infralimbic PFC impaired cued fear extinction, and TET3 knock-down 

did not affect cued FC performance. An in-depth analysis of 5hmC peaks following fear extinction 

training indicated accumulation at genes related to synaptic signalling and synaptic plasticity. In 

particular, this group focused on the 5hmC increase on the gephryin gene, a protein that anchors 
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GABA receptors to the post-synaptic membrane, noting an increase in TET3 occupancy here as 

well, in addition to increased gephyrin expression 2h following fear extinction (Li et al., 2014). 

This suggests that extinction learning triggers TET3-mediated DNA demethylation on memory-

related genes, and subsequent increases in gene expression, in the infralimbic PFC, similar to 

findings with TET1 in the HPC. 

 Recently, TET2 has also been shown to be involved in mnemonic processes, in addition to 

DG-mediated neurogenesis. Gontier et al. (2018) demonstrated a reduction in both the proliferation 

and maturation of new-born adult DG neurons following genetic reduction of TET2 in neural 

progenitor cells. Furthermore, both knock-down methods impaired long-term, but not short-term, 

contextual FC (Gontier et al., 2018). It remains to be determined whether TET2 regulates some 

aspect of learning-induced adult DG neurogenesis. 

 Taken together, these studies suggest TET proteins are mediating learning-induced DNA 

demethylation on plasticity-related genes, and perhaps on different patterns of genes, as TET2 is 

necessary in the HPC for long-term contextual fear memory and basal rates of adult DG 

neurogenesis, while TET1 is necessary in the HPC and/or cortex for contextual fear extinction 

memory, and TET3 is necessary in the infralimbic PFC for cued fear extinction memory. 

1.3.2.2 Morris Water Maze 

 Several of the studies that investigated DNA demethylation in fear memory additionally 

characterized these mechanisms in the MWM. For example, Feng et al., (2010) noted LTM 

impairments in the MWM in DNMT3a/DNMT1 double knock-out mice (but not in single knock-

out mice), while Sultan et al. (2012) demonstrated that GADD45b K/O mice exhibited enhanced 

memory for MWM training (1d mass training). Rudenko et al. (2013) showed that TET1 K/O mice 

continued to swim in the target quadrant of the pool 3d following removal of the platform, 

demonstrating significant retardation of extinction, and Gontier et al. (2018) noted that TET2 

within the DG was necessary for a LTM in a variant of the MWM (radial arm water maze).  

As discussed, TET2 K/O was shown to reduce proliferation and maturation of neurons in 

the DG (Gontier et al., 2018). Zhang and colleagues (2013) additionally demonstrated that deletion 

of the catalytic domain of TET1 caused deficits in adult DG neurogenesis; specifically, the neural 

progenitor pool was reduced by 45% in K/O mice, there were fewer and smaller neurospheres 
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(clusters of dividing cells), and a reduction of new-born neurons was noted at 4mo. Moreover, 

these TET1 K/O mice exhibited deficits in later stages of MWM acquisition (days 3-5 of the 5 day 

training protocol), as well as LTM assessed 24h following acquisition, although interestingly, no 

remote memory impairments were noted at 3wk post-acquisition. Similar effects were seen when 

TET1 K/O was localized to the DG, and when onset occurred later in development (2mo). These 

selective deficits might be a result of reduced ability to differentiate between similar locations, 

referred to as pattern separation, a known function of adult DG neurogenesis (Clelland et al., 2009), 

which is possibly not necessary during remote memory retrieval. It remains to be seen whether 

TET2 K/O would have an effect on remote memory, given its documented role in adult DG 

neurogenesis, as well (Gontier et al., 2018). It is interesting to note the lack of contextual FC 

impairments (24h) exhibited by TET1 K/O mice from Tsai’s lab (Rudenko et al., 2013), in light 

of the LTM (24h) MWM impairments seen by Zhang et al. (2013). This might have to do with 

differences in task parameters (e.g. 1 vs. 5d for FC and MWM acquisition, respectively) or the 

type of HPC processes the paradigms require (i.e., DG neurogenesis/pattern separation). Indeed, 

mice lacking MBD1 displayed reductions in adult DG neurogenesis (in addition to decreased cell 

survival), similar to TET1K/O, and exhibited impairments in MWM acquisition (over 9 days of 

training), STM (4h probe test), and LTM (24h probe test), as well as DG LTP (but not CA1 LTP; 

Zhao et al., 2003). This suggests that optimal MWM acquisition and memory require DG 

neurogenesis, most likely for its pattern separation capabilities. 

 These studies demonstrate a convincing role for DNA demethylation in spatial memory, 

and illustrate additional epigenetic factors (TET1, TET2, and MBD1 in addition to GADD45b) 

that are involved in adult DG neurogenesis. Furthermore, use of multiple behavioural paradigms 

is highlighted here, as different forms of HPC-dependent memory (i.e., fear conditioning, fear 

extinction, spatial memory) engage different processes and therefore require, or can be effected 

by, different epigenetic mechanisms.  

1.3.2.3 Object Recognition and Object Location 

Similar to findings following contextual fear learning, DNMT3a and DNMT3b, but not 

DNMT1, expression has been found to be up-regulated in the HPC following object learning and 

reliant on NMDA receptor activation (Zhao et al., 2010; Oliveira et al., 2012). Furthermore, Karyn 

Frick’s lab demonstrated that DNMTi in the dHPC abolished the 17b-estradiol-induced 
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enhancements in long-term SOR memory (Zhao et al., 2010), while Oliveira and colleagues (2012) 

noted SOR memory impairments when DNMT3a (specifically DNMT3a2) was genetically 

reduced in the dHPC (Oliveira et al., 2012). Similarly, Lisa Monteggia’s group found long-term 

SOR and OL memory impairments when DNMT3a, but not DNMT1, was knocked-out in 

forebrain neurons (Morris et al., 2014). Clea Warburton’s lab investigated DNMTi in three brain 

regions known to be involved in OiP memory; specifically, whereas the HPC processes the spatial 

location of the object, the perirhinal cortex (PRh) is involved in object identification, while the 

medial PFC (mPFC) is thought to play a working memory role, actively comparing the objects and 

their locations (Barker and Warburton, 2011). These researchers found that DNMTi using either 

RG108 or 5-AZA impaired long-term OiP memory in rats when infused into the HPC or mPFC, 

whereas only RG108 impaired OiP and SOR memory when infused into the PRh (Scott et al., 

2017). Interestingly, there appear to be cases in which DNMT1 exhibits resistance to 5-AZA 

(Momparler, 2005); therefore the lack of impairment found upon intra-PRh administration of 5-

AZA suggests that DNMT1 might be required in this structure for successful object recognition. 

DNA demethylation has also been implicated in SOR memory, as TET1 deletion in the 

dHPC enhanced long-term SOR memory, similar to effects seen for long-term and remote 

contextual fear memory (Kumar et al., 2015b). 

 

1.3.2.4 Other Forms of Learning and Memory 

DNA methylation and DNA demethylation have subsequently been investigated in 

alternative mnemonic paradigms, such as drug-reward (Day et al., 2013; Feng et al., 2015), 

conditioned taste aversion (Morris et al., 2014), and novel environment learning (Roth et al., 2015) 

in rodents, as well memory tasks in other models species, including olfactory memory (including 

extinction memory) and the proboscis extension reflex in honey bees (Biergans et al., 2015, 2016, 

2017; Gong et al., 2016; Li et al., 2017; Søvik et al., 2018), and the siphon reflex in Aplaysia 

(Pearce et al., 2017). This further illustrates the widespread involvement of these mechanisms in 

memory consolidation.  
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1.3.2.5 DNA Methylation in Cognitively Impaired Models 

 Compared to histone acetylation, there are fewer studies demonstrating cognitive 

rehabilitation by manipulating mechanisms of DNA methylation, but these processes have been 

implicated in aging-related cognitive deficits, as well as a handful of other cognitive disorders.  

 When compared with young rats (5-6mo), aged rats (17-22mo) exhibited extensive 

redistribution of 5mC across the genome, in addition to changes in basal mRNA expression levels 

(Ianov et al., 2017). Notably, within the PFC and DG, aging was associated with hypermethylation 

of genes involved in synaptic function (Ianov et al., 2017; Penner et al., 2017). Interestingly, 

DNMT1 and DNMT3a protein levels are decreased in the adult (30wk) and aged (80wk) mouse 

cortex and HPC, in comparison to young mice (10wk; Singh and Thakur, 2014), even though many 

important genes related to synaptic plasticity have been shown to be hypermethylated (Ianov et 

al., 2017; Penner et al., 2017), suggesting aged-induced impairments in DNA demethylation, as 

well. Oliviera et al. (2012) also noted aged-induced (18mo) decline in DNMT3a2 expression and 

impairments in long-term contextual FC and SOR when compared to young mice (3mo), and these 

deficits were abolished by overexpression DNMT3a2 in the dHPC. 

 Aged mice also exhibit declines in TET2 expression and levels of 5hmC in the DG, 

although no changes in 5mC were found by this group, potentially because they focussed 

specifically on the DG (Gontier et al., 2018). Many of the genes with reduced 5hmC in the aged 

DG were associated with neurogenic signalling, further illustrating a role for TET2 in adult 

neurogenesis  (Gontier et al., 2018). These researchers determined that rates of DG neurogenesis 

and TET2 mRNA expression declined simultaneously around 6mo, but that TET2 overexpression 

(OE) in the DG at this time point could reverse these deficits such that they were at levels 

comparable to young (3mo) rats (Gontier et al., 2018). Furthermore, TET2 OE ameliorated aged-

related deficits in a variant of the MWM (radial arm water maze) and cued FC, and actually 

enhanced contextual FC (Gontier et al., 2018). 

 Additional cognitively impaired models have been investigated. Specifically, 

administration of BPA (bisphenol A, an estrogen-mimicking endocrine disruptor that can be found 

in plastics) to pregnant dams resulted in increased methylation on different sites of the estrogen 

receptor alpha (ERa) gene and concomitant mRNA decreases in the HPC of adult offspring 
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(Chang et al., 2016). As estrogen signalling is known to be involved in HPC-dependent short-term 

and LTM (Ervin et al., 2013; Frick et al., 2015), it is not surprising that these adult offspring 

demonstrated MWM acquisition and memory impairments (Chang et al., 2016). Farah Lubin’s 

group noted a reduction in BDNF methylation and an increase in BDNF expression in epileptic 

rats (kainite model of temporal lobe epilepsy) following contextual fear acquisition, along with 

impairments in long-term contextual fear and OL memory, and these alterations were reversed 

with systemic administration of methionine (methyl donor; Parrish et al., 2015). This further 

illustrates the delicate balance of epigenetic modification and gene expression that must be 

maintained for successful LTM.  

 In tandem, these studies illustrate that aberrant DNA methylation and demethylation are 

associated with aging-induced cognitive deficits and other disorders with mnemonic impairments, 

similar to histone acetylation processes. Moreover, the ability of some deficits to be reversed points 

towards potential therapeutic avenues.  

1.3.3 Histone acetylation and DNA methylation work in concert 

 

With the findings that both histone acetylation and DNA methylation take part in activity-induced 

chromatin modifications that support LTM, naturally researchers have investigated the functional 

interplay between these two epigenetic mechanisms. For example, decreases in 5mC and increases 

in AcH3 on the promoter IV region of the BDNF gene were noted in the HPC following contextual 

FC (Lubin et al., 2008) and DNMTi was found to impair the activity-induced increase in AcH3 in 

HPC slices (Levenson et al., 2006), as well as cued fear learning-induced AcH3 in the lateral 

amygdala (Monsey et al., 2011). PCAF/p300i (garcinol) was also shown to inhibit the 17b-

estradiol-induced enhancements in DNMT3b protein expression following learning (Zhao et al., 

2012). Furthermore, class I/II HDACi (NaBut) was sufficiently able to attenuate DNMTi (5-AZA)-

induced impairments in contextual FC (Miller et al., 2008). Similar effects were demonstrated in 

cued FC and LTP in the lateral amygdala (Monsey et al., 2011). Since DNMTi has been shown to 

increase expression of memory suppressing genes (Miller and Sweatt, 2007), and HDACi has been 

shown to upregulate the expression of memory enhancing genes (Bredy and Barad, 2008; Guan et 

al., 2009), recovery of memory and LTP by HDACi following DNMTi administration might be 

accomplished by increasing the expression of these memory enhancing genes beyond the levels of 
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memory repressing genes, allowing memory consolidation to trump memory suppression. 

Although not necessarily interacting, this effect indicates that these opposing processes can operate 

on a similar mechanism and under specific situations, the influence of one might outweigh the 

other. 

 Other teams have demonstrated similar effects using non-learning paradigms (Gomez-

Pinilla et al., 2011; Sui et al., 2012). Gomez-Pinilla et al. (2011) noted epigenetic modifications 

following a 7d running regime in adult rats (Gomez-Pinilla et al., 2011). Running induced 

hypomethylation on promoter IV of BDNF in the HPC, an increase in phospho-MeCP2 and 

subsequent release from methylated CpGs, higher levels of AcH3 on this specific promoter region, 

and ultimately increases in BDNF expression. Likewise, LTP induction in mPFC slices from the 

adult rat, caused increases in AcH3, in addition to increased DNMT3a transcripts (Sui et al., 2012). 

These researchers demonstrated that 5-AZA pre-administration dampened these activity-induced 

increases, while class I/II HDACi (NaBut) enhanced these effects. These studies show the tight 

interaction between DNA methylation and histone acetylation at the molecular level following 

learning or related activation. 

It is well accepted that learning and related activity initiates various intracellular signalling 

cascades (e.g. NMDA, NF-kb) that modulate gene transcription and subsequently synaptic 

plasticity, ultimately facilitating the consolidation of LTM (Johansen et al., 2011). There is 

unequivocal evidence now that this is accomplished in part by DNA and chromatin modifications, 

facilitating the access to pro-mnemonic genes and restricting access to genes that negatively 

regulate memory, during specific windows of consolidation.  

 

1.4 Perirhinal Cortex-Mediated Memory 

 

Much of the cognitive neuroepigenetic literature has examined these mechanisms in HPC-

mediated memory paradigms, including contextual FC, the MWM, and object recognition (SOR 

and OL). Although receiving much less attention, there is an influential body of literature 

demonstrating the necessity of another medial temporal lobe structure, the perirhinal cortex (PRh), 

in object recognition tasks, in addition to the HPC (Winters et al., 2004; Forwood et al., 2005; 

Warburton et al., 2005; Barker and Warburton, 2011). More specifically, several studies have 

documented a double dissociation between the PRh and HPC for the memory of object identity 
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and the spatial location of objects, respectively (Wan et al., 1999; Brown and Aggleton, 2001; 

Winters et al., 2004; Forwood et al., 2005). For example, Winters and colleagues demonstrated 

that lesions to the HPC in rats disrupted their performance in an eight-arm radial maze spatial 

memory task, but did not impair their ability to recognize familiar objects in a non-spatial version 

of the SOR task (Winters et al., 2004). Correspondingly, the opposite pattern of impairment was 

noted for PRh-lesioned rats (Winters et al., 2004). Given the functional heterogeneity of these and 

other medial temporal lobe structures, it is possible that epigenetic mechanisms contribute 

differentially in the HPC and PRh in order to support the consolidation of different aspects of 

object memory (e.g., object identity vs. object location). Indeed, epigenetic differences have been 

noted between the PFC and HPC for cued and contextual FC and extinction (Leach et al., 2012; 

Sultan et al., 2012; Rudenko et al., 2013; Li et al., 2014, 2018; Jarome et al., 2015), and this may 

be due, in part, to the different manner in which these regions process information. For example, 

the role of the HPC in cognitive functions such as pattern separation and contextual processing, 

has been linked to its relatively unique neurogenic niche in the adult brain (Deng et al., 2010), and 

it remains possible that learning-related HPC neurogenesis is mediated by epigenetic processes. 

De novo DNMT3a and DNMT3b are known to preferentially methylate new DNA (Bird, 2002), 

leaving them as potential candidates to modify the DNA of new-born adult HPC neurons. Indeed, 

GADD45b and TET2 have been implicated in activity-induced DNA demethylation and adult 

HPC neurogenesis (Ma et al., 2009; Gontier et al., 2018). The majority of other mnemonic regions 

in the brain, including the PRh, do not generate new neurons into adulthood, and therefore most 

likely processes information differently. Furthermore, HPC-dependent memory consolidation 

often requires LTP (Johansen et al., 2011), whereas PRh-mediated object recognition typically 

requires LTD (Griffiths et al., 2008; Romberg et al., 2013). 

 

1.5 Current Study 

 

In order to investigate the epigenetic underpinnings of PRh-mediated object memory, in addition 

to potential differences from HPC-mediated memory, we have employed a variant of the SOR task 

that directly and simultaneously assesses both spatial memory and memory for object identity. The 

object-in-place task (OiP) performed in an open field (Fig. 2), requires a rodent to encode object-

location associations of four different novel objects during the sample phase. During the choice 
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phase, the objects on one side of the 

apparatus switch locations, a manipulation 

that induces heightened exploration of these 

re-located objects (novelty preference; 

Barker & Warburton, 2011) in rats that 

remember the original configuration. 

Barker & Warburton (2011) have shown 

that lesions to the HPC or PRh disrupt 

memory in this task; specifically, it has 

been postulated that the HPC processes the 

spatial location of the object, while the PRh 

processes object identity irrespective of 

spatial location. As such, the OiP task is the 

optimal paradigm to use in the investigation of epigenetic underpinnings in PRh-mediated memory 

and potential dissociations from the HPC, as the same test can be used to tap the distinct cognitive 

functions of each brain region.  

Here we test the hypothesis that both DNA methylation and histone acetylation are 

necessary in the PRh and HPC for LTM in the OiP task, by assessing the mnemonic effect of 

selective inhibition of DNMTs (DNMT1, DNMT3a, DNM3b), HATs (CBP, p300, PCAF), and 

GADD45 proteins (GADD45a, GADD45b, GADD45g), using pharmacological inhibition and 

short interference RNAs (siRNAs). Moreover, we predicted that regional dissociations exist 

between the involvement of the family members within these three protein families. 

 

 

 

 

 

 

 

Figure 4. Object-In-Place task. In the OIP task, the 
rodent is placed in the open field for 5min and allowed to 
explore four different novel objects (left). Following a 
retention delay (in the current study we have used 24h 
to assess LTM and 5min-1h to assess STM), the rodent 
is placed back in the arena and allowed to explore the 
same objects for 2min. Critically, the objects on one side 
have been switched (right). This exploits rodents’ natural 
preference for novelty, as they will explore the displaced 
objects significantly more than the familiar-placed object 
(Mitchnick et al., 2015, 2016). 
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2.1 Abstract  

Epigenetic mechanisms are increasingly acknowledged as major players in memory formation. 

Specifically, DNA methylation is necessary for the formation of long-term memory in various 

brain regions, including the hippocampus (HPC); however, its role in the perirhinal cortex (PRh), 

a structure critical for object memory, has not been characterized. Moreover, the mnemonic effects 

of selective DNA methyltransferase (DNMT) inhibition have not yet been investigated 

systematically, despite distinct roles for de novo (DNMT3a, 3b) and maintenance (DNMT1) 

methyltransferases. Consequently, we assessed the effects of various DNMT inhibitors within the 

HPC and PRh of rats using the OiP paradigm, which requires both brain regions. The non-

nucleoside DNA methyltransferase inhibitor RG-108 impaired long-term object-in-place memory 

in both regions. Further, intra-cranial administration of Accell short-interference RNA sequences 

to inhibit the expression of individual DNMTs implicated DNMT3a and DNMT1 in the HPC and 

PRh effects, respectively. mRNA expression analyses revealed a complementary pattern of results, 

as only de novo DNMT3a and DNMT3b mRNA was upregulated in the HPC (dentate gyrus) 

following object-in-place learning, whereas DNMT1 mRNA was selectively upregulated in the 

PRh. These results reinforce the established functional double dissociation between the HPC and 

PRh and imply the operation of different epigenetic mechanisms in brain regions dedicated to long-

term memory processing for different types of information. 
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2.2 Introduction 

DNA methylation has been established as a dynamic regulator of mnemonic processes in the adult 

rodent brain (Day and Sweatt, 2011; Baker-Andresen et al., 2013). Catalyzed by DNA 

methyltransferases (DNMT), methyl groups are transferred onto cytosine bases in the DNA, 

triggering chromatin compaction and gene silencing (Bird, 2002). The finding that DNMT 

inhibition immediately post-learning selectively impairs long-term memory (LTM) suggests that 

DNA methylation is necessary for memory consolidation (Monsey et al., 2011; Oliveira et al., 

2012).  

 The necessity of this epigenetic modification has been demonstrated in numerous brain 

regions for several forms of LTM (Miller and Sweatt, 2007; Miller et al., 2008, 2010; Han et al., 

2010; Monsey et al., 2011; Sui et al., 2012; Day et al., 2013; Maddox et al., 2014), including 

requirement in the hippocampus (HPC) for object memory (Zhao et al., 2010; Oliveira et al., 2012). 

Although the HPC clearly can contribute to object recognition, its exact role remains controversial, 

and the weight of evidence suggests that it is involved specifically in remembering spatial or 

contextual information (Forwood et al., 2005; Piterkin et al., 2008; Barker and Warburton, 2011). 

Conversely, the perirhinal cortex (PRh) is implicated in processing of object identity (Buckley & 

Gaffan, 2006; Murray et al., 2007; Winters et al., 2008; Brown et al., 2012). Indeed, the roles of 

the HPC and PRh in spatial and object mnemonic processing, respectively, are doubly dissociable 

in the rat (Winters et al., 2004). The contribution of DNA methylation to PRh-mediated memory 

has not been investigated. We have therefore systematically examined the involvement of DNMTs 

in HPC- and PRh-dependent memory using the object-in-place (OiP) task. Because this paradigm 

requires both brain areas (Barker & Warburton, 2011) regional comparisons were possible in the 

absence of any potential cross-task differences. 

The main catalytically active DNMTs comprise two families: the de novo 

methyltransferases, DNMT3a and DNMT3b, preferentially methylate un-methylated DNA, 

whereas maintenance methyltransferase, DNMT1, methylates hemi-methylated DNA (Bird, 

2002). Although recent progress has been made comparing the function of DNMT1/3a in HPC-

dependent memory (Feng et al., 2010), all three enzymes have yet to be systematically assessed in 

different brain regions associated with the consolidation of different forms of information. The 

present study used non-selective DNMT inhibitors, small interfering RNAs (siRNAs) and 

quantitative PCR to investigate the involvement of DNMT1/3a/3b in the HPC and PRh for OiP 
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memory. We specifically used Accell siRNA as no transfection agent is required (Thermo 

Scientific: Dharmacon), and its viability has been demonstrated in neurons in vivo (Nakajima et 

al., 2012). Considering the ubiquitous involvement of DNA methylation in long but not short-term 

memory (Monsey et al., 2011; Oliveira et al., 2012), we expected DNMTs to be necessary in both 

the HPC and PRh for OiP LTM.  Furthermore, given their role in de novo methylation, we 

hypothesized that specifically DNMT3a and/or DNMT3b would be required for memory within 

the HPC, a site of adult neurogenesis. Conversely, we posited potential dissociations in the non-

neurogenic PRh. 

2.3 Materials and Methods 
In order to determine the involvement of DNMT enzymes in the HPC for short- and long-term OiP 

memory, we employed the non-selective DNMT inhibitor, RG-108 (Fig. 1A; Exp.1). Subsequent 

experiments investigated the mnemonic consequences of selective DNMT inhibition in the HPC 

using Accell siRNAs (Fig. 1B; Exp. 2-4). The effects of RG-108 (Fig. 1A; Exp. 5) and DNMT 

siRNAs (Fig. 1B; Exp. 6-8) were additionally assessed in PRh. mRNA expression analyses (Fig. 

1C) provided complimentary results to the behavioural effects seen in both the HPC (Exp. 9) and 

PRh (Exp.10).  

2.3.1 Subjects 

The subjects were 196 adult male Long Evans rats (Charles River, Quebec), weighing between 

300-350g at the start of testing and approximately 3 months old. They were pair housed in opaque 

cages and maintained on a 12-hour reverse light cycle (8:00am lights off, 8:00pm lights on). All 

behavioural testing occurred during the rats’ waking hours (dark phase), although the testing room 

was illuminated by ceiling mounted fluorescent lighting. During experimental testing periods each 

rat received 20g of rodent chow to maintain an 85-90% free-feeding body weight.  On experimental 

testing days rats were fed after testing was completed.  Water was available ad libitum.  All 

procedures adhered to the guidelines of the Canadian Council on Animal Care and were approved 

by the Animal Care Committee at the University of Guelph. 
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2.3.2 Surgical Procedures 

The majority of the subjects underwent intracranial surgical cannula implantation targeting either 

the dorsal HPC or PRh. Prior to surgery, rats were anesthetised using isofluorane (Benson Medical 

Industries, Markham, Ontario) and received a subcutaneous injection of meloxicam (5mg/ml; 

Boehringer Ingelheim). With the incisor bar placed at -3.3mm, rodents were secured in a 

stereotaxic frame (Koft Instruments, Tujunga, CA). The scalp was then incised and retracted to 

expose the skull.  Holes were drilled into the skull and 22-gauge indwelling cannula guides were 

implanted according to the following coordinates relative to the skull at Bregma (Paxinos and 

Watson, 1998a): anteroposterior, -5.5mm; lateral, ±6.6mm; dorsoventral, -7.0mm for PRh 

placements, and anteroposterior -3.8mm, lateral ±2.5mm, dorsoventral -2.5mm for HPC 

placements.  The guide cannulas were anchored to the skull by four jeweller screws and dental 

acrylic.  Dummy cannulas, 0.36mm in diameter, were placed into the guide cannulas where they 

remained at all times except during infusions.  Dummy cannulas were cut to extend 1.1 mm past 

the end of the guide cannula. HPC-operated animals additionally had a dust cap screwed onto the 

top of the in-dwelling cannula and dummy. Post-surgery the scalp was sutured and rats were placed 

on a recovery heat pad for 1-2h.  All animals were given 7-10d to recover before any behavioural 

testing.  

2.3.3 Drugs and DNMT Inhibitors 

To broadly target the DNMTs we used the non-nucleoside DNMT inhibitor RG-108 (0.4µg/µl in 

20% DMSO/saline solution; Sigma Aldrich).  In order to target the DNMTs in a selective fashion, 

Accell siRNAs were chosen; specifically, Accell DNMT1, 3a, and 3b siRNAs (0.2µg/µl; Thermo 

Scientific: Dharmacon) were selected to target within the open reading frame. siRNA sequences 

are presented in Table S1.  A non-targeting Accell siRNA (0.2µg/µl; was used as a negative control 

(sequence 1; Thermo Scientific: Dharmacon). All doses for the above listed agents were chosen 

based on pilot studies or previously published results (Miller et al., 2010; Thermo Scientific). As 

per manufacturer guidelines, siRNA was resuspended in 1x Accell siRNA buffer for a working 

stock of 100µM, and Accell siRNA delivery media was added the day of, immediately preceding 

infusions (Thermo Scientific: Dharmacon). Accell siRNA was specifically chosen as it has been 

designed to incorporate into difficult-to-transfect cells, including neurons, without the use of a 

transfection agent (Thermo Scientific: Dharmacon). Furthermore, this product has been shown to 



	 49	

incorporate almost exclusively into neurons when infused broadly into the brain (Nakajima et al., 

2012). 

2.3.4 Infusions 

For all behavioural experiments, within a given trial rats received bilateral infusions of one of the 

inhibitors or control solutions outlined above. siRNAs were administered 2d prior to the sample 

phase (Fig. 1B) based on manufacturer’s instructions and previous literature (Thermo Scientific: 

Dharmacon; Nakajima et al., 2012), whereas RG-108 was administered immediately following the 

sample phase (Fig. 1A). All experiments were run with infusate as a within-subjects factor, and 

rats received counter-balanced infusions of inhibitor or control over multiple trials; specifically, 

one control and one drug infusion was administered per animal, per experimental phase (e.g. intra-

HPC DNMT3a, 24h delay). For experiments assessing the effects of RG-108, infusions were 

separated by 3d, whereas infusions of siRNAs were separated by at least 5d. Due to the nature of 

our within-subjects design, if a rat received the same drug-control pairing on more than two trials 

(e.g. multiple experimental phases run with the same animals, i.e. Exp.1a, 2, 5a, 6, 7), the infusions 

of the drug/inhibitor were separated by a minimum of 6d in the case of RG-108, and 10d for the 

siRNAs. These parameters should limit any cumulative effects of the inhibitors, and the consistent 

differences observed between conditions in the results described below support this assumption.  

During infusions, the dummy cannulas were removed to allow insertion of the 28-gauge 

infusion cannulas. Two 1µl Hamilton syringes were inserted into propylene tubing holding 

infusion cannulas and fastened to a Harvard Apparatus (Hilliston, MA) precision syringe pump set 

to deliver infusions at a rate of 0.5µl/min for 2min. The internal cannulas were left in for an 

additional 1.5min to allow for the diffusion of the infusate.  Following infusions, internal cannulas 

were removed and the dummy cannulas reinserted.  Mock infusions during habituation sessions 

proceeded in an identical fashion, but no solution was administered.  

2.3.5 Apparatus and Stimuli 

The open field was constructed from white, opaque corrugated cardboard (100cm x 100cm x 

46cm). Before each trial began the rat was placed in a tall, bottomless, cardboard tube situated in 

the centre of the open field.  The trial began when the tube was lifted and the rat was exposed to 
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the objects.  This procedure ensured that the rats did not begin exploration before the trial began, 

i.e. looking at the objects as the rat is placed into the open field.  

A video camera was mounted on a tripod above the open field to record all trials. Duplicate 

copies of objects made from plastic, ceramic, glass, and aluminum were obtained. The height of 

the objects ranged from 10 to 20 cm, and they varied with respect to their visual and tactile 

qualities. All objects were affixed to the floor of the apparatus with a reusable adhesive putty to 

prevent them from being displaced during testing, and objects sat against the back wall of each 

arm. As far as could be determined, the objects had no natural significance for the rats, and they 

had never been associated with a reinforcer. Before being placed in the apparatus, objects were 

always wiped with 50% ethanol.  

2.3.6 Object-in-Place Procedure 

All of the behavioural/infusion experiments adhered to the following procedures. More specific 

experimental details are outlined below.  

All rats experienced two 5min habituation sessions on successive days, to an empty open 

field. Behavioural testing occurred at least 24h following the last habituation trial. Each trial 

consisted of an infusion, plus a sample and choice phase separated by a retention delay. For all 

OiP experiments, rats were first tested with a retention delay of 24h to assess the hypothesis that 

DNMT inhibition would disrupt LTM. If an impairment was observed, the same rats were 

subsequently tested with a short-term retention delay (20min). If, as hypothesized, no impairment 

was seen with the short-term delay, the same rats were once again tested with the 24h delay to 

ensure that the absence of short-term memory deficit could not be explained by an order or practice 

effect. This 24h-20min-24h retention delay cycle was used for Experiments 1, 2, 5, and 8. In the 

event that no long-term impairment was seen in the initial 24h testing phase (i.e., Experiments 3, 

4, 6, and 7), no subsequent trials were run. A new set of four distinct objects was used for each 

trial for a given group of rats (i.e., no rat experienced the same set of objects on more than one 

trial), and all experimental trials were fully counterbalanced; specifically, the side of the open field 

on which objects were displaced (right or left) was counter-balanced, as was the object 

arrangement. The four objects were placed in the corners of the open field, approximately 5cm 

from the walls. Each rat was individually brought into the experiment room in a transfer cage. To 
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prevent any “pre-exposure” to the objects before the phase began, rats were placed in a cardboard 

tube located in the middle of the apparatus. The sample phase began once the tube was lifted and 

the rats were exposed to the objects. Rats were then removed after 5min in the apparatus and 

transferred back to the colony room. Following a retention delay (see details below), rats were 

exposed to the same four sample objects in a 2min choice phase; however, the two objects on one 

side (right or left) of the apparatus had switched locations (Fig. 1A, B). All other procedures were 

identical to the sample phase. 

The time spent 

exploring the objects on 

either side (right or left) was 

scored by an experimenter, 

blinded to the treatment 

conditions, viewing the rat 

on a video screen. A key on 

the computer keyboard 

corresponded to the left and 

right side of the apparatus. 

The corresponding key was 

pressed at the onset of the 

exploratory bout and 

pressed again at offset, and 

this timed the duration of 

exploration for that bout.  

Exploration of an object 

was defined as directing 

the nose to the object at a 

distance of <2 cm and/or 

touching it with the nose. 

 

 

Figure 1. (A) Schematic representation of the object-in-place (OiP) task and 
the parameters used for experiments with RG-108. Infusions occurred 
immediately following the sample phase, and the retention delays employed 
were 20 min, 2 or 24 h. (B) Schematic representation of the OiP task and 
parameters used for all short-interference RNA (siRNA) manipulations. 
Infusions occurred 2 days prior to the sample phase, and the retention 
delays employed were 20 min and 24 h. (C) Schematic representation of 
the mRNA expression experiments. Thirty minutes following the OiP sample 
phase (experimental group), or empty-apparatus exploration (control 
group), rats were killed and specific tissue (PRh, dentate gyrus, CA region) 
was excised for later qRT PCR analyses. 
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2.3.7 Histology 

Following behavioural analyses (excluding Experiment 9 and 10), rats were anesthetized by an 

intraperitoneal injection of 2 ml of euthansol (340 mg/ml; Schering Canada Inc., Quebec), and 

perfused transcardially with 100 ml of phosphate buffered saline (PBS -pH 7.4) followed by 250 

ml of 4% neutral buffered formalin (pH 7.4; EMD, Gibbstown, NJ). The brains were then removed, 

post-fixed in 4% formalin at 4°C for at least 1 week, and afterwards immersed in 20% sucrose in 

PBS until they sank. A cryostat was used to slice coronal sections (60 µm) through the extent of 

HPC or PRh, and every fifth section was mounted on a gelatin-coated glass slide and stained with 

cresyl violet.  Verification of cannula placements was carried out using light microscopy. 

2.3.8 Behavioural Training and Tissue Extraction for mRNA Analyses 

The habituations, apparatus, and stimuli used in mRNA quantification experiments (Exp. 9 and 

10) were identical to the OiP behavioural experiments noted above. Cage-mates were assigned to 

either the control or experimental group. All rats experienced the 5min sample phase of the OiP 

paradigm, but half of these rats observed objects (experimental condition; exactly as described for 

the behavioural studies), while the other half explored an empty apparatus (control condition). 

Specific details for each experiment are outlined below. 

The entire PRh (A/P -2.80mm to -7.04), dentate gyrus (dorsal HPC; A/P -1.60mm to -

4.0mm) and CA region (1-3; dorsal HPC; A/P -1.60mm to -3.80mm) tissue was collected from 

rats that were euthanized (CO2) 30min following open field exposure with or without objects (Fig. 

1C). This 30min time point was chosen based on previous literature assessing mRNA levels of 

DNMTs post-learning (Miller and Sweatt, 2007; Zhao et al., 2010; Jobe et al., 2012). The dentate 

gyrus and CA regions were analyzed separately based on our hypothesis that de novo DNMTs 

might be implicated in learning-induced adult HPC neurogenesis, which occurs in the dentate 

gyrus. The group of rats that viewed objects were exposed in an identical fashion to the OiP sample 

phase described above, thereby enabling us to assess the mRNA levels of DNMTs following 

learning (experimental group). Because all rats had been previously habituated to the apparatus as 

detailed earlier, the group of rats that were exposed to an empty apparatus acted as our “non-

learning” control group. Each tissue section was homogenized using Trizol (Invitrogen; 

1ml/100mg) and stored at -80°C for subsequent RNA isolation.  
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2.3.9 RNA isolation and quantitative real-time polymerase chain reaction 

Total RNA was extracted from individual brain areas in Trizol reagent according to the 

manufacturers’ instructions. The RNA was then quantified (µg/µl) and assessed for purity (A260/280) 

using a spectrophotometer. Only samples with a (A260/280) ratio between 1.7 and 2.0 were further 

analyzed. 

RNA (5µg) was treated with DNase I and reverse transcribed with Superscript II using 

oligo-dT as the primer, for 75min at 43°C, and the generated cDNA was used for qualitative PCR 

assessment with platinum Taq DNA polymerase. All PCR reactions were performed in a final 

volume of 50µl with an initial 2min strand separation at 94°C and a final 2min elongation step at 

72°C, following the last cycle. PCR products were separated on a 1.5% agarose gel and visualized 

with ethidium bromide under UV light. In initial experiments, all of the DNMT isoforms were 

assessed qualitatively and the identity of the PCR products confirmed by sequencing. In later 

experiments only qualitative detection of beta-actin was assessed to ensure cDNA integrity.  

Specific DNA products were then amplified using quantitative PCR (ViiATM 7 Real-time 

PCR Machine; Life Technologies) with POWER SYBRgreen reagents containing ROX reference 

dye to minimize well-to-well error. All qPCR reactions were performed in a final volume of 10µl 

(1µl cDNA). Samples were analyzed in triplicates for each target gene with primers designed using 

the Primer3 program. The primer pairs for the individual DNMTs are presented in Table S2. With 

the exception of a missing N-terminal end on DNMT3a2, DNMT3a1 and DNMT3a2 isoforms are 

identical (Chen et al., 2002); therefore, a primer sequence within DNMT3a2 that completely 

overlapped with DNMT3a1 was chosen to ensure that both isoforms were quantified. Relative 

quantification was carried out using the housekeeping gene hypoxanthine-guanine 

phosphoribosyltransferase (HPRT; Table S2). Each cycle began with an initial activation phase at 

95°C for 10min followed by 50 cycles of 15s at 95°C and 60s at 60°C. Cycle threshold (Ct) values 

were chosen in the linear range of amplification, and quantification of target genes from 

experimental animals (object exploration) were compared to biological controls (empty-apparatus 

exploration) using the comparative ∆∆CT method (Schmittgen and Livak, 2008). 
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2.3.10 Statistical Analyses 

For all behavioural experiments with infusions, although the total 2min of choice exploration was 

recorded and scored, attention was focused on the first minute, during which object discrimination 

is typically most sensitive (Dix and Aggleton, 1999). As such, choice control measures were also 

calculated using strictly the first minute of data, whereas the entire 5 minutes was used to calculate 

sample control measures (see Table S3 and S4). A discrimination ratio (DR) was calculated for 

each rat per object-recognition trial, and the average DRs across conditions were used for statistical 

analyses.  This DR is defined as: the difference in time spent exploring the novel versus the familiar 

object in the first minute of choice exploration, divided by the total time spent exploring both 

objects in the first minute of choice exploration. This measure takes into account individual 

differences in the total amount of exploration time. Where appropriate, either repeated-measures 

or mixed-factor ANOVAs were employed. Further planned comparison paired-samples t-tests 

were run in order to compare drug and control conditions within each experiment. In addition, for 

each condition, both levels of the drug manipulation were compared to a zero or chance DR using 

one-sample t-tests. These two statistics allow us to determine if the drug manipulation abolished 

memory (i.e., comparing to 0), in addition to assessing whether this is significantly different from 

control condition performance. All analyses were conducted using two-tailed analyses with a 

confidence interval of 0.05.  

Control measures for each experiment included paired samples t-tests comparing both total 

sample exploration (full 5min) and total choice exploration (first minute), between control and 

experimental conditions. Non-significant statistics here suggest no initial exploratory differences 

(sample exploration), in addition to the lack of obvious non-mnemonic effects of the drug (choice 

exploration), such as basic motivational, locomotor or sensory effects. Means and standard 

deviations for experimental sessions can be found in Table S3. Additionally, sample DRs were 

calculated to ensure no initial object or side bias, and can be found in Table S4. All control analyses 

were non-significant (statistics not reported) unless otherwise specified in the results section. 

For mRNA analyses (Experiments 9 and 10), one-sample t-tests (reference value of 100) 

were used to determine any changes in mRNA expression levels of experimental animals versus 

controls, as performed previously (Miller & Sweatt 2007). Two-tailed t-tests were used for all 
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analyses, with the exception of the conditions for which we had clear directional predictions based 

on our behavioural results (Experiment 9 – dentate gyrus DNMT3a; Experiment 10 – PRh 

DNMT1), for which one-tailed t-tests were employed. All analyses were performed using a 

confidence interval of 0.05.  

2.4 Results – Behavioural/Infusions 
 

2.4.1 Histology 

 

All rats included in the 

behavioral analyses for 

Experiments 1-4 had guide 

cannulas located bilaterally 

with infusion needle tips 

terminating in the dorsal HPC; 

these placements were 

consistently located 

approximately 3.60mm 

posterior to Bregma (Fig. 2A, 

B). All rats included in the 

behavioral analyses for 

Experiments 5-8 had guide 

cannulas located bilaterally 

with infusion needle tips 

terminating in the PRh near 

the border between areas 35 

and 36 (Burwell, 2001); these 

placements were consistently 

located at approximately 

6.04mm or 6.30mm posterior 

to Bregma (Fig. 2C, D).  

Figure 2. (A) Schematic representation of the infusion cannula tip 
placements in the HPC from a typical group of animals (Experiment 1). 
These placements are representative of tip locations from all HPC-
cannulated animals. Cannulas were consistently located between 3.60 
mm posterior to Bregma (Paxinos & Watson, 1998). (B) 
Photomicrograph (1.259 magnification) of a Nissl-stained section 
illustrating the tract of a cannula terminating in the HPC. (C) Schematic 
represen- tation of the infusion cannula tip placements in the PRh from 
a typical group of animals (Experiment 5). These placements are 
representative of tip locations from all PRh-cannulated animals. 
Cannula tips were consistently located between 6.04 and 6.30 mm 
posterior to Bregma (Paxinos & Watson, 1998). (D) Photo- micrograph 
(1.259 magnification) of a Nissl-stained section illustrating the tract of 
a cannula terminating in the PRh. 
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 Further histological analysis examined the spread of the non-targeting siRNA through the 

dorsal HPC and PRh (Exp. S1). Specifically, 2d following intra-cranial administration of Accell 

FAM-(6-fluroescein amidite) labeled non-targeting siRNA (green), fluorescence was detected in 

the dorsal HPC from approximately -2.56mm to -3.60mm A/P relative to bregma. As can be seen 

in Figure S1a, the area of diffusion included both area CA1 and the dentate gyrus. Within PRh, 

fluorescence was detected from approximately -6.04mm to -6.80mm A/P from bregma (see Fig. 

S1b). 

2.4.2 Experiment 1: RG-108 in the HPC impairs long-term OiP memory  

Experiment 1 examined the effects of the non-selective, non-nucleoside DNMT inhibitor, RG-108, 

within the HPC, on both long-term and short-term OiP memory. It has previously been established 

that DNA methylation in the HPC is necessary for long-term, but not short-term memory in several 

mnemonic paradigms (Miller and Sweatt, 2007; Miller et al., 2008, 2010; Han et al., 2010; Monsey 

et al., 2011; Oliveira et al., 2012; Sui et al., 2012); therefore, we predicted that DNMTs in the HPC 

would also be necessary for long-term OiP memory. 

 Eleven naïve rats received bilateral, immediate post-sample, intra-dorsal HPC 

infusions of RG-108 or control (DMSO), and OiP memory was tested in three successive phases:  

a 24h retention delay, followed by a 20min retention delay, and then a replication of the 24h 

retention delay (‘retest’). A repeated-measures ANOVA revealed a significant main effect of both 

drug (F1,8= 6.15, P= 0.035) and delay (F2,16= 4.44, P= 0.027), as well as a significant interaction 

(F2,16= 5.28, P= 0.016; Fig. 3). A mnemonic impairment in the RG-108 condition compared to the 

control condition was noted when a 24h retention delay was employed, as evidenced by significant 

paired-samples t-test (t10= 2.63, P= 0.025). Additional one-sample t-test confirmed that the drug 

condition did not display memory above chance level (t10= .63, P= 0.54), whereas the control 

condition did (t10= 4.12, P= 0.002). A paired-samples t-test indicated no statistical difference 

between the control and RG-108 conditions when the retention delay was shortened to 20min (t10= 

1.22, P= 0.25). One-sample t-tests supported the lack of memory impairment, as both the control 

condition (t10= 3.76, P= 0.004) and RG-108 condition (t(10)= 4.553, p= 0.001), produced memory 

significantly higher than chance. Similarly, intact OiP memory was observed in a separate group 

of rats tested with a 2h retention delay between sample and choice phases (see Exp. S2), consistent 

with intact short-term memory following RG-108 treatment. 
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The 24h delay re-test produced comparable 

results to the first 24h phase; a significant paired-samples 

t-test indicated a mnemonic impairment in the RG-108 

condition compared to the control condition (t9= 3.37, P= 

0.008), and the RG-108 conditioned failed to display 

significant memory compared to chance (t9= -0.92, P= 

0.38), whereas the control condition did (t9= 5.94, P< 

0.001), consistent with intact short-term memory 

(20min) following RG-108 treatment. 

The results from Experiment 1 demonstrate that 

inhibition of DNMT activity in the HPC by the non-

nucleoside DNMT inhibitor, RG-108, impairs OiP 

memory in a delay-dependent fashion. This delay-

dependent impairment was also replicated following 

immediate post-sample intra-HPC infusions of 5-AZA-

2´-deoxycytidine (see Exp. S3), a mechanistically distinct non-selective DNMT inhibitor that has 

been used in several similar studies (Levenson et al., 2006; Miller & Sweatt, 2007; Miller et al., 

2008, 2010; Nelson et al., 2008; Han et al., 2010; Munoz et al., 2010; Monsey et al., 2011; Sui et 

al., 2012; Scott et al., 2013).  

2.4.3 Experiment 2-4: DNMT3a, but not DNMT3b or DNMT1, siRNA impairs OiP memory 

in the HPC 

To explore further the role of DNMTs within the HPC for object memory, we examined the effects 

of selective inhibition of the main catalytically active DNMTs (DNMT1, 3a and 3b) on OiP 

memory using short-interference RNAs (siRNA). qPCR analyses verified that Accell DNMT1, 

DNMT3a and DNMT3b siRNAs were active two days following intra-cranial administration and 

selective to their respective targets (Exp. S4, Fig. S4a-c). 

Experiment 2: Experiment 2 tested the effects of DNMT3a inhibition within the HPC on both short 

and long-term OiP memory. A new group of experimentally naïve rats (n = 12) received two-day 

pre-sample infusions of DNMT3a siRNA or non-targeting siRNA, counter-balanced, and memory 

Figure 3. Intra-HPC infusions of the 
non-selective non-nucleoside DNMT 
inhibitor, RG-108, impaired OiP 
performance in a delay-dependent 
fashion; long-term (24 h) but not short-
term (20 min) OiP memory was 
impaired, and this impairment was 
replicated in the 24-h retest using the 
same animals. Data are mean 
discrimination ratio ± SEM (*P < 0.05). 
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was tested using the 24h-delay, 20min-delay, 24h-delay experimental cycle.  A repeated-measures 

ANOVA demonstrated a significant main effect of drug condition (F1,11= 5.58, P= 0.008), a non-

significant main effect of phase (F2,22= 2.35, P= .12), and an interaction trending towards statistical 

significance (F2,22= 2.93, P=0.07; Fig. 4A). Given the delay-dependent effects of intra-HPC RG-

108, planned comparisons assessed the effects of DNMT3a siRNA at each phase of delay testing. 

 A paired-samples t-test indicated a significant difference between drug conditions in the 

initial 24h-delay phase (t11= 2.57, P= 0.026), and additional one-sample t-tests indicated intact 

memory in only the control condition (t11= 3.21, P= 0.008, t11= .29, P=0.78, for the control and 

experimental conditions, respectively).  

 When the delay was reduced to 

20min, DNMT3a siRNA did not impair 

performance, as evidenced by a non-

significant paired-samples t-test (t11= 0.36, 

P= 0.73). Furthermore, memory was 

significantly greater than chance in both the 

control (t11= 3.23, P=0.008, and 

experimental conditions (t11= 3.77, 

P=0.003). Because the siRNAs were shown 

to be active two days following 

administration (Exp. S4), the absence of 

any STM impairment indicates a lack of 

DNMT involvement in STM, rather than 

the ineffectiveness of the DNMTs at this 

earlier post-sample time point. 

 Results in the 24h-delay retest were 

similar to those in the initial 24h-delay 

phase, as groups demonstrated a significant 

difference from one another (t11= 2.50, P= 

0.03), and only the control condition 

Figure 4. (A) Intra-HPC DNMT3a siRNA impaired OiP 
performance in a delay-dependent manner; long-term 
(24 h) but not short-term (20 min) OiP memory was 
impaired, and this effect was replicated in the 24-h 
retest. Conversely, intra-HPC DNMT3b (B) or DNMT1 
(C) siRNA did not disrupt long-term (24 h) OiP memory. 
Data are mean discrimination ratio ± SEM (*P < 0.05). 
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displayed memory significantly higher than chance level (t11= 4.33, P= .001, t11= 1.24, P= 0.24, 

for the control and experimental conditions, respectively).   

 We additionally determined the effect of intra-HPC DNMT3a siRNA administration at 

time points closer to the sample phase. Specifically, immediate post-sample administration did not 

cause a mnemonic impairment (Exp. S5a), whereas one day pre-sample administration did (Exp. 

S5b); however, we employed two day pre-sample administration in all other siRNA experiments 

as it was also effective behaviourally, and more closely mimicked the parameters used in previous 

literature (Strezoska and Seredenina, n.d.; Nakajima et al., 2012)  

Experiment 3: Using similar parameters as Experiment 2, naïve rats (n = 12) received two day pre-

sample infusions of DNMT3b siRNA or non-targeting siRNA, counter-balanced, and long-term 

(24h) OiP memory was assessed. Rats performed equally well on the OiP task following infusions 

of DNMT3b or control siRNA (t10= 0.76, P= 0.46; Fig. 4B). One-sample t-tests confirmed the 

absence of mnemonic impairment in the DNMT3b siRNA condition (t10= 3.70, P= 0.004) and 

control condition (t10= 2.50, P= 0.031). Because no LTM impairments were noted, no further delay 

testing was undertaken. 

Experiment 4: Under identical parameters to Experiment 2 and 3, 12 naïve rats performed equally 

well on the OiP (24h-delay) task when they received intra-HPC infusions of DNMT1 siRNA or 

control siRNA (t10= -0.77, P= 0.46; Fig. 4C) in a counter-balanced manner. One-sample t-tests 

confirmed the lack of mnemonic impairment in the DNMT1 siRNA condition (t10= 3.36, P= 0.006) 

and control condition (t10= 5.89, P< 0.001). No further delay testing occurred given the null effects 

with the long-term retention delay. 

The results from Experiments 2-4 suggest that only DNMT3a is necessary within the HPC 

for successful long-term OiP memory.  

 

2.4.4 Experiment 5: RG-108 in the PRh impairs long-term OiP memory  

Experiment 5: Experiment 5 examined the effects of RG-108 within the PRh on short-term and 

long-term OiP memory. Twelve experimentally naïve rats received bilateral, immediate-post-

sample intra-PRh infusions of RG-108 or control (DMSO), and were tested using the 24h-delay 
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20min-delay and 24h-delay retest cycle employed in Experiment 1 and 2. A repeated-measures 

ANOVA indicated a significant drug by delay interaction (F2,22= 4.08, P= 0.031; Fig. 5), in 

addition to a significant main effect of both drug (F1,11= 18.65, P= .001) and delay (F2,22= 8.132, 

P= .002). Similar to the effects seen in the HPC, RG-108 significantly impaired performance 

compared to the control condition (t11= 2.78, P= .018). Furthermore, rats in this experimental 

condition did not remember significantly above chance (t11= -1.21, P= 0.25), whereas in the 

control condition a significant one-sample t-test was noted (t11= 3.96, P= 0.002).  

The paired-samples t-test for the 20min delay phase indicated no differences between the 

drug conditions (t11= 0.18, p= 0.86), and one-sample t-tests confirmed no mnemonic impairment, 

as both the control condition (t11= 2.58, P= 0.026) and RG-108 condition (t11= 3.48 P= 0.005) 

displayed significant differences from chance. Similarly, intact OiP memory was observed in a 

separate group of rats tested with a 2h retention delay between sample and choice phases (Exp. 

S6; Fig. S6). 

To ensure that the lack of impairment seen when the delay was reduced to 20min was not 

a result of practice effects or other compensatory 

changes related to repeated drug exposure, we 

repeated the 24h delay (24h retest) following 20min 

testing. Again, a significant paired-samples t-test 

was noted (t11= 5.216, P< .001). Further chance 

analyses showed that the control condition 

demonstrated significant memory (t11= 4.32, 

P=0.001). The RG-108 condition also displayed a 

significant one-sample t-test (t11= -3.15, P= 0.009); 

however, this was due to a familiarity preference, 

not a novelty preference, as is the usual standard to 

define rodent object memory. It is possible this is a 

result of a reduced level of total choice exploration 

(M= 13.61, SEM= 1.56) in comparison to the 

control condition (M= 17.75, SEM= 1.10; t11= 2.30, 

P= 0.011).  

Figure 5. Intra-PRh infusions of the non-
selective non-nucleoside DNMT inhibitor, 
RG-108, impaired OiP performance in a 
delay-dependent manner; long-term (24 h) 
but not short-term (20 min) OiP memory was 
impaired, and this impairment was 
replicated in the 24-h retest using the same 
animals. Data are mean discrimination ratio 
± SEM (*P < 0.05, ***P < 0.001). 
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The results from Experiment 5 demonstrate that DNMT activity is necessary in the PRh 

for successful long-term, but not short-term, OiP memory. Interestingly, however, whereas the 

RG-108 effects were replicated with a second non-selective DNMT inhibitor, 5-AZA, in the HPC 

(Exp. S2), within the PRh, 5-AZA had no effects (Exp. S7a-S8b; Fig. S7-9). This may be related 

to the mechanistic differences between RG-108 and 5-AZA (see Discussion and Supporting 

Materials for further consideration). 

 

2.4.5 Experiments 6-8: DNMT1, but not DNMT3a or 3b, siRNA in the PRh impairs OiP 

memory 

Experiment 6: Using naïve subjects (n =12), Experiment 6 tested the effects of DNMT3a inhibition 

within the PRh on long-term OiP memory. Two day pre-sample infusions of DNMT3a siRNA or 

non-targeting siRNA were administered, counter-balanced. Rats performed equally well on the 

long-term version (24h-delay) of the OiP task following infusions of DNMT3a siRNA or control 

siRNA (t11= 0.79, P= 0.45; Fig. 6B). One-sample t-tests confirmed the lack of mnemonic 

impairment in the DNMT3a siRNA condition (t11= 5.43, P< .001) and control condition (t11= 3.46, 

P= 0.005). Because no LTM impairments were noted, no further delay testing was undertaken. 

Experiment 7: Experiment 7 explored the effects of DNMT3b inhibition within the PRh on long-

term OiP memory. Using a naïve set of rats (n = 12), DNMT3b or control siRNA infusions were 

administered, counter-balanced, two days prior to the sample phase. Rats performed equally well 

on the long-term (24h-delay) version of the OiP task following infusions of DNMT3b siRNA or 

control siRNA (t11= 0.05, P= 0.96; Fig. 6C). One-sample t-tests confirmed the absence of 

mnemonic impairment in the DNMT3b siRNA condition (t11= 2.98, P= 0.012) and control 

condition (t11= 3.36, P= 0.006). No further delay testing occurred following null effects with the 

long-term retention delay. 

Experiment 8: Experiment 8 investigated the effects of DNMT1 inhibition in the PRh on both 

short-term and long-term OiP memory. A new group of experimentally naïve rats (n = 12) was 

administered two-day pre-sample infusions of DNMT1 siRNA or non-targeting siRNA, counter-

balanced, and memory was tested using the 24h-delay, 20min-delay, 24h-delay cycle. A repeated-

measures ANOVA indicated a significant main effect of drug (F1,11= 16.40, P= 0.002; Fig. 6A), 
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but neither the main effect of delay nor the interaction was significant (F2,22= 2.45, P= 0.11, and 

F2,22= 1.83, P= 0.18, respectively). Given the delay-dependent effects of intra-PRh RG-108, 

planned comparisons assessed the effects of DNMT1 siRNA at each phase of delay testing. 

A paired-samples t-test indicated a 

significant difference between drug conditions 

when a 24h retention delay was employed 

(t11= 4.03, P= 0.002). Additional one-sample 

t-tests revealed a mnemonic impairment in the 

DNMT1 siRNA condition (t11= -0.89, P= 

0.39), but not the control condition (t11= 3.06, 

P= 0.011).  

When the retention delay was reduced 

to 20min no impairment was noted, as there 

was no difference between the drug conditions 

(t11= 0.02, P= 0.97), and both the DNMT1 

siRNA condition (t11= 3.04, P= 0.011) and 

control condition (t11= 3.14, P= 0.009), 

displayed significant memory when compared 

to chance. A paired-samples t-test comparing 

the total sample exploration time between the 

control and experimental conditions was also 

significant (t11= 3.89, p= 0.001); however, 

because both groups displayed average sample 

exploration within a reasonable range (>40sec; 

Table S3), and no memory impairment was noted, this difference is not a major concern. 

The 24h-delay retest results replicated the pattern of effects seen in the first 24h delay 

phase; a paired-samples t-test indicated significant differences between drug conditions (t11= 2.25, 

P= 0.046), and additional one-sample t-tests revealed a mnemonic impairment in the DNMT1 

siRNA condition (t(11)= -.141, p= .890), but not the control condition (t(11)= 3.399, p= .006). 

Figure 6. (A) Intra-PRh DNMT1 siRNA impaired 
OiP performance in a delay-dependent fashion; 
long-term (24 h) but not short-term (20 min) OiP 
memory was impaired, and this impairment was 
replicated in the 24-h retest. Neither intra-PRh 
DNMT3a (B) nor DNMT3b (C) siRNA disrupted 
long-term (24 h) OiP memory. Data are mean 
discrimination ratio ? SEM (*P < 0.05, **P < 0.01). 
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Altogether, the results of Experiments 6-8 indicate that only maintenance DNMT1 is 

necessary within the PRh for successful long-term OiP memory. 

In all, the behavioural/infusion experiments strongly suggest a functional double 

dissociation at the level of DNMT involvement in OiP memory; specifically, although DNMTs 

are necessary in both the HPC and PRh, as evidenced by the results with the non-selective DNMT 

inhibitor RG-108, only de novo DNMT3a seems to be required in the HPC, whereas maintenance 

DNMT1 is the only enzyme of the three necessary in the PRh. Subsequent experiments were run 

to investigate the potential for converging evidence at the level of learning-induced DNMT mRNA 

expression. Given the behavioural results just reported, we predicted that selective upregulations 

might be observed within the HPC (DNMT3a) and PRh (DNMT1). 

 

2.5 Results – mRNA  

2.5.1 Experiment 9: de novo DNMT3a and 3b, 

but not maintenance DNMT1, mRNA are 

upregulated in the dentate gyrus following 

object learning 

The dentate gyrus of the HPC was excised from 

28 experimentally naïve animals (14 control) 

following the molecular methods outlined above. 

The CA region (CA 1, 2, 3 together) of the HPC 

was excised from a subset of these same rats (n= 

20; 10 control). Within the CA region, there were 

no learning-induced changes in the level of 

DNMT1 mRNA (t7= 1.31, P= 0.23); however, 

one-sample t-tests indicated a significant 

decrease in the expression of both DNMT3a (t8= 

-3.40, P= 0.009) and DNMT3b (t8= -2.42, P= 

0.042) mRNA levels following learning (Fig. 7). 

This latter finding is surprising, given that 

Figure 7. (Left) Thirty minutes following object 
learning, DNMT3a and DNMT3b mRNA levels 
were significantly upregulated in the dentate gyrus 
(DG) of experimental animals (object exploration) 
vs. controls (empty apparatus exploration). 
DNMT1 expression levels did not change. (Right) 
In the same animals, DNMT3a and DNMT3b 
mRNA levels were significantly decreased in the 
CA region (CA1–3 combined) when compared 
with con- text-only controls. DNMT1 expression 
levels did not change. Data are mean relative 
mRNA expression levels as a percentage of 
controls ± SEM (*P < 0.05, **P < 0.01). 
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upregulation of DNMT3a and 3b mRNA within the CA1 region has been noted following 

contextual fear learning (Miller & Sweatt, 2007), as well as in the entire dorsal HPC following 

estradiol-coupled object learning (Zhao et al., 2010). 

Conversely, in the dentate gyrus, one-sample t-tests demonstrated that both DNMT3a and 

DNMT3b mRNA were significantly upregulated post-learning (t11= 2.04, P= 0.034, and t11= 3.42, 

P= .006, respectively), whereas DNMT1 mRNA levels remained unchanged (t13= -1.02, P= 0.33; 

Fig 7). Our results indicate that object-in-place learning up-regulates only de novo DNMTs in the 

dentate gyrus, as predicted.   

 

2.5.2 Experiment 10: DNMT1, but not DNMT3a or 3b, mRNA is upregulated in the PRh 

following object learning 

PRh was excised from 28 experimentally naïve animals (14 control) following the molecular 

methods outlined above. One-sample t-tests indicated that only maintenance DNMT1 mRNA was 

significantly upregulated post-learning (t11= 2.11, P= 0.030), whereas both DNMT3a (t11= 0.72, 

P= 0.37), and DNMT3b (t9= 0.19, P= 0.85) mRNA levels remained unchanged (Fig. 8). 

 In a detailed analysis of the behaviour 

exhibited by the experimental (viewed objects) 

and control (context-only) animals used in 

Experiments 9 and 10, no group differences were 

found on measures of grooming, locomotion 

(line crossings), number of fecal droppings, 

inactivity, or the time spent in different areas of 

the apparatus (see Supporting Materials; Fig. 

S10a-c). Although the use of habituated context-

only controls in this type of experiment is 

common (Miller and Sweatt, 2007; McNulty et 

al., 2012; Li et al., 2014), and has been used to 

determine mRNA changes following object 

learning specifically (McNulty et al., 2012), 

there does exist the possibility that without 

Figure 8. Thirty minutes following object 
learning, DNMT1 mRNA levels were 
significantly upregulated in the PRh of 
experimental animals (object exploration) vs. 
controls (empty-apparatus exploration). 
DNMT3a and DNMT3b expression levels did 
not change. Data are mean relative mRNA 
expression levels as a percentage of controls 
± SEM (*P < 0.05). 
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objects to explore, control animals might investigate the environment more, potentially enhancing 

hippocampal activity. As might be expected, the only differences noted in the present experiment 

were significantly higher wall/corner and floor exploration exhibited by the control group (see 

Supporting Materials; Fig. S10c); however, we do not believe this to be an indication of new 

learning or enhanced hippocampal activity. First, it should be stressed that all animals were 

habituated to the apparatus on two successive days prior to experimentation; therefore, the 

apparatus was familiar, drastically reducing or even eliminating new learning. Indeed neuronal 

suppression following repetition and habituation (including contextual) has been demonstrated by 

several electrophysiological studies in various species (Desmedt and Jaffard, 1998; Kruse et al., 

2004; Dong and Clayton, 2009; Glanzman, 2009), suggestive of familiarization at the neuronal 

level.  Additionally, our analysis demonstrated that exploration levels of the external environment 

did not differ between groups (see Supporting Materials; Fig. S10c). We defined external 

exploration as exploratory behaviour when the rodent’s nose was pointed upwards (i.e., nose > 90º 

angle with floor) without looking at the floor, wall or objects, or in other words, exploration of the 

environment surrounding the apparatus. Although the testing environment (apparatus location, 

décor around room) was kept constant, changing sounds and smells might add novel components 

to the environment; however, both groups explored the external environment equally. 

 Collectively, the findings of Experiments 9 and 10 are consistent with the apparent double 

dissociation seen in the behavioural experiments; specifically, only de novo DNMT3a/b were up-

regulated in the HPC (dentate gyrus) following OiP learning, whereas learning-induced increases 

in only maintenance DNMT1 were found in the PRh.   

 

2.6 Discussion 
The present study investigated the involvement of DNMTs within the HPC and PRh in OiP 

memory. We specifically chose the OiP paradigm as it requires both structures in order to process 

different aspects of this form of memory (Bussey et al., 1999, 2000; Winters et al., 2004; Barker 

and Warburton, 2011). Use of the OiP task thus enabled comparison across regions, potentially 

revealing dissociations resulting from functional differences, in the absence of confounding cross-

task differences. Using intra-cranial, non-selective DNMT inhibitors, we demonstrated that 

DNMT activity is necessary in both the HPC and PRh for long-term, but not short-term, OiP 

memory. The delay-dependent involvement of DNA methylation has been shown in numerous 
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other studies (Miller and Sweatt, 2007; Miller et al., 2008, 2010; Han et al., 2010; Monsey et al., 

2011; Oliveira et al., 2012; Sui et al., 2012), and the selective LTM effects we report are consistent 

with the epigenetic functions of the DNMTs, functions that would not be required for typical STM 

processes. Although DNMT involvement has been documented previously for HPC-dependent 

spatial and contextual memory (Miller and Sweatt, 2007; Miller et al., 2008, 2010; Feng et al., 

2010; Zhao et al., 2010; Oliveira et al., 2012), this is the first account of a role for DNMTs in PRh-

mediated object memory.  

To further probe the specific involvement of each DNMT we used a siRNA-mediated 

knock-down technique. Unlike transgenic models or viral knock-out methods, transient mRNA 

knock-down by acute administration of siRNAs allowed the use of a within-subjects design, in 

addition to the ability to target particular mnemonic phases (i.e., consolidation) within our task. 

Accell siRNA was specifically chosen as it has been shown to successfully incorporate into 

neurons without the use of a transfection agent (Nakajima et al., 2012).  Using this approach we 

have uncovered a novel dissociation: only DNMT3a was necessary in the HPC for OiP memory, 

whereas the PRh required only DNMT1. Because of the within-subjects design used for these 

experiments, the successful performance of animals in all control conditions (Exp. 5-7, 9-11) and 

the null effects noted with short-term memory delays (Exp. 5, 11) strongly suggest that the results 

reported here are not due to carry-over or off-target effects. Moreover, because of the need for pre-

sample administration of the siRNAs, it could be suggested that the apparent LTM impairments 

are the result of disrupted memory acquisition rather than consolidation; however, given the lack 

of STM impairment, this is unlikely the case, as successful memory cannot be preceded by an 

inadequate learning phase. Furthermore, the consistent absence of significant differences in sample 

exploration between drug conditions provides additional evidence for the lack of non-specific 

effects of the siRNAs on memory acquisition or motivation to explore (see table S3 and S4). 

Importantly, we have also demonstrated the efficacy and selectivity of the DNMT siRNAs, as each 

DNMT siRNA induced a significant knock-down of only the targeted transcript, 2d following 

administration (Exp. S4). 

qPCR analyses revealed findings consistent with the infusion experiments, as mRNA levels 

of the de novo DNMTs were selectively upregulated in the dentate gyrus of the HPC post-learning, 

whereas only the maintenance DNMT1 mRNA was upregulated in the PRh. This pattern of data 
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strongly suggests that DNMT3a and DNMT1 are essential for long-term OiP memory processing 

in the dentate gyrus and PRh, respectively, and that treatment with RG-108 or the selective siRNAs 

blocked LTM by inhibiting the actions of these enzymes and/or preventing their learning-induced 

upregulation. 

The present results, together with past findings regarding the nature of perirhinal and 

hippocampal contributions to long-term object memory processing, strongly imply a functional 

double dissociation at the level of epigenetic mechanisms mediating HPC-dependent contextual 

memory and PRh-dependent memory for object identity (Bussey and Aggleton, 2002; Winters et 

al., 2004; Murray et al., 2007; Jo and Lee, 2010). Not only is this the first demonstration of 

behavioural consequences following intra-cranial Accell siRNA administration, but it is the first 

systematic investigation of specific DNMT inhibition in the domain of learning and memory, and 

the first demonstrated functional dissociation of its kind.  

2.6.1 Hippocampus 

DNMT3a has previously been associated with HPC memory consolidation. Oliveira and 

colleagues (2012) demonstrated that ageing-associated cognitive decline in mice was coupled with 

a decrease in DNMT3a mRNA levels in the dorsal HPC, and rescuing DNMT3a levels ameliorated 

these cognitive deficits. Additionally, increases in both DNMT3a and 3b, but not DNMT1, mRNA 

in the dorsal HPC have been shown following 17-β-estradiol-induced enhancements in object 

recognition (Zhao et al., 2010), as well as contextual fear conditioning (FC) (Miller & Sweatt, 

2007). Interestingly, Miller and Sweatt (2007) reported increases in DNMT3a and 3b specifically 

within the CA1 region, whereas in the present study similar increases were noted in the dentate 

gyrus, while decreases of DNMT3a and 3b were found in CA1-3 combined. Our results suggest 

the necessity of a fine balance of DNMT expression within sub-regions of the HPC to support 

successful memory consolidation in the OiP task. Future studies might seek to determine sub-

region specific changes in this paradigm, as well as potential changes within specific neuronal 

populations (e.g., granule cells). The discrepancy between the current results and those of Miller 

and Sweatt (2007) might be due to inherent differences between learning paradigms (contextual 

FC and OiP); clearly, additional research is merited to assess this potentially interesting 

dissociation. Regardless, what is consistent between the current results and the few other studies 

that have examined learning-induced DNMT expression, is the modulation of only the de novo 
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DNMTs within the HPC (Miller & Sweatt, 2007; Zhao et al., 2012). Taken together with our 

results, this suggests that de novo DNMTs, specifically DNMT3a, are necessary within the HPC 

for consolidation of spatial or contextual memory. Conversely, our study is the first to show a 

necessity for DNMT1 in any learning paradigm, and its involvement in PRh-mediated long-term 

OiP memory is consistent with the established role for this brain region in long-term object 

memory functions (Winters et al., 2008; Brown et al., 2012). What might drive the functional 

dissociation we report at the epigenetic level? We hypothesize that it could be related to the 

neurogenic status of each region. 

Adult neurogenesis has reliably been demonstrated in two brain regions, the subventricular 

zone of the lateral ventricles, which provides new neurons to the adult olfactory bulb, and the 

subgranular zone of the dentate gyrus (Deng et al., 2010). Extensive research has implicated adult 

HPC neurogenesis in certain forms of learning and memory (Deng et al., 2010); learning or activity 

(e.g. exercise) influences HPC neurogenesis (Shors et al., 2001; Kempermann and Gage, 2002; 

Dupret et al., 2007; Epp et al., 2007), and blocking HPC neurogenesis can either inhibit memory 

consolidation (Jessberger et al., 2009) or prevent HPC memories from becoming reliant on cortical 

structures (Kitamura et al., 2009). Given the role of DNMT3a and DNMT3b as de novo 

methyltransferases, these enzymes have the potential to methylate DNA within adult-born neurons 

in an activity-induced manner. Indeed, there is support for the involvement of these enzymes 

during developmental neurogenesis. For example, juvenile DNMT3a null mice display decreased 

levels of neurogenesis in both the subgranular and subventricular zones, and this appears to be the 

result of a decreased ability to stop further differentiation into glial cells (Wu et al., 2010, 2012). 

Moreover, the DNMTs appear to play different roles during olfactory development; specifically, 

DNMT1 is expressed at all post-stem cell stages, DNMT3b is expressed during proliferation of 

neurogenic progenitors, and DNMT3a is expressed in post-mitotic neurons during the transition 

phase from immature to mature and synaptically stable olfactory receptor neurons (MacDonald et 

al., 2005). MacDonald et al. (2005) postulate that de novo methyltransferases sequentially 

modulate the epigenetic silencing of olfactory receptors, promoting a distinctive ‘phenotype’ 

throughout the life of the neuron. Preliminary evidence for this hypothesis has been recently 

demonstrated. Colquitt and colleagues found that although DNMT3a knockout mice were 

completely void of the DNMT3a enzyme, overall levels of 5-methylcytosine and 5-

hydroxymethylcytosine in mature olfactory receptor neurons were largely unchanged in 
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comparison to wild-type mice; however, alterations were noted specifically on ‘accessible’ genes, 

such as immediate early genes (Colquitt et al., 2014). Furthermore, the only transcriptional 

perturbations evident were of these accessible or activity-regulated genes, but only following 

odourant stimulation, suggesting a role for DNMT3a in the plasticity of maturing olfactory 

receptor neurons. (Colquitt et al., 2014). A similar function for de novo methyltransferases might 

apply in the adult dentate gyrus in response to environmental stimulation.  For example, a learning 

episode might trigger DNMT3a and DNMT3b to aid in neuronal differentiation, neuronal survival, 

and/or priming of the neuron for future responding (i.e. synaptic metaplasticity; Baker-Andresen 

et al., 2013). 

2.6.2 Perirhinal Cortex 

Unlike the HPC, the PRh has not been shown to engage in adult neurogenesis. This may explain 

the lack of involvement of DNMT3a and 3b in PRh in our experiments, but what function might 

DNMT1 be playing? As a maintenance methyltransferase, DNMT1 is involved in the methylation 

of the daughter strand following DNA replication during cell division (Bird, 2002), in addition to 

re-methylating following DNA repair processes such as base excision repair (BER; Mortusewicz 

et al., 2005; Lee et al., 2012). Recent literature has suggested a key role for the BER process in 

mediating active DNA demethylation in the post-mitotic neurons of the adult hippocampus in 

response to learning (Kaas et al., 2013; Rudenko et al., 2013). More specifically, following 

hydroxylation and several stages of oxidation or deamination, a modified 5-methylcytosine is 

excised and replaced with a cytosine base through the BER pathway (Bhutani et al., 2011; Kaas et 

al., 2013; Rudenko et al., 2013) in a strand-specific manner (Guo et al., 2011b). Because DNMT1 

has been shown to re-methylate following DNA damage-induced BER, it might also re-methylate 

previously demethylated cytosine bases following stimulation from environmental input at a later 

time. Indeed, it has also been suggested that Tet3, one of the ten eleven translocase proteins 

implicated in active DNA demethylation, might preserve hypomethylated states by actively 

preventing DNMT1-mediated re-methyation (Li et al., 2013). Thus, DNMT1 might be poised for 

activity-induced re-methylation. Interestingly, there appear to be cases in which DNMT1 exhibits 

resistance to 5-AZA, and one of these is thought to be DNA repair (Momparler, 2005). This might 

explain why we, and others (Scott et al., 2013; Munoz et al., 2010), have failed to find a mnemonic 

impairment following administration of 5-AZA into the PRh. Unlike RG-108, which is a non-
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nucleoside DNMT inhibitor, 5-AZA is a cytidine analogue forming an adduct with DNMT 

enzymes bound to the DNA (Gros et al., 2012). Due to reports of instability and toxicity, the use 

of cytidine analogues has decreased (Gros et al., 2012), and here we report another instance where 

the use of 5-AZA might be inappropriate.  

HPC neurogenesis is involved in many forms of HPC-dependent memory, and thus 

neurogenesis could enable very similar learning experiences (such as the presence of identical 

objects in slightly different contextual locations) to be orthogonally represented and thus distinct 

and resistant to interference (Sadeh et al., 2014). In contrast, neocortex represents similar stimuli 

using overlapping representations, apparently independently of significant adult neurogenesis, and 

this likely applies to the representation of specific object features in the PRh (Sadeh et al., 2014). 

Thus, our findings are consistent with an interpretation that implicates de novo methylation of 

genes in newly-born adult neurons required for the complexities of HPC-dependent contextual 

memory processing; indeed, in the present study, OiP learning caused upregulations of DNMT3a 

and 3b specifically in the dentate gyrus, the site of adult HPC neurogenesis.  Conversely, the nature 

of object identity encoding and representation within the PRh apparently requires a different 

epigenetic mechanism. Because a given PRh neuron may be more likely to contribute to the 

specific representations of multiple explicit object memories throughout its lifespan, a continual 

process of demethylation and re-methylation might be critical to support PRh-mediated learning 

and memory. We suggest that DNMT1 in the PRh plays an important role in the re-methylation of 

memory-related genes for this process. Future work will be required to investigate OiP learning-

induced changes in methylation status of memory-related genes in the HPC/dentate gyrus and PRh 

to enable further specification of the mechanisms at work in the present results.  

2.6.3 Conclusion 

This is the first study to demonstrate involvement of DNMTs in PRh-mediated object memory and 

the first to reveal a functional epigenetic double dissociation in the adult brain; DNMT3a is 

selectively required in the HPC/dentate gyrus for successful long-term OiP memory, whereas only 

DNMT1 is necessary in PRh. These findings indicate that epigenetic mechanisms of LTM may 

not be as generalizable as implied by previous research. Indeed, epigenetic requirements for 

memory formation and storage may differ in relation to the specific types of information 

processing taxed by a given task and the brain region(s) involved, as implied here for HPC-
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dependent spatial memory and PRh-dependent memory for object identity. The central aim of the 

present study was to assess the possibility of dissociable roles for the various DNMTs in LTM. 

Clearly, a critical next step will be to evaluate OiP learning-induced changes in the DNA 

methylation status of various memory-related genes (Miller and Sweatt, 2007; Miller et al., 2010), 

as well as the effects of selective siRNA administration on such modifications. Nonetheless, the 

current mRNA analyses confirm that behaviour – in this case, OiP learning – which is sensitive to 

DNMT inhibition also upregulates DNMT enzymes necessary for the methylation process. Our 

data are consistent with the interpretation that DNA methylation has been co-opted to subserve 

learning and memory in a much more intricate fashion than originally proposed. The OiP task 

relies on at least two different types of information processing (spatial and object identity), which 

are thought to be performed by distinct brain regions (the HPC and PRh, respectively) in an 

interactive manner (Bussey and Aggleton, 2002; Winters et al., 2004; Jo and Lee, 2010; Barker 

and Warburton, 2011). The present findings strongly suggest that these putative specialized 

information processing capacities are regulated by distinct epigenetic mechanisms requiring 

different DNMT enzymes. Additional research will be required to investigate this notion directly 

using learning and memory tasks that rely selectively on the HPC or PRh. 
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3.1 Abstract 

Mechanisms involved in mammalian DNA demethylation and subsequent DNA repair processes 

have recently been uncovered and, similar to other epigenetic mechanisms, have been implicated 

in memory. One particular family of proteins that facilitates DNA demethylation and repair are the 

GADD45 proteins. Previously, GADD45b and GADD45g have been implicated in contextual and 

cued FC, respectively, and GADD45b is additionally involved in activity-induced dentate gyrus 

neurogenesis. Conversely, no evidence for an involvement of GADD45a in mnemonic processes 

has been shown. Previous literature has demonstrated that GADD45a can block DNMT1-

mediated re-methylation of genomic loci following DNA damage, and we have documented a 

necessity for DNMT1 in PRh- but not HPC-mediated object memory. Therefore, in the current 

study, we systematically investigated the involvement of GADD45a, GADD45b, and GADD45g 

in PRh- and HPC-dependent OiP memory in male rats, using intra-cranial administration of 

siRNAs. We also measured learning-induced mRNA expression of the GADD45 isoforms in these 

regions. GADD45b and GADD45g, but not GADD45a, were found to be necessary in the HPC 

for OiP memory, and learning induced an upregulation of GADD45b mRNA in the HPC. 

Consistent with a potential link to our earlier DNMT1 results, GADD45a, but not GADD45b or 

GADD45g, was found to be necessary in PRh, for OiP memory. Furthermore, GADD45a and 

DNMT1 chromatin immunoprecipitation-qPCR and methylated DNA immunoprecipitation 

analyses demonstrated that GADD45a, DNMT1, and methylation (5-mC) all resided on two 

intergenic loci adjacent to plasticity-related genes (transcription factor 4, pentraxin 3) in PRh. 

Finally, DNMT1 occupancy increased following learning and, although this is typically associated 

with hypermethylation, was accompanied by a decrease in 5mC deposition; this hypomethylation 

was not found when the GADD45a siRNA was on board. These results indicate that GADD45a 

blocks DNMT1 from (re)methylating following learning-induced DNA demethylation of distal 

regulatory elements (e.g., memory enhancers). 
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3.2 Introduction 

We have previously reported the necessity of maintenance methyltransferase DNMT1 in PRh-

mediated object recognition (Mitchnick et al., 2015). This was the first demonstration of DNMT1 

involvement in any mnemonic process, but its specific role remains unclear. DNMT1 is known to 

methylate the daughter strand following DNA replication (Bird, 2002), although this is unlikely to 

occur in post-mitotic neurons.  However, DNMT1 also re-methylates following DNA damage and 

repair (e.g., from UV rays), and we now know that DNA demethylation processes in mammals 

ends in DNA damage and repair (Niehrs and Schäfer, 2012; Li et al., 2013). 

In recent years, several processes have been demonstrated to actively demethylate genes in 

mammalian systems, including oxidization by TETs followed by BER, deamination by 

AID/APOBEC followed by BER, and NER (nucleotide excision repair)-mediated removal of 5mC 

(Niehrs and Schäfer, 2012; Baker-Andresen et al., 2013). Interestingly, the GADD45 proteins 

(GADD45a, GADD45b, GADD45g) have been implicated in all three of these DNA 

demethylation pathways (Niehrs and Schäfer, 2012; Baker-Andresen et al., 2013; Li et al., 2015b) 

and appear to be involved in LTM (Ma et al., 2009; Leach et al., 2012; Sultan et al., 2012; Jarome 

et al., 2015). Specifically, GADD45b and GADD45g  expression was upregulated in the CA1 

region of the HPC following contextual FC (Leach et al., 2012; Sultan et al., 2012; Jarome et al., 

2015). GADD45b mRNA was also increased in the dentate gyrus (DG) of the HPC following 

spatial exploration of a novel environment (Ma et al., 2009) and in the medial prefrontal cortex 

(mPFC) following cued fear learning (Li et al., 2018). Furthermore, GADD45b-/- mice exhibited 

impaired long-term HPC-mediated contextual fear memory but spared mPFC-mediated cued fear 

memory (Leach et al., 2012), while intra-mPFC GADD45g short hairpin RNA (shRNA) impaired 

long-term cued fear memory (Li et al., 2018). Moreover, abnormal GADD45b levels have been 

found in post-mortem brain tissue of individuals with psychoses (Gavin et al., 2012) and in the 

brains of mice who have consumed alcohol (Gavin et al., 2016). GADD45b+/- mice were 

additionally found to engage in higher alcohol consumption (Gavin et al., 2016). 

GADD45a has not been implicated in any mnemonic process, but it has been shown to 

modulate the activity of DNMT1 following DNA damage and repair in cell culture; specifically, 

GADD45a was found to bind DNMT1 and inhibit its methylation activity under situations of DNA 
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damage and repair in mammalian cells (Lee et al., 2012; Morano et al., 2014). It is possible that a 

similar mechanism exists in PRh-mediated object memory consolidation, where GADD45a blocks 

DNMT1 from methylating pro-mnemonic genes that have been demethylated. When gene 

expression needs to be turned off, DNMT1 would re-methylate these loci. 

In the current study we utilized intra-cranial infusions of short-interference RNAs 

(siRNAs) to selectively and reversibly reduce GADD45a, GADD45b, and GADD45g in the PRh 

and HPC of rats to determine the role of these proteins in OiP memory performance. This task 

involves the acquisition of object-location associations, where rodents that have successfully 

consolidated the location and identity of four novel objects will preferentially explore the two 

objects that have switched locations. Successful performance in this task requires the HPC to 

encode the spatial location of the objects, while the PRh is necessary to encode object identity 

(Mitchnick et al., 2015, 2016). We also investigated whether OiP learning increases mRNA 

expression of the GADD45 proteins in the DG, CA regions, and PRh. We tested the mnemonic 

effects of each siRNA with two retention delays; 24-h and 1-h retention delays were employed to 

test LTM and STM, respectively. It was hypothesized that no impairments would be found at the 

1-h delay, as epigenetic mechanisms do not typically effect STM (Korzus et al., 2004; Lubin and 

Sweatt, 2007; Monsey et al., 2011; Oliveira et al., 2011, 2012; Mitchnick et al., 2015). Based on 

the aforementioned studies (Ma et al., 2009; Leach et al., 2012; Sultan et al., 2012; Jarome et al., 

2015), we hypothesized that GADD45b and GADD45g mRNA would be upregulated in the HPC 

30min following object learning, and that intra-HPC GADD45b and GADD45g siRNA would 

impair long-term OiP memory. Conversely, we predicted that learning would induce an 

upregulation of GADD45a mRNA in PRh, and that intra-PRh GADD45a siRNA would impair 

long-term OiP memory based on the physical interaction of GADD45a and DNMT1 following 

DNA damage and repair (Lee et al., 2012; Morano et al., 2014). 

3.3 Materials & Methods: 

3.3.1 Animal Subjects: Seventy adult male Long Evans rats (Charles River, Saint-Constant, QC, 

Canada) weighing between 300 and 350g at the start of testing (approximately 3-months-old), were 

used. Rats were pair-housed in opaque cages and maintained on a 12-h reverse light:dark cycle 

(0800h lights off, 2000h lights on). All behavioral testing occurred during the rats’ waking hours 
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(dark phase), although the testing room was illuminated by ceiling-mounted fluorescent lighting. 

During experimental testing periods, each rat received 20g of rodent chow per day to maintain an 

85–90% free-feeding body weight. On experimental testing days rats were fed after testing was 

completed. Water was available ad libitum. All procedures adhered to the guidelines of the 

Canadian Council on Animal Care and were approved by the Animal Care Committee at the 

University of Guelph. 

3.3.2 Surgical Procedures: All rats underwent intracranial surgical cannula implantation targeting 

either the dorsal HPC or PRh (Mitchnick et al., 2015, 2016). Prior to surgery, rats were 

anesthetized using isoflurane (Benson Medical Industries, Markham, ON, Canada), and received 

a systemic subcutaneous injection of the analgesic meloxicam (5 mg/ml; Boehringer Ingelheim, 

Burlington, ON, Canada). With the incisor bar placed at −3.3mm, rats were secured in a stereotaxic 

frame (Koft Instruments, Tujunga, CA, USA). The scalp was incised and retracted to expose the 

skull. Holes were drilled into the skull and 22-gauge indwelling cannula guides were implanted 

according to the following coordinates relative to the skull at bregma (Paxinos &Watson 1998): 

anteroposterior, −5.5mm; lateral, ±6.6mm; dorsoventral, −7.0mm for PRh placements, and 

anteroposterior −3.8mm, lateral ±2.5mm, dorsoventral −2.5mm for HPC placements. The guide 

cannulas were anchored to the skull by four jeweler screws and dental acrylic, and the scalp was 

sutured post-surgery. Dummy cannulas (0.36mm in diameter) were placed into the guide cannulas, 

where they remained at all times except during infusions. Dummy cannulas were cut to extend 

1.1mm past the end of the guide cannula. All animals were given 7–10days to recover before any 

behavioral testing. 

3.3.3 Protein Inhibitors & Infusions: Accell siRNAs (Dharmacon, Lafayette, CO, USA) were 

specifically chosen as they do not require a transfection agent, have been shown to incorporate 

into difficult-to transfect cells, such as neurons (Dharmacon), and result in successful knockdown 

in vivo (Mitchnick et al. 2015). GADD45b and GADD45g siRNAs targeted the open reading 

frame, while GADD45a targeted the 3’untranslated region (see Table S1 for sequences). Non-

targeting siRNA single sequence #1 was used as a negative control (Dharmacon). As per the 

manufacturer’s instructions, siRNAs were resuspended in 1× Accell siRNA buffer and prepared 

in Accell siRNA delivery media (added prior to infusion). siRNAs were delivered at a 

concentration of 0.2µg/µl for 2min, with a flow rate of 0.5µg/min (i.e., 0.2µg/µl/hemisphere; 
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Mitchnick et al., 2015, 2016). We previously verified the spread of the Accell siRNAs in the HPC 

and PRh (see Supporing Material; Mitchnick et al., 2015). 

3.3.4 Object-in-Place Procedure: The procedures and apparatus used were described previously 

(Mitchnick et al., 2015, 2016). Briefly, a new set of four objects varying in size (7–20cm), colour, 

material (glass, aluminum, meal, ceramic and plastic), and texture were placed in each corner of 

the open field, 5cm away from the walls. Objects were washed with 50% ethanol between trials to 

eliminate exploration bias due to olfactory cues. The open field (60×60×36cm) was constructed of 

white, plastic-coated corrugated cardboard. Spatial cues were present in the testing room, and a 

ceiling-mounted white light illuminated the room.  

All rats experienced two habituation sessions on successive days, during which they 

explored the empty open field for 5min, followed by a mock microinfusion (no infusate). For 

siRNA experiments, learning occurred 2d following infusion, during a 5-min sample phase in 

which rats were allowed to freely explore four different novel objects (Mitchnick et al., 2015, 

2016). To assess LTM, rats experienced a 2-min choice phase 24h later where they viewed the 

same four objects, but two objects had switched locations (right or left, counterbalanced) creating 

a ‘novel side’. Preference for the objects on the novel side was interpreted as memory for the 

original object-location pairing. All behavioural experiments were conducted using a within-

subjects design in order to reduce variance and the number of animals used. More specifically, 

each experiment consisted of two retention delays (24h, 1h), and a naïve group of rats was used 

for both retention delay assessments within each experiment. Each retention delay condition 

consisted of two trials; rats received a control infusion in one trial and an experimental infusion in 

the other trial, counterbalanced. Two days were left between trials to ensure no carry-over effects 

from the infused agents (Mitchnick et al., 2015, 2016). A minimum of 2d following the long-term 

(24h) OiP memory assessment, STM was probed using a 1-h delay between sample and choice 

phases.  

3.3.5 Data Analysis: The sample and choice phases were recorded by a ceiling-mounted camera, 

and exploration, scored by an experimenter blind to the treatment conditions, was defined as 

directing the nose to the objects at a distance of <2cm and/or touching it with the nose. Novelty 

preference was used as an indicator of memory and was calculated by the following discrimination 

ratio (DR): exploration of novel-sided objects minus exploration of familiar-sided objects divided 
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by total object exploration. Although the total 2min of choice exploration was recorded and scored, 

DRs were calculated from the exploration levels in the first minute only, during which object 

discrimination is typically most robust (Dix and Aggleton, 1999). A repeated-measures analysis 

of variance (ANOVA) was employed for all behavioural experiments, with drug (inhibitor, 

control) and delay (24h, 1h) as independent measures, and DR as the dependent measure. Further 

paired-samples t-tests were run as planned comparisons between drug and control conditions 

within each testing phase. A priori one-sample t-tests were also applied to each drug condition to 

determine whether memory differed significantly from chance. These two complementary 

statistics allow us to determine if the drug manipulation abolished memory (i.e. comparing to a 

DR of 0), in addition to assessing whether this is significantly different from control performance. 

Total sample and choice object exploration levels were additionally analyzed to assess potential 

preexisting or drug-induced non-mnemonic differences, using 2x2 ANOVAs as described above. 

Sample and choice descriptive statistics can be found in Table S2 and S3, respectively. Control 

analyses were non-significant unless otherwise reported.  

 All analyses were conducted as two-tailed tests with a confidence interval of 0.05.  

3.3.6 Histology: All brains were collected after behavioral testing and processed as previously 

described (Mitchnick et al. 2015) to confirm cannula placements. Specifically, following 

behavioral analyses, rats were anesthetized by an intraperitoneal injection of 1.5ml of euthansol 

(340 mg/ml; Schering Canada Inc., Pointe-Claire, QC, Canada) and perfused transcardially with 

phosphate-buffered saline (PBS, pH7.4) followed by 4% neutral buffered formalin (pH7.4; EMD, 

Gibbstown, NJ, USA). The brains were then removed, post-fixed in 4% formalin at 4∘C for at least 

1week and afterward immersed in 20% sucrose in PBS for 10-16h (until they sank). Coronal 

sections (55µm) through the extent of PRh or HPC were taken with a cryostat, and every fifth 

section was mounted on a gelatin-coated glass slide and stained with thionin. Verification of 

cannula placements was carried out using light microscopy. 

3.3.7 Tissue Extraction Procedure: To assess any object exposure changes in GADD45 mRNA 

expression, the PRh (area 35/36), DG (dorsal HPC), and CA regions (1–3; dorsal HPC) were 

dissected from experimentally naïve rats (n = 20; 10/group), following a brief exposure to CO2 

30min after either an OiP sample phase (experimental group; object exploration M = 56.7s, SEM 

= 4.12s) or 5min of empty apparatus investigation (control group; Miller and Sweatt, 2007; 
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Mitchnick et al., 2015, 2016). Because all rats had been previously habituated to the apparatus, the 

context-only control animals should have engaged in little, if any, new learning. A similar 

procedure was used for the collection of PRh tissue used in chromatin immunoprecipitation 

experiments. Here, all rats received an intra-PRh infusion 2d prior to learning; specifically, the 

control group (apparatus exploration) and learning group (OiP sample phase) received infusions 

of the scrambled control siRNA, whereas a third group experienced an OiP sample phase in 

addition to an intra-PRh GADD45a siRNA infusion, creating a learning + siRNA group in order 

to determine whether knockdown of GADD45a expression abolished learning-induced changes. 

3.3.8 Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction (for RNA): 

All tissue sections were homogenized using Trizol (Invitrogen, Burlington, ON, Canada; 

1ml/100mg) according to the manufacturers’ instructions. RNA quantity was assessed 

(spectrophotometer), and samples with an A260/280 ratio between 1.7 and 2.0 were further 

analyzed. One CA region sample was outside this range and was thus removed (experimental 

group n = 9). RNA (5µg) was treated with DNase I and reverse transcribed with Superscript II 

using oligo-dT as the primer, for 75min at 43∘C, and the generated cDNA was used for qualitative 

PCR assessment with platinum Taq DNA polymerase. All PCRs were performed in a final volume 

of 50µl with an initial 2min strand separation at 94∘C and a final 2-min elongation at 72∘C, 

following the last cycle. PCR products were separated on a 1.5% agarose gel and visualized with 

ethidium bromide under UV light. RT product was then amplified using quantitative PCR 

(StepOnePlus; Life Technologies, Burlington, ON, Canada) with POWER SYBRgreen reagents 

containing ROX reference dye to minimize well-to-well error. Each well had a final volume of 

10µl (1 µl cDNA). Samples were analyzed in triplicate for each target gene with primers for 

GADD45a, GADD45b, and GADD45g, designed using the Primer3 program (Table S4). Equal 

loading was determined by use of the housekeeping gene hypoxanthine-guanine 

phosphoribosyltransferase (HPRT; Table S4; Mitchnick et al., 2015, 2016). Each cycle began with 

an initial activation phase at 95∘C for 10min followed by 40 cycles of 15sec at 95∘C and 60sec at 

60∘C. Cycle threshold (Ct) values were chosen in the linear range of amplification. All genes of 

interest were normalized to the expression of housekeeping gene HPRT, and the quantification of 

target genes from experimental animals (object exploration) were compared to biological controls 

(empty-apparatus exploration) using the comparative ΔΔCt method (Schmittgen and Livak, 2008). 



	 80	

All analyses were conducted using two-tailed tests and a with a confidence interval of 0.05. Data 

points ±2SD beyond the mean were deemed outliers and removed. 

3.3.9 Chromatin Immunoprecipitation: Bilateral PRh samples were initially homogenized by a 

douncer in 1ml of dPBS. Of this 1ml, 500µl was used to perform GADD45a chromatin 

immunoprecipitation (ChIP)-sequencing. These methods and data are not presented in this thesis, 

although the results were used to guide selection of genomic loci to target for further analysis. Of 

the remaining lysate, 250µl was used to perform carrier ChIP (addition of yeast cells to enhanced 

amount of DNA to facilitate or ‘carry’ through the pull-down phase). ChIP was carried out 

following modifications to the Invitrogen ChIP kit protocol. Specifically, samples rocked in 1% 

formaldehyde (methanol-free) for 4.5min to cross-link, and the reaction was halted with 0.125M 

glycine. Samples were washed twice with PBS, suspended in 500µl of 1% SDS-lysis buffer, and 

rocked on ice for 10min to allow cells to lyse. Tissue lysates were sonicated (Covaris M220 

Foucssed Ultrasonicator) to produce approximately 400bp DNA fragments (verified by gel 

electrophoresis). A portion of this sheared chromatin was used for DNMT1 ChIP, and a portion 

used for GADD45a ChIP. Protein G-magnetic beads (Invitrogen; 40µl) and specific antibodies 

(GADD45a, Cell Signalling Technologies D17E8, 2µl; DNMT1 Active Motif 39204, 2µl) were 

rotated with shaking, at 4°C for 2h. The antibody-bead complex was washed with ChIP dilution 

buffer and the sample was added. The protein-DNA-antibody complex rocked at 4°C overnight, 

followed by three washes in low salt buffer and three washes in high salt buffer, and a final 

suspension in 250µl of chip dilution buffer. Input samples were then included in the following 

steps. Reverse cross-linking occurred at 65°C for 4h. Proteinase K (2µl for ChIP samples, 1µl for 

input samples; Thermo Fischer Scientific) was added and heated at 50°C for 1h with gentle 

rocking, to degrade the proteins. DNA was extracted using phenol-chloroform. 

(phenol:chloroform:isoamyl ethanol; pH 8.0; Sigma Aldrich) and precipitated using ethanol 

(100%; Thermo Fischer Scientific), glycogen (5mg/ml; Thermo Fischer Scientific), and sodium 

chloride (5M; Thermo Fisher Scientific). Samples were vortex mixed and placed in -20°C 

overnight, or -80°C for 1h. When removed, samples were vortex mixed and centrfuged, and the 

pellet was washed with 75% ethanol. The pellet was dried and resuspended in water. DNA 

concentration and quality was assessed (NanoDrop), and samples were only used if their 260/280 

ratio fell between 1.8-2.0. 
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3.3.10 Methylated DNA Immunoprecipitation: Of the original 1ml of tissue lysate (see above), 

250µl was used for the methylated DNA immunoprecipitation (MeDiP). PBS was removed prior 

to DNA isolation. DNA was isolated using the Quiagen DNeasy Blood and Tissue Kit as per the 

manufacturer’s instructions. DNA concentration and quality was assessed (NanoDrop), and 

samples were only used if their 260/280 ratio fell between 1.8-2.0. DNA (1µg) was sheared into 

approximately 400bp fragments (Covaris M220 Foucssed Ultrasonicator), concentration and 

quality were reassessed. MeDIP was carried out using Active Motif’s MeDIP kit and 500ng of 

sheared DNA per reaction.  

3.3.11 Quantitative Real-time Polymerase Chain Reaction (for DNA): Quantitative PCR was 

performed on a RotorGeneQ (Qiagen) real-time PCR cycler with SYBRGreen Master mix 

(Qiagen), using primers targeting intergenic locus #1 (flanked by melanocortin receptor 2 and 

transcription factor 4) and intergenic locus #2 (flanked by short stature homobox 2 and pentraxin 

3). Sequences are located in Table S1. Each cycle began with an initial activation phase at 95∘C 

for 10min followed by 40 cycles of 15sec at 95∘C and 60sec at 60∘C. Ct values were chosen in 

the linear range of amplification. All genes of interest were normalized to non-ChIP samples 

(input), and the quantification of target genes from both the learning and learning+siRNA groups 

were compared to biological controls (empty-apparatus exploration) using the comparative ΔΔCt 

method (Schmittgen and Livak, 2008). All analyses were conducted using one-way ANOVAs. A 

priori planned comparisions were additionally run between the control and learning groups, as 

well as the control and learing+siRNA groups, using two-tailed tests a confidence interval of 0.05. 

Data points ±2SD beyond the mean were deemed outliers and removed. 

3.4 Results 

3.4.1 Histology 

In behavioural experiments assessing the HPC, bilateral guide cannulas were implanted with 

infusion needle tips terminating in the dorsal HPC; these placements were consistently located 

between 3.36 t0 3.60mm posterior to bregma (Fig. 1a/b) (Paxinos and Watson, 1998b). In 

behavioural experiments assessing the PRh, bilateral guide cannulas were implanted with infusion 

needle tips terminating in PRh near the border between areas 35 and 36 (Burwell, 2001); these 

placements were consistently located between 5.02 to 5.52mm posterior to bregma (Fig. 1c/d) 
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(Paxinos and Watson, 

1998b). The representative 

placements and histological 

images in Figure 2 are from 

rats receiving intra-HPC and 

intra-PRh infusions of 

GADD45g.  

3.4.2 GADD45b and 

GADD45g, but not 

GADD45a, in the HPC 

impairs long-term OiP 

memory  

GADD45a siRNA in 

the HPC did not impair long-

term or short-term OiP 

memory (Figure 2a). The 

ANOVA revealed a non-

significant interaction (F(1,9) 

= 1.50, p = 0.259, n = 10), 

main effect of delay (F(1,9) 

=0.32, p = 0.585), and main 

effect of drug condition 

(F(1,9) = 0.13, p = 0.729). No 

differences were noted 

between drug conditions 

with either the 24-h retention 

delay (t(9) = 1.051, p = 0.321) or 1-h retention delay (t(9) = 0.55, p = 0.957). Moreover, each drug-

retention delay condition displayed memory significantly above chance (t(9) = 5.98, p < 0.001, drug 

condition + 24h delay; t(9) = 2.640, p = 0.027, control condition + 24h delay; t(9) = 2.67, p = 0.026, 

drug condition + 1h delay; t(9) = 2.26, p = 0.05, control condition + 1h delay). 

Figure 2.	 (A)	 Schematic	 representation	 of	 the	 infusion	 cannula	 tip	
placements	in	the	HPC	from	a	typical	group	of	animals	(GADD45a	siRNA;	no	
mnemonic	 impairment).	 These	 placements	 are	 representative	 of	 tip	
locations	 from	 all	 HPC-cannulated	 animals.	 Cannulas	 were	 consistently	
located	between	3.36	 -	3.60mm	posterior	 to	Bregma	 (Paxinos	&	Watson,	
1998).	(B)	Photomicrograph	(1.25x	magnification)	of	a	Nissl-stained	section	
illustrating	 the	 tract	 of	 a	 cannula	 terminating	 in	 the	 HPC.	 (C)	 Schematic	
representation	 of	 the	 infusion	 cannula	 tip	 placements	 in	 the	 PRh	 from	 a	
typical	group	of	animals	(GADD45g	siRNA;	no	mnemonic	impairment).	These	
placements	 are	 representative	 of	 tip	 locations	 from	 all	 PRh-cannulated	
animals.	Cannula	tips	were	consistently	located	between	5.04	and	5.52	mm	
posterior	to	Bregma	(Paxinos	&	Watson,	1998).	(D)	Photo-	micrograph	(1.25x	
magnification)	of	 a	Nissl-stained	 section	 illustrating	 the	 tract	of	a	 cannula	
terminating	in	the	PRh.	

Bregma	
-3.36	

Bregma		
-3.60	

Bregma		
-5.04	

Bregma		
-5.28	

Bregma		
-5.52	

(a)	 (b)	

(a)	(c)	
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GADD45b siRNA in the HPC impaired long-term, but not short-term, OiP memory (Figure 

2b). Analyses revealed a significant interaction (F(1,9) = 9.54, p = 0.013, n = 10), main effect of 

delay (F(1,9) = 6.74, p = 0.029), and main effect of drug condition (F(1,9) = 11.92, p = 0.007). No 

differences were noted between drug conditions with the 1-h retention delay  (t(9) = 0.64, p = 

0.538), but the drug condition was significantly impaired in comparison to the control condition 

when a 24-h retention delay was employed (t(9) = 3.31, p = 0.009). Each drug-retention delay 

condition displayed memory significantly above chance (t(9) = 4.58, p = 0.001, control condition 

+ 24h delay; t(9) = 8.05, p < 0.001, control condition + 1h delay; t(9) = t(9) = 4.89, p = 0.001, drug 

condition + 1h delay), with the exception of GADD45b siRNA infusions and a 24-h retention 

delay (t(9) = 1.08, p = 0.309).  

GADD45g siRNA in the HPC also appeared to impair long-term, but not short-term, OiP 

memory (Figure 2c). The ANOVA revealed an interaction that was trending towards significance 

(F(1,8) = 4.89, p = 0.058, n = 9), as was the main effect of drug condition (F(1,8) = 4.90, p = 0.058). 

The main effect of delay was non-significant (F(1,8) = 3.10, p = 0.116). No differences were noted 

between drug conditions 

with the 1-h retention delay 

(t(8) = 0.45, p = 0.663), but 

the drug condition was 

significantly impaired in 

comparison to the control 

condition when a 24-h 

retention delay was 

employed (t(8) = 4.51, p = 

0.002). Each drug-retention 

delay condition displayed 

memory significantly above 

chance (t(8) = 5.52, p = 0.001, 

control condition + 24h 

delay; t(8) = 2.46, p = 0.039, 

control condition + 1h delay; 

Figure	 2.	 (a)	 Intra-HPC	 GADD45α	
siRNA	 had	 no	 effect	 on	
OiPperformance.	Conversely,	intra-
HPC	GADD45β	 (b)	 or	GADD45g	 (c)	
siRNA	 impaired	 OiP	 memory	 in	 a	
delay-dependent	 manner;	 long-
term	(24	h)	but	not	short-term	(1h)	
OiP	 memory	 was	 impaired.	 Data	
are	 mean	 discrimination	 ratio	 ±	
SEM	(*p	<	0.05;	**p	<	.01).	

(a)	 (b)	

(c)	
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7.64, p < 0.001, drug condition + 1h delay), with the exception of GADD45g siRNA infusions and 

a 24h retention delay (t(8) = 0.66, p = 0.528). One rat in this group lost its in-dwelling cannula 

during testing and was removed from all analyses (n = 9, rather than 10). 

3.4.3 Selective inhibition of GADD45a, but not GADD45b or GADD45g, in PRh impairs 

long-term OiP memory 

GADD45a siRNA in PRh impaired long-term, but not short-term, OiP memory (Figure 

3a). The ANOVA revealed a non-significant interaction (F(1,9) = 2.81, p = 0.128, n = 10), and main 

effect of drug condition (F(1,9) = 2.65, p = 0.138). The main effect of delay was significant (F(1,9) 

= 6.63, p = 0.030). Planned comparisons revealed no differences between drug conditions with the 

1-h retention delay (t(9) = 0.01, p = 0.995), but the drug condition was significantly impaired in 

comparison to the control condition when a 24-h retention delay was employed (t(9) = 2.93, p = 

0.017). Each drug-retention delay condition displayed memory significantly above chance (t(9) = 

4.61, p = 0.001, control condition + 24h delay; t(9) = 3.88, p = 0.004, control condition + 1h delay; 

t(9) = 6.76, p < 0.001, drug condition + 1h delay), with the exception of GADD45a siRNA 

infusions and a 24-h retention delay (t(9) = 0.73, p = 0.484).  

GADD45b siRNA in PRh did not impair long-term or short-term OiP memory (Figure 3b). 

Analyses revealed a non-significant interaction (F(1,9) = 0.36, p = 0.565, n = 10), main effect of 

delay (F(1,9) = 0.06, p = 0.814), and main effect of condition (F(1,9) = 0.04, p = 0.851). Planned 

comparisons indicated no differences between drug conditions with either the 24-h retention delay 

(t(9) = 0.58, p = 0.579) or 1-h retention delay (t(9) = 0.13, p = 0.899). Moreover, each drug-retention 

delay condition displayed memory significantly above chance (t(9) = 3.48, p = 0.007, control 

condition + 24h delay; t(9) = 4.18, p = 0.002, drug condition + 24h delay; t(9) = 3.64, p = 0.005, 

control condition + 1h delay; t(9) = 6.28, p < 0.001, drug condition + 1h delay).  

GADD45g siRNA in PRh did not impair long-term or short-term OiP memory (Figure 3c). 

The ANOVA revealed a non-significant interaction (F(1,9) = 0.002, p = 0.964, n = 10), main effect 

of delay (F(1,9) = 2.83, p = 0.127), and main effect of condition (F(1,9) = 0.37, p = 0.558). No 

differences were noted between drug conditions with either the 24-h retention delay (t(9) = 0.90, p 

= 0.393) or 1-h retention delay (t(9) = 1.21, p = 0.256). Moreover, each drug-retention delay 

condition displayed memory significantly above chance (t(9) = 4.2	8, p = 0.002, control condition 
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+ 24h delay; t(9) = 2.60, p = 

0.029, drug condition + 24h 

delay; t(9) = 3.44, p = 0.007, 

control condition + 1h delay; t(9) 

= 3.52, p = 0.006, drug 

condition + 1h delay).  

These results 

demonstrate that GADD45 

proteins are necessary for PRh- 

and HPC-mediated long-term 

OiP memory. Additionally, they 

suggest that DNA 

demethylation and repair 

processes are occurring in these 

regions to support memory. 

Indeed, inhibition of one component of the BER pathway, apurinic endonuclease 1 (Wilson and 

Bohr, 2007; Al-Safi et al., 2012), in either the HPC or PRh also impairs OiP memory in our hands 

(see Supporting Materials; Fig S1).  

3.4.4 GADD45b, but not GADD45a or GADD45g, mRNA is significantly upregulated in the 

DG following object exposure 

Thirty minutes following object exposure, GADD45a (t(9) = -0.72, p = 0.491) and 

GADD45g (t(8) = -0.49, p = 0.640; one outlier removed) mRNA remained unchanged in the DG 

when compared to controls (empty apparatus exploration), whereas GADD45b mRNA was 

significantly upregulated (t(9) = 2.613, p = 0.028; Figure 5a). GADD45a (t(8) = 0.79, p = 0.451) 

and GADD45g (t(7) = 0.62, p = 0.552; one outlier removed) mRNA also remained unchanged in 

the CA regions following learning. Conversely, GADD45b was significantly downregulated (t(8) 

= -2.55, p = 0.034; Figure 4a). These results demonstrate that GADD45b in the HPC is modulated 

following OiP learning, providing corroborating evidence for our behavioural finding that 

GADD45b is necessary in the HPC for successful long-term OiP memory.  

Figure	 3.	 (a)	 Intra-PRh	
GADD45α	 siRNA	 impaired	 OiP	
memory	 in	 a	 delay-dependent	
manner;	 long-term	 (24	 h)	 but	
not	 short-term	 (1h)	 OiP	
memory	 was	 impaired.	
Conversely,	intra-PRh	GADD45β	
(b)	 or	 GADD45g	 (c)	 siRNA	 did	
not	 affect	 OiP	 performance.	
Data	 are	 mean	 discrimination	
ratio	±	SEM	(*p	<	0.05).	

(a)	

(c)	

(b)	
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3.4.5 GADD45a and GADD45b, but not GADD45g, mRNA is significantly upregulated in 

PRh following object exposure 

GADD45g (t(8) = -0.42, p = 0.686; one outlier removed) mRNA remained unchanged in PRh 

following object exposure, when compared to empty-apparatus controls. Conversely, both 

GADD45a (t(9) = 2.65, p = 0.026) and GADD45b (t(9) = 3.54, p = 0.008) mRNA were significantly 

upregulated following 

learning (Figure 4b). The 

upregulation of GADD45a 

provides additional support 

for our behavioural finding 

that GADD45a is necessary 

in PRh for long-term OiP 

memory. The finding that 

GADD45b is also 

upregulated in the PRh 

might indicate that it can 

support object memory in 

this region, but is not 

necessary based on our behavioural results. 

3.4.6 GADD45a, DNMT1, and 5mC are bound on the same loci in PRh, with evidence that 

DNMT1-mediated methylation might be blocked by GADD45a following object exposure 

Based on our pilot GADD45a ChIP-sequencing data, the majority of GADD45a binding in PRh 

occurred at intergenic regions, and a few introns (data not shown). Several of these loci were 

chosen for further investigation based on the relevance of the adjacent genes to learning, memory, 

and synaptic plasticity (see Discussion	). Interesting results were obtained for two loci. Locus #1 

was located between the melanocortin receptor 2 and transcription factor 4 (Tcf4) genes (Figure 

5a). Locus #2 was located between pentraxin 3 (Pxt3) and short stature homobox 2 genes (Figure 

5b). 

Figure	4.	(a)	GADD45β	mRNA	was	significantly	upregulated	in	the	dentate	gyrus	
(DG)	and	 significantly	downregulated	 in	 the	 CA	 regions	30min	 following	OiP	
learning,	compared	to	context-only	controls.	Levels	of	GADD45α	and	GADD45g	
remained	 unchanged	 in	 both	 the	 DG	 and	 CA	 regions.(b)	 GADD45α	 and	
GADD45β	mRNA	were	 significantly	 upregulated	 in	 PRh	 30min	 following	 OiP	
learning,	 compared	 to	 context-only	 controls.	 Levels	 of	 GADD45g	 remained	
unchanged.	Data	are	mean	ΔΔCt	ratio+SEM	(*p	<0.05;	**p	<0.01).	

(a) (b)	
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Locus #1 -  GADD45a ChIP-qPCR demonstrated no differences in GADD45a occupancy 

levels between the three groups (i.e., did not validate sequencing data showing enhanced 

GADD45a deposition following learning). Specifically, the one-way ANOVA was non-

significant (F(2,15) = 0.58, p = 0.573), as were the comparisons between the control and learning 

groups (t(10) = 1.28, p = 0.230), and control and learning+siRNA group (t(10) = 0.48, p = 0.644; 

Fig. 6a). Conversely, DNMT1 ChIP-qPCR revealed a significant one-way ANOVA (F(2,15) = 

15.42, p < 0.001) and a significant increase in DNMT1 deposition at locus #1 following learning 

(t(10) = 4.04, p = 0.002). DNMT1 occupancy was elevated in rats that learned and received 

GADD45a siRNA, but this was not significant from the control group (t(10) = 1.71, p = 0.118; 

Fig. 6b); however, half the amount of sample was used during qPCR (experimenter error), 

Pxt3 
3972586 2341935 

Shox2 

Mcr2 
Tcf4 

3934
20 

7141
70 

Figure	 5.	 Intergenic	 regions	 where	 GADD45α	 is	 bound	 in	 PRh	
(determined	 through	 GADD45α	 ChIP-seq).	 Straight	 arrows	 denote	
the	 gene	 orientation.	 Numbers	 underneath	 the	 curved	 arrows	
indicate	the	number	of	bases	between	the	 loci	where	GADD45α	is	
bound	and	the	start	of	the	adjacent	gene.	(a)	Locus	#1	is	located	 in	
between	melanocortin	receptor	2	(Mcr2)	and	transcription	factor	4	
(Tcf4).	Tcf4	has	been	implicated	in	memory	and	cognition.	(b)	Locus	
#2	is	located	between	pentraxin	3	(Pxt3)	and	short	stature	homobox	
2	(Shox2).	Pxt3	has	been	implicated	in	inflammation	in	the	brain,	and	
is	structurally	very	similar	to		pentraxin	1	and	2	which	help	to	regulate	
long-term	depression	and	synapse	remodeling.		

(a) 

(b) 

Figure	 6.	 Data	 for	 intergenic	 locus	 #1,	 in	 PRh.	 (a)	 GADD45α	 occupancy	 remained	 unchanged	 following	 learning,	 whether	
GADD45α	siRNA	was	on	board	or	not.	 (b)	DNMT1	occupancy	was	enhanced	following	 learning.	This	enhancement	was	not	
apparent	when	GADD45α	siRNA	was	present;	however,	½	the	amount	of	sample	was	used	during	qPCR	(experimenter	error)	so	
the	value	of	 DNMT1	occupancy	 is	most	 likely	higher.	 (c)	5mC	deposition	was	 reduced	 following	 learning.	 There	was	not	a	
significant	reduction	when	GADD45α	siRNA	was	on	board.	
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therefore it is expected that this occupancy is in fact higher. With enhanced binding of DNMT1, 

enhanced 5mC deposition would be expected, but this was not the case. Specifically, MeDIP 

analysis demonstrated a non-significant one-way ANOVA (F(2,15) = 2.41, p = 0.123), but a 

significant decrease in 5mC occupancy at locus #1 following learning (t(10) = 2.67, p = 0.023). 

This learning-induced decrease in 5mC binding was not found when GADD45a siRNA was on 

board (t(10) = 1.32, p = 0.217; Fig. 6c). 

Locus #2 - GADD45a ChIP-qPCR demonstrated no differences in GADD45a occupancy 

levels between the three groups (i.e., did not validate sequencing data showing enhanced 

GADD45a deposition following learning). Specifically, the one-way ANOVA was non-

significant (F(2,15) = 0.29, p = 0.751), as were the comparisons between the control and learning 

groups (t(10) = 0.56, p = 0.587), and control and learning+siRNA group (t(10) = 0.19, p = 0.855; 

Fig. 7a). Conversely, DNMT1 ChIP-qPCR revealed a significant one-way ANOVA (F(2,15) = 

10.64, p = 0.001) and a significant increase in DNMT1a deposition following learning (t(10) = 

2.28, p = 0.046), and following learning when GADD45a siRNA was present (t(10) = 3.70, p = 

0.014; Fig. 7b). This increased DNMT1 binding would suggest increased methylation, but the 

opposite was found. MeDIP analysis demonstrated a non-significant one-way ANOVA (F(2,12) = 

3.11, p = .082; one outlier removed), but a significant decrease in 5mC occupancy following 

learning (t(8) = 2.28, p = 0.05). This learning-induced decrease in 5mC binding was not found 

when GADD45a siRNA was on board (t(8) = 2.033, p = 0.077; Fig. 7c). 

Figure 7. Data for intergenic locus #2, in PRh. (a) GADD45α occupancy remained unchanged following learning, 
whether GADD45α siRNA was on board or not. (b) DNMT1 occupancy was enhanced following learning, whether 
GADD45α siRNA was on board or not. (c) 5mC deposition was reduced following learning. There was not a significant 
reduction when GADD45α siRNA was on board. 
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3.5 Discussion 

In the present study, we assessed the mnemonic effects of transient inhibition of GADD45a, 

GADD45b, and GADD45g in the HPC and PRh on long-term and short-term OiP memory. We 

additionally assessed mRNA expression levels of these genes following exposure to objects in the 

same arrangement as in the learning phase of the OiP task. Here, we report data consistent with 

involvement of the GADD45 proteins in both HPC- and PRh-mediated long-term object memory, 

in a dissociable pattern; specifically, intra-HPC GADD45b and GADD45g siRNA impaired LTM 

and GADD45b mRNA was upregulated in the DG and downregulated in the CA regions, following 

learning, whereas intra-PRh GADD45a siRNA impaired LTM and learning induced an 

upregulation of GADD45a mRNA in PRh. The lack of involvement of the GADD45 isoforms in 

STM was expected, given that epigenetic mechanisms are not typically involved in STM (Korzus 

et al., 2004; Lubin and Sweatt, 2007; Monsey et al., 2011; Oliveira et al., 2011, 2012; Mitchnick 

et al., 2015).  

 The 18 kDa GADD45 proteins interestingly lack any obvious catalytic activity and yet 

have been implicated in a plethora of functions, in addition to many examples of repair-mediated 

DNA demethylation in numerous cell types and model systems (Schafer, 2013). Specifically, the 

GADD45 proteins have been identified as main players in the recruitment of DNA repair 

machinery to remove 5mC (and other modified cytosines) and repair the DNA (Schafer, 2013). 

Indeed, inhibition of one component of the BER pathway (apurinic endonuclease 1; APE1) in both 

the HPC and PRh impaired OiP memory (see Supporting Materials; Fig. S1), providing additional 

evidence that DNA demethylation is occurring in these regions to support object memory. 

3.5.1 GADD45a  

Previous investigations have found learning-induced upregulations of GADD45b and GADD45g 

mRNA following fear learning, but no change in GADD45a levels (Leach et al., 2012; Sultan et 

al., 2012; Jarome et al., 2015); therefore, the current finding that GADD45a expression is enhanced 

in PRh following object learning, and that intra-PRh GADD45a siRNA impairs OiP memory, is 

the first evidence for a role of GADD45a in memory consolidation. Furthermore, we have 

demonstrated two intergenic loci in PRh where GADD45a, DNMT1, and 5mC are all detectable. 
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More specifically, following learning, DNMT1 occupancy is enhanced at these loci, but 

methylation is reduced, and this significant reduction is not seen when GADD45a siRNA is on 

board, particularly for locus #1. Although GADD45a has not previously been implicated in any 

mnemonic function, its precise role in DNA demethylation has been arguably the most 

characterized of all three isoforms (Schafer, 2013; Table 3.1).  

 GADD45a has been shown to be recruited to sites of demethylation by various proteins, 

including TAF12 (to rRNA; Schmitz et al., 2009) and ING1 (to DNA; Schäfer et al., 2013). 

Interestingly, GADD45a possesses RNA binding properties (Sytnikova et al., 2011; Arab et al., 

2014) and has been shown to be guided to a site of promoter demethylation by a corresponding 

long non-coding RNA (Arab et al., 2014). Once at the appropriate site, GADD45a can recruit 

various enzymes involved in DNA repair pathways. For example GADD45a has been shown to 

recruit the DNA endonuclease XPG to demethylation sites, triggering the NER pathway (Barreto 

et al., 2007; Schmitz et al., 2009). Under different circumstances, GADD45a engages the BER 

pathway at demethylation sites by recruiting thymine DNA glycosylase (TDG; Arab et al., 2014; 

Li et al., 2015). But GADD45a might do more than this. Following induced double-stranded 

breaks in vitro and within a chromatin setting, GADD45a was found bound to hemi-methylated 

DNA during homologous recombination (HR) repair, blocking DNMT1 from methylating the 

unmethylated DNA strand (Lee et al., 2012). DNMT1 is known to preferentially methylate hemi-

methylated DNA, perpetuating methylation marks following DNA replication (i.e., methylation of 

new daughter strand; Bird, 2002). Not only does GADD45a have a higher affinity (50-100 fold) 

to hemi-methylated DNA over both unmethylated and fully methylated DNA (and RNA), it has a 

higher affinity to hemi-methylated DNA than DNMT1 (Lee et al., 2012). Taken together with the 

findings that GADD45a is transiently expressed and forms extremely stable complexes with DNA, 

Lee and colleagues (2012) suggest that GADD45a functions to modulate DNMT1-mediated 

methylation under specific physiological conditions, blocking DNMT1 from methylating 

previously demethylated regions (Lee et al., 2012).  

 We have previously demonstrated that DNMT1 is necessary for PRh-mediated OiP 

memory, but is dispensable in the HPC (Mitchnick et al., 2015). Furthermore, neither DNMT3a or 

DNMT3b were necessary in PRh for object memory (Mitchnick et al., 2015). In the current study, 
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we have shown that GADD45a, DNMT1, and 5mC can all be found on the same intergenic loci 

in the PRh. Whether all three are physically bound to the DNA or in complexes that are bound to 

the DNA, is unknown. However, our preliminary data might suggest that although DNMT1 is 

enhanced at these loci following learning, GADD45a can block DNMT1 from methylating, at 

least at some sites, resulting in a decrease in 5mC. These decreases in 5mC occupancy are not 

apparent in rats that had received intra-PRh infusions of GADD45a siRNA (particularly for locus 

#1), perhaps because a reduced amount of GADD45a protein was available to block DNMT1-

mediated methylation. Results from locus #2 additionally suggest that more DNMT1 can bind to 

these loci when GADD45a levels are compromised, possibly because it is not blocked. 

Collectively, these data suggest that GADD45a might be modulating DNMT1-mediated 

methylation in PRh during memory consolidation, in a similar manner to that seen by Lee et al. 

(2012) and others (Boumber et al., 2008). Specifically, following learning GADD45a might be 

drawn to sites of DNA demethylation, recruiting DNA repair machinery in addition to blocking 

DNMT1 from methylating, and therefore silencing these demethylated regions. This could 

subsequently permit the expression of genes necessary for memory consolidation. Conversely, 

DNA demethylation processes and GADD45a would not be present on genes that negatively 

regulate memory, such as protein phosphatase 1 and calcineurin (Miller and Sweatt, 2007; Miller 

et al., 2010), allowing DNMT1 to methylate and silence their expression. The gene 

expression/repression changes associated with a learning event typically peak 30min-4h following 

learning before returning to baseline levels (Cavallaro et al., 2002; Ressler et al., 2002). This likely 

correlates with the ‘closing’ of consolidation. This would necessitate the demethylation of 

memory-suppressor genes and re-methylation of memory-enhancing genes. As such, GADD45a 

would vacate pro-mnemonic genes, allowing DNMT1 to re-methylate and silence, and would bind 

to memory-suppressor genes, recruiting the BER machinery to demethylate and allow expression 

to resume. Furthermore, the preference of GADD45a for hemi-methylated DNA might suggest 

that a hemi-methylated state is typical and/or functional for plasticity-related genes in PRh (i.e., 

GADD45a blocks DNMT1 from methylating both strands, maintaining a hemi-methylated state). 

 The loci that we investigated were both intergenic regions. Locus #1 was flanked by Tcf4, 

a gene that has been associated with verbal declarative memory deficits in patients with 

schizophrenia, in addition to classical, delay, and trace FC (48h and 4wk delays), SOR, and MWM, 
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in rodents (Brzózka et al., 2010; Brzózka and Rossner, 2013; Kennedy et al., 2016). Moreover, a 

role for Tcf4 in neuronal activity-dependent regulatory networks has recently been brought to light 

(Wittmann and Haberle, 2018). Locus #2 was flanked by Ptx3, a gene that codes for a peripheral 

anti-inflammatory protein (Rodriguez-Grande et al., 2015). The neuronal pentraxins 1 and 2 have 

been implicated in regulating excitatory synapse number, including the weakening of synapses 

(long-term depression; Cho et al., 2008), and PRh-mediated object memory is known to require 

long-term depression (Griffiths et al., 2008). Ptx3 is typically referred to as a non-neuronal 

pentraxin, but it has been shown to mediate HPC neurogenesis after cerebral ischemia (Rodriguez-

Grande et al., 2015), demonstrating that Ptx3 is expressed in the brain.  

 Although gene expression is typically thought to be regulated by the promoter(s) region, it 

is now evident that other regulatory elements are involved (Li et al., 2016; Gallus et al., 2018). 

Moreover, differentially methylated regions following exercise (DG) or contextual FC (CA1, 

ACC) have been shown to mainly occur in intergenic regions (³5kB from the adjacent gene), and 

to a lesser extent introns, with approximately 1% occurring in promoters (Guo et al., 2011a; Halder 

et al., 2015). Therefore, although these loci are quite far from the Tcf4 or Ptx3 promoter (see Fig. 

5), they might act as distal regulatory elements, such as transcriptionally-active enhancers (Li et 

al., 2016). There is a growing literature demonstrating transcription of lncRNAs from distal 

enhancers that regulate expression of (typically) adjacent genes, referred to as enhancer RNAs 

(eRNAs; Li et al., 2016). Specifically, these eRNAs have been shown to control chromatin 

accessibility around the promoter of adjacent genes, bring the enhancer in close proximity to the 

promoter (enhancer-promoter looping), control RNA polymerase loading at the promoter, and 

modulate transcription factor-DNA binding (Li et al., 2016). Furthermore, DNA methylation has 

been found to be dynamically regulated during enhancer activation/transcription (Kagey et al., 

2010; Li et al., 2015a). Recently, Jeremey Day’s group has shown the IEG Fos to be regulated by 

an adjacent intergenic eRNA, whose expression both precedes and is necessary for, activity-

induced Fos expression (Gallus et al., 2018). This demonstrates the involvement of eRNAs in 

situations that mimic memory consolidation. Furthermore, Benoit et al. (2016) has shown that 

although HDACi increases histone acetylation, if their use is uncoupled from activity gene 

expression does not occur, with the exception of lncRNAs. This indicates that transcriptional 

machinery and other affiliated proteins maybe be bound to lncRNAs at basal levels, or at least in 

close proximity, such that transcription is triggered upon acetylation (Benoit et al., 2016). This 
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could explain why in the current study, learning and GADD45a siRNA did not affect levels of 

GADD45a occupancy at the target loci, because GADD45a protein was already there. 

Nevertheless, the GADD45a siRNA-induced mnemonic impairment in PRh would suggest that 

the activity-induced GADD45a expression, and subsequent protein synthesis, is necessary for 

memory consolidation. It is possible that in addition to GADD45a’s role in demethylation and 

blockade of DNMT1 at these intergenic loci, learning-induced GADD45a protein synthesis is 

necessary at memory-related genes for active DNA demethylation and subsequent expression. 

Moreover, it is also possible that, if eRNAs or another form of lncRNA are expressed from these 

intergenic regions, they act to shuttle GADD45a to the adjacent genes for demethylation and gene 

expression, as has been shown previously (Arab et al., 2014). Whether GADD45a modulates 

DNMT1-mediated methylation at the investigated intergenic loci following learning to allow for 

eRNA transcription, and the consequence of this transcription on adjacent gene expression, 

remains to be determined. 

3.5.2 GADD45b  

The necessity of GADD45b in HPC-mediated object memory agrees with prior research 

demonstrating GADD45b-mediated DNA demethylation of the BDNF gene in area CA1 following 

contextual fear learning (Jarome et al., 2015), and contextual fear memory impairments in 

GADD45b-/- mice (Leach et al., 2012). Interestingly, another group documented contextual fear 

memory enhancements (24h, 28d) in GADD45b-/- mice (Sultan et al., 2012). These contrasting 

results might be due to differences in mouse strain and task parameters (Sultan et al., 2012), but 

nevertheless indicate an involvement of GADD45b in HPC-mediated learning, as we have here. 

Moreover, activity-induced and learning-induced upregulations of GADD45b expression in the 

HPC and HPC neuronal culture has been documented previously (Ma et al., 2009; Leach et al., 

2012; Sultan et al., 2012; Jarome et al., 2015; Grassi et al., 2017). Several of these accounts have 

demonstrated the expression changes in area CA1 (Leach et al., 2012; Sultan et al., 2012; Jarome 

et al., 2015), although Ma and colleagues (2009) found increased GADD45b expression in the DG 

following a single electroconvulsive treatment or exploration of a novel environment. Similarly, 

we found GADD45b to be enhanced in the DG. Ma et al. (2009) went on to demonstrate that intra-

DG GADD45b inhibition (using shRNA) had a detrimental effect on activity-induced DNA 
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demethylation of specific genes, as well as adult HPC neurogenesis. More specifically, GADD45b 

inhibition abolished the activity-induced proliferation of neural progenitors and the dendritic 

growth of newborn neurons. The subventricular zone of the olfactory bulbs and the subgranular 

zone of the DG are two regions that reliably engage in adult neurogenesis (Deng et al., 2010). 

Furthermore, adult HPC neurogenesis has been implicated in many forms of learning and memory 

(Deng et al., 2010); learning, exercise, and environmental enrichment have been shown to increase 

HPC neurogenesis (Shors et al., 2001; Kempermann and Gage, 2002; Dupret et al., 2007; Epp et 

al., 2007), and blocking HPC neurogenesis can either impair memory consolidation (Jessberger et 

al., 2009) or prevent HPC memories from becoming reliant on cortical structures (Kitamura et al., 

2009). Therefore, the requirement of GADD45b in HPC-mediated object recognition might be due 

to the protein’s role in activity-induced DNA demethylation and subsequent aspects of HPC 

neurogenesis. The lack of requirement of GADD45b in PRh-mediated object memory and in the 

prelimbic PFC and amygdala for cued FC (Leach et al., 2012; Sultan et al., 2012; Li et al., 2018) 

provides additional evidence for a specialized role of GADD45b in activity-induced adult HPC 

neurogenesis, as neither the PRh, mPFC or amygdala have been reliably shown to engage in adult 

neurogenesis. Future studies should investigate the involvement of GADD45b in activity-induced 

adult olfactory bulb neurogenesis to determine if a consistent pattern of involvement emerges. 

Interestingly, we did note a significant downregulation of GADD45b in the CA regions, 

following learning. Although other groups have noted an upregulation in the CA regions, they 

specifically assessed area CA1, and regional differences might indeed exist. It is also possible that 

species differences are a factor (i.e., rats vs mice). Nevertheless, similar discrepancies were 

previously seen for learning-induced DNMT3a expression; specifically, DNMT3a and DNMT3b 

expression was enhanced in the DG and reduced in the CA regions of rats (Mitchnick et al., 2015), 

while upregulated in area CA1 of mice (Miller and Sweatt, 2007). 

 Although GADD45b has only been found to modulate HPC-mediated memory (Leach et 

al., 2012; Sultan et al., 2012; current study), learning-induced upregulations of GADD45b have 

been documented in area CA1 (Leach et al., 2012; Sultan et al., 2012; Jarome et al., 2015), the DG 

(Ma et al., 2009; current study), and PRh (current study). This more widespread activity-induced 

enhancement might suggest that GADD45b-mediated DNA demethylation functions beyond 

influencing adult neurogenesis and regulates DNA demethylation of other sets of activity-related 
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genes. Alternatively, it is possible that GADD45b functions in an entirely different capacity 

following activity. Indeed, the genes in the GADD45 family are known as ‘stress sensor genes’ 

and are upregulated following exposure to UV radiation, DNA damaging agents, and signals that 

halt growth (e.g., medium depletion in cell cultures), in addition to being involved in apoptosis, 

inflammation, and oncogenic stress (Salvado et al., 2013). Although it is not expected that any of 

these situations arise in the brain following learning, an additional unknown role might exist for 

GADD45b following neural activity.  

3.5.3 GADD45g 

The requirement of GADD45g in HPC-mediated object memory was expected, given that the 

expression of this isoform was previously found to be enhanced in HPC neurons following 

stimulation and  in the HPC and prelimbic PFC following fear learning, in addition to being 

deemed necessary in the prelimbic PFC for cued fear memory (Leach et al., 2012; Sultan et al., 

2012; Grassi et al., 2017; Li et al., 2018). Interestingly, Jarome et al., (2015) did not replicate the 

contextual fear learning-induced upregulation of GADD45g in area CA1 that was seen by Leach 

et al. (2012) and Sultan et al. (2012), and we also saw no changes in GADD45g expression in either 

the DG or CA regions. It is possible that Jarome and colleagues (2015) missed the peak expression 

of GADD45g, as GADD45g mRNA is reported to have an extremely short half-life of less than 1h 

(Sharova et al., 2009) and they assessed expression 1h, rather than 30min, following learning. 

Indeed, Sultan et al. (2012) found no significant alterations in expression 1h following learning. 

Similar to Sultan et al. (2012) and Leach et al. (2012) we assessed GADD45g 30min following 

learning, and although it is possible that GADD45g protein is in high enough abundance at basal 

levels that gene expression is not necessary, the object memory impairment induced by GADD45g 

siRNA would suggest that this is not the case. Alternatively, GADD45g expression might occur at 

later time points. Li and colleagues (2018) found enhanced GADD45g mRNA in the prelimbic 

PFC 3h and 5h following cued fear learning, in addition to enhanced GADD45g deposition at 

immediate early genes (5h) and subsequent immediate early gene expression (5h). Sultan and 

colleagues (2012) reported a similar biphasic expression of GADD45g mRNA, noting increases at 

30min and 3h following learning, but not 1h, although the enhanced expression at the 3h time point 

was specific to the context-only group, and did not occur in the context-shock association group. 
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Therefore, it is possible that we missed the window(s) of GADD45g  expression in the HPC 

following object learning. 

3.5.4 Conclusion 

Although there are reports of redundancy between the three GADD45 isoforms with respect to 

involvement in DNA demethylation (Rai et al., 2008; Engel et al., 2009), past studies assessed 

DNA demethylation on a global scale. Indeed, regional differences in GADD45 isoform 

involvement was seen in the mouse and marmoset brain at varying stages of development 

(Matsunaga et al., 2015), in addition to the differences seen in mnemonic regions of the brain by 

our group and others (Ma et al., 2009; Leach et al., 2012; Sultan et al., 2012; Jarome et al., 2015; 

Li et al., 2018). This might suggest that the isoforms engage in slightly different functions, possibly 

carried out by variations in their role during DNA demethylation, such as blocking methylation of 

previously demethylated regions, or engaging in some aspect of adult neurogenesis. By extension, 

the isoforms might be uniquely tuned to different sets of plasticity-related genes (Li et al., 2018). 

Although the exact role of the GADD45 proteins here is not known, their implication in DNA 

demethylation pathways and the necessity of DNA demethylation in LTM consolidation suggest 

that these proteins are necessary in the HPC and PRh to support DNA demethylation and LTM 

formation. Future research should aim to determine the mechanisms underlying the differential 

involvement of GADD45 isoforms for mnemonic functions, to not only further our understanding 

of activity-induced DNA demethylation in the adult brain, but to continue our search for the neural, 

molecular, and epigenetic basis of various forms of memory. Particularly in rodent literature, 

memory is discussed as a single entity, but it is clear from this research and others (Winters et al., 

2004; Choleris et al., 2007; Griffiths et al., 2008; Barker and Warburton, 2011; Reid et al., 2012, 

2014; Tuerke et al., 2012; Mitchnick et al., 2015, 2016) that different forms of memory, subserved 

by different brain regions and neural mechanisms, exist.  
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4.1 Abstract 

The importance of histone acetylation for certain types of memory is now well established. 

However, the specific contributions of the various HATs to distinct memory functions remain to 

be determined; therefore, we employed selective HAT protein inhibitors and siRNAs to evaluate 

the roles of CBP, p300 and PCAF, in HPC and PRh-mediated object memory. Rats were tested for 

STM (20min) and LTM (24h) in the OiP task, a task which relies on the HPC and PRh for spatial 

memory and object identity processing, respectively. Selective inhibition of these histone 

acetyltransferases by siRNA and pharmacological inhibitors targeting the HAT domain, produced 

dissociable effects. In the HPC, CBP or p300 inhibition impaired long-term but not short-term 

object memory, while inhibition of PCAF impaired memory at both delays. In PRh, HAT 

inhibition did not impair STM, and only CBP and PCAF inhibition disrupted LTM; p300 inhibition 

had no effects. Messenger RNA analyses revealed findings consistent with the pattern of 

behavioural effects, as all three enzymes were upregulated in the HPC (specifically the dentate 

gyrus) following learning, whereas only CBP and PCAF were upregulated in PRh. These results 

demonstrate, for the first time, the necessity of HAT activity for PRh-mediated object memory and 

indicate that the specific mnemonic roles of distinctive HATs can be dissociated according to 

specific brain regions and memory timeframe. 
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4.2 Introduction 

The involvement of histone acetylation for successful learning and memory has now been well 

established. Catalyzed by histone acetyltrasferase (HAT) enzymes, acetyl groups are transferred 

to specific lysine residues located on protruding tails of the histone proteins, neutralizing the 

electrostatic affinity between the DNA and histones, facilitating transcription (Gräff and Tsai, 

2013). Knock-out models have been used to demonstrate the requirement of three prominent HATs 

in synaptic plasticity and a variety of mnemonic paradigms, including the two members of the 

CBP/p300 HAT family, CREB-binding protein (CBP; Oike et al., 1999; Bourtchouladze et al., 

2003; Alarcón et al., 2004; Wood et al., 2005; Vecsey et al., 2007; Stefanko et al., 2009; Chen et 

al., 2010; Barrett et al., 2011; Haettig et al., 2011; Lopez-Atalaya et al., 2011; Valor et al., 2011) 

and E1A-binding protein (p300; Oliveira et al. 2007; Oliveira et al. 2011; Viosca et al. 2010), as 

well as a member of the GNAT HAT family, p300/CBP-associated factor (PCAF; Maurice et al., 

2008; Duclot et al., 2010). Knock-out studies speak directly to the necessity of specific HATs in 

learning and memory, but to our knowledge selective manipulation of HAT activity has only been 

demonstrated for CBP  (Korzus et al., 2004; Vieira and Korzus, 2015). CBP, p300, and PCAF all 

act as transcriptional co-activators in addition to their HAT capabilities (Ogryzko et al., 1996; 

Blanco et al., 1998); therefore, it remains possible that memory and plasticity-related impairments 

in such studies are due to functions not directly related to the HAT activity of the enzyme. 

Moreover, the spatially broad nature of many knock-out models makes it difficult to determine in 

which brain region(s) the HAT is required for successful memory in a specific task. Finally, the 

permanent nature of certain knock-out methods precludes the study of HAT involvement in 

specific mnemonic phases (i.e. encoding, consolidation, or retrieval).  

To address these concerns, recent studies have used pharmacological inhibitors of HAT 

activity (Balasubramanyam et al., 2004; Bowers et al., 2010). The semi-selective HAT inhibitors 

C646 (CBP/p300) and garcinol (p300/PCAF) have been shown to impair cued-fear memory 

consolidation and reconsolidation, as well as associated molecular changes, upon administration 

to the lateral amygdala (Maddox et al., 2013a, 2013b), and paradoxically, C646 enhanced cued 

fear extinction when infused into the infralimbic prefrontal cortex (ILPFC; Marek et al. 2011). 

Garcinol has also been shown to abolish 17-β estradiol-induced enhancements in object 

recognition memory and associated molecular changes following administration to the dorsal 
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hippocampus (HPC; Zhao et al., 2012). It remains unknown, however, whether inhibition of one 

or both targeted HATs mediates the effects reported in these studies. Wei et al. (2012) have 

investigated the effects of selective PCAF inhibition, demonstrating impairments in fear extinction 

learning and long-term potentiation upon application of H3-CoA-20-Tat to the ILPFC, but the 

involvement of CBP and p300 were not selectively assessed in this study.  There has been no clear 

systematic investigation into the selective involvement of CBP, p300 and PCAF in specific brain 

regions within a single task; therefore, in the present study we have assessed the involvement of 

these three HATs in HPC and perirhinal cortex (PRh)-mediated object memory. 

It has been suggested that the HPC and PRh contribute to object memory via different 

forms of information processing, the former contributing to memory for where objects are located 

in space (Forwood et al., 2005; Piterkin et al., 2008; Barker and Warburton, 2011) and the latter 

processing information about the identity of specific objects (Buckley and Gaffan, 2006; Murray 

et al., 2007; Winters et al., 2008; Brown et al., 2012). Although several studies have investigated 

the role of histone acetylation in the HPC for object recognition memory (Fontán-Lozano et al., 

2008; Stefanko et al., 2009; Roozendaal et al., 2010; Haettig et al., 2011; Zhao et al., 2012), its 

involvement in PRh-mediated memory is limited to a demonstration of enhanced acetylation of 

histone 3 in PRh following spontaneous object recognition (Fontán-Lozano et al., 2008); it is 

unknown whether this is necessary for memory consolidation.  The fact that the object processing 

functions of the HPC and PRh can be clearly dissociated (Winters et al., 2004) presents a unique 

opportunity to evaluate the generalizability of epigenetic mechanisms to different but closely 

related forms of memory mediated by different brain regions. Accordingly, we exploited this 

knowledge for the present study to perform a systematic analysis of the involvement of CBP, p300 

and PCAF using the object-in-place (OiP) paradigm, which requires both HPC-mediated spatial 

processing and PRh-mediated object recognition functions (Barker and Warburton, 2011). 

We initially tested the effects of selective inhibition of p300 and PCAF using two novel 

HAT inhibitors, plumbagin (Ravindra et al., 2009) and embelin (Modak et al., 2013), respectively. 

To our knowledge, no selective pharmacological inhibitors for CBP exist, therefore the semi-

selective CBP/p300 inhibitor, C646, was used. Due to the potential off-target effects of small 

molecule inhibitors and semi-selective nature of C646, we further probed the consequences of 

transient mRNA knock-down of each individual HAT using siRNAs (small-interfering RNAs).  
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Because inhibition by siRNAs does not permit assessment of the HAT activity of these enzymes, 

the use of small molecule inhibitors and siRNAs in tandem are complementary. Additional mRNA 

analyses were conducted to determine HAT expression following learning and to confirm siRNA 

knockdown. Given the apparent widespread roles for these HATs in learning and memory, we 

predicted that CBP, p300 and PCAF would be important for both HPC and PRh contributions to 

long-term OiP memory. Our results demonstrate, for the first time, the necessity of HATs for PRh-

mediated memory, as well as novel dissociations between the involvement of these HATS in HPC- 

and PRh-mediated object recognition.  

4.3 Materials and Methods 

4.3.1 Subjects 

The subjects were 181 adult male Long Evans rats (Charles River, Quebec), weighing between 

270-300g at the start of testing (approximately 3mo). They were pair-housed in opaque cages and 

maintained on a 12-hour reverse light cycle (8:00am lights off, 8:00pm lights on). All behavioural 

testing occurred during the rats’ waking hours (dark phase), although the testing room was 

illuminated by ceiling mounted fluorescent lighting. During experimental testing periods each rat 

received 20g of rodent chow to maintain an 85-90% free-feeding body weight.  On experimental 

testing days rats were fed after testing was completed.  Water was available ad libitum.  All 

procedures adhered to the guidelines of the Canadian Council on Animal Care and were approved 

by the Animal Care Committee at the University of Guelph. 

4.3.2 Surgical Procedures 

One hundred and fifty-seven rats underwent intracranial surgical cannula implantation targeting 

either the dorsal HPC or PRh (Mitchnick et al., 2015). Prior to surgery, rats were anesthetized 

using isoflurane (Benson Medical Industries, Markham, Ontario), and received a systemic 

subcutaneous injection of the analgesic meloxicam (5mg/ml; Boehringer Ingelheim). With the 

incisor bar placed at -3.3mm, rodents were secured in a stereotaxic frame (Koft Instruments, 

Tujunga, CA). The scalp was incised and retracted to expose the skull.  Holes were drilled into the 

skull and 22-gauge indwelling cannula guides were implanted according to the following 

coordinates relative to the skull at Bregma (Paxinos and Watson, 1998a): anteroposterior, -5.5mm; 

lateral, ±6.6mm; dorsoventral, -7.0mm for PRh placements, and anteroposterior -3.8mm, lateral 
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±2.5mm, dorsoventral -2.5mm for HPC placements.  The guide cannulas were anchored to the 

skull by four jeweller screws and dental acrylic.  Dummy cannulas, 0.36mm in diameter, were 

placed into the guide cannulas where they remained at all times except during infusions.  Dummy 

cannulas were cut to extend 1.1 mm past the end of the guide cannula. Post-surgery the scalp was 

sutured.  All animals were given 7-10d to recover before any behavioural testing.  

4.3.3 Inhibitors and Infusions 

Accell siRNAs (Dharmacon) were specifically chosen as they do not require a transfection agent, 

have been shown to incorporate into difficult-to transfect cells, such as neurons (Dharmacon), and 

result in successful knockdown in vivo (Mitchnick et al., 2015). CBP, p300 and PCAF siRNAs all 

targeted the open reading frame. Sequences are listed in Table S1. Non-targeting siRNA single 

sequence #1 was used as a negative control (Dharmacon). As per the manufacturer’s instructions 

(Dharmacon), siRNAs were resuspended in 1x Accell siRNA buffer and prepared in Accell siRNA 

delivery media (added prior to infusion). siRNAs were delivered at a concentration of 0.2µg/µl  

(Mitchnick et al., 2015). The small molecule p300/CBP HAT inhibitor, C646 (Sigma), 

demonstrates selectivity towards CBP/p300 over six other acetyltransferases (PCAF, GCN5, 

Rtt109, Sas, Moz, serotonin N-acetyltransferase; Bowers et al., 2010). Due to the unique structure 

of the binding pocket for Acetyl CoA, C646 is also able to dock here and competitively inhibits 

Acetyl CoA (Bowers et al., 2010). Acetyl CoA is the acetyl donor for histone acetyltransferase 

events; therefore, blockade of Acetyl CoA binding disables the HAT activity of CBP/p300. This 

compound was dissolved in 50% DMSO and physiological saline (0.9%) and used at a 

concentration of 0.1µg/µl. Plumbagin (Sigma) was used to examine the effects of selective p300 

inhibition. Extracted from the roots of plants from the Plumbago genus, this napththoquinone 

targets a specific lysine residue on the single hydroxyl group within the minimal HAT domain of 

p300 in a non-competitive manner (Ravindra et al., 2009). This specific residue is responsible for 

the acetyltransferase activity, and substitution of the hydroxyl group lead to a complete loss in the 

ability of plumbagin to inhibit p300 (Ravindra et al., 2009). Furthermore, plumbagin had no effect 

on lysine (G9a) or arginine (CARM1) methylatransferases, or the ability of PCAF to acetylate 

known sites (Ravindra et al., 2009). To probe the effects of selective PCAF inhibition, a natural 

compound from the hydroxyquionine class, embelin (Sigma), was employed. Embelin inhibits the 

catalytic activity of PCAF in a non-competitive fashion, likely targeting PCAF-acetyl-CoA 



	 103	

interactions; specifically, the head group of embelin mimics the pyrophosphate of the CoA, and 

alteration of a component within the head group abolished embelin’s ability to inhibit PCAF 

(Modak et al., 2013). Although embelin can interact with both p300 and Tip60 (HAT in the MYST 

family), it binds distal to the catalytic residues and therefore does not function to inhibit the HAT 

activity of these enzymes under normal doses (Modak et al., 2013).  Plumbagin and embelin were 

dissolved in 100% DMSO and delivered at a concentration of 1.0µg/µl.  These doses were chosen 

based on our pilot data. DMSO (100%) was used as a control solution. All infusions were delivered 

by a Harvard Apparatus (Hilliston, MA) precision syringe pump set to administer infusions at a 

rate of 0.5µl/min for 2min through the control of two 1µl Hamilton syringes attached to propylene 

tubing holding infusion cannulas. The internal cannulas were left in for an additional 1.5min to 

allow for the diffusion of the infusate, and dummy cannulas were returned following each infusion. 

Infusions were performed in the rats’ colony room (dark phase) under red light.  

4.3.4 Object-in-Place Procedure 

The procedures and apparatus used were described previously (Mitchnick et al., 2015). Figure 1a 

depicts the OiP task with a representative object set; four objects varying in size (7-20 cm), colour, 

material (glass, aluminum, meal, ceramic, plastic) and texture were placed in each corner of the 

open field, 5cm away from the walls. The objects were washed with 50% ethanol between trials 

to eliminate exploration bias due to olfactory cues.  The open field (100 cm x 100cm x 46 cm) is 

accurately depicted in Figure 1a,with no spatial cues on the apparatus walls and a bare floor. It was 

constructed of white, plastic-coated corrugated cardboard. Spatial cues were present in the testing 

room (i.e., party decorations on the walls, shelving, coloured door), and a ceiling-mounted white 

light illuminated the room.  

All rats experienced two habituation sessions on successive days, where they explored an 

empty open field for 5-min followed by a mock microinfusion (no infusate). For siRNA 

experiments, learning occurred 2d following infusion, during a 5min sample phase where rats were 

allowed to freely explore four different novel objects (Mitchnick et al., 2015; see Figure 1). To 
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assess long-term memory (LTM), rats experienced a 2min choice phase 24h later where they 

viewed the same four objects, but two objects had switched locations (right or left, counter-

balanced) creating a ‘novel side’  (Fig. 1a). Preference for the objects on the novel side was 

interpreted as being indicative of memory. Experiments using pharmacological inhibitors 

proceeded in an identical fashion; however, intra-PRh and -HPC infusions occurred immediately 

following the sample phase, rather than 2d prior. All behavioural experiments were conducted 

using a within-subjects design in order to reduce variance and the number of animals used. More 

specifically, each testing phase (e.g. 24h retention delay phase of the intra-HPC, CBP siRNA 

infusion experiment) consisted of two trials where rats received a control infusion in one trial (e.g. 

non-targeting siRNA), and an experimental infusion in the other trial (e.g. CBP siRNA infusion), 

counterbalanced. Two days were left in between trials to ensure no carry-over effects from the 

infused agents. This time period was chosen based on our pilot and previous published data 

demonstrating the behavioural ineffectiveness of Accell siRNAs 5d following infusion (i.e. 5d 

between infusion and sample phase; Mitchnick et al. 2015), and both plumbagin and embelin 3d 

Figure 1: Object-in-place (OiP) paradigm. (a) Schematic of the OiP task. (b) Experimental flow chart of a 
single experiment using intra-cranial administration of a siRNA. Each experiment consisted of three testing 
phases; a 24 h retention delay was used to assess long-term memory, a 20 min retention delay to test 
short-term memory, and a 24h delay was used again in a 24h retest to ensure that any null effects during 
the 20min phase were not due to practice or carry-over effects. Deviations to this 24h-20 min-24 h retest 
cycle occurred with intra-PRh p300 inhibition experiments (24 h, 20 min delays; no impairment in 24h phase, 
was not re-run), and intra-HPC PCAF inhibition experiments (24 h, 20min, 5min delays; impairment at 20 
min delay, probed further with a shorter delay). All experiments were run using a within-subjects design, 
therefore each testing phase consisted of two trials such that rats experienced both inhibitor and control 
infusions at each time point. This is indicated by the red ‘X2’ following each phase. The numbers within the 
boxes represent different objects viewed by the rats within one experiment, for a total of 24 objects (16 
objects for intra-PRh p300 inhibition). 
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following infusions (i.e. 3d between infusion and sample phase). A minimum of 2d following the 

long-term (24h) OiP memory assessment, short-term memory (STM) was probed using a 20min 

delay between sample and choice phases (four new objects). To ensure that any null effects found 

during the STM test were not due to practice or compensatory mechanisms, the 24h retention delay 

was employed a second time (following a minimum of 2d), in a 24h retest (four new objects). 

Therefore, each set of experimentally naive rats completed the OiP task three times in succession 

with varying delays (e.g. 24h delay, 20min delay, 24h retest), receiving a control and experimental 

infusion on separate trials within each delay phase (for a total of six trials), and viewing four 

different objects per trial,  (for a total of 24 objects). A diagram of the experimental design is 

shown in Figure 1b. The only exception to this design was when no impairment was observed with 

the 24h and 20min retention delay phases; no 24h retest was run in these situations.  

4.3.5 Data Analysis 

The sample and choice phases were recorded by a ceiling mounted camera, and 

exploration, scored by an experimenter blind to the treatment conditions, was defined as directing 

the nose to the objects at a distance of <2 cm and/or touching it with the nose. Novelty preference 

was used as an indicator of memory and was calculated by the following discrimination ratio (DR): 

exploration of novel-sided objects minus exploration of familiar-sided objects divided by total 

object exploration.  Although the total 2min of choice exploration was recorded and scored, DRs 

were calculated from the exploration levels in the first minute only, during which object 

discrimination is typically most robust (Dix and Aggleton, 1999). A repeated-measures analysis 

of variance (ANOVA) was employed for all behavioural experiments, with drug (inhibitor, 

control) and testing phase (retention delays) as our independent measures, and DR as our 

dependent measure. Further paired-samples t-tests were run as planned comparisons between drug 

and control conditions within each testing phase. A priori one-sample t-tests were also applied to 

each drug condition to determine whether memory differed significantly from chance. These two 

complementary statistics allow us to determine if the drug manipulation abolished memory (i.e., 

comparing to a DR of 0), in addition to assessing whether this is significantly different from control 

performance. Total sample and choice object exploration levels for both drug and control 

conditions were examined in each testing phase to assess potential pre-existing or drug-induced 

non-mnemonic differences; specifically, paired samples t-tests were run comparing the total 
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sample or choice exploration for control and drug conditions. Control analyses were non-

significant unless otherwise reported. All analyses were conducted as two-tailed tests with a 

confidence interval of 0.05. Means and standard errors are reported in Table S2. 

4.3.6 Histology 

All brains were collected after behavioural testing and processed as previously described 

(Mitchnick et al., 2015) to confirm cannula placements. Specifically, following behavioural 

analyses, rats were anesthetized by an intraperitoneal injection of 2 ml of euthansol (340 mg/ml; 

Schering Canada Inc., Quebec) and perfused transcardially with phosphate buffer saline (PBS -pH 

7.4) followed by 4% neutral buffered formalin (pH 7.4; EMD, Gibbstown, NJ). The brains were 

then removed, post-fixed in 4% formalin at 4°C for at least 1 week, and afterwards immersed in 

20% sucrose in PBS until they sank. A cryostat was used to slice coronal sections (60 µm) through 

the extent of PRh or HPC, and every fifth section was mounted on a gelatin-coated glass slide and 

stained with cresyl violet.  Verification of cannula placements was carried out using light 

microscopy. 

4.3.7 Quantitative RT-PCR 

To validate the specificity and effectiveness of the siRNAs, 24 double cannulated (HPC and PRh), 

experimentally naïve rats received bilateral infusions to both the PRh and HPC, but a different 

infusate was delivered to each hemisphere; specifically, CBP, p300, PCAF and non-targeting 

control siRNA were each infused into one of the four possible sites (i.e. HPC right/left hemisphere, 

PRh right/left hemisphere) within each rat (n = 12 per siRNA within a region) counter-balanced, 

2d prior to an OiP sample phase (i.e. all rats experienced objects).  All rats were previously 

habituated to the apparatus as described above. Thirty minutes following object exposure, rats 

were euthanized (CO2) and PRh (area 35/36), dentate gyrus (DG; dorsal HPC) and CA region (1-

3; dorsal HPC) tissue was collected.  

To assess any object exposure changes in HAT mRNA expression, the PRh, DG and CA 

regions were dissected from experimentally naïve rats (PRh and DG, n = 24; CA regions from a 

subset of these animals, n = 20), 30min following either an OiP sample phase (experimental 

group), or empty apparatus investigation (control group; Miller & Sweatt, 2007; Mitchnick et al., 
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2015). Since all rats had been previously habituated to the apparatus, the context-only control 

animals should have engaged in little, if any, new learning.  

All tissue sections were homogenized using Trizol (Invitrogen; 1ml/100mg) according to 

the manufacturers’ instructions. RNA quantity was assessed (spectrophotometer), and samples 

with an A260/280 ratio between 1.7 and 2.0 were further analyzed. RNA (5µg) was treated with 

DNase I and reverse transcribed with Superscript II using oligo-dT as the primer, for 75min at 

43°C, and the generated cDNA was used for qualitative PCR assessment with platinum Taq DNA 

polymerase. All PCR reactions were performed in a final volume of 50µl with an initial 2-min 

strand separation at 94°C and a final 2-min elongation at 72°C, following the last cycle. PCR 

products were separated on a 1.5% agarose gel and visualized with ethidium bromide under UV 

light. RT product was then amplified using quantitative PCR (StepOnePlus; Life Technologies) 

with POWER SYBRgreen reagents containing ROX reference dye to minimize well-to-well error. 

Each well had a final volume of 10µl (1µl cDNA). Samples were analyzed in triplicate for each 

target gene with primers for CBP, p300 and PCAF designed using the Primer3 program (Table 

S3). Equal loading was determined by use of the housekeeping gene hypoxanthine-guanine 

phosphoribosyltransferase (HPRT; Table S3). Each cycle began with an initial activation phase at 

95°C for 10min followed by 40 cycles of 15s at 95°C and 60s at 60°C. Cycle threshold (Ct) values 

were chosen in the linear range of amplification. All genes of interest were normalized to the 

expression of housekeeping gene HPRT, and the quantification of target genes from experimental 

animals (object exploration) were compared to biological controls (empty-apparatus exploration) 

using the comparative ΔΔCt method (Schmittgen and Livak, 2008). All analyses were conducted 

using two-tailed tests, unless otherwise reported, with a confidence interval of 0.05. Data points 

±2SD beyond the mean were deemed outliers and removed.  

4.4 Results 

4.4.1 Histology 

 

All rats included in behavioural analyses targeting the HPC had guide cannulas located bilaterally 

with infusion needle tips terminating in the dorsal HPC; these placements were consistently located 

3.60mm posterior to bregma (Fig. 2a, b). All rats included in the behavioural analyses targeting 
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the PRh had guide cannulas located bilaterally with infusion needle tips terminating in PRh near 

the border between areas 35 and 36 (Burwell, 2001); these placements were consistently located 

between 5.80 and 6.30 mm posterior to bregma (Fig. 2c, d). The placements from rats receiving 

intra-HPC and intra-PRh infusions of plumbagin are represented in Figure 2.  

4.4.2 siRNA Knockdown 

Dentate Gyrus - Two day pre-sample infusions of CBP siRNA induced a significant decrease in 

CBP mRNA 30min following object exposure (t9 = -4.22, P = .002; one outlier removed), but had 

no effect on the expression of p300 (t9 = 0.13, P = 0.900; one outlier removed) or PCAF (t9 = -

0.80, P = 0.444; one outlier removed). Infusions of p300 siRNA induced a significant decrease in 

p300 mRNA following object exposure (t10 = -2.88, P = 0.016), but had no apparent effect on the 

expression of CBP (t10 = 0.26, P= 0.800) or PCAF (t9 = -0.27, P = 0.979; one outlier removed). 

Infusions of PCAF siRNA induced a trend towards a decrease in PCAF mRNA following object 

Figure 2: Cannula placement 
verification. (a) Schematic 
representation of the infusion 
needle tip placement from a 
typical group of animals 
(plumbagin administration; 
memory impairment). These 
placements are representative of 
tip locations from all HPC-
cannulated animals. Cannulas 
were consistently located 
3.60mm posterior to Bregma 
(Paxinos and Watson, 1998). (b) 
Photomicrograph (1.25× 
magnification) of Nissl stained 
section illustrating the tract of a 
cannula terminating in the HPC. 
(c) Schematic representation of 
the infusion needle tip 
placements from a typical group 
of animals (plumbagin 
administration; no memory 
impairment). These placements 
are representative of tip locations 
from all PRh-cannulated animals. 
Cannulas were consistently 
located between 5.80 to 6.04mm 
posterior to Bregma (Paxinos and 
Watson, 1998). (d) 
Photomicrograph (1.25× 
magnification) of Nissl stained 
section illustrating the tract of a 
cannula terminating in the PRh. 
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exposure (t9 = -1.33, P= 0.108; one-tailed, one outlier removed). Although reductions were not 

quite significant in the DG, significant reductions were noted in the CA regions and PRh (see 

below). PCAF siRNA had no effect on the expression of CBP (t9 = 0.80, P = 0.446; one outlier 

removed) or p300 (t10 = -0.45, P= 0.664). One sample was removed (A260/280 ratio beyond 1.7 - 

2.0). See Figure 3a. 

CA Regions - Infusions of CBP siRNA induced a significant decrease in CBP mRNA following 

object exposure (t10 = -3.14, P = .011), but had no effect on the expression of p300 (t9 = 0.72, P = 

0.490; one outlier removed) or PCAF (t9 = 0.28, P = 0.785). Infusions of p300 siRNA induced a 

significant decrease in p300 mRNA following object exposure (t10 = -1.89, P = 0.044; one-tailed), 

but had no apparent effect on the expression of CBP (t9 = 0.19, P= 0.856; one outlier removed) or 

Figure 3: In vivo siRNA validation. Two 
day pre-sample CBP, p300 and PCAF 
siRNA administration selectively knocks 
down only the targeted HAT in the DG 
(A), CA regions (B) and PRh (C), in 
comparison to non-targeting control 
siRNA administration, with the excep- 
tion of PCAF siRNA reducing PCAF 
mRNA in the DG. Data are mean rela- 
tive mRNA expression levels as a per- 
centage of controls+SEM (*p<0.05, 
**p<0.01). 
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PCAF (t8 = 0.29, P = 0.778; two outliers removed). Infusions of PCAF siRNA induced a 

significant decrease in PCAF mRNA following object exposure (t9 = -3.07, P = 0.013; one outlier 

removed). PCAF siRNA had no effect on the expression of CBP (t9 = -0.20, P = 0.849; one outlier 

removed) or p300 (t10 = 1.00, P= 0.345). One sample was removed (A260/280 ratio beyond 1.7 - 

2.0). See Figure 3b. 

Perirhinal Cortex - Infusions of CBP siRNA induced a significant decrease in CBP mRNA 

following object exposure (t10 = -2.91, P = .016), but had no effect on the expression of p300 (t9 = 

0.13, P = 0.900) or PCAF (t9 = -0.80, P = 0.444; one outlier removed). Infusions of p300 siRNA 

induced a significant decrease in p300 mRNA following object exposure (t10 = -2.88, P = 0.016), 

but had no apparent effect on the expression of CBP (t10 = 0.26, P= 0.800) or PCAF (t9 = -0.27, P 

= 0.979; one outlier removed). Infusions of PCAF siRNA induced a significant decrease in PCAF 

mRNA following object exposure (t10 = -2.37, P= 0.039), but had no effect on the expression of 

CBP (t10 = 0.25, P = 0.810) or p300 (t10 = -0.70, P= 0.497). One sample was removed (A260/280 

ratio beyond 1.7 - 2.0). See Figure 3c.  

4.4.3 Selective inhibition of CBP or p300 in HPC impairs long-term OiP memory, whereas 

inhibition of PCAF impairs short- and long-term OiP memory 

CBP Inhibition – Intra-HPC C646 impaired OiP memory in a delay-dependent manner (Fig. 4a). 

The 2x3 repeated measures ANOVA with condition (C646, control) and testing phase (24h delay, 

20min delay, 24h retest) as factors, revealed a significant interaction term (F2, 20 = 6.58, P = 0.006; 

n =  11), in addition to a significant main effect of both condition (F1,20 = 7.11, P = 0.024), and 

testing phase (F2,20, 3.71, P = 0.042).	Planned comparisons demonstrated a significant difference 

between the experimental and control conditions (t10 = 2.55, P = 0.029) when a 24h retention delay 

was employed. Furthermore, the control condition displayed memory versus chance (t10 = 3.41, P 

= 0.007), while the C646 condition did not (t10 = 0.32, P = 0.758). During a 20min retention delay, 

no differences were noted between conditions (t10 = -1.11, P = 0.294), and both the control and 

C646 condition displayed significant memory compared to chance (t10 = 3.25, p= 0.009, and t10 = 

6.96, P < 0.001, for the control and drug conditions, respectively). To ensure that the lack of 

impairment seen when the delay was reduced to 20min was not a result of practice effects or other 

compensatory changes related to repeated drug exposure, we repeated the 24h delay (24h retest) 

following 20min testing. Again, a significant paired-samples t-test was noted (t10 = 3.47, P = 
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0.006). Chance analyses demonstrated that the control condition demonstrated significant memory 

(t10= 5.16, P < 0.001), but the C646 condition did not (t10 = 0.08, P = 0.937). 

Similarly, CBP reduction in the HPC by siRNA impaired OiP memory in a delay-

dependent manner (Fig. 4a). A 2x3 repeated measures ANOVA with condition (CBP siRNA, non-

targeting control siRNA) and testing phase (24h delay, 20min delay, 24h retest) as factors, revealed 

a significant interaction term (F2, 22 = 4.36, P = 0.025; n =  12) and main effect of drug (F1, 11 = 

8.44, P = 0.014), while the  main effect of testing phase approached significance (F2, 22 = 3.19, P 

= 0.061). A paired-samples t-test indicated a significant difference in novelty preference between 

conditions when a 24h delay was employed (t11 = 4.46, P = 0.001), and chance analyses revealed 

significant memory in the control condition (t11 = 6.42, P < 0.001) but not the CBP siRNA 

condition (t11 = 0.81, P = 0.438). Conversely, no differences were found between conditions during 

the STM testing phase (t11 = 0.49, P = 0.637), and both conditions demonstrated a significant 

novelty preference (t11 = 2.12, P = 0.050, t11 = 4.47, P = 0.001, for the control and CBP siRNA 

conditions, respectively). Similar results were noted between the 24h test and retest; specifically, 

a paired-samples t-test indicated a significant difference in novelty preference between the control 

and CBP siRNA conditions (t11 = 2.59, P = 0.025), and only the control condition displayed 

significant memory when compared to chance (t11 = 3.20, P = 0.008, and t11 = 0.37, P = 0.716, 

for the control and CBP siRNA conditions, respectively).  

p300 Inhibition – Inhibition of p300 HAT activity in the HPC by the p300-selective inhibitor, 

plumbagin, similarly induced a delay-dependent impairment in OiP memory (Fig. 4b). A 2x3 

repeated measures ANOVA with condition (plumbagin, control) and testing phase (24h delay, 

20min delay, 24h retest) as factors, demonstrated a significant interaction (F2, 22 = 7.63, P = 0.003; 

n = 12), main effect of condition (F1, 11 = 21.16, P = 0.001) and testing phase, (F2, 22 = 10.47, P = 

0.001). Planned comparisons revealed a significant difference between conditions during the initial 

24h delay testing phase (t11 = 4.36, P = 0.001).  Accordingly, memory was significantly above 

chance in the control condition (t11 = 5.46, P < 0.001), but not the plumbagin condition (t11 = -

2.01, P = 0.07). During the 20min delay testing phase, however, a planned paired samples t-test 

was not significant (t11 = -1.05, P = 0.317), and both the control (t11 = 4.23, P = 0.001) and 

plumbagin (t11 = 7.10, P < 0.001) conditions demonstrated significant memory when compared to 

chance. Upon retest, a mnemonic impairment was noted at the 24h delay phase, as groups differed 
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significantly (t11 = 2.97, P = 0.013), and only the control condition displayed a significant novelty 

preference (t11 = 4.26, P = 0.001, and t11 = -1.27, P = 0.229, for the control and plumbagin 

conditions, respectively). 

Intra-HPC, siRNA-mediated p300 knock-down additionally impaired long-term OiP 

memory (Fig. 4b). The 2x3 repeated measures ANOVA with condition (p300 siRNA, non-

targeting control siRNA) and testing phase (24h delay, 20min delay, 24h retest) as factors, revealed 

a significant interaction (F2, 20 = 6.49, P = 0.007; n = 11) and main effect of condition (F1, 20 = 

32.24, P < 0.001). The main effect of testing phase was non-significant (F2, 20 = 2.38, P = 0.118). 

Additional planned comparisons indicated significant differences in long-term memory (24h 

retention delay) performance between conditions (t10 = 3.66, P = 0.004), where only the control 

condition demonstrated memory (t10 = 2.58, P = 0.028, t10 = -1.50, P = 0.164, for the control and 

experimental conditions, respectively). Conversely, no STM (20min retention delay) differences 

were noted (t10 = 1.04, P = 0.323), and both conditions displayed significant object memory 

compared to chance (t10 = 2.53, P = 0.034, t10 = 2.98, P = 0.014, for the control and experimental 

conditions, respectively). A retest of the 24h retention delay produced comparable results to the 

initial 24h delay; specifically, conditions differed significantly, (t10 = 3.70, P = 0.004), and only 

the control condition displayed memory versus chance (t10 = 3.17, P = 0.010, t10 = -1.08, P = 0.306, 

for the control and experimental conditions, respectively). 

PCAF inhibition	–	Intra-HPC infusion of embelin, an inhibitor of PCAF HAT activity, impaired 

OiP memory in a delay independent manner (Fig. 4c). A 2x3 repeated measures ANOVA with 

condition (embelin, control) and testing phase (24h delay, 20min delay, 5min delay) as factors, 

indicated a non-significant interaction (F2, 22 = 1.92, P = 0.171; n = 12); however, the main effect 

of  both testing phase (F2, 22= 5.10, P = 0.015) and condition (F1, 11= 78.79, P < 0.001) were 

statistically significant. Planned comparisons demonstrated mnemonic impairments in the initial 

24h delay phase, as evidenced by a significant paired samples t-test (t11 = 6.57, P < 0.001) and 

significant novelty preference demonstrated by only the control condition (t11 = 4.79, P =  0.001, 

and (t11 = -0.43, P = 0.676), for the control and embelin conditions, respectively). Impairment was 

also noted in the 20min delay phase; specifically, there was a significant difference between 

novelty preference in the two conditions (t11 = 5.83, P < 0.001), and one-sample t-tests revealed 

that the control condition (t11 = 10.15, P < 0.001), but not the embelin condition (t11 = 0.94, P = 
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0.367), displayed significant memory when compared to chance. Because memory impairment 

was seen in both the 24h and 20min testing phases, a 24h retest was not run; rather, we further 

probed the STM effects by using a 5min delay. Once again, rats administered embelin did not 

display memory when compared to chance (t11 = -1.80, P = 0.099), whereas the control solution 

did not affect memory (t11 = 6.64, P < 0.001). Furthermore, the difference seen between these 

treatment conditions were statistically significant, (t11 = 5.28, P < 0.001). 

PCAF reduction in the HPC by siRNA impaired long-term OiP memory (Fig. 4c). A 2x3 

repeated measures ANOVA with condition (PCAF siRNA, non-targeting control siRNA) and 

testing phase (24h, 20min, 5min) as factors, displayed a significant interaction (F2, 22 = 8.5, P = 

0.003; n = 10), main effect of condition (F1, 9= 15.38, P = 0.004), and main effect of testing phase 

(F2, 18= 7.80 P = 0.5004). Further planned analyses revealed a significant difference between 

conditions during the 24h retention delay phase (t9 = 4.92, P = 0.001), where the control condition 

demonstrated memory compared to chance (t9 = 8.30, P < 0.001), but the experimental condition 

did not (t9 = -1.65, P = 0.134). A 20min and 5min retention delay were subsequently used based 

on the previously observed STM impairments following intra-HPC embelin. No differences were 

noted between conditions in either the 20min (t9 = 0.32, P = 0.758) or 5min (t9 = 1.04, P = 0.324) 

retention delay phases, and all conditions demonstrated memory compared to chance (t9 = 5.69, P 

< 0.001, t9 = 6.78, P < 0.001, for the 20min control and experimental conditions, respectively; t9 = 

4.87, P = 0.001, t9 = 4.94, P = 0.001, for the 5min control and experimental conditions, 

respectively). The discrepant STM results between embelin and PCAF siRNA administration are 

most likely due to the mechanistic and time-course differences between the two agents (see 

Discussion).  

Collectively, these results demonstrate that CBP, p300 and PCAF are necessary in the HPC 

for long-term (24h) OiP memory, and PCAF seems additionally necessary for short-term (20min, 

5min) OiP memory. The use of HAT-targeting pharmacological inhibitors suggests that, more 

specifically, the HAT activity of p300, PCAF and possibly CBP, are necessary in the HPC for OiP 

memory. For a summary of these results see Table S4. 
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4.4.4 Selective inhibition of CBP or PCAF, but not p300, in PRh impairs long-term OiP 

memory 

CBP Inhibition –	Intra-PRh infusion of C646 impaired OiP memory in a delay-dependent manner 

(Fig. 5a). A 2x3 repeated-measures ANOVA with condition (C646, control) and testing phase (24h 

delay, 20min delay, 24h retest) as factors, revealed a significant drug X testing phase interaction 

Figure 4: Intra-HPC HAT inhibition. HPC 
CBP inhibition by C646 (p300/CBPi) or CBP 
siRNA (a), and HPC p300 inhibition by either 
plumbagin (selective p300 inhibitor) or p300 
siRNA (b), separately impaired OiP 
performance in a delay-dependent manner; 
long-term (24h), but not short-term (20min) 
OiP memory was impaired, and this effect 
was replicated in the 24 h retest. (c) 
Conversely, HPC PCAF inhibition by 
embelin (selective PCAF inhibitor) impaired 
both long (24 h) and short-term (20min, 
5min) OiP memory. A PCAF siRNA addition- 
ally impaired long-term memory, but short-
term memory was not affected. The 
discrepancy is most likely due to the different 
mechanism of the inhibiting agents (protein 
inhibition vs. mRNA degradation). Data are 
mean discrimination ratio±SEM (*P <.05, **P 
<.01, ***P <.001). 
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(F2, 18 = 4.30, P = 0.030; n = 11), main effect of condition (F1,9 = 4.28, P = 0.030) and testing 

phase (F2,18 = 74.74, P < 0.001). Planned analysis of each testing phase revealed a significant 

difference in novelty preference between the control and C646 conditions in the initial 24h delay 

phase (t10 = 5.21, P < 0.001); specifically, rats in the control conditions demonstrated novelty 

preference when compared to chance (t10 = 10.21, P < 0.001), but the C646 condition did not (t10 

= -0.10, P = 0.339). No differences between drug conditions were noted when the retention delay 

was reduced to 20min, (t10 = 1.54, P = 0.154), and chance analyses of both the control (t10 = 7.18, 

P < 0.001) and C646 condition (t10 = 5.30, P < 0.001) were significant. The mnemonic impairment 

induced by C646 in the 24h delay test was replicated in the 24 retest, as conditions displayed a 

significant difference in novelty preference (t9 = 5.33, P < 0.001); specifically, the control 

condition (t9 = 6.98, P = 0.001), but not the C646 condition (t9= -0.29, P = 0.781), demonstrated 

significant novelty preference. One rat lost his in-dwelling cannula during the 24h retest phase and 

was subsequently removed from this portion of the analyses. 

Similarly, intra-PRh administration of CBP siRNA impaired OiP memory in a delay-

dependent manner (Fig. 5a). A 2x3 repeated measures ANOVA with condition (CBP siRNA, non-

targeting control siRNA) and testing phase (24h delay, 20min delay, 24h retest) as factors, revealed 

a significant interaction (F2,18 = 7.96, P = 0.003; n = 12), main effect of condition (F1, 9 = 22.77, P 

= 0.001) and testing phase (F2, 18 = 12.57, P < 0.001). Post-hoc analyses demonstrated a significant 

difference between the control and CBP siRNA conditions (t11 = 2.40, P = 0.034) in the initial 24h 

delay phase, and the control condition displayed memory when compared to chance (t11 = 2.91, P 

= 0.014), whereas the CBP siRNA condition did not (t11 = 0.12, P = 0.907). No differences were 

noted when the retention delay was reduced to 20min, as evidenced by a non-significant paired 

samples t-test (t11 = 0.49, P = 0.632). Furthermore, both the control (t11 = 13.78, P < 0.001), and 

the CBP siRNA (t11 = 7.59, P < 0.001), conditions displayed significant novelty preference.  Retest 

with the 24h delay once again revealed a mnemonic impairment, as conditions differed 

significantly (t9 = 5.12, P = 0.001), and only the control condition displayed memory versus chance 

(t9 = 7.41, P < 0.001, and t9 = -1.57, P = 0.152, for the control and CBP siRNA conditions, 

respectively). One rat lost his in-dwelling cannula before the 24-h retest phase, and a second rat 

became sick during this testing phase. Both rats were removed from the 24-h retest analyses. 
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p300 Inhibition – Inhibition of p300 HAT activity in PRh by the p300-selecive inhibitor, 

plumbagin, caused no mnemonic impairment (Fig. 5b). A 2x2 repeated measures ANOVA with 

condition (plumbagin, control) and testing phase (24h delay, 20min delay) as factors, revealed a 

non-significant interaction (F2,20 = 0.31, P = 0.863; n = 11) and main effect of condition (F1,10 = 

0.72, P = 0.415). The main effect of testing phase was significant (F2,20 = 30.37, P < 0.001).  

Planned comparisons demonstrated that conditions did not differ from one another following a 24h 

(t10 = -1.00, P = 0.340) or 20min retention delay (t10 = -0.55, P = 0.597). Both conditions 

additionally demonstrated significant memory when compared to chance (t10 = 7.21, P < 0.001 and 

t10 = 6.05, P < 0.001 for the control and plumbagin conditions, respectively, within the 24h delay; 

t10 = 8.59, P < 0.001 and t10 = 11.97, P < 0.001 for the control and plumbagin conditions, 

respectively, within the 20min delay).  

Likewise, reduction of p300 in PRh by siRNA caused no long-term or short-term OiP 

memory deficits (Fig. 5b). A 2x2 repeated measures ANOVA with condition (p300 siRNA, non-

targeting control siRNA) and testing phase (24h delay, 20min delay) as factors demonstrated a 

non-significant effect of both the interaction term (F1,9 = 0.25, P = 0.630; n = 10) and main effect 

of condition (F1,9 = 0.59, P = 0.461), whereas the main effect of testing phase was significant (F1,9 

= 6.42, P = 0.032). Planned comparisons revealed no significant differences between conditions 

at either a 24-h (t9 = -0.91, P = 0.386) or 20-min retention delay (t9 = 0.03, P = 0.975). Further 

one-sample t-tests demonstrated significant long-term (24h) and short-term (20min) memory 

performance by both conditions (t9 = 4.39, P = 0.002, t9 = 8.93, P < 0.001 for the 24-h control and 

experimental conditions, respectively; (t9 = 5.61, P < 0.001, t9 = 8.10, P < 0.001 for the 20-min 

control and experimental conditions, respectively).	 

PCAF Inhibition –	 Intra-PRh administration of embelin impaired only long-term OiP memory 

(Fig. 5c). A 2x3 repeated measures ANOVA with condition (embelin, control) and testing phase 

(24h delay, 20min delay, 24h retest) as factors illustrated a significant interaction (F2, 18 = 8.74, P 

= 0.002; n = 11) and a significant main effect of both condition (F1, 9 = 28.47, P < 0.001) and 

testing phase (F2, 18 = 8.80, P = 0.002). Further analyses demonstrated a significant difference 

between the control and embelin conditions (t10 = 3.89, P = 0.003) at the 24-h retention delay 

phase. More specifically, the control condition displayed memory when compared to chance (t10 

= 6.81, P < 0.001), whereas the embelin condition did not (t10 = 0.97, P = 0.335). Reducing the 
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delay to 20min abolished the mnemonic impairment as evidenced by a non-significant paired 

samples t-test (t10 = 0.29, P = 0.773). Furthermore, both the control (t10 = 4.41, P = 0.001) and the 

embelin (t10 = 4.10, P = 0.001) conditions displayed significant novelty preference. Retest in the 

24-h delay phase revealed a similar mnemonic impairment, as conditions differed significantly in 

their object preference (t9 = 5.27, P = 0.001). The control (t9 = 4.87, P = 0.001) and embelin 

conditions (t9 = -3.85, P = 0.004) both displayed memory versus chance; however, the 

experimental condition displayed a familiarity preference (see Table S2 for descriptive statistics). 

This familiarity preference was not apparent in the initial 24h testing phase, nor did it occur in the 

other experiments presented, and so is likely an artifact. One rat lost his in-dwelling cannula during 

the 24h retest phase and was thus removed from these analyses. 

siRNA-mediated PCAF inhibition in the PRh additionally disrupted OiP memory in a 

delay-dependent manner (Fig. 5c). The 2x3 repeated measures AVOVA with condition (PCAF 

siRNA, non-targeting control siRNA) and testing phase (24h delay, 20min delay, 24h retest) as 

factors, indicated a non-significant interaction (F2, 18 = 3.11, P = 0.069; n = 10) and main effect of 

testing phase (F1, 9 = 2.31, P = 0.128). The main effect of condition was significant (F1, 9 = 32.19, 

P < 0.001). Additional planned comparisons demonstrated that conditions differed significantly in 

the 24h retention delay phase (t9 = 2.81, P = 0.020), and only the control condition exhibited 

significant memory versus chance (t9 = 6.00, P < 0.001, t9 = 0.01, P = 0.991, control and 

experimental conditions, respectively). Conversely, control and experimental conditions were 

similar when the delay was reduced to 20min (t9 = 0.69, P = 0.509), and memory was evident in 

both conditions (t9 = 4.05, P = 0.003, t9 = 3.71, P = 0.005, control and experimental conditions, 

respectively). Similar results were noted during the 24h retest. Intra-PRh PCAF siRNA 

significantly impaired memory compared to non-targeting control siRNA (t9 = 4.43, P = 0.002), 

and only the control condition displayed memory (t9 = 5.63, P < 0.001, t9 = -0.63, P = 0.546, for 

the control and experimental conditions, respectively).  

Altogether these findings demonstrate a necessity for CBP and PCAF in PRh for long-term 

OiP memory, and suggest that p300 is dispensable. For a summary of these results see Table S4. 
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4.4.5 CBP, p300 and PCAF mRNA are upregulated in the DG, and CBP and PCAF are 

upregulated in PRh, following OiP learning 

Thirty-minutes following OiP object exposure (experimental group) or apparatus exploration 

(control group), naïve rats were sacrificed and the PRh, DG, and CA regions (1-3) were excised. 

A priori one-sample t-tests (based on our behavioral results) revealed significant up-regulations of 

CBP (t11 = 1.95, P = 0.039; one-tailed), p300 (t10 = 2.25, P = 0.048; one outlier removed) and 

Figure 5: Intra-PRh HAT inhibition. PRh 
CBP inhibition by C646 (p300/CBPi) or 
CBP siRNA (a), and PRh PCAF inhibition 
by embelin (selective PCAF inhibitor) or 
PCAF siRNA (c), separately impaired OiP 
performance in a delay-dependent 
manner; long-term (24 h), but not short-
term (20min) OiP memory was impaired, 
and this effect was replicated in the 24h 
retest. (b) Conversely, PRh p300 inhibition 
by plumgabin (selective p300 inhibitor) or 
p300 siRNA had no effect on OiP 
performance. Data are mean 
discrimination ratio±SEM (*P <0.05, **P 
<0.01, ***P <0.001). 
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PCAF, (t10 = 2.14, P = 0.029; one-tailed, one outlier removed) mRNA in the DG of experimental 

animals compared to empty-apparatus controls. Conversely, no object exposure-induced mRNA 

up-regulations were noted in the CA regions (t8 = -0.88, P = 0.404; one outlier removed, t9 = -

1.16, P = 0.277, t8 = -2.10, P = 0.069; one outlier removed, for CBP, p300 and PCAF, respectively; 

Fig. 6a). Analysis of mRNA from experimental animals also demonstrated significant 

upregulations of CBP (t11 = 2.82, p= .017) and PCAF (t11 = 1.91, p= .041; one-tailed) mRNA in 

PRh compared to context-only controls. Conversely, no object exposure-induced up-regulations 

of p300 were 

detected (t11 = -

0.467, P = 0.404; 

Fig. 6b). 

The 

increase in mRNA 

levels of CBP, 

p300 and PCAF in 

the DG, and CBP 

and PCAF in PRh 

is consistent with 

our behavioural 

findings. 

4.5 Discussion 

In the present study we assessed the mnemonic effects of transient inhibition of three 

prominent HATs - CBP, p300 and PCAF - within the HPC and PRh of rats, and analyzed whether 

learning altered the mRNA expression of these enzymes. Using the OiP paradigm allowed us to 

directly compare the involvement of these HATs in HPC-mediated memory for the spatial location 

of objects, and PRh-mediated memory for object identity, within one task, eliminating potential 

confounding variables due to inter-task differences. Furthermore, intra-cranial administration of 

siRNAs and HAT inhibitors permitted the temporal and spatial resolution necessary to target 

isolated brain regions and stages of mnemonic processing (i.e. consolidation). siRNA and enzyme 

inhibition were used in a complimentary manner; specifically, siRNAs were used for their superior 

Figure 6: HAT mRNA expression following object exposure. (a) CBP, p300 and 
PCAF mRNA was significantly upregulated in the dentate gyrus (DG) 30 min 
following OiP learning compared to context-only controls. Levels remained 
unchanged in CA regions. (b) CBP and PCAF, but not p300, mRNA was 
significantly upregulated in PRh 30min following OiP learning compared to 
context-only controls. Data are mean ΔΔCt ratio+SEM (*P <.05). 
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selectivity, while pharmacological inhibitors were employed for their specific antagonism of HAT 

activity, as these enzymes are also known to act as transcriptional co-activators (Ogryzko et al., 

1996; Blanco et al., 1998). Here we report a requirement of CBP, p300 and PCAF within the HPC 

for the successful consolidation of long-term OiP memory, whereas PCAF is additionally 

necessary for STM. mRNA analyses demonstrate convergent findings, as CBP, p300 and PCAF 

mRNA levels are increased following learning, suggesting that siRNAs counteract the learning-

induced HAT expression to cause memory impairment. In PRh, only CBP and PCAF inhibition 

cause long-term OiP memory impairment, and learning-induced increases in CBP and PCAF 

mRNA levels similarly suggest siRNA knockdown of these HATs impairs memory.  

The use of both genetic and pharmacological inhibitors is critical in elucidating the role of 

individual HATs in specific brain regions and stages of memory, although concerns might be 

raised about either method of HAT inhibition. For example, it could be suggested that the LTM 

impairments found following siRNA administration are due to disruptions in acquisition, rather 

than consolidation, as siRNAs were delivered 2d prior to object learning; however, parallel results 

obtained with pharmacological inhibitors administered post acquisition, and the consistent absence 

of significant differences in sample exploration between conditions, provides evidence for the lack 

of non-specific effects of the siRNAs on memory acquisition or motivation to explore (see Table 

S2). Furthermore, because successful memory cannot be preceded by an inadequate learning 

phase, the lack of siRNA-induced STM impairments provides further evidence for selective effects 

on consolidation. It could also be argued that siRNAs are affecting memory retrieval as they might 

still be active 3d following administration (i.e. during the choice phase), but again, this seems 

unlikely as successful STM retrieval was present (i.e. STM testing occurs 2d following infusion 

when the siRNA is known to be functionally effective). Two of the pharmacological inhibitors 

employed in the current set of investigations, plumbagin and embelin, have been shown to affect 

the NF-ĸB signalling pathway in tumor cell lines (Sandur et al., 2006; Park et al., 2013). This 

pathway has been known to play a role in mnemonic processes (Freudenthal and Romano, 2000; 

Yeh et al., 2004); however, because the majority of the current results were replicated with 

selective p300 and PCAF siRNAs, we do not believe the mnemonic impairments induced by 

plumbagin and embelin are due to interactions with NF- ĸB signalling; rather, effects on gene 

transcription are more probable (Federman et al., 2013). Furthermore, although the STM 
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impairments following intra-HPC embelin were not replicated with intra-HPC PCAF siRNA 

administration, acetylation of NF-ĸB does not seem to influence STM (Yeh et al., 2004). 

4.5.1 CBP 

C646, a p300/CBP HAT inhibitor, impaired OiP memory in a delay-dependent fashion when 

infused into either the HPC or PRh. These results were replicated with a CBP siRNA 

demonstrating that CBP is necessary within these brain regions for OiP memory. Corroborating 

these results, significant upregulation of CBP mRNA was noted in the DG and PRh following OiP 

learning. Knockout mouse models have consistently implicated CBP (Oike et al., 1999; 

Bourtchouladze et al., 2003; Alarcón et al., 2004; Wood et al., 2005; Vecsey et al., 2007; Stefanko 

et al., 2009; Chen et al., 2010; Barrett et al., 2011; Haettig et al., 2011; Lopez-Atalaya et al., 2011; 

Valor et al., 2011), and more specifically the HAT activity of CBP (Korzus et al., 2004; Vieira 

and Korzus, 2015), in HPC-dependent mnemonic processes, and the present data support a role 

for CBP in long-term object memory consolidation. Furthermore, upregulation of CBP mRNA in 

the dorsal HPC has been demonstrated following spatial training in the Morris water maze 

(Bousiges et al., 2010). In the current study, CBP mRNA expression did not change in the CA 

regions following learning, although it is possible that an enhancement of CBP mRNA in specific 

subregions (e.g. CA1) was masked by pooling the CA regions. We did detect a learning-induced 

upregulation of CBP in the DG. The subgranular zone of the DG is one of the few regions in the 

brain to reliably engage in adult neurogenesis (Deng et al., 2010); therefore, it is possible that CBP 

is involved in some aspect of learning-induced neurogenesis (e.g., integration into hippocampal 

circuitry) required for HPC-dependent learning and memory, and several recent reports have 

suggested that this might be the case (Lopez-Atalaya et al., 2011; Wang et al., 2012; Chatterjee et 

al., 2013). For example, Chatterjee and colleagues (2013) demonstrated that enhancement of 

CBP/p300 significantly increased the generation of new neurons in the subgranular zone of the 

DG, with a concomitant increase in neuronal differentiation factors (BDNF and NeuroD1), histone 

acetylation and an enhancement in HPC-dependent spatial memory. Neurogenesis has not been 

demonstrated in PRh; therefore the requirement of CBP for PRh-mediated OiP memory described 

here might be limited to the transcription of plasticity-related genes required for mnemonic 

processes. Indeed, CREB, CBP’s binding partner, has been found to be essential in PRh for 

spontaneous object recognition and long-term potentiation (Warburton et al., 2005). Additionally, 
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this group demonstrated that the induction of the immediate early gene, c-fos, in PRh following 

the experience of novel objects compared to familiar objects, is abolished following inhibition of 

CREB. Here we have shown that CBP HAT activity is also critical for PRh-mediated object 

memory, and CBP mRNA is induced following exposure to novel objects.  

Interestingly, CBP has also been highlighted as essential in the HPC for the beneficial 

effects of histone deacetylase (HDAC) inhibition; specifically, HPC slices from CBP knockout 

(CBPKIX/KIX ) mice did not display enhanced long-term potentiation following administration of 

HDAC inhibitors, whereas slices from WT mice did (Vecsey et al., 2007), and these knock-out 

mice did not demonstrate the mnemonic enhancements typically seen following HDAC inhibition 

(Haettig et al., 2011). It remains to be seen whether CBP is necessary in PRh for enhancements 

(e.g. through HDAC inhibition) in long-term potentiation and object memory processes, or 

whether CBP plays this additional specialized role (i.e. ‘magnifying’ or extending consolidation) 

only in the HPC.  

4.5.2 p300 

The p300 siRNA and p300 selective inhibitor, plumbagin, impaired OiP memory in a delay-

dependent fashion when infused into the HPC, and p300 mRNA was upregulated in the DG 

following OiP learning. Indeed, a role for p300 in HPC-dependent tasks has been demonstrated 

previously. Oliveira and colleagues found deficits in contextual FC in two different p300 knockout 

mouse strains (Oliveira et al., 2007b, 2011), p300 mRNA was significantly up-regulated in the 

HPC following training in the Morris water maze (Bousiges et al., 2010), and enhancement of 

CBP/p300 was found to extend the duration of spatial memory (Chatterjee et al., 2013). Our data 

further suggest that p300, and specifically the HAT domain, is necessary for long-term HPC-

dependent object memory processes. As discussed, the DG of the HPC engages in adult 

neurogenesis. As the upregulation of p300 was, similar to CBP, found in the DG in the current 

study, it is possible that p300 also plays a role in learning-induced adult neurogenesis in the HPC. 

Indeed enhancement of both CBP and p300 by Chatterjee and associates (2013) led to increases in 

DG neurogenesis, histone acetylation and spatial memory. Conversely, the lack of adult 

neurogenesis in PRh and could explain why p300 was dispensable in PRh-mediated object 

recognition. Specifically, memory was intact following either intra-PRh p300 siRNA or plumbagin 

administration, and p300 mRNA levels remained unchanged following OiP learning. Although 
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CBP and p300 share a high sequence homology (Valor et al., 2013), acetylate similar residues 

(Henry et al., 2013), and are involved in many of the same processes (Valor et al., 2013), there is 

a growing literature describing their specificity and functional heterogeneity (Oliveira et al., 2006; 

Ramos et al., 2010; Viosca et al., 2010; Ianculescu et al., 2012; Henry et al., 2013). The 

involvement of CBP, but not p300, in PRh-mediated OiP memory, extends this pattern of results. 

It should be noted that our data seem to contradict previous studies examining the cognitive 

capacities of p300 knockout mice. Oliveira and colleagues (2007; 2011) demonstrated long-term 

spontaneous object recognition (SOR) memory impairments in two different p300 knockout 

models. The SOR task relies on the ability of a rodent to recognize a familiar object over a novel 

one. When limited spatial information is present during initial encoding of the ‘familiar’ object, 

such as when the task is run in an opaque Y-apparatus (Winters et al., 2004) or other uniform 

environments, the HPC is not necessary; rather, the PRh is sufficient for pure object identification. 

Because these researchers have previously established their object recognition task as HPC-

independent (2010), and have also noted decreased levels of H3 acetylation in the caudal PRh of 

their conditional forebrain p300 knockout mice (Oliveira et al., 2011), they conclude that p300 in 

PRh or possibly insular cortex, mediates object recognition (Oliveira et al., 2011). Since the 

modulation of histone acetylation in PRh was not shown in response to learning, nor were specific 

memory and plasticity-related genes analyzed, it is unknown whether the changes in H3 

acetylation in the PRh bore any mnemonic relevance. Interestingly, a separate group found no SOR 

impairments in their p300+/- mice (Viosca et al., 2010); however, monoallelic expression of p300 

might be sufficient for successful object recognition (Oliveira et al., 2011). It is unknown whether 

the SOR task run by Viosca and colleagues (2010) recruited the HPC (i.e. engaged spatial 

processing), but given our results, the lack of impairment they report suggests the task was 

conducted in a HPC-independent manner. The object recognition impairments reported by Oliveira 

and colleagues (2007; 2011) could be due to p300 disruption in the insular cortex, a structure that 

has also been implicated in object recognition (Bermudez-rattoni et al., 2005; Roozendaal et al., 

2010; O’Brien et al., 2014). Conversely, it remains possible that the way in which their object 

recognition task was run was not entirely HPC-independent and the impairments noted are due to 

p300 disruption in the HPC, as demonstrated in the current study. The utility of intra-cranial siRNA 

and drug administration is highlighted here, as conflicting results could be due to the spatially 

broad nature or incompleteness of genetic knockout techniques. The spatial localization of the 
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infusions performed in the present study suggests no significant role for p300 HAT or co-

transcriptional activity in PRh-mediated OiP memory processing.  

 Taking the current set of results into account, the requirement of p300 in various mnemonic 

tasks is interesting; specifically, we found p300 necessary in the HPC for long-term OiP memory, 

and p300 is also required for long-term contextual FC (Oliveira et al., 2007b, 2011), a HPC-

dependent task, but p300 was found to be dispensable in the ILPFC for cued fear extinction (Marek 

et al., 2011), and in PRh-mediated object recognition, as reported here. Furthermore, two different 

forms of conditional p300 knockout mice demonstrated intact cued FC (Oliveira et al., 2007b, 

2011). Both animal models had reduced p300 expression in the amygdala, a region necessary for 

the consolidation of cued fear (Phillips and LeDoux, 1992), suggesting that p300 is also 

dispensable for this form of learning. These p300 knockout models were additionally successful 

in the Morris water maze (Oliveira et al., 2007b, 2011), another HPC-dependent task. In 

comparison to CBP, p300 seems to be involved in very few mnemonic paradigms. Indeed, 

developmental CBP knock-out mice, used as a model of Rubinstein-Taybi Syndrome (RSTS), 

exhibit substantially more cognitive impairments than developmental p300 knockout mice, an 

effect that mimics findings in human RSTS patients (Viosca et al., 2010). The lack of involvement 

of p300 might suggest that it does not play a substantial role in cognitive and mnemonic processes; 

however, p300 seems to be necessary for selective HPC-dependent memory tasks (i.e. contextual 

FC, HPC-dependent object recognition), indicating that p300 might be uniquely tuned for very 

specific processes. Future analyses investigating the role of p300 in additional tasks and cognition-

related brain structures will further elucidate the specific function of p300.  

4.5.3 PCAF  

Administration of a PCAF siRNA or the PCAF selective inhibitor, embelin, into the HPC or PRh 

impaired long-term (24h) OiP memory. mRNA analyses demonstrated corroborating results, as 

PCAF mRNA was significantly upregulated in the DG and PRh. Indeed, PCAF has been 

implicated in LTM processes (Maurice et al., 2008; Wei et al., 2012). Although a substantial 

portion of literature has failed to demonstrate STM impairments following modulation of histone 

acetylation processes (Alarcón et al., 2004; Yeh et al., 2004; Korzus et al., 2004; Wood et al., 

2006a; Lubin and Sweatt, 2007; Bredy and Barad, 2008; Fontán-Lozano et al., 2008; Stefanko et 

al., 2009; Barrett et al., 2011; Oliveira et al., 2011; Monsey et al., 2011; Gräff et al., 2012; Itzhak 
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et al., 2012; Maddox et al., 2013a), one group has reported both working memory and short-term 

OiP memory deficits in their PCAF knockout mice (Maurice et al., 2008; Duclot et al., 2010). 

Interestingly, we report here that intra-HPC embelin administration abolished short-term OiP 

memory (20min and 5min), similar to Maurice and colleagues (2008). We did not observe any 

locomotor or anxiety-related behaviour, as documented in PCAF knockout mice (Maurice et al., 

2008) and rats receiving intraperitoneal injections of embelin (Modak et al., 2013); specifically, 

we observed no consistent variation in exploration levels between rats treated with a PCAF siRNA 

or embelin and other inhibitors/control solutions (Table S2), suggesting that our effects were not 

due to anxiety-like behaviour or differences in locomotion. It seems unlikely that this rapid time 

frame (5 or 20 mins) is long enough for HAT- or co-transcription-mediated transcription-related 

changes to occur, and to therefore influence memory. Although commonly known to acetylate 

histone proteins, HATs can also readily acetylate lysine residues on various non-histone proteins 

(i.e. acting as lysine acetyltransferases; Glozak et al., 2005), such as retinoid and steroid receptors 

(Blanco et al., 1998; McMahon et al., 1999; Inoue et al., 2004; Su-hua et al., 2010). It is quite 

plausible that PCAF supports short-term memory in the HPC by acetylating cystolic proteins and 

causing non-genomic effects, such as modulating intra-cellular signalling cascades, protein 

stability, or proteasomal degradation (Spange et al., 2009). For example, given the recent 

demonstrations that estrogen receptors can rapidly facilitate memory (Phan et al., 2012; Ervin et 

al., 2013), PCAF’s ability to activate estrogen receptors (Blanco et al., 1998; McMahon et al., 

1999) might support short-term HPC-dependent memory processes.  The STM deficits reported 

were not replicated by intra-HPC administration of a PCAF siRNA. Although it is possible for this 

siRNA to degrade basal mRNA expression, and thus protein production, it seems that the length 

of time the siRNA is active prior to learning is insufficient to reduce basal transcription of PCAF 

to a level capable of impairing STM.  

Interestingly, we did not find the same pattern of STM impairment following intra-PRh 

embelin or PCAF siRNA administration; rather, LTM was selectively impaired following PCAF 

inhibition, similar to the effects of CBP and p300 inhibition reported here. Likewise, Maurice and 

colleagues (2008) found no short-term SOR memory deficits in their PCAF knockout mice. Given 

our results, this might suggest that their SOR task was run in a HPC-independent manner and that 

PCAF was dispensable for PRh-mediated short-term object recognition, similar to our report. PRh 

function is indeed necessary for short-term spontaneous object recognition memory (Winters and 
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Bussey, 2005); therefore, our results highlight the dissociable role of PCAF in short-term OiP 

memory in the HPC and PRh in rats.  

It is evident from these results that PCAF functions atypically in the HPC, as short-term 

mnemonic impairments do not seem to result from disruption of CBP or p300 (but see Chen et al., 

2010). Indeed PCAF has been recently postulated to act differently than prototypical HATs, 

potentially engaging in co-transcription functions rather than HAT activities to potentiate fear 

extinction memory in the ILPFC (Wei et al., 2012). Moreover, PCAF inhibition ameliorated 

cognitive deficits in mice treated with amyloid beta by blocking acetylation of signalling pathways, 

thereby reducing associated inflammation (Park et al., 2015). What remains to be determined is 

exactly how PCAF contributes to STM in the HPC, whether PCAF mediates short- and LTM by 

different processes (e.g. non-histone acetylation versus histone acetylation), and whether the LTM 

functions of PCAF relate to different mechanisms in the HPC and PRh (e.g. HAT activity versus 

co-transcription activity). 

4.5.4 Conclusion 

Using various HAT inhibitors along with mRNA expression analysis, we have established a role 

for CBP, p300 and PCAF in HPC-mediated object recognition, and CBP and PCAF in PRh-

mediated object recognition. Not only is this the first demonstration of the involvement of HATs 

and HAT activity in PRh-mediated memory, but our systematic analysis has also uncovered some 

potentially important novel dissociations; specifically, p300 was found to be dispensable in PRh, 

but not the HPC, for OiP memory, and PCAF inhibition induced both LTM and STM deficits in 

the HPC, but disrupted only LTM in PRh. These results illustrate that, at least in the domain of 

learning and memory, the functions and necessity of CBP, p300 and PCAF are not generalizable 

within the brain. Furthermore, this pattern of findings suggests that different sets of HATs regulate 

various mnemonic processes in different brain regions (e.g. object identification in PRh versus 

spatial memory in HPC), providing an additional layer of specificity to the putative ‘histone code’ 

(Jenuwein and Allis, 2001). The precise role of each of these HATs in various mnemonic 

processes, in addition to other recently implicated memory-related HATs, such as Tip-60 

(Bousiges et al., 2010) and GCN-5 (Stilling et al., 2014), remains to be determined. Although a 

large majority of literature has focused on the therapeutic potential of HDAC inhibitors for 

cognitive and neurodegenerative disorders (Abel and Zukin, 2008), HAT agonists might represent 
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a better set of target molecules, given their reduced rate of redundancy and negative side effects 

(reviewed in Pirooznia & Elefant 2013). Furthermore, as discussed earlier, HDAC inhibitor-

induced mnemonic enhancements might actually be dependent upon HATs (e.g. CBP; Vecsey et 

al., 2007; Haettig et al., 2011). The work presented here begins to delineate the differing roles 

played by HATs in specific brain regions and memory processes, helping to guide therapeutic 

strategies for various cognitive disorders.  
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5.1 Abstract 

The acetylation of lysine residues on histone proteins by HATs, and the resultant gene expression, 

is a well-established mechanism necessary for LTM consolidation, a process that is reliant on 

learning-induced gene expression and protein synthesis. However, HATs also acetylate lysine 

residues on non-histone proteins involved in other (i.e., non-genomic) cellular processes, and are 

more broadly referred to as lysine acetyltransferases (KATs). For example, KATs acetylate many 

nuclear hormone receptors, including estrogen receptors (ERs). ERs have been shown to have 

rapid, non-genomic effects related to HPC STM. Recently, we have shown that PCAF, a KAT 

with established epigenetic and LTM functions, also influences hippocampal STM. This contrasts 

with a variety of other well-known HATs that have LTM, but not STM, roles. Therefore, here we 

investigated the potential interaction between ERs and PCAF in hippocampal STM. Using the OiP 

task, we have demonstrated that intra-HPC adminstration of the PCAF activator SPV106, 

facilitates STM in male rats, and that this is abolished with co-adminstration of a low dose 

(behaviourally ineffective in isolation) of the ERa/b antagonist ICI 182 780. Although SPV106 

also enhanced LTM, ICI 182 780 had no effect, demonstrating that this functional interaction is 

specific to STM. Furthermore, the interaction was not present in the PRh, another region necessary 

for object recognition. The effect was mediated by ERa, as intra-HPC adminstration of the ERa 

agonist PPT, but not the ERb agonist DPN, enhanced STM, and this effect was blocked with a low 

dose of the PCAF antagonist embelin. Lastly, the SPV106-mediated STM enhancements were not 

abolished by intra-HPC adminstration of a low dose of the aromatase inhibitor letrozole, which 

inhibits the local aromatization of testosterone into estrogen.  ERs are known to have estrogen-

independent effects, and it is possible that the mnemonic-enhancing properties of PCAF on ERa 

in the male rat HPC is independent of estrogen. Collectively KATs, which are commonly 

implicated in LTM through epigenetic processes, can also influence STM, presumably via non-

genomic mechanisms. The broader involvement of such molecules should be kept in mind when 

considering their cognitive functions, as well as their place as potential therapeutic targets. 
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5.2 Introduction 

Extensive evidence demonstrates the requirement of histone acetylation for long-term memory 

(LTM). Histone acetyltransferases (HATs) catalyze the addition of acetyl groups to various lysine 

residues on histone tails, typically promoting gene expression by making the DNA accessible to 

transcriptional machinery, or by recruiting other factors (Peixoto and Abel, 2013). Interestingly, 

our group (Mitchnick et al., 2016) and others (Maurice et al., 2008) have demonstrated the 

necessity of one specific HAT, PCAF (p300/CBP-associated factor), in short-term memory (STM) 

as well. Specifically, PCAF knockout mice display short-term object-in-place (OiP) memory 

deficits (Maurice et al., 2008), as do rats administered the small molecule PCAF inhibitor embelin 

into the dorsal hippocampus (HPC) (Mitchnick et al., 2016).  Because STM does not require de 

novo gene expression (Davis and Squire, 1984),  it is unlikely that PCAF is acting at the genomic 

level in these instances (Mitchnick et al., 2016). 

Although implicated in epigenetic mechanisms related to histone protein acetylation, 

HATs also acetylate lysine residues on non-histone proteins, and are therefore more broadly 

referred to as lysine acetyltransferases (KATs) (You et al., 2012). For example, Blanco et al. (1998) 

demonstrated that PCAF can act as a nuclear receptor co-activator; specifically, PCAF was found 

to be bound, in a ligand-dependent manner, to the DNA-binding domain of several nuclear 

receptors, including the retinoic acid receptor, glucocorticoid receptor, androgen-receptor, and 

estrogen receptor alpha (ERα) (Blanco et al., 1998). Similarly, a separate group established the 

ability of PCAF to acetylate the orphan nuclear receptor estrogen-related-receptor alpha (ERRα) 

on several sites of the DNA-binding domain (Wilson et al., 2010). 

Estrogen and estrogen receptors (ERs) are strongly implicated in LTM (³24h) that requires 

protein synthesis (Fernandez et al., 2008; Liu et al., 2008; Hammond et al., 2009; Fortress et al., 

2013; Pereira et al., 2014). Several groups have demonstrated that 17β-estradiol and ER activation 

can rapidly enhance STM (£4h) and modulate synaptic structure (Walf et al., 2006; Frye et al., 

2007; Clipperton et al., 2008; Jacome et al., 2010; Phan et al., 2012, 2015; Ervin et al., 2013). 

Although PCAF’s activational effects on both ERα and ERRα were shown to modulate gene 

transcription (Blanco et al., 1998; Wilson et al., 2010), it remains possible that PCAF could also 

stimulate cytoplasmic or membrane-bound ERs, causing rapid, non-genomic effects to support 

STM. 
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To test this hypothesis, we investigated a potential interaction between PCAF and ERs in 

HPC-dependent short-term OiP memory. Behavioural experiments utilizing intra-HPC 

administration of compounds to enhance or inhibit the function of PCAF, ERa, and ERb, 

demonstrate that the modulation of hippocampal STM by PCAF is mediated through functional 

interactions with ERa. Furthermore, we found HPC estrogen biosynthesis to be necessary for 

STM, but not for the functional interaction between PCAF and ERa. Collectively, our data indicate 

that the lysine acetyltransferase PCAF functionally interacts with, and can have activational effects 

on, ERa in the male rat HPC, in a ligand-independent manner, to support short-term memory.  

5.3 Results 

5.3.1 Intra-Hippocampal ERa/b Inhibition Impairs STM and LTM. Prior to investigating a 

functional interaction between PCAF and ERs, we first established whether ERs in the male HPC 

are necessary for short-term OiP memory. The OiP task (Fig. 1) and intra-HPC infusion parameters 

(Fig. 2) used are similar to our previous work (Mitchnick et al., 2016). Specifically, a high dose of 

the competitive ERa/b inhibitor ICI 182 780 (Falsodex; Fulvestrant) (Osborne et al., 2004) (Table 

1), impaired both long-term and short-term OiP memory (Fig. 2a), indicating that ERs are 

necessary in the male rat HPC for this form of memory.		

5.3.2. Intra-Hippocampal PCAF Activation Enhances LTM and STM. To demonstrate a 

functional interaction between PCAF and ERs, it was necessary to establish that activating PCAF 

could lead to STM enhancements, thereby allowing us to determine subsequently whether ER 

inhibition could block this effect.  We used the novel compound SPV106 

(pentadecylidenemalonate 1b; Table 1), a simplified analogue of anacardic acid (6-

pentadecylsalicylic acid; inhibitor of the HATs PCAF, p300 & Tip60) (Balasubramanyam et al., 

2003; Sun et al., 2006) that causes selective activation of PCAF acetyltransferase activity 

Figure 1. OiP and infusion parameters. (a) Schematic of 
the OiP task and running parameters with a 
representative object set. Two objects are switched 
during the choice phase (right side in image), which 
control rats will preferentially explore. With a 5min sample 
phase, rats successfully remember 24h later (Normal 
Learning Conditions). This allows the assessment of 
memory-impairing agents. When the sample phase is 
reduced to 3min and 2min, rats do not remember 24h and 
20min later, respectively, allowing for the assessment of 
memory enhancing agents.  
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(Sbardella et al., 2008). To probe for memory enhancement in the OiP task, the sample phase 

duration was reduced in duration such that control rats did not display memory due to inadequate 

or ‘sub-optimal’ learning (Fig. 1). Using these sub-optimal parameters, intra-HPC SPV106 

enhanced LTM and STM (Fig. 2b). These results are consistent with our previous finding that 

PCAF inhibition impairs LTM and STM (Mitchnick et al., 2016). PCAF activation did not enhance 

LTM under optimal learning conditions (Fig. S2). 

Successful OiP memory additionally relies on the perirhinal cortex (PRh) in order to 

process object identity  (Winters et al., 2004; Barker and Warburton, 2011; Mitchnick et al., 2015, 

2016). We previously reported that PCAF was necessary in PRh for LTM, but not STM. 

Accordingly, activating PCAF in PRh with SPV106 here enhanced LTM, but not STM (Fig. S4), 

indicating a selective role for PCAF in STM for the HPC-dependent component of the OiP task. 

5.3.3 PCAF Interacts with ERs to Enhance STM, But Not LTM. If PCAF and ERs do 

interact in the HPC to facilitate memory, inhibiting ERs should block the memory enhancement 

induced by PCAF activation. Using a low dose of ICI 182 780 that did not impair memory on its 

own (Fig. S5), ER inhibition had no effect on the LTM enhancement induced by SPV106; 

however, the low dose of ICI 182 780 successfully blocked SPV106-induced STM enhancement 

(Fig. 2c). These results demonstrate a functional interaction between PCAF and ERs in the HPC, 

which facilitates STM.  Interestingly, although PCAF and ERs are both necessary for LTM, their 

mnemonic effects seem to be independent of each other. This might suggest that PCAF acts more 

Table 1. Inhibitor and activator 
compounds, and intra-cranial infusion 
parameters. For the action of each 
agents, (i) = inhibitor, (a) = activator. Low 
doses represent doses that did not affect 
memory (see Supporting Materials). High 
doses either impaired or enhanced STM, 
depending on the action of the agent. All 
agents were dissolved in the 
corresponding vehicle solution. All 
solutions consisted of DMSO (dimethyl 
sulfoxide) in 0.9% physiological saline, 
with the exception of embelin (100% 
DMSO). Administration time is indicated 
in relation to the OiP Sample Phase.  
During certain experiments (i.e., when assessing interactions), rats received two separate infusions. All 
infusions were given intra-cranially. See Table S1 and supplemental methods.	
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 similarly to a typical KAT during the consolidation of LTM, modulating gene expression, but 

engages in non-genomic ER-mediated signalling pathway to facilitate STM. We chose to focus on  

this latter, hitherto unreported, effect; therefore, the following experiments assess only STM.	 

Figure 2. PCAF and ERs functionally interact to 
support STM. (a-d) Performance was calculated 
by a Discrimination Ratio (DR): amount of 
displaced object exploration - amount of familiar 
object exploration/total exploration (in seconds). 
Positive DRs indicate an increasing preference for 
the novel object, our index of memory. A DR 
around zero indicates no object preference, and 
thus no memory. (a) Under normal learning 
conditions, the ERa/b inhibitor ICI 720 780, 
impaired both STM and LTM; specifically, the 
delay x condition interaction was non-significant 
(F1,10 = 0.47, p= 0.509; n = 11), whereas both the 
main effect of delay (F1,10 = 5.80, p= 0.037) and 
condition (F1,10 = 34.17, p< 0.001) were significant. 
Moreover, the drug condition was significantly 
impaired compared to the control condition within 
the STM (t10 = 4.96, p= 0.001) and LTM (t10 = 2.88, 
p= 0.016) retention delays.  (b) Under sub-optimal 
learning conditions, the PCAF activator SPV106, 
enhanced LTM and STM; specifically, the delay x 
condition interaction (F1,10 = 2.11, p= 0.177) and 
main effect of retention delay (F1,10 = 0.06, p= 
0.812) were both non-significant, whereas the 
main effect of drug condition was significant (F1,10 
= 29.59, p< 0.001). Significant differences were 
noted between drug conditions in both the STM (t10 
= 3.83, p= 0.003) and LTM (t11 = 3.09, p= 0.010) 
retention delays. One rat was sick following 
surgery and was not run in the LTM test (n = 11), 
but was introduced for the STM (n = 11) test upon 
recovery. (c) Under sub-optimal learning 
conditions, ICI 720 780 (low dose) blocked the 
STM-enhancing effects of SPV106; specifically, 
the significant main effect of drug (F3,33 = 10.10, p< 
0.001, n = 12) was mediated by the enhancing 
effect of SPV106 (veh-SPV) compared to vehicle 
(veh-veh; t11 = 3.71, p= 0.003). This effect was 
blocked by co-administration of a low dose of ICI 
182 780 (SPV-ICI; t11 = 5.66, p< 0.001). ICI 182 
780 (veh-ICI) did not affect memory compared to 
vehicle (veh-veh; t11 = 1.04, p= 0.319). (d) Under  

[Sub-optimal Learning] 

[Sub-optimal Learning] 

[Optimal Learning] 

[Sub-optimal Learning] 

c) 

b) a) 

d) 

sub-optimal learning conditions, ICI 182 780 (low dose) did not block the LTM-enhancing effects of SPV106; 
specifically, the significant main effect of drug (F3,21 = 12.90, p< 0.001; n = 8) was mediated by the enhancing 
effects of SPV106 compared to vehicle (t7 = 3.23, p= 0.014). This effect was not blocked by a low dose of ICI 182 
780 (t7 = 0.09, p= 0.930), and likewise, low dose ICI 182 780 did not any effect on memory compared to vehicle (t7 
= 0.499, p= 0.633). Data are mean DR +/- SEM (*P£ 0.05, **P£ 0.01, ***P£ 0.001; corrected for multiple 
comparisons. 
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5.4.3 PCAF Interacts Specifically With ERa To Enhance STM. Because ICI 182 780 is an 

inhibitor of both ERa and ERb, we are unable to determine from the previous experiment which 

specific ER(s) PCAF interacts with in the HPC.  Given the paucity of truly selective ERa and ERb 

inhibitors, we employed the selective ERa and ERb activators, PPT [1,3,5-Tris(4-hydroxyphenyl)-

4-propyl-1H-pyrazole] and DPN 

[2,3-bis(4-hydroxyphenyl)-

propionitrile] (Table 1), 

respectively. At a high dose, PPT 

successfully enhanced STM, 

whereas DPN did not (Fig. 3a). 

[Neither compound facilitated LTM 

(Fig. S5).] 

 If PCAF does functionally 

interact with ERa, inhibiting PCAF 

should block the memory-enhancing 

effects of ERa activation. The 

selective PCAF inhibitor embelin 

(Table 1), which we previously used 

to assess the requirement of PCAF in 

the HPC (Mitchnick et al., 2016), 

was employed. A low dose of 

embelin, which does not impair 

memory on its own (Fig. S5), 

successfully blocked the memory 

enhancing effects of PPT (Fig. 3b), 

demonstrating that PCAF 

functionally interacts with ERa 

specifically to enhance STM.	 

5.3.5 The STM Enhancing Effects of the PCAF-ERa Interaction Does Not Require Local 

Estrogen Biosynthesis. ERs are known to have ligand-dependent and –independent effects (Cui 

[Sub-optimal Learning] 

[Sub-optimal Learning] [Sub-optimal Learning] 

c) 

a) 

Figure 3. PCAF and ERa functionally interact to support STM. 
(a) Under sub-optimal learning conditions, the ERa-specific 
agonist PPT enhanced STM, compared to vehicle (t9 = 2.82, p= 
0.020; n = 10), (b) but the ERb-specific agonist DPN, did not 
enhanced (t9 = 1.23, p= 0.250; n = 10). (c) Under sub-optimal 
learning conditions, the PCAF-specific inhibitor, embelin (low 
dose), blocked the STM-enhancing effects of PPT; specifically, 
the significant main effect of condition (F3,27 = 7.27, p= 0.001, n 
= 10) was mediated by the PPT-induced memory 
enhancement, in comparison to the vehicle condition (t9 = 6.17, 
p< 0.001). This effect was blocked by embelin (low dose) (t9 = 
4.17, p= 0.002). Embelin (low dose) did not affect memory 
compared to the vehicle condition (t9 = 0.74, p= 0.478). Data 
are mean DR +/- SEM (*P£ 0.05, **P£ 0.01; corrected for 
multiple comparisons). 
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et al., 2013); therefore, it is important to determine whether estrogen is necessary for the functional 

PCAF-ERa interaction. To ascertain the mnemonic involvement of estrogen within the HPC, the 

aromatization of testosterone into estradiol was blocked using the selective aromatase inhibitor 

letrozole. A high dose of intra-HPC letrozole (Table 1) impaired STM, demonstrating that local 

estrogen biosynthesis is necessary in the male rat HPC to support short-term OiP memory (Fig. 

4a).  

 Following this, we investigated the effects of estrogen biosynthesis inhibition on the 

enhancing effects of PCAF activation. Results demonstrate that a low dose of letrozole, which 

does not impair STM on its own (Table 1; Fig. S6), did not block the STM-enhancing effects of 

SPV106 (Fig. 4b), suggesting that estrogen is not necessary for the mnemonic enhancing properties 

of this PCAF-ERa interaction. However, it is possible that this low dose of letrozole is too low to 

have any blockade on PCAF activation; therefore, it will be necessary to determine if there is a 

higher dose of letrozole that does not impair STM, and whether blockade of PCAF-induced 

memory enhancement ensues. 

 
[Sub-optimal Learning] [Optimal Learning] 

a) b) 

Figure 4. HPC estrogen synthesis is not necessary for the enhancing effects of PCAF 
activation. (a) The aromatase inhibitor letrozole, impaired STM compared to vehicle (t9 = 2.96, 
p= 0.016; n = 10) (b) Under sub-optimal learning conditions, letrozole (low dose) did not block 
the memory-enhancing effects of PCAF activation by SPV106; specifically, the significant main 
effect of condition (F3,27 = 13.27, p< 0.001, n = 10) was mediated by the SPV106-induced 
memory enhancement, in comparison to the vehicle condition (t9 = 3.70, p= 0.005). This 
memory enhancement was not blocked by letrozole (low dose), in comparison to the vehicle 
condition (t9 = 0.38, p= 0.713). Similarly, letrozole did not have any effect on memory, in 
comparison to the vehicle condition (t9 = 2.50, p= 0.809). Data are mean DR +/- SEM (*P£ 0.05, 
**P£ 0.01; corrected for multiple comparisons). 
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5.4 Discussion  

5.4.1 PCAF activation facilitates HPC-dependent OiP memory 

The finding that both intra-HPC and intra-PRh PCAF activation enhances long-term OiP memory 

is consistent with a plethora of studies demonstrating the necessity of HATs, including PCAF, for 

LTM (i.e., HAT K/O or inhibition) (Alarcón et al., 2004; Vecsey et al., 2007; Maurice et al., 2008; 

Stefanko et al., 2009; Barrett et al., 2011; Oliveira et al., 2011; Zhao et al., 2012; Maddox et al., 

2013a, 2013b; Stilling et al., 2014; Mitchnick et al., 2016). Furthermore, these results are 

consistent with the pro-mnemonic effects of HAT activation for LTM  (Wei et al., 2012; Chatterjee 

et al., 2013), and in particular the finding that PCAF activation in the infralimbic PFC enhanced 

cued fear memory extinction (Wei et al., 2012). This latter study also employed SPV106. In 

addition to enhancing PCAF, this compound simultaneously inhibits CBP (CREB-binding 

protein), another HAT (Sbardella et al., 2008). As such, the previous and current finding that 

SPV106 can lead to LTM enhancements is interesting in light of a body of literature demonstrating 

the necessity of CBP in the HPC for the beneficial effects of HDACi. In opposition to HATs, 

HDACs catalyze the removal of acetyl groups and the condensation of chromatin, inducing a state 

of gene repression. Many studies have shown the HDACi has pro-mnemonic effects by facilitating 

gene expression (Guan et al., 2009; Stefanko et al., 2009; Kilgore et al., 2010; McQuown et al., 

2011; Rogge et al., 2013; Valiati et al., 2017; Shu et al., 2018), but several studies have documented 

the requirement of functional CBP for this effect in HPC-dependent object recognition (Vecsey et 

al., 2007; Roozendaal et al., 2010; Haettig et al., 2011; McQuown et al., 2011). Moreover, our lab 

and others have demonstrated CBP inhibition or knock/out to impair LTM on a variety of tasks 

(Oike et al., 1999; Alarcón et al., 2004; Wood et al., 2005, 2006a; Barrett et al., 2011; Haettig et 

al., 2011; Valor et al., 2011; Mitchnick et al., 2016). Therefore, finding that PCAF activation is 

not only sufficient to overcome a deficit in CBP, but sufficient to enhance HPC-dependent memory 

in the absence of CBP, indicates its potential use therapeutically. For example, Rubinstein Taybi 

Syndrome, characterized by specific craniofacial abnormalities and moderate to severe intellectual 

disabilities, is typically a result of CBP mutations (Oike et al., 1999); therefore, PCAF activation 

might present as a possible cognitive rehabilitation tool in this population.  
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Wei et al. (2012) demonstrated that PCAF activation within the infralimbic PFC enhanced 

cued extinction memory by interacting with repressive factor Atf4, constraining plasticity. 

Similarly, PCAF inhibition ameliorated LTM impairments in mice with b-amyloid accumulation 

(as is seen in Alzheimer’s disease), by reducing activation of signaling pathways that trigger an 

inflammatory response (Park et al., 2015). Here, we have demonstrated another instance where 

PCAF’s interaction with a non-histone protein has mnemonic consequences, distinguishing this 

KAT from other memory-related KATs (i.e., CBP, p300, GCN-5), which have only been shown 

to acetylate histones in the regulation of (long-term) memory (Korzus et al., 2004; Barrett et al., 

2011; Oliveira et al., 2011; Stilling et al., 2014). This suggests a wider therapeutic potential for 

PCAF. 

 In opposition to the LTM effects, the STM-enhancing effects of intra-HPC PCAF 

activation do not fit with the majority of the literature that demonstrates LTM, but not STM, 

impairments upon inhibition or knock-out of various epigenetic mechanisms (Miller and Sweatt, 

2007; Fontán-Lozano et al., 2008; Lubin et al., 2008; Itzhak et al., 2012; Sui et al., 2012; Sultan et 

al., 2012; Leach et al., 2012; Kaas et al., 2013; Maddox et al., 2013b, 2013a, 2014; Morris et al., 

2014; Stilling et al., 2014; Mitchnick et al., 2015; Villain et al., 2016; Uchida et al., 2017), as these 

mechanisms regulate gene expression and STM has not been shown to require gene expression 

(Davis and Squire, 1984). However, there are a few studies that have noted STM impairments. 

Specifically, Guan and colleagues (2009) noted both long-term and short-term memory 

impairments (cued FC and Morris water maze acquisition) in their HDAC2 KO mice. Furthermore, 

when HDAC6 and Tip60 were genetically reduced in flies, they exhibited STM impairments in 

olfactory learning (Perry et al., 2017) and mating behaviour (Xu et al., 2014), respectively. As 

mentioned previously, PCAF K/O mice display STM impairments in the OiP task, Morris water 

maze acquisition, and spontaneous alternation (working memory) task, and intra-HPC PCAF 

inhibition also impairs short-term OiP memory (Mitchnick et al., 2016). Therefore, although 

uncommon, there are other reports for an involvement of typical epigenetic modulators in STM, 

most likely acting in a non-epigenetic (i.e., non-histone related) manner.  

 Interestingly, we did not find that PCAF activation within the PRh enhanced short-term 

OiP memory. Similarly, we had noted previously that intra-PRh PCAFi had no effects on OiP STM 

(Mitchnick et al., 2016), and Maurice and colleagues (2008) did not find any STM impairments in 
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spontaneous object recognition (SOR) in their PCAF K/O mice. Typically, SOR (i.e., recognition 

of a familiar object via preferential exploration of a novel object) is more heavily reliant on the 

PRh, and in fact, successful memory does not require the HPC (Winters et al., 2004; Barker and 

Warburton, 2011). It is likely then, that Maurice et al. (2008) did not find any deficits in short-

term SOR because PCAF does not support PRh-mediated STM; the ability of PCAF to modulate 

STM seems to be HPC-specific (i.e., HPC-dependent object recognition, Morris water maze, 

contextual FC). 

5.4.2 Estrogen receptors are involved in HPC-dependent OiP memory 

The ERa/ERb antagonist, ICI 182 780, impaired both short-term and long-term OiP memory, 

consistent with previous literature demonstrating a role for ERa and ERb in HPC-dependent 

memory (Walf et al., 2006; Frye et al., 2007; Clipperton et al., 2008; Liu et al., 2008; Hammond 

et al., 2009; Jacome et al., 2010; Pereira et al., 2014; Phan et al., 2015). Inhibition of ERa 

specifically most likely mediates the impairing effects of ICI 182 780 on STM, given that intra-

HPC ERa, but not ERb, agonism facilitated STM. Indeed, several previous studies have 

demonstrated enhancements in short-term object location and object recognition memory 

following ERa agonism, in both female ovariectomized mice (Pereira et al., 2014; Phan et al., 

2015) and rats (Walf et al., 2006; Frye et al., 2007), although this finding was not supported by 

one group (Jacome et al., 2010). To our knowledge, there have been no studies to investigate the 

effects of ERa or ERb pharmacological inhibition or agonsim on male rodents, as was done in the 

current study. There are many accounts of gonadectomy impairing STM and LTM (reviewed in 

(Frick et al., 2015), but see (Zhao et al., 2018)), and estrogen facilitating memory in both 

orchidectomized (Jacome et al., 2016) and gonadally-intact male rodents (Vazquez-Pereyra et al., 

1995; Packard et al., 1996; Heikkinen et al., 2002; Sánchez-Andrade and Kendrick, 2011), 

demonstrating a mnemonic role for estrogen in the male brain. Furthermore, several studies have 

indicated that ERa, not ERb, mediates plasticity and memory in males; specifically, ERa, but not 

ERb, agonism enhanced long-term potentiation and long-term depression, leading mechanisms in 

synaptic plasticity and memory, in HPC slices from male rats (Mukai et al., 2007; Tanaka and 

Sokabe, 2012), and ERa, but not ERb, knock-out male mice were impaired on long-term social 

recognition memory (Sánchez-Andrade and Kendrick, 2011). Therefore, our results are in 

accordance with previous findings demonstrating a mnemonic role for ERa in male rodents, and 



	 139	

here we have shown ER necessity and ERa involvement, specifically within the HPC for short-

term OiP memory.  

5.4.3 PCAF functionally interacts with ERa to enhance STM HPC-dependent OiP memory 

Here, we report that subthreshold ERa/ERb antagonism (Fig. S3) blocked the memory-enhancing 

effects of PCAF activation in STM, but not LTM. Furthermore, this functional interaction is 

mediated by ERa, as subthreshold PCAF inhibition (Fig. S4) blocked the STM-enhancing effects 

of ERa agonism. This is not the first indication that epigenetic mechanisms and estrogen signalling 

intersect for memory formation; specifically, using ovariectomized female mice, Karyn Frick’s lab 

has demonstrated that object learning coupled with intra-HPC administration of 17b-estradiol 

increased HAT activity, acetylation of histone 3 lysine 9 (AcH3K9), and AcH3 on the BDNF 

promoter, in addition to increasing HDAC1 mRNA and decreasing HDAC2 and HDAC3 protein 

levels (Zhao et al., 2010, 2012; Fortress et al., 2014). Interestingly, garcinol, a PCAF/p300 

inhibitor, blocked the 17b-estradiol-induced increase in AcH3K9 and decrease in HDAC2 protein, 

indicating that the enhanced HAT activity following 17b-estradiol administration was, at least in 

part, due to PCAF/p300 (Zhao et al., 2012). Indeed, intra-HPC garcinol impaired long-term SOR 

(Zhao et al., 2012). Likewise, in the current study, PCAF activation is presumably acetylating 

histone proteins to enhance gene expression (i.e., epigenetically) and LTM, similar to the 

mnemonic role of other HATs (Alarcón et al., 2004; Vecsey et al., 2007; Maurice et al., 2008; 

Stefanko et al., 2009; Barrett et al., 2011; Oliveira et al., 2011; Zhao et al., 2012; Maddox et al., 

2013a, 2013b; Stilling et al., 2014; Mitchnick et al., 2016). However, PCAF is also functionally 

interacting with ERa, likely activating ERa-mediated down-stream signalling cascades, to 

facilitate STM. Therefore, these results collectively demonstrate dissociable roles for PCAF in 

HPC-mediated LTM and STM. PCAF has previously been shown to activate ERa and ERRa in 

cell culture, but to our knowledge, this is the first demonstration that PCAF-mediated activation 

of ERa has behavioural relevance. Furthermore, this illustrates a novel mode of activation of ERa 

in the rapid facilitation of memory. It remains to be seen whether PCAF-mediated activation of 

ERa triggers the extracellular signal-regulated kinase (ERK) pathway, as has been shown 

previously in estradiol/ER-mediated STM and LTM (Fernandez et al., 2008; Zhao et al., 2010; 

Boulware et al., 2013; Fortress et al., 2013; Pereira et al., 2014; Kumar et al., 2015a), or another 
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estrogen-related signaling pathway (e.g., JNK or mTOR) (Fortress et al., 2013; Kim et al., 2016). 

Interestingly, Maurice and colleagues (2008) noted increased pERK1 (but not pERK2) in both 

male and female mice immediately following LTM retrieval of passive avoidance learning, but 

this was not seen in their PCAF K/O mice (Maurice et al., 2008). It is possible that in the absence 

of PCAF, ERa activation was reduced, subsequently failing to trigger ERK1 activation.  

 As discussed, previous reports have documented PCAF acetylation in the DNA binding 

domain (N-terminal domain) of both ERα (Blanco et al., 1998) and ERRα (Wilson et al., 2010). 

ERa also harbours two established acetylation sites (K302 and K303) within the hinge region 

between the N- and C-terminal domains (Reid et al., 2002). It is presumed that PCAF acetylates 

ERa in order to activate it, although this remains to be determined. Deacetylation of these residues 

might occur through HDAC2, which has also been previously shown to be involved in STM (Guan 

et al., 2009). 

 

5.4.4 Although estrogen is necessary in the male rat HPC for STM, the PCAF-ERa 

functional interaction may be estrogen-independent 

Letrozole has been shown to reduce dendritic spine synapse density in the HPC and completely 

abolish HPC LTP (7d administration) in female rodents (Vierk et al., 2012, 2014). Conversely, in 

males, letrozole did not affect synapse density, and LTP was only reduced ~20%. Whether these 

differences are due to the naturally higher circulating levels of estradiol (i.e., gonadally produced) 

in the female, or due to some additional (possibly protective) male mechanism, there are clear sex 

differences in the physiological effects of letrozole in the HPC (Vierk et al., 2014). However, 

letrozole has been found to impair HPC-dependent memory in both male and female rodents 

(Dutertre and Smith, 2003; Bailey et al., 2013; Bayer et al., 2015; Tuscher et al., 2016; Zhao et al., 

2018), and adult human females (Bayer et al., 2015); therefore, the current finding that letrozole 

impairs STM is in line with previous results, and indicates that estrogen synthesis is necessary in 

the gonadally-intact male rat HPC for short-term OiP memory formation.  

Conversely, inhibition of estrogen synthesis has also been shown to enhance memory in 

both male rats (Moradpour et al., 2006; Alejandre-Gomez et al., 2007) and adult human males 
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(Cherrier et al., 2005). Inhibition of aromatase, and thus estrogen synthesis, has been shown to 

have compensatory effects, including the upregulation of testosterone (T’Sjoen et al., 2005) which 

has pro-mnemonic effects in males (Cherrier et al., 2001). It is possible that this phenomenon is 

mediating the beneficial effects of aromatase inhibition on memory in certain cases, perhaps when 

local estrogen synthesis is reduced past a specific point. Alternatively, the small decrease (20%) 

in HPC LTP in male rats following letrozole administration (Vierk et al., 2014) might be enough 

to disrupt performance on certain tasks or under specific task parameters, but spare performance 

in other tasks; for example, Bayer et al. (2015) noted episodic memory impairments in the verbal 

and visual domains of post-menopausal women taking letrozole, but recall of colour-word 

associations was unaffected. Nevertheless, intra-HPC letrozole impaired STM object memory in 

male rats under the current experimental parameters. 

Interestingly, a low dose of letrozole did not affect the STM-enhancing properties of PCAF 

activation in the HPC, suggesting that PCAF can activate ERa in a ligand-independent manner. 

This is perhaps not surprising, as females with ductal hyperplasia (overgrowth of cells that line 

milk glands within breasts), a pre-malignant marker for breast cancer, have a mutation in the K303 

acetylation site (lysine to arginine; K303R) that results in decreased acetylation and increased 

estrogen sensitivity (Fuqua et al., 2000). Furthermore, in normal cells, phosphorylation at a nearby 

site (K305) correlates with decreased acetylation and increased ligand sensitivity, and these 

researchers demonstrated that indeed, K303R mutant cells exhibit increased phosphorylation 

efficiency (Cui et al., 2004). Whether increasing acetylation at K302 or K303 reduces 

phosphorylation and ligand sensitivity was not shown, but these results do demonstrate an inverse 

correlation between acetylation on ERa and ligand sensitivity, indicating that perhaps ERa 

activation via acetylation occurs in a ligand-independent manner, as our results suggest. 

In light of these results, PCAF activation could potentially be used in breast cancer patients 

who have been prescribed letrozole, as these patients exhibit memory deficits (Bayer et al., 2015); 

because the interaction between PCAF and ERa is likely estrogen-independent, the STM-

enhancing effects of PCAF activation would persevere in the presence of letrozole.  
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5.4.5 Conclusion 

Collectively, our results (summarized in Table S2) provide corroborating evidence for a mnemonic 

role of PCAF and ERa/b in both long-term and short-term memory (Walf et al., 2006; Frye et al., 

2007; Clipperton et al., 2008; Maurice et al., 2008; Hammond et al., 2009; Wei et al., 2012; Phan 

et al., 2015; Mitchnick et al., 2016), and ERa in STM in the male brain (Mukai et al., 2007; 

Sánchez-Andrade and Kendrick, 2011; Tanaka and Sokabe, 2012). Moreover, the functional 

interaction between PCAF and ERa that is able to facilitate short-term HPC-dependent OiP 

memory demonstrates both a novel substrate for PCAF’s pro-mnemonic effects and a novel 

activation method of rapid ER signalling. Future analyses will need to demonstrate a physical 

interaction between PCAF and ERa, in addition to determining whether PCAF-induced ERa 

activation enhances HPC-dependent memory in females. If indeed this interaction is ligand-

independent, it is possible that this method of ERa activation is specific to males, given their lower 

circulating levels of estrogens. Nevertheless, PCAFs ability to activate ERa and facilitate STM in 

the absence of estrogen demonstrates PCAF activation as a potential cognitive therapeutic avenue 

for populations taking aromatase inhibitors, such as some breast cancer patients (Bayer et al., 2015) 

or individuals with disorders of short stature (Hero et al., 2010). Furthermore, the ability of PCAF 

to enhance memory in the absence of CBP suggests that PCAF activation is a more robust method 

of mnemonic enhancement, in comparison to HDAC inhibition, and points to the potential use of 

PCAF activation for cognitive rehabilitation in individuals with Rubenstein Taybi Syndrome (CBP 

mutations). 

5.5 Methods 

5.5.1 Subjects. Adult male Long Evans rats were implanted with bilateral cannulae targeting the 

dorsal HPC (or PRh; see Supporting Materials). All experiments adhered to the guidelines of the 

Canadian Council on Animal Care, and were approved by the Animal Care Committee at the 

University of Guelph. See Supporting Materials for details. 

5.5.2 Behavioural Testing. All rats were habituated to an open empty field for 5min followed by 

a mock infusions (no infusate), on two successive days prior to any testing. Rats were run on STM 

and LTM versions of the OiP task; specific parameters are listed in Figure 1. Compounds were 

administered before or after the sample phase of the OiP task; compounds and infusion parameters 



	 143	

are listed in Figure 2. All experiments were run in a within-subjects design such that each rat 

experienced all drug conditions (i.e., 2-4 trials per experiment). A minimum of 3d were left 

between infusions. See Supporting Materials for details. 

 

Acknowledgements. This work was supported by National Sciences and Engineering Research 

Council (NSERC) Grant 400176 (to B.D.W.) and NSERC Grant 400212 to (E.C.), in addition to 

NSERC graduate scholarships (to K.A.M. and S.D.C.). Additional thanks to Keon Coleman for 

brain tissue sectioning and staining and Kelsy Ervin for help with drug doses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 144	

 

CHAPTER 6 
General Discussion 
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Gene expression presumably involves the coordinated effort of the GADD45 proteins, implicated 

in DNA demethylation, and HATs, which acetylate histones (and non-histone proteins), 

facilitating chromatin unwinding and gene accessibility. Conversely, genes that negatively 

regulate memory must be repressed for successful consolidation, and the DNMTs, which catalyse 

DNA methylation, aid in chromatin compaction and gene silencing. Here, we have demonstrated 

the necessity of various epigenetic proteins in PRh-mediated memory. Furthermore, we have 

shown several dissociations in the involvement of these proteins between the HPC and PRh in both 

short-term and long-term object memory. Use of the OiP task has enabled direct comparisons 

between these two brain regions 

within one task, eliminating the 

potential confounds of task 

differences.   As is evident in Table 

1, various patterns of epigenetic 

regulation are necessary to 

subserve memory in different brain 

structures. As discussed 

previously, this might be due to the 

different cytoarchitecture and 

forms of information processing 

localized to the HPC and PRh.  

6.1 Hippocampus 

Specifically, within the HPC, DNMT3a, GADD45b, and p300 might be involved in some form of 

learning-induced neurogenesis, explaining their dispensability in the non-neurogenic PRh. Indeed, 

GADD45b has been previously shown to be involved in activity-induced HPC neurogenesis (Ma 

et al., 2009), and DNMT3a is necessary for odourant-induced olfactory bulb neurogenesis 

(Colquitt et al., 2014) and HPC neurogenesis (Wu et al., 2010). Moreover, activating CBP/p300 

within the HPC enhanced HPC neurogenesis and memory (Chatterjee et al., 2013). TET proteins 

were not studied in the current body of work, but TET1 and TET2 have additionally been 

implicated in adult HPC neurogenesis and subsequent memory formation (Zhang et al., 2013; 

Table 1. Summary of the behavioural results. Black bars indicate 
that that protein or protein interaction was not found to be 
necessary for OiP memory, whereas green bars indicate that that 
protein was found to be necessary. We are unable to say for 
certain that the PCAF-ERa interaction found within the HPC is 
necessary for STM, as our experiments examined memory 
enhancements.  
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Gontier et al., 2018). Future work would benefit from determining the exact role for these various 

epigenetic players in learning-induced HPC neurogenesis. 

 Our experiments also illustrate the importance of assessing STM. Although uncommon, a 

handful of groups have demonstrated the involvement of HATs (KATs) and HDACs (KDACs) in 

STM (Maurice et al., 2008; Guan et al., 2009; Chen et al., 2010; Xu et al., 2014).  Here, we have 

shown that not only is PCAF necessary for short-term HPC-dependent OiP memory, it functionally 

interacts with ERa to facilitate STM in this paradigm, providing additional support for the role of 

non-histone lysine acetylation in learning and memory. The physical interaction between these 

two proteins remains to be shown, as does the mode of activation. We assume that PCAF is 

acetylating ERa to activate it, but it is possible that PCAF might only act as a bridge for another 

protein that is able to activate ERa. Furthermore, whether this mechanism also occurs in females 

is an avenue for future investigation.  

6.2 Perirhinal cortex 

In opposition to the HPC, neurons or specific synapses might need to be used in multiple, over-

lapping neuronal representations in non-neurogeneic regions; specifically, without any new 

neurons to represent similar experiences in an orthogonal fashion, neurons and/or specific synapses 

might need to be ‘re-used’ to code for a similar memory, creating overlapping representations. 

Within the PRh, DNMT1 might be involved in re-methylating these previously ‘used’ loci that 

need to be repressed for successful consolidation (i.e., memory suppressor genes) of a new 

memory. Conversely, GADD45a is likely involved in demethylating  memory-enhancing genes 

during necessary windows of gene expression. Although unanticipated, the finding that GADD45a 

and DNMT1 reside on intergenic regions in the genome is not entirely unexpected, given previous 

reports of DNA methylation on non-promoter, intergenic regions in the genome (Wu et al., 2010), 

and expression of lncRNAs from intergenic regions (Engreitz et al., 2016; Gallus et al., 2018). 

Moreover, lncRNA transcription can regulate the expression of adjacent genes, including memory-

related genes (Gallus et al., 2018), and this is possibly occurring in PRh to support object memory. 

Many other ncRNAs have recently been implicated in memory formation (Castel and Martienssen, 

2013; Di Ruscio et al., 2013; Li et al., 2016; Savell et al., 2016; Williamson et al., 2017), and this 

group of regulatory RNAs has been formally classified as a set of epigenetic mechanisms 
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(Peschansky and Wahlestedt, 2014; Schaukowitch and Kim, 2014). If expression of a ncRNA is 

occurring at these intergenic regions in the PRh following learning, it would seem that the 

expression is being regulated by GADD45a, but perhaps by more than just its role in DNA 

demethylation; specifically, our data suggest that GADD45a might be additionally blocking 

DNMT1 from methylating these regions, allowing expression of certain genes to occur. Indeed, 

DNMT1-mediated methylation has been shown to be blocked by GADD45a (Lee et al., 2012), 

DNMT1-interacting RNA (Di Ruscio et al., 2013), and microRNAs (Zhang et al., 2015), in various 

non-mnemonic situations. Here, we have shown evidence for a similar situation occurring during 

memory consolidation. Interestingly, David Sweatt’s and Jeremy Day’s labs have demonstrated a 

specific ncRNA, referred to as an extra coding RNA, that is transcribed along with specific 

plasticity-related genes, and degrades DNMTs, enabling the continual expression of its 

corresponding gene (Savell et al., 2016). These studies indicate, at least under certain 

circumstances, that DNA methylation might be rather non-specific within the genome, methylating 

wherever there are viable bases, and that many additional mechanisms are in place to regulate its 

activity and targets. Furthermore, these studies illustrate that epigenetic mechanisms can regulate 

one another. 

 The involvement of DNMT1 and GADD45a in other mnemonic brain regions should be 

investigated. This is the first demonstration for the necessity of both of these proteins in learning 

and memory. It is possible that these epigenetic regulators function in a mnemonic capacity 

specifically in PRh, but this is unlikely. Interestingly, Tim Bredy’s lab demonstrated increases in 

DNMT1 protein in the infralimbic PFC following cued fear extinction, when compared to cued 

fear learning (Wei et al., 2012). As discussed, our hypothesis for the role of DNMT1 in the PRh 

was to re-methylate neurons or synapses previously used in similar memories. DNMT1 might play 

a similar role during consolidation of extinction, as this form of learning involves an element of 

‘re-coding’, either in the form of re-learning or un-learning (or most likely both) (Clem and Schller, 

2016).  

6.3 Extending the Histone Code: Memory-Specific Epigenetic Codes 

The histone code, popularized by C. David Allis and colleagues (Strahl and Allis, 2000; Jenuwein 

and Allis, 2001), proposed that specific histone tail modifications can themselves remodel the 
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chromatin, as well as create recruitment sites for various epigenetic factors that also act to alter the 

chromatin, and these collectively modulate gene expression profiles required for specific cellular 

events. Several of the initial investigations of cognitive neuroepigenetics suggested that a specific 

histone code also underlies memory formation (Chwang, 2006; Wood et al., 2006b; Bredy et al., 

2007). Today, this seems somewhat simplistic given the necessity of DNA methylation and 

demethylation for memory consolidation, and the task and regional differences exhibited between 

studies (Levenson et al., 2004; Vecsey et al., 2007; Stefanko et al., 2009; Bousiges et al., 2010, 

2013; Haettig et al., 2011; Leach et al., 2012; Sultan et al., 2012; Scott et al., 2017; Uchida et al., 

2017; Li et al., 2018), including the dissociations we have presented here. It might be more fitting 

to suggest that a specific epigenetic code, consisting of various histone and DNA modifications 

mediated by certain HAT, HDAC, DNMT, TET, and GADD45 isoforms, exists for each type of 

memory, creating unique patterns of gene expression, and therefore, unique forms of memory. For 

example, given the preference of de novo DNMT3a and DNMT3b for methylating regions of the 

genome for the first time (i.e., de novo), it is not surprising that DNMT3a, but not DNMT1, was 

shown to regulate neurogenesis-specific genes in the HPC (Wu et al., 2010). It is unlikely that this 

same pattern of epigenetic regulation and gene expression would occur in non-neurogenic regions, 

such as PRh, and indeed, we have demonstrated here that DNMT3a is dispensable for PRh-

mediated memory. In recent years, it has been determined that DNA methylation can occur on 

other cytosine dinucleotides (e.g CpA), and on adenosine (Guo et al., 2014; Parashar et al., 2018). 

It is possible that these various methylation marks confer specific expression patterns, or are found 

on specific types of genes. By extension, DNA demethylation intermediates 5hmC, 5fC, and 5caC 

might exist as a specific code. Indeed, these DNA modifications have been found to be functionally 

relevant, and not mere intermediates of the demethylation pathway (Song et al., 2013; Bachman 

et al., 2015; Wang et al., 2015b; Chen et al., 2017; Webb et al., 2017). 

With regards to histone acetylation, there tends to be specific acetylation sites (e.g. 

AcH4K12) targeted by the various HATs that have been implicated in mnemonic processes 

(reviewed in Peixoto & Abel, 2013), and this most likely aids in the regulation of specific types of 

genes for various forms of memory. For example, GCN5 has only been shown to acetylate lysine 

residues on H3 and H4, whereas CBP acetylates residues on all four core histone proteins (Peixoto 

and Abel, 2013; Stilling et al., 2014). The pervasiveness of CBP-mediated histone acetylation 

suggests that it is implicated in most forms of memory, and possibly in other forms of activity-
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induced gene expression. For example, in the current set of studies, the finding that CBP and 

PCAF, but not p300, are necessary in both the HPC and PRh for LTM might suggest that they are 

more ubiquitously involved in memory than other epigenetic factors. Indeed, CBP and PCAF have 

both also been implicated in PFC-mediated LTM (Wei et al., 2012; Vieira and Korzus, 2015). 

Moreover, CBP has also been shown to be involved in weaker forms of memory, being replaced 

by Tip60 at specific genomic loci during stronger memory formation (Uchida et al., 2017), 

suggesting that CBP might play a less specific role in learning and memory, perhaps as an initial 

form of activity-induced regulation. Indeed, specific histone acetylation marks seemed to be 

involved in simpler forms of activity or learning (i.e., AcH3), whereas others are implicated only 

in stronger and associative forms of memory (AcH4) (Bousiges et al., 2010, 2013; Uchida et al., 

2017). It is possible that more ubiquitous histone acetylation marks, such as CBP-mediated AcH3, 

regulate expression of general activity-responsive genes, such as IEGs (Okuno, 2011). Conversely, 

more selective HATs and histone marks might be specific to different forms of memory, regulating 

task-specific profiles of genes.  

It is additionally possible that different epigenetic profiles regulate the same genes in 

opposing directions, to support different forms of memory. For example, perineuronal nets (PNN), 

a specialized form of extracellular matrix that form around synapses and constrain plasticity, are 

necessary in the HPC and mPFC for the formation of fear memories (Hylin et al., 2013). 

Conversely, reduction of PNNs within the amygdala (Xue et al., 2014) and PRh (Romberg et al., 

2013) enhance fear memory extinction and object recognition memory, respectively. In a similar 

vein, various forms of memory require long-term depression (LTD), a form of plasticity related to 

low frequency stimulation, internalization of AMPA receptors (glutamate receptor), and synaptic 

weakening (Collingridge et al., 2010). Gene expression implicated in the internalization of AMPA 

receptors include Arc, STEP (striatal enriched protein phosphatase), and MAP1B (microtubule 

associated protein 1B). PP1 and CaN are likely expressed during this processes as well, given that 

CaN triggers the activation of PP1 which dephosphorylates residues on AMPA receptors and leads 

to LTD (Collingridge et al., 2010). Interestingly, hypermethylation of CaN  and PP1 were found 

in area CA1 following contextual FC (Miller and Sweatt, 2007), and correspondingly, HPC-LTP 

is typically found to be necessary for this form of memory (Maren et al., 1994; Rogan et al., 1997). 

Conversely, LTD in the amygdala plays an important role in fear extinction (Kim et al., 2007). 

LTD is also necessary for PRh-mediated object recognition (Griffiths et al., 2008), HPC-dependent 
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MWM reversal learning, and non-matching to place performance (Nicholls et al., 2008). Taken in 

tandem, it has been postulated that LTD is necessary for behavioural flexibility (Nicholls et al., 

2008; Collingridge et al., 2010). It is likely that activation of these different cellular processes 

(LTP vs. LTD) trigger different patterns of epigenetic regulation and subsequent gene regulation. 

Indeed, TET1K/O mice demonstrated intact long-term contextual FC and MWM memory, as well 

as normal LTP, but exhibited impaired extinction and reversal learning, respectively, as well as 

altered LTD (Rudenko et al., 2013). 

To summarize, HPC-dependent FC, as opposed to behaviourally flexible tasks such as fear 

extinction and MWM reversal learning, were found to be impaired in the absence of PNNs, and 

this form of memory typically requires LTP, rather than LTD (Maren et al., 1994; Rogan et al., 

1997; Hylin et al., 2013). Although entirely different forms of memory, HPC-dependent object 

recognition might engage somewhat similar mechanisms, given that it is a one-trial HPC-

dependent memory task that does not involve behavioural flexibility. In opposition, PRh-mediated 

memory is enhanced in the absence of PNNs, and requires LTD (Griffiths et al., 2008; Romberg 

et al., 2013). As such, the specific involvement of PNNs and LTD in these forms of memory 

illustrate potential reasons behind the dissociable roles of epigenetic regulators in the PRh and 

HPC reported in the present studies.  

As indicated, much of the literature points towards a role of LTD in behavioural flexibility 

(Nicholls et al., 2008; Collingridge et al., 2010), although PRh-mediated object recognition is not 

typically considered to involve flexibility. It might be that LTD is actually necessary for synaptic 

flexibility, or the reshaping and refinement of synapses in order to ‘re-code’. This type of recoding 

would be necessary to unlearn, relearn, or shift responses, supporting fear extinction and various 

forms of learning requiring switching or reversals. It would be additionally be necessary in PRh-

mediated memory, as the myriad of objects that organisms interact with daily are likely similar to 

previously encountered objects. When a new object that is similar to a known object needs to be 

remembered, specific synapses might need to be recoded in order to support partially overlapping 

neuronal representations. As discussed above, we believe DNMT1 within the PRh functions to do 

just this: re-methylating loci that were previously methylated and demethylated during the 

consolidation of object #1, in order to now also code for object #2. As stated, this recoding is likely 
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unnecessary for HPC-dependent object recognition, given the constant influx of new neurons in 

this region. Future studies should examine the effects of DNMT1 inhibition within PRh on LTD.  

6.4 Conclusions 

 Collectively, our results highlight the necessity of examining epigenetic mechanisms in 

multiple brain structures that subserve memory, in order to determine their exact function. As 

epigenetic mechanisms modulate gene expression patterns, the differential involvement of various 

epigenetic factors in HPC- and PRh-mediated memory suggests that differential gene regulation 

supports different forms of memory.  

 At the present time, it is no longer a question as to whether a novel DNA modification or 

KAT is involved in memory, or that these mechanisms regulate memory-related gene expression; 

rather, it is now important to ask when and where these factors are regulating gene expression to 

support different forms of memory, and how these epigenetic players interact to modulate 

expression, before any comprehensive conclusions can be drawn about a specific set of 

mechanisms. For example, Li and colleagues (2018) have recently demonstrated two waves of 

gene expression following learning, each regulated by different epigenetic mechanisms. Here, we 

have shown differential involvement of epigenetic factors in the HPC and PRh to support different 

components of the same object memory. Several groups have begun to demonstrate the 

coordination of epigenetic actions on specific genomic loci (Uchida et al., 2017; Gallus et al., 

2018; Li et al., 2018); however, none include all known factors (e.g., DNA methylation, DNMTs, 

DNA demethylation, GADD45s, TETs, histone acetylation, HATs, histone deacetylation, HDACs, 

ncRNAs, histone variant exchange, chromatin looping, etc.). In tandem, including these aspects in 

future research will begin to illustrate a time course of interwoven epigenetic mechanisms that are 

uniquely tuned to each mnemonic brain region, and/or each type of memory.  

The form of memory being assessed should additionally be given more focus, as each 

mnemonic region can support a variety of memory forms. For example, the HPC is implicated in 

a myriad of tasks, such as contextual FC, object recognition, and the MWM. Contextual FC is 

typically considered an implicit or non-declarative form of memory that does not require the 

organism to be able to recount the event in detail, whereas long-term memories for OiP and MWM 

learning would be considered more episodic- or declarative-like memory (Griffiths et al., 1999; 
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Winters et al., 2008). Furthermore, contextual FC and object recognition tasks are one-trial 

learning paradigms, whereas the MWM is a multi-trial, and often multi-day, form of learning, 

which presumably involves a gradual refinement of the underlying neural circuitry. Even within 

one-trial learning tasks, some involve punishment or threat, such as contextual FC, whereas others 

are entirely passive, such as object recognition, and the consequence of the learning episode likely 

affects the pattern of epigenetic regulation and subsequent gene expression. For example, the 

robust memory that occurs following a FC episode is evolutionarily beneficial for the survival of 

the organism. In fact, acquisition of an odour-shock association (cued FC) in male mice was found 

to be transmitted through two generations; specifically, male cross-fostered offspring in the F1 and 

F2 generations exhibited hypomethylation of a specific odour-receptor gene in the sperm, and 

behavioural sensitivity to the corresponding odour, similar to the F0 male, even though the F1 and 

F2 generations had never experienced the odour-shock association (Dias and Ressler, 2014). 

Neuroanatomically, there were also enlarged areas in the olfactory bulbs. These findings of 

transgenerational inheritance suggests permanent epigenetic regulation to a subset of genes. It is 

unlikely that similar results would have been obtained from training in one of the various object 

recognition paradigms, as these tasks are rather neutral, with no reward or punishment. The distinct 

differences between these various forms of memory are undoubtedly mediated by differential 

patterns and/or timing of gene expression, and by extension different epigenetic mechanisms, in 

one or more brain regions. As such, investigating various mechanisms in different forms of 

memory is highly warranted.  

 In conclusion, we have demonstrated the involvement of epigenetic mechanisms within the 

PRh, and encountered several distinct differences between this temporal lobe memory structure 

and the well-studied HPC. Most notably, we have illustrated a novel functional interaction between 

PCAF and ERa in the regulation of STM in the HPC, and between GADD45a and DNMT1 in the 

regulation of LTM in the PRh. 
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Gene Primer Sequence 

DNMT3a2    F 5´-CCGGGTGCTATCTCTCTTTG-3´ 

                     R 5´-TGACGATGGAGAGGTCATTG-3´  

DNMT3b     F 5´-AACGGATGGCTTCTGATGTC-3´ 

 R 5´-CCTGCAGCAGCTTGTGTTAC-3´ 

DNMT1       F 5´-GCGCTCATTGGCTTTTCTAC-3´ 

 R 5´-GATGGCAGAAGGAGGAACAG-3´ 

HPRT          F 5´-TCCTCATGGACTGATTATGGACA-3´ 

 R 5´-TAATCCAGCAGGTCAGCAAAGA-3´ 

	

	

	

	

Gene siRNA Sequence 

DNMT3a CGCUGAAGGAAUAUUUUGC 

DNMT3b GUAGGAACCAUUAAGCAUG 

DNMT1 GGAGAAACCUGAACGAGUA 

Table S1. Accell short-interference RNA 
sequences 

Table S2. Primer sequences for mRNA analysis 
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Total Sample Exploration 
Averages (seconds) 

Total Choice Exploration 
Averages (seconds) 

Experiment Control 
Condition 

Experimental 
Condition 

Control  
Condition 

Experimental 
Condition 

1   à HPC RG-108, LTM 38.5 (4.2) 39.8 (2.3) 15.6 (1.8) 15.3 (2.3) 
     à HPC RG-108, STM 50.4 (6.4) 43.8 (3.4) 18.7 (1.5) 20.7 (2.5) 
     à HPC RG-108, LTM retest 46.0 (3.6) 42.5 (2.4) 11.1 (1.3) 10.0 (1.0) 
2   à HPC DNMT3a siRNA, LTM 53.5 (2.1) 54.2 (2.2) 13.5 (1.1) 13.6 (1.8) 
     à HPC DNMT3a siRNA, STM 25.7 (3.5) 26.7 (2.9) 11.6 (1.9) 10.5 (1.8) 
     à HPC DNMT3a siRNA, LTM retest  42.3 (4.3) 47.3 (3.3) 9.5 (0.6) 10.7 (1.6) 
3   à HPC DNMT3b siRNA, LTM 59.8 (4.1) 55.6 (4.1) 12.7 (1.1) 13.6 (1.2) 
4   à HPC DNMT1 siRNA, LTM 41.8 (4.7) 44.5 (4.6) 13.3 (1.0) 11.9 (1.6) 
5   à PRh RG-108, LTM 57.5 (3.8) 56.5 (3.6) 15.6 (1.8) 15.3 (2.3) 
     à PRh RG-108, STM 48.7 (2.8) 47.1 (3.9) 13.9 (1.7) 15.1 (1.8) 
     à PRh RG-108, LTM retest 57.4 (1.5) 60.1 (5.7) 17.7 (1.1)* 13.6 (1.6)* 
6   à PRh DNMT3a siRNA, LTM 63.0 (3.1) 69.2 (4.8) 16.2 (1.0) 17.1 (1.1) 
7   à PRh DNMT3b siRNA, LTM 61.3 (4.3) 55.2 (4.4) 14.8 (0.9) 12.8 (1.0) 
8   à PRh DNMT1 siRNA, LTM 59.8 (3.2) 58.8 (3.50 14.9 (1.1) 15.2 (0.8) 
          PRh DNMT1 siRNA, STM 7.8 (3.9) 54.5 (2.8) 19.8 (1.7) 17.1 (1.6) 
          PRh DNMT1 siRNA, LTM retest 21.8 (3.8) 57.4 (3.0) 19.7 (1.7) 16.4 (1.5) 
9   à mRNA expression HPC (DG)      N/A 62.3 (3.3) N/A      N/A 
     à mRNA expression HPC (CA regions)      N/A 69.2 (3.1) N/A      N/A 
10 à mRNA expression PRh      N/A 62.3 (3.3) N/A      N/A 
     
Supplementary Experiments     
     
S1   à HPC RG-108, STM (2h) 57.4 (3.7) 58.4 (3.0) 13.1 (0.6) 17.2 (2.0) 
S2a à HPC 5-AZA, STM 47.2 (5.9) 53.4 (3.8) 10.0  (1.5) 13.0 (1.2) 
S2b à HPC 5-AZA, LTM 49.5 (3.2) 44.1 (3.7) 12.5 (0.6) 11.9 (1.5) 
S3   à mRNA expression N/A N/A N/A N/A 
S4a à HPC DNMT3a siRNA, post-sample 
            administration 

49.3 (4.6 55.0 (4.6) 9.0 (1.0) 11.0 (1.3) 

S4b à HPC DNMT3a siRNA, 1d pre-sample 
            administration 

62.7 (3.1) 56.8 (4.1) 15.5 (1.5) 17.7 (2.5) 

S5   à PRh RG-108, STM (2h) 57.3 (4.8) 63.6 (3.2) 14.3 (1.2) 12.8 ( 1.1) 
S6a à PRh 5-AZA, LTM 55.3 (5.2) 56.4 (5.4) 9.1 (1.7) 9.2 (1.8) 
S6b à PRh Lidocaine, LTM 70.4 (4.6) 75.0 (9.0) 14.8 (0.9) 12.8 (1.3) 
S6c à PRh 5-AZA, LTM (SOR task) 20.6 (1.1) 19.5 (0.7) 13.3 (1.4) 12.8 (2.3) 
S6d à PRh 5-AZA, LTM, pre-sample 
            infusions (SOR task) 

20.2 (1.0) 19.9 (0.9) 13.5 (1.7) 14.4 (1.4) 

NB – All paired samples t-tests are non-significant unless otherwise reported (*). 

 

 

 

Table S3. Amount of exploration in seconds during each experiment. Values are reported as the mean 
+/- the SEM. 
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Discrimination Ratio for Total Sample Exploration 
Averages 

Experiment Control  
Condition  

Experimental  
Condition  

1   à HPC RG-108, LTM -0.01 (0.05) -0.01 (0.05) 
     à HPC RG-108, STM 0.01 (0.07) -0.08 (0.08) 
     à HPC RG-108, LTM retest 0.03 (0.05) -0.02 (0.06) 
2   à HPC DNMT3a siRNA, LTM 0.01 (0.04) -0.04 (0.05) 
     à HPC DNMT3a siRNA, STM -0.06 (0.07) -0.09 (0.06) 
     à HPC DNMT3a siRNA, LTM retest  -0.07 (0.04) -0.09 (0.07) 
3   à HPC DNMT3b siRNA, LTM 0.05 (0.06) 0.07 (0.05) 
4   à HPC DNMT1 siRNA, LTM -0.01 (0.06) -0.01 (0.05) 
5   à PRh RG-108, LTM 0.03 (0.05) -0.01(0.04) 
     à PRh RG-108, STM -0.01 (0.07) -0.11 (0.05) 
     à PRh RG-108, LTM retest -0.08 (0.07) 0.05 (0.06) 
6   à PRh DNMT3a siRNA, LTM 0.02 (0.06) -0.02 (0.05) 
7   à PRh DNMT3b siRNA, LTM -0.04 (0.04) 0.06 (0.07) 
8   à PRh DNMT1 siRNA, LTM -0.03 (0.06) -0.07(0.05) 
          PRh DNMT1 siRNA, STM 0.09 (0.07) 0.01 (0.05) 
          PRh DNMT1 siRNA, LTM retest 0.06 (0.07) -0.01 (0.07) 
9   à mRNA expression HPC (DG) N/A  
     à mRNA expression HPC (CA regions) N/A  
10 à mRNA expression PRh N/A  
   
Supplementary Experiments   
   
S1   à HPC RG-108, STM (2h) -0.11 (0.06) -0.09 (0.10) 
S2a à HPC 5-AZA, STM -0.11 (0.08) 0.08 (0.06) 
S2b à HPC 5-AZA, LTM 0.05 (0.07) -0.09 (0.08) 
S3   à mRNA expression N/A  
S4a à HPC DNMT3a siRNA post-sample 
            administration 

-0.02 (0.06 0.02 (0.04) 

S4b à HPC DNMT3a siRNA 1d pre-sample 
            administration 

0.04 (0.06) -0.01 (0.06) 

S5   à PRh RG-108, STM (2h) 0.01 (0.06) 0.10 (0.05) 
S6a à PRh 5-AZA, LTM 0.20 (0.30) -0.08 (0.13) 
S6b à PRh Lidocaine, LTM 0.10 (0.04) 0.13 (0.09) 
S6c à PRh 5-AZA, LTM (SOR task) -0.04 (0.06) -0.09 (0.07) 
S6d à PRh 5-AZA, LTM, pre-sample 
          infusions (SOR task) 

-0.13 (0.06) -0.01 (0.06) 

       NB – All paired samples t-tests are non-significant unless otherwise reported (*). 

 

 

 

Table S4. Average discrimination ratio (DR) of the total sample exploration (5min). Values 
are reported as the mean +/- the SEM. 
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Additional Experiments 

Experiment S1 – Non-targeting siRNA spread analysis 

We wanted to determine the spread of the Accell siRNAs used in Experiments 2-4 and 6-8, in both 

the HPC and PRh, as the effects of this technique in the brain are poorly characterized. 

Additionally, we sought to demonstrate that the siRNAs did reach the dentate gyrus of the HPC, 

validating our decision to section the dorsal HPC tissue into sub-regions (dentate gyrus and CA 

regions) in Experiment 9 and 10.  

Methods -  

Accell FAM (6-fluorescein amidite)-labeled non-targeting control siRNA (green) was micro-

infused into both the dHPC and PRh of 3 double-cannulated animals. Rats underwent transcardial 

perfusion two days later. Surgical cannula implantation, siRNA microinfusions and transcardial 

perfusion procedures were the same as those described in the main text. The brains were post-fixed 

in 4% PFA at 4°C overnight, then immersed in 20% sucrose in PBS at 4°C for three days 

(Nakajima et al., 2012). A cryostat was used to slice coronal sections (40 µm) through the extent 

of HPC and PRh. Every third section was mounted on a gelatin-coated glass slide and cover-

slipped with an aqueous mounting medium (Fluoromount G; Southern Biotech), while every fourth 

section was mounted, stained with cresyl violet and cover-slipped using a dehydrated mounting 

medium (Permount; Fischer Scientific).  Fluorescence was detected in the former sections using 

confocal miscroscopy, and light microscopy was used to determine cannula placements in the latter 

sections. FAM-labeled control siRNA spread in the dorsal HPC and PRh was assessed by 

overlaying the images of fluorescing sections with the adjacent stained sections. 

Results - Two days following intra-dorsal HPC and PRh microinfusions of Accell FAM-labeled 

non-targeting control siRNA fluorescence was detected in the dorsal HPC from approximately -

2.56mm to -3.6mm A/P relative to Bregma (spread of 1.0mm), including both area CA1 and the 

DG. See Figure S1a for a representative sample. Within PRh, fluorescence was detected from 

approximately -6.04mm to -6.80mm A/P relative to Bregma (spread of 0.8mm). See Figure S1b 

for a representative sample. 
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Experiment S2 - RG-108 within the HPC does not impair STM with a 2h retention delay 

To ensure the lack of effect of RG-108 on short-term memory (20min) was not the result of a 

delayed activation or localization of the infusate, a 2h STM retention delay was additionally 

employed in Experiment S2 to assess the effects of intra-HPC RG-108 on short-term OiP memory 

at a longer time point.  

Methods - A different set of rats (n = 12) was used, and all other parameters were identical to 

Experiment 1a.  

Histology – The histological methodology for experiment S2-S3 and S5-S8 was as described in 

the main text, and the results were comparable.   

Results - A paired-samples t-test demonstrated no differences between groups (t11= 0.30, P= 0.77), 

and both the control condition (M= 0.34, SEM= 0.07; t11= 4.65, P= 0.001) and RG-108 condition 

(M= 0.30, SEM= 0.08; t11= 3.86, P= 0.003) displayed significant memory compared to chance 

(Fig. S2) when a 2h retention delay was used. This further demonstrates that intra-HPC RG-108 

does not impair short-term OiP memory (20min or 2h).  

 

Experiment S3 - 5-AZA within the HPC impairs long-term OiP memory 

Previous studies examining the mnemonic role of DNMTs have used 5-AZA-2´-deoxycytidine (5-

AZA; Scott et al., 2013; Levenson et al., 2006; Miller & Sweatt, 2007; Miller et al., 2008, 2010; 

Nelson et al., 2008; Han et al., 2010; Munoz et al., 2010; Monsey et al., 2011; Sui et al., 2012), a 

non-selective DNMT inhibitor working through a slightly different mechanism than RG-108. As 

a cytidine analogue, 5-AZA is dependent on the DNA replication machinery in order for it to be 

incorporated into DNA to exert its effect; specifically, 5-AZA forms an adduct with the DNMT 

bound to the DNA, disabling the DNMT from dissociating (Gros et al., 2012). Conversely, non-

nucleoside DNMT inhibitors, such as RG-108,  bind to circulating DNMTs, preventing them from 

transferring methyl groups onto cytosine residues (Gros et al., 2012). Therefore, to evaluate the 

robustness of the mnemonic impairment produced by intra-HPC RG-108 (Exp. 1), we also tested 

long-term and short-term OiP memory following intra-HPC 5-AZA administration, for 

comparison.		
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Methods - Two groups of naïve rats received immediate post-sample intra-HPC infusions of 5-

AZA (0.4µg/µl in 0.9% physiological saline; Sigma Aldrich), or physiological saline, counter-

balanced. Memory was tested in the choice phase following a 20min (n =12) or 24h (n = 9) 

retention delay.  

Results - A mixed-factor ANOVA with drug (control, 5-AZA) as the within-subjects factor, and 

delay (20min, 24h) as the between-subjects factor, revealed non-significant main effects of drug 

(F1,19= 2.66, P= 0.37), and phase (F1,19= 0.86, P= 0.12), but an interaction term that approached 

significance (F1,19= 3.66, P= 0.071; Fig. S3).  

Planned comparison paired-samples t-tests indicated no difference between the control and 

drug conditions when a 20min retention delay was used (t11= 0.67, P= 0.52), and one sample t-

tests indicated significant memory versus chance in both conditions (t11= 2.23, P=.045, and t11= 

3.24, P= .008, for the control and drug conditions, respectively). Alternatively, when a 24h 

retention delay was used, the paired-samples t-test revealed a significant difference between the 

control and drug conditions (t8= 2.44, P= .041), and one-sample t-tests demonstrated that only the 

control condition remembered significantly better than chance (t8= 4.35, P= .008, and t8= 0.05, 

P= .96, for the control and drug conditions, respectively). Therefore, DNMT activity in the HPC 

appears to be necessary for long-term but not short-term OiP memory.  

 

Experiment S4 - Accell DNMT siRNAs cause a selective knock-down two days following 

intra-cranial administration 

Due to the protracted nature of siRNA incorporation into neurons (Nakajima et al., 2012), it is 

unclear whether the lack of siRNA-induced short-term memory impairments are due to the 

inactivity of the siRNAs at this earlier time point, or if DNMTs are indeed unnecessary for short-

term OiP memory. Furthermore, the selectivity and effectiveness of administration of siRNAs 

directly into the brain have not been well characterized. Therefore, in order to determine the 

efficacy and selectivity of the DNMT siRNAs that were employed in Experiments 2-4 and 6-8, we 

assessed the mRNA expression levels of DNMT1, DNMT3a and DNMT3b in the dorsal HPC 

(dentate gryus and CA regions) and PRh two days following intra-HPC and intra-PRh 

administration of the various siRNAs.  
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Methods - Fifteen experimentally naïve rats received intra-HPC and intra-PRh, unilateral infusions 

of either DNMT1, DNMT3a, DNMT3b, and the non-targeting siRNA, or the Accell delivery 

media. More specifically, each rat received a unilateral injection (e.g. left PRh and HPC) of a 

DNMT siRNA (1, 3a or 3b), and a unilateral injection (e.g. right PRh and HPC) of the non-

targeting siRNA or only the Accell media, counter-balanced.  These micro-infusions were similar 

to those described in the main text, although they were unilateral rather than bilateral infusions.  

Two days later, all rats experienced an OiP sample phase similar to that of the experimental 

animals in Experiments 9 and 10. Experiment S4 assessed the effects of DNMT siRNA 

administration on learning-induced DNMT mRNA expression by comparing this to learning-

induced expression following non-targeting siRNA administration (baseline). Rats were sacrificed 

30mins following learning and the DG, CA regions and PRh were excised, similar to Experiment 

9 and 10.  

Collectively, Experiment S4 yielded five DNMT siRNA treated samples per brain region 

(i.e. five DNMT1 siRNA PRh samples, five DNMT3a siRNA PRh samples and five DNMT3b 

siRNA samples), in addition to eight non-targeting siRNA treated samples and seven Accell 

media-only treated samples per brain region.  

Results –  

Non-targeting siRNA – To ensure that the non-targeting siRNA did not affect DNMT levels, the 

non-targeting siRNA treated samples were compared to the Accell media-only treated samples in 

the CA regions. Results revealed no changes in DNMT3a, (t7= 1.14, P= .292), DNMT3b, (t5= 

0.56, P= .599), or DNMT1, (t7= 0.81, P= .448), expression (graph not shown), validating our non-

targeting siRNA as a suitable control in our behavioural experiments. DNMT1, 3a and 3b siRNA 

treated samples were therefore compared to the non-targeting siRNA treated samples. 

DG – Infusions of DNMT3a siRNA induced a significant decrease in DNMT3a mRNA following 

learning, (t4= -4.76, P= .009), but had no effect on the expression of DNMT3b, (t4= -0.68, 

P= .532), or DNMT1, (t4= 0.35, P= .743). Infusions of DNMT3b siRNA induced a substantial but 

not quite significant decrease in DNMT3b mRNA following learning, (t3= -2.23, P= .056), but 

had no apparent effect on the expression of DNMT3a, (t3= 0.31, P= .774), or DNMT1, (t3= 0.53, 

P= .635). Infusions of DNMT1 siRNA induced a significant decrease in DNMT1 mRNA 
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following learning, (t4= -10.24, P< .001), but had no effect on the expression of DNMT3a, (t4= 

0.17, P= .874), or DNMT3b, (t4= -0.04, P= .971). See Figure S4A. 

CA regions – Infusions of DNMT3a siRNA induced a significant decrease in DNMT3a mRNA 

following learning, (t4= -3.90, P= .018), but had no effect on the expression of DNMT3b, (t4= 

0.26, P= .808), or DNMT1, (t4= -1.07, P= .344). Infusions of DNMT3b siRNA induced a 

significant decrease in DNMT3b mRNA following learning, (t4= -4.45, P= .011), but had no effect 

on the expression of DNMT3a, (t3= 0.34, P= .760), or DNMT1, (t3= 0.34, P= .758). Infusions of 

DNMT1 siRNA induced a significant decrease in DNMT1 mRNA following learning, (t4= -6.73, 

P= .003), but had no effect on the expression of DNMT3a, (t4= -0.32, P= .767), or DNMT3b, (t4= 

1.52, P= .203). See Figure S4B. 

PRh – Infusions of DNMT3a siRNA induced a significant decrease in DNMT3a mRNA following 

learning, (t3= -14.57, P< .001), but had no effect on the expression of DNMT3b, (t3= -0.94, 

P= .415), or DNMT1, (t3= 0.85, P= .460). Infusions of DNMT3b siRNA induced a significant 

decrease in DNMT3b mRNA following learning, (t4= -3.75, P= .020), but had no effect on the 

expression of DNMT3a, (t3= -1.99, P= .141), or DNMT1, (t3= -1.22, P= .310). Infusions of 

DNMT1 siRNA induced a significant decrease in DNMT1 mRNA following learning, (t3= -2.34, 

P= .050), but had no effect on the expression of DNMT3a, (t3= 0.44, P= .692), or DNMT3b, (t4= 

0.22, P= .894). See Figure S4C. 

Collectively, these results demonstrate the selectivity of the individual DNMT enzymes and 

validate their activity in vivo two days following intra-cranial administration. This latter point 

strengthens our claim that short-term object memory (20min or 2hr) is not affected by DNMT 

inhibition with these siRNAs given 2d prior to the sample phase.  

 

Experiment S5 - 1d pre-sample administration of DNMT3a siRNA to the HPC caused LTM 

impairments, but not immediate post-sample administration 

As discussed, the use of intra-cranial siRNA administration to assess behavioural consequences of 

a specific knock-down is not common. As such, the length of time necessary for a single intra-

cranial siRNA administration to induce a behavioural change (i.e. the length of time necessary for 
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incorporation into neurons and/or the percentage of neurons affected in a given time) is unclear. 

To determine the time frame required for siRNAs to produce behavioural outcomes, we tested 

long-term (24h) OiP memory following intra-HPC administration of DNMT3a siRNA 

immediately following object acquisition, and 1d prior to object acquisition.  

Methods – Using a new set of rats (n = 11) we tested the effects of immediate post-sample 

(Experiment S5a) and 1d pre-sample (Experiment S5b) intra-HPC administration of DNMT3a or 

non-targeting siRNA on long-term (24h) OiP memory. With the exception of the timing of 

infusion, the methodology was identical to Experiment 2. One rat was sick and another rat lost his 

head cap between Experiment S5a and S5b; therefore, both rats were removed from analyses in 

Experiment S5b. 

Results –  

Experiment S5a – No mnemonic impairment was noted following immediate post-sample 

DNMT3a siRNA administration; specifically, the control and experimental conditions were 

equivalent (t10= 0.22, P= 0.83, and both the control (t10= 2.78, P= 0.02), and experimental (t10= 

4.359, p= .001) conditions displayed memory significantly above chance level (Fig. S5). This 

demonstrates that Accell siRNA should be administered prior to its desired time of onset for intra-

cranial experiments, similar to the parameters suggested for in vitro analyses (Thermo Scientific: 

Dharmacon).  

Experiment S5b – With the same animals we tested the effects of 1d pre-sample intra-HPC 

administration of DNMT3a siRNA on long-term OiP memory. Similar to the 2d pre-sample effect 

(Exp. 2), a significant difference in novelty preference was observed between conditions (t9= 2.64, 

P= 0.027); specifically, the control condition successfully discriminated the familiar object when 

compared to chance (t9= 4.02, P= 0.003), but the experimental condition did not (t9= 0.16, P= 

0.88; Fig. S5).  

The 2d pre-sample administration time point was chosen for further experimentation (Exp. 

2-4, 6-8) rather than 1d pre-sample administration, as it more closely resembled previous literature 

(Strezoska and Seredenina, n.d.; Nakajima et al., 2012).  
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Experiment S6 – RG-108 within the PRh does not impair OiP STM with a 2h retention delay 

For reasons similar to those discussed in Experiment S2, a 2h retention delay was also used to 

assess short-term OiP memory in the PRh.  

Methods – A new set of animals (n= 12), was used for Experiment S6. All other experimental 

details were identical to Experiment S2, with the exception of the targeted brain region.  

Results – The results were similar to the effect of intra-PRh RG-108 on short-term memory tested 

with a 20min delay (Exp. 5); conditions were not statistically different, as evidenced by a paired-

samples t-test (t11= 0.18, P= 0.86), and both the control condition (M= 0.27, SEM = 0.08; t11= 

3.312, P=0.007) and RG-108 condition (M= 0.29, SEM= 0.08; t11= 3.52, P= .005) displayed 

significant memory compared to chance (Fig. S6). 

 

Experiment S7: 5-AZA within the PRh does not impair long-term OiP memory  

For similar reasons as discussed in Experiment S3, the effect of a mechanistically distinct DNMT 

inhibitor, 5-AZA, on long-term OiP memory in PRh was assessed.  

Methods – In Experiment S7a, new set (n = 12) of experimentally naïve rats received immediate 

post-sample intra-PRh infusions of 5-AZA or physiological saline, counter-balanced and long-

term memory was tested 24h later, similar to Experiment S3. Using the same set of animals, the 

effect of intra-PRh microinfusions of lidocaine (20µg/µl in 0.9% physiological saline; Sigma 

Aldrich) on long-term memory was assessed, using the same parameters as Experiment S7a. 

Results –  

Experiment S7a – Rats receiving 5-AZA remembered as well as in the control condition (t11= 0.65, 

P= 0.53; Fig. 7). Additionally, both the control condition (t11= 2.73, P= 0.02) and 5-AZA 

condition (t11= 3.47, P= 0.005) displayed memory when compared to chance. These results 

suggest that 5-AZA does not impair PRh-mediated object memory.  

Experiment S7b – Because the lack of impairment in Experiment S7a was unexpected, to ensure 

that the PRh is indeed necessary for success in the OiP paradigm in our hands, infusions of 
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lidocaine, a sodium channel blocker, were administered. A paired-samples t-test indicated that 

infusions of lidocaine significantly disrupted performance compared to the control condition (t11= 

5.76, P< 0.001; Fig. S7). Furthermore, when treated with lidocaine, rats did not display memory 

compared to chance (t11= -1.73, p= .111), unlike in the control condition (t11= 6.38, P< 0.001). 

This confirms previous accounts (Barker and Warburton, 2011) that the PRh is necessary for OiP 

task performance, despite the lack of effect of 5-AZA in Experiment S7a. 

 

Experiment S8: 5-AZA within the PRh does not impair long-term HPC-independent SOR 

memory 

Because the OiP task allows for an object-location associative memory, it is conceivable that 

DNMTs might not be necessary in the PRh for a ‘spatial’ object memory. To test whether 5-AZA 

impairs purely PRh-mediated object recognition, Experiment S8a/b utilized the spontaneous object 

recognition (SOR) task run in a Y-apparatus, as object recognition under these conditions require 

an intact PRh, but not necessarily the HPC (Winters et al., 2004; Forwood et al., 2005).  

Methods – The SOR task used in Experiments S8c and S8d was conducted in a Y-shaped apparatus 

as described previously (Winters et al., 2004; Forwood et al., 2005). Briefly, the Y-shaped 

apparatus had high homogeneous white walls constructed from Plexiglas to prevent the rat from 

looking out into the room (see Fig. S8). The apparatus walls were 40 cm high, and each arm was 

27 cm in length and 10 cm wide. The start arm contained a guillotine door 18 cm from the rear of 

the arm. This provided an area within which the rat could be confined at the start of a given trial.  

The procedures used in the SOR task generally followed those used in the OiP task. During 

the sample phase, two identical objects were placed in the Y-shaped apparatus, one at the end of 

each exploration arm. Similar to OiP testing, rats were transported in a transfer cage and placed in 

the start box with the guillotine door lowered. The guillotine door was then raised to allow the rat 

into the exploration area of the Y-shaped apparatus. When the rat exited the start box, the guillotine 

door was lowered to prevent re-entry, and the sample phase began. The sample phase ended when 

the rat had explored the identical objects for a total of 25sec, or after 3min had passed, whichever 

came first. At the end of the sample phase, the rat was removed from the Y-shaped apparatus and 

was transported back to the colony room. After the retention delay (in this case 24h), the choice 
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phase proceeded in a similar fashion with the exception of the duration, 2min, and the objects, as 

one of the sample objects was replaced with a novel object. 

Specifically, in Experiment S8a, a new set of experimentally naive rats (n = 10) received 

bilateral intra-PRh infusions of 5-AZA or control, counter-balanced, immediately following the 

sample phase, and memory was tested 24h later. Using the same animals, the timing of the infusion 

was manipulated in Experiment S8b, as intra-PRh microinfusions of 5-AZA or control occurred 

immediately preceding the sample phase.   

Results –  

Experiment S8a – A paired-samples t-test demonstrated that this resulted in performance 

comparable to the control condition (t9= 0.04, P= 0.97; Fig. S9). Additionally, both conditions 

displayed memory when compared to chance level (t9= 3.49, P= .007, and t9= 3.30, P= .009, for 

the control and drug conditions, respectively).  Means and standard errors for the sample and 

choice phase control measures were similar to our previously published results (Winters et al., 

2009); see Table S3 and S4. 

Experiment S8b – It is possible that 5-AZA must be available or ‘on-board’, during object learning, 

or perhaps that it takes longer to localize to the nucleus and exert its effect; therefore, in Experiment 

S8b rats received 5-AZA or control immediately prior to the sample phase. The results seen in 

Experiment S8a were replicated; conditions were not significantly different, as evidenced by a 

non-significant paired-samples t-test (t9= 1.59, P= 0.15), and both the control condition (t9= 3.32, 

P= 0.009) and experimental condition (t9= 6.10, P< .001) yielded better-than-chance performance 

(Fig; S9).  

Experiments S7 and S8 therefore strongly suggest that 5-AZA does not disrupt PRh-

mediated long-term object recognition. Although the effects of intra-PRh 5-AZA on short-term 

memory were not tested, a mnemonic impairment is unlikely given the lack of DNMT involvement 

in various short-term memory tasks as assessed by 5-AZA (Monsey et al., 2011), DNMT3a short-

hairpin RNA (Oliveira et al., 2012),  and RG-108 (Exp. 1 and 5). 

Due to recent reports of instability and toxicity with cytidine analogues, more focus has 

been paid to the non-nucleoside group of DNMT inhibitors, including RG-108. Although many 
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behavioural studies have used 5-AZA (Scott et al., 2013; Levenson et al., 2006; Miller & Sweatt, 

2007; Miller et al., 2008, 2010; Nelson et al., 2008; Han et al., 2010; Munoz et al., 2010; Monsey 

et al., 2011; Sui et al., 2012), the discrepant findings between RG-108 and 5-AZA within the PRh 

illustrate an additional concern with the efficacy of 5-AZA, as similar results would normally be 

expected. 

 

Analysis of Behavioural Data from Experiments 9 and 10 

The sample phase video recordings for all animals used in mRNA expression Experiments 9 and 

10 were additionally scored by a blind observer for eight different behaviours using The Observer 

Video Analysis software (Noldus Information Technology, Wageningen, Netherlands). Inactivity 

was defined as sitting or freezing. Movement of the forepaws over the face and/or body was 

considered grooming. Locomotion was measured by the number of line crossings on a 3x3 grid 

superimposed over the entire apparatus for each video. The amount of time spent in each of the 

nine sections created by this 3x3 grid was also tabulated, and is referred to as exploration location. 

Exploratory behavior was divided into three types of exploration. corner/wall exploration was 

defined as exploration with the nose pointed at the wall or corner, with less than 2 cm from the 

nose to the wall/corner. Floor exploration was characterized as exploration with the nose pointed 

less than a 90º angle from the floor. External environment exploration was defined as exploratory 

behaviour with the nose pointed greater than a 90º angle from the floor and exploration while the 

rat is reared up on its hind legs with its paws either in the air, on an object or on the wall, with the 

nose pointed upwards. The number of fecal droppings were also counted at the end of each video 

recording.  

Independent samples t-test were used in order to determine whether the experimental 

(viewed objects) and control (context-only) rats used in mRNA expression Experiments 9 and 10 

engaged in similar amounts of various behaviours during the OiP sample phase. No differences in 

locomotion were noted (t26= 0.89, P= 0.382), as assessed by the number of line crossings on a 3x3 

grid superimposed over each video (Fig. S10a). Similarly, the number of fecal droppings did not 

differ between the control and experimental groups (t26= -0.19, P= 0.835; Fig. S10a). The 

remaining five behaviours were measured in total amount of time engaged in the activity. A mixed-
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factors ANOVA, with section (section 1-9 of the open field) as the within-subjects factor, and 

group (experimental and context-only controls) as the between-subjects factor, produced a non-

significant section X group interaction (F1,26= 0.81, P= 0.377) and main effect of group (F1,26= 

0.18, P= 0.673). There was a significant difference in the amount of exploration per section when 

group was held constant (main effect of segment; F8,208= 17.78, P< 0.001). Independent sample t-

tests additionally demonstrated that the amount of grooming did not differ between groups, (t1,26= 

0.49, P= 0.628), nor did the amount of external environment exploration, (t26= 0.85, P= 0.933). 

The only differences present in the current data set are significantly higher amounts of inactivity, 

(t26= 2.06, P= 0.050), wall/corner exploration, (t26= 3.98, P< .001), and floor exploration, (t26= 

5.64, P< .001), exhibited by the control animals (Fig. S10c). Refer to the main text for discussion 

of these results.  
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Figure S1. 
(A) Photomicrograph (5x magnification) illustrating FAM-labeled control siRNA 
within a section of the dorsal HPC overlaid upon the adjacent nissl stained 
section. (B) Photomicrograph (5x magnification) illustrating FAM-labeled control 
siRNA within a section of the PRh overlaid upon the adjacent nissl stained 
section. 
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Figure S2.  Intra-HPC RG-108 did not impair short-term OiP memory 
when a 2h delay was employed, suggesting that DNMTs are 
not necessary in the HPC for short-term object memories.	
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Figure S3.  Intra-HPC infusions of the non-selective nucleoside DNMT inhibitor, 
5-AZA, had no effect on OiP performance when a short-term memory delay 
(20min) was employed, but significantly impaired performance with a 24h 
retention delay. Data are mean discrimination ratio ± SEM (* p < .05). 
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Figure S4.  Two day pre-sample DNMT3a, 
DNMT3b and DNMT1 siRNA administration 
selectively knocks down only the targeted 
DNMT in the DG (A), CA regions (B) and PRh 
(C), in comparison to non-targeting control 
siRNA administration. These results 
additionally demonstrates that these siRNAs 
are active two days following learning; 
therefore, the absence of short-term 
mnemonic impairments noted in our 
behavioural experiments demonstrates the 
lack of DNMT involvement in short-term 
object memories, rather than ineffectiveness 
of the DNMT siRNAs. Data are mean relative 
mRNA expression levels as a percentage of 
controls ± SEM (* p< .05, ** p< .01, *** 
p< .001).  	
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Figure S5. Immediate post-sample intra-HPC administration of  
DNMT3a siRNA had no effects on long-term OiP memory; however, when 
administration occurred 1 day prior to OiP acquisition, significant mnemonic 
impairments were noted 24h later. This demonstrates that Accell siRNAs are 
functionally active, in vitro, both 1 day and 2 days (Exp. 2 and 5) following 
administration. 
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Figure S6. Intra-PRh RG-108 did not impair short-term OiP memory 
when a 2h delay was employed, suggesting that DNMTs are 
not necessary in the PRh for short-term object memories.	
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Figure S7.  Intra-PRh infusions of 5-AZA did not impair OiP performance with a 
long-term retention delay (24h). Intra-PRh infusions of lidocaine, however, did 
disrupt long-term OiP memory, suggesting that the PRh is indeed necessary for 
OiP memory. Data are mean discrimination ratio ± SEM (* p < .05, *** p < .001). 
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Figure S8. Spontaneous object recognition (SOR) task in the Y-
apparatus. The high opaque walls discourage the use of spatial cues  
during both acquisition and retrieval. As such, this is a  
HPC-independent task but relies heavily on the PRh.	 
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Figure S9. Neither immediate post-sample nor pre-sample intra-PRh 
administration of 5-AZA impaired long-term SOR performance in a Y-apparatus, 
a canonical PRh-dependent paradigm. This suggests that the mechanism 
through which 5-AZA inhibits DNMT function, in contrast to the effects of RG-
108, does not affect PRh-dependent long-term OiP memory. Data are mean 
discrimination ratio ± SEM. 
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Figure S10. (A) A detailed analysis of 
the behaviours exhibited in the mRNA 
expression experiments (Exp. 9/10) 
found no differences in locomotion 
(line crossings), defecation, (B) the 
amount of time spent in different 
areas of the open field, (C) grooming 
or exploring the external environment. 
The control animals did however 
spend more time inactive, as well as 
exploring the walls/corners and floor 
of the open field. Data are mean 
discrimination ratio ± SEM (* p < .05, 
*** p < .001). 
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APPENDIX 2 
Supporting Material for Chapter 3 

Double dissociation between the involvement of GADD45a and 
GADD45b/g in the perirhinal cortex and hippocampus of rats for 

object memory 
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Accell siRNA Dharmacon Product Number Targeted Region 

GADD45a A-094525-13-0010 3’ UTR 

GADD45b A-100459-13-0010 ORF 

GADD45g A-0901148-13-0010 ORF 

Non-targeting 
control 

Sequence #1  

	

Table	S1.	Short-interference	RNA	sequences	(Dharmacon,	Lafayette,	CO,	USA).	UTR	=	
untranslated	region,	ORF	=	open	reading	frame.	
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Table	S2.	OiP	sample	phase	total	exploration.	Data	are	presented	as	average	total	exploration	
(±SEM)	in	seconds.	

Drug Condition Retention Delay 

Exp. 2a - HPC 24h 1h 

Control 65.67 (6.34) 56.72 (3.19) 

GADD45a siRNA 62.28 (6.61) 55.36 (2.41) 

Exp. 2b - HPC 24h 1h 

Control 57.52 (7.03) 57.74 (4.03) 

GADD45b siRNA 54.24 (4.80) 61.81 (5.43) 

Exp. 2c - HPC 24h 1h 

Control 58.32 (5.09) 58.24 (4.41) 

GADD45g siRNA 56.97 (3.97) 62.85 (3.88) 

Exp. S1- HPC 24h 1h 

Control 68.81 (2.50) 52.08 (1.77) 

NCA 70.33 (2.70) 60.06 (3.58) 

Exp. 3a - PRh 24h 1h 

Control 59.36 (4.50) 56.29 (5.02) 

GADD45a siRNA 64.06 (5.89) 58.36 (6.93) 

Exp. 3b - PRh 24h 1h 

Control 66.94 (5.73) 56.06 (3.72) 

GADD45b siRNA 58.30 (5.53) 53.96 (4.60) 

Exp. 3c - PRh 24h 1h 

Control 55.63 (5.35) 49.86 (5.40) 

GADD45g siRNA 52.11 (5.42) 56.3 (5.07) 

Exp. S1 - PRh 24h 1h 

Control 52.44 (3.28) 50.62 (2.19) 

NCA 52.27 (3.58) 45.74 (3.03) 
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Drug Condition Retention Delay 

Exp. 2a - HPC 24h 1h 

Control 11.20 (1.02) 12.67 (1.81) 

GADD45a siRNA 12.4 (1.86) 11.00 (1.43) 

Exp. 2b - HPC 24h 1h 

Control 13.81 (2.06) 12.56 (1.13) 

GADD45b siRNA 12.76 (1.36) 13.4 (1.36) 

Exp. 2c - HPC 24h 1h 

Control 12.34 (1.12) 13.07 (1.52) 

GADD45g siRNA 14.00 (0.69) 11.62 (1.08) 

Exp. S1 - HPC 24h 1h 

Control 16.32 (0.70) 12.03 (1.38) 

NCA 16.49 (1.30) 15.22 (2.30) 

Exp. 3a - PRh 24h 1h 

Control 13.55 (1.64) 12.28 (1.24) 

GADD45a siRNA 13.06 (1.92) 11.85 (1.61) 

Exp. 3b - PRh 24h 1h 

Control 11.36 (1.24) 11.40 (1.53) 

GADD45b siRNA 12.24 (1.51) 11.03 (0.97) 

Exp. 3c - PRh 24h 1h 

Control 12.72 (1.77) 14.01 (2.19) 

GADD45g siRNA 11.26 (0.99) 13.73 (1.73) 

Exp. S1 - PRh 24h 1h 

Control 17.00 (0.90) 14.77 (1.30) 

NCA 15.45 (1.34) 12.32 (0.92) 

Table	S3.	OiP	choice	phase	total	exploration	(first	minute).	Data	are	presented	as	average	
total	exploration	(±SEM)	in	seconds.	
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Table	S4.	Primer	sequences	for	quantitative	real-time	polymerase	chain	reaction.	

	

 

 

 

 

mRNA Target Primer Sequence 

GADD45a F 5´-TGCGAGAACGACATCAACAT-3´ 

R 5´-TCCCGGCAAAAACAATAAG -3´  

GADD45b F 5´-GTTCTGCTGCGACAATGACA -3´ 

R5´- TTGGCTTTTCCAGGAATCTA-3´ 

GADD45g F 5´-ATGACTCTGGAAGTCCGT-3´ 

R 5´-CAGGGTCCACATTCAGGAC-3´ 

HPRT F 5´-TCCTCATGGACTGATTATGGACA-3´ 

R 5´-TAATCCAGCAGGTCAGCAAAGA-3´ 

ChIP-qPCR locus #1 F 5´-AGCCACAGCGATTACTATCGAGT-3´ 

R 5´-TCATACACGAGCTGAACACAGA-3´ 

ChIP-qPCR locus #2 F 5´-GGACTACCGATCACTATCGAGA-3´ 

R 5´-ACATACAGTTCTGACCATAGT-3´ 
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Supplementary Materials & Methods 

Animal Subjects – Twenty-two rats, in addition to those discussed in the main manuscript, were 

used. All other details are reported in the main manuscript. 

Surgical Procedures – All details are reported in the main manuscript. 

Inhibitors & Infusions – The apurinic endonuclease 1 (APE1) inhibitor 7-nitroindole-2-carboxylic 

acid (NCA; Millipore) was used to target the base excision repair (BER) pathway. Specifically, 

following base excision by a DNA glycosylase, APE1 cleaves the apurinic/apyrimidic site, 

creating a break in the DNA (Wilson and Bohr, 2007; Al-Safi et al., 2012). Additional components 

work to repair the base (Wilson and Bohr, 2007; Al-Safi et al., 2012). NCA was used at a 

concentration of 1µg/µl, and was dissolved in 100% DMSO. Infusions occurred as detailed in the 

main manuscript.  

Object-in-Place Procedure – All details are identical to those reported in the main manuscript, 

with the exception of the infusion parameters; intra-cranial infusions of NCA (Millipore) occurred 

immediately following the sample phase, rather than 2d prior. 

Data Analysis – All details are reported in the main manuscript. 

Histology -  All details are reported in the main manuscript. 

 

Supplementary Results 

Intra-HPC NCA impaired OiP memory in a delay-independent manner: A 2x2 ANOVA revealed 

a non-significant interaction (F(1,11) = 0.861, p = 0.373; n = 12) and main effect of drug condition 

(F(1,11) = 0.26, p = 0.622). The main effect of delay was significant (F(1,11) = 17.28, p = 0.002). A 

priori planned comparisons demonstrated that the drug condition performed significantly worse 

than the control condition, at both the 24h (t(11) = 3.38, p = 0.006) and 1h (t(11) = 3.23, p = 0.008) 

retention delays. Moreover, rats in the drug conditions did not display memory when compared to 

chance (t(11) = -0.35, p = 0.731 and t(11) = -0.19, p = 0.852, for the 24h and 1h retention delays, 

respectively), whereas rats in the control conditions did (t(11) = 4.24, p = 0.001 and t(11) = 5.62, p < 

0.001, for the 24h and 1h retention delays, respectively). See Figure S1a. 
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Intra-PRh NCA impaired OiP memory in a delay-independent manner: A 2x2 ANOVA revealed 

a significant interaction (F(1,9) = 5.13, p = 0.050; n = 10) and main effect of  delay (F(1,9) = 47.51, 

p < 0.001). The main effect of delay was non-significant (F(1,9) = 2.29, p = 0.164). A priori planned 

comparisons demonstrated that the drug condition performed significantly worse than the control 

condition, at both the 24h (t(9) = 6.59, p < 0.001) and 1h (t(9) = 4.44, p = 0.002) retention delays. 

Moreover, rats in the drug conditions did not display memory when compared to chance (t(9) = 

2.50, p = 0.034 and t(9) = 0.13, p = 0.899, for the 24h and 1h retention delays, respectively), 

whereas rats in the control conditions did (t(9) = 15.03, p < 0.001 and t(9) = 6.00, p < 0.001, for the 

24h and 1h retention delays, respectively). See Figure S1b.  
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Figure	S1.	(a)	Intra-HPC	administration	of	the	APE1	inhibitor	(NCA)	impaired	long-term	and	
short-term	OiP	memory.	(b)	Intra-PRh	administration	of	the	APE1	inhibitor	(NCA)	impaired	long-
term	and	short-term	OiP	memory.	

 

 

 

 

 

 

 

(a)	 (b)	
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Gene siRNA Sequence 

CBP    F 5´- GCAGCAGCCAGCAUUGAUA -3´ 

p300     F 5´- CCTTCTCCACACCATGTTTCT -3´ 

PCAF       F 5´- GAAGCCACCATTTGAAAAGC -3´ 

Non-targeting 

Control         

Sequence #1 

	

	

	

	

	

	

	

	

	

	

	

	

	

 

Table 1. Accell siRNA sequences (open reading frame; Dharmacon) 
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 Total Sample Exploration 
Averages (seconds) 

Total Choice Exploration 
Averages (seconds) 

Experiment Control  
Condition 

Experimental  
Condition 

Control  
Condition 

Experimental  
Condition 

Intra-Hippocampal Administration     
C646, LTM 47.8 (4.7) 47.2 (4.2) 9.4 (1.1) 9.5 (0.9) 
C646, STM 49.2 (3.3) 47.3 (1.9) 9.7 (0.8) 7.8 (0.5) 
C646 LTM retest 45.1 (3.4) 43.2 (2.1) 12.4 (1.3) 12.4 (0.9) 
CBP siRNA, LTM 53.4 (2.1) 49.3 (4.3) 7.8 (0.9) 8.2 (0.9) 
CBP siRNA, STM 54.0 (2.7) 48.6 (2.6) 9.9 (1.3) 8.0 (1.0) 
CBP siRNA, LTM retest 39.7 (6.3) 39.6 (4.9) 9.4 (1.1) 8.9 (1.1) 
Plumbagin, LTM 48.7 (2.2) 52.4 (2.9) 9.4 (0.9) 8.5 (0.6) 
Plumagin, STM 53.5 (3.1) 50.7 (2.8) 8.6 (1.0) 9.6 (1.1) 
Plumbagin, LTM retest  49.4 (2.9) 54.3 (3.0) 9.9  (1.1) 10.7 (1.7) 
p300 siRNA, LTM 65.5 (7.0) 68.7 (4.9) 15.8 (1.7) 17.6 (1.3) 
p300 siRNA, STM 62.1 (4.0) 64.3 (4.3) 13.2 (2.3) 12.2 (1.1) 
p300 siRNA , LTM retest  67.1 (5.5) 64.9 (4.5) 16.9 (1.4) 14.8 (1.7) 
Embelin, LTM 54.0 (2.5) 52.2 (1.7) 10.9 (0.9) 10.1 (0.9) 
Embelin, STM (20min) 52.8 (2.3) 48.2 (2.0) 12.0 (1.9) 10.9 (0.9) 
Embelin, STM (5min) 51.7 (2.3) 53.4 (2.5) 10.6 (1.6) 9.9 (0.5) 
PCAF siRNA, LTM 53.0 (3.3) 55.3 (3.2) 10.1 (.07) 11.8 (0.4) 
PCAF siRNA , STM (20min) 61.8 (3.8) 61.9 (3.4) 10.6 (0.9) 8.9 (1.0) 
PCAF siRNA , STM (5min) 64.5 (2.3) 67.0 (2.7) 10.2 (0.7) 9.0 (0.9) 
Intra-Perirhinal Cortex Administration     
C646, LTM 54.4 (3.6) 49.4 (2.7) 8.9 (0.3) 9.3 (0.4) 
C646, STM 49.0 (4.6) 48.4 (4.2) 8.7 (0.4) 9.0 (0.4) 
C646 LTM retest 45.9 (3.5) 41.0 (2.5) 10.1 (0.3) 9.8 (0.5) 
CBP siRNA, LTM 51.0 (2.8) 51.8 (2.8) 9.8 (1.0) 10.4 (0.6) 
CBP siRNA, STM 42.1 (2.3) 37.4(3.9) 9.5 (0.8) 11.1 (1.0) 
CBP siRNA, LTM retest 39.2 (3.1) 42.5 (3.3) 11.2 (1.0) 9.6 (1.2) 
p300 siRNA, LTM 60.1 (1.9) 57.7 (3.3) 14.4 (1.5) 15.6 (1.2) 
p300 siRNA, STM 48.8 (5.6) 46.4 (4.2) 10.5 (1.3) 10.6 (1.2) 
Plumbagin, LTM 42.6 (3.5) 46.7 (4.2) 9.6 (1.1) 11.5 (0.8) 
Plumbagin, STM 40.8 (4.0) 41.0 (2.6) 9.2 (1.2) 8.9 (1.3) 
PCAF siRNA, LTM 57.0 (7.3) 60.4 (5.9) 11.3 (1.3) 11.8 (1.4) 
PCAF siRNA, ST 46.5 (4.4) 49.8 (3.4) 9.9 (1.4) 8.2 (1.6) 
PCAF siRNA, LTM retest 37.9 (2.9) 43.7 (3.3) 19.3 (1.5) 16.7 (2.0) 
PRh Embelin, LTM 47.8 (2.4) 49.4 (2.0) 9.4 (0.7) 9.2 (0.8) 
PRh Embelin, STM 41.8 (3.2) 44.2 (2.3) 9.7 (1.0) 11.6 (1.0) 
PRh Emebelin, LTM retest 38.1 (3.2) 39.1 (3.6) 11.9 (0.7) 11.7 (0.8) 
mRNA Expression     
DG      N/A 62.3 (3.3) N/A      N/A 
CA regions      N/A 69.2 (3.1) N/A      N/A 
PRh      N/A 62.3 (3.3) N/A      N/A 

Sdfsd 
 
 
fdfdf 

Table 2. Exploration during each experiment. Values are reported as the mean +/- SEM. 



	 218	

 

 

	

	 	 	

Gene Primer Sequence 

CBP    F 5´- GCAGCCAGCATTGATAATAGAG -3´ 

                     R 5´- TTGGGAAGAACCTTGTAAATCC -3´ 

p300     F 5´- CCTTCTCCACACCATGTTTCT -3´ 

 R 5´- TGAACTCAAGTCTGCACTATCG -3´ 

PCAF       F 5´- GAAGCCACCATTTGAAAAGC -3´ 

 R 5´- GAGCCTCCAGATGCCAGTAG -3´ 

HPRT          F 5´- TCCTCATGGACTGATTATGGACA -3´ 

 R 5´- TAATCCAGCAGGTCAGCAAAGA -3 ´ 

	

	

	

 

 

 

 

 

 

 

 

Table 3. Primer sequences for mRNA analysis 
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*Demonstrated a significant familiarity preference, rather than no preference. This effect did not occur in the  
24h test, or in the LTM memory test using a PCAF siRNA, and is therefore most likely an artifact. 
 
 
 
 
 

HAT Targeted HAT Inhibitor Region Targeted OiP Delay Result 

CBP/p300 C646 Hippocampus 24h Impaired 
   20min Successful 
   24h retest Impaired 
CBP CBP siRNA Hippocampus 24h Impaired 
   20min Successful 
   24h retest Impaired 
p300 p300 siRNA Hippocampus 24h Impaired 
   20min Successful 
   24h retest Impaired 
p300 Plumbagin Hippocampus 24h Impaired 
   20min Successful 
   24h retest Impaired 
PCAF PCAF siRNA Hippocampus 24h Impaired 
   20min Successful 
   5min Successful 
PCAF Embelin Hippocampus 24h Impaired 
   20min Impaired 
   5min Impaired 
CBP/p300 C646 Perirhinal Cortex 24h Impaired 
   20min Successful 
   24h retest Impaired 
CBP CBP siRNA Perirhinal Cortex 24h Impaired 
   20min Successful 
   24h retest Impaired 
p300 p300 siRNA Perirhinal Cortex 24h Successful 
   20min Successful 
p300 Plumbagin Perirhinal Cortex 24h Successful 
   20min Successful 
PCAF PCAF siRNA Perirhinal Cortex 24h Impaired 
   20min Successful 
   24h retest Impaired 
PCAF Embelin Perirhinal Cortex 24h Impaired 
   20min Successful 
   24h retest Impaired* 

Table S4. Design and results of behavioural experiments 
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Methods 

Subjects. Adult, male Long Evans rats (Charles River, QC, Canada), weighing 270-300g 

(approximately 3mo) at the start of testing, were used for all experiments. Rats were paired housed 

and maintained on a 12h reverse light cycle (08:00h lights off; 20:00h lights on). Behavioral testing 

occurred during the rats’ waking hours (dark phase), although the testing room was illuminated by 

ceiling-mounted fluorescent lighting. Rats were maintained at an 85–90% free-feeding body 

weight (20g of rodent chow/day). Rats were fed after testing was completed on experiment days. 

Water was available ad libitum. All procedures adhered to the guidelines of the Canadian Council 

on Animal Care, and were approved by the Animal Care Committee at the University of Guelph. 

 Cannula Implantation Surgery. All rats underwent intracranial surgical cannula implantation 

targeting the dorsal HPC (Mitchnick et al., 2016). One additional set of animals underwent 

intracranial surgical cannula implantation targeting the perirhinal cortex (PRh). Prior to surgery, 

rats were anesthetized using the inhalation anesthetic isoflurane (Benson Medical Industries, ON, 

Canada), and received a systemic subcutaneous injection of the analgesic meloxicam (5 mg/ml; 

Boehringer Ingelheim, ON, Canada). Rats were secured in a stereotaxic frame with the incisor bar 

placed at −3.3mm (Kopf Instruments, Tujunga, CA, USA). The scalp was incised and retracted to 

expose the skull. Holes were drilled into the skull and 22-gauge indwelling cannula guides were 

implanted according to the following coordinates relative to the skull at bregma (Paxinos and 

Watson, 1998b): anteroposterior −3.8mm, lateral ±2.5mm, dorsoventral −2.5mm for HPC 

placements, and anteroposterior, −5.5mm; lateral, ±6.6mm; dorsoventral, −7.0mm for PRh 

placements. The guide cannulas were anchored to the skull by four jeweler screws and dental 

acrylic. Dummy cannulas (0.36mm diameter) were placed into the guide cannulas where they 

remained, except during infusions. Dummy cannulas were cut to extend 1.1mm past the end of the 

guide cannula. The scalp was sutured post-surgery. Rats were given 7–10d to recover before 

testing. 

Inhibitors/Activators and Infusion Parameters 

All inhibitors, activators, and control compounds are listed in Table S1 (Fig. 2 with additional 

information), including their mechanisms of action, dose, and infusion parameters. Drug doses, 

control solutions, and infusion parameters (administration time in relation to the sample phase, 
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days between infusions) were chosen based on previous literature or our pilot data. Compounds 

were dissolved in their respective control solutions. 

For all behavioural experiments, within a given trial rats received bilateral infusions of one of the 

inhibitors/activators or control solutions outlined in Table S1. All experiments were run in a 

counter-balanced, within-subjects design; therefore, when testing the effects of one 

inhibitor/activator compared to vehicle, each rat participated in two trials, whereas when a low 

dose of an inhibitor/activator was used to block the effects of another inhibitor/activator compared 

to vehicle, four trials were used.  During these interaction experiments, rats received two separate 

infusions per trial: one infusion inhibiting or activating PCAF, and the other infusion inhibiting or 

activating ERs/estrogen synthesis. The order of delivery was kept constant; specifically, PCAF-

modulating compounds were always administered prior to ERs/estrogen synthesis-modulating 

compounds. Multiple infusions were separated by 3mins or 3d, depending on the specific 

compounds being administered (see Table S1). Infusions were delivered by a Harvard Apparatus 

(Holliston, MA, USA) precision syringe pump set to administer infusions at a rate of 0.5 µl/min. 

Two 1µl Hamilton syringes were secured to the pump, and propylene tubing holding infusion 

cannulas were attached. Infusions lasted 2min (total 1µl of infusate). The infusion cannulas were 

left in for an additional 1.5min to allow for the diffusion of the infusate, and dummy cannulas were 

returned following each infusion. All infusions were performed in the dark (active phase) under 

red light. 

Object-in-Place Procedure. The procedures and apparatus have been described previously 

(Mitchnick et al., 2015, 2016). Figure 1 depicts the OiP task with a representative object set; four 

objects varying in size (7–20cm), color, material (glass, aluminum, meal, ceramic and plastic) and 

texture were placed in each corner of the open field, 5cm way from the walls. The objects were 

washed with 50% ethanol between trials to eliminate exploration bias due to olfactory cues. The 

open field (60×60×36cm3) was constructed from white, plastic-coated corrugated cardboard. The 

apparatus walls and floors were bare. Spatial cues were present in the testing room (i.e., party 

decorations on the walls, shelving, coloured door), and a ceiling-mounted white light illuminated 

the room. All rats experienced two 5min habituation sessions on successive days, allowing them 

to explore the empty open field, followed by a mock microinfusion (no infusate).  
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Depending on the experiment, rats received one or two HPC microinfusions, before or after the 

sample phase (pre-sample; post-sample; see Table S1). For experiments assessing the impairing 

effects of an agent, the sample phase was 5min in duration. During the sample phase, rats were 

allowed to freely explore four different novel objects (Mitchnick et al., 2016) (see Fig. 1). To 

assess long-term memory (LTM), rats experienced a 2-min choice phase 24h later, where they 

viewed the same four objects, but two objects had switched locations (right or left, 

counterbalanced) creating a ‘novel side’ (Fig. 1a). Preference for the objects on the novel side was 

interpreted as being indicative of memory. To assess STM, the retention delay between the sample 

and choice phases was 20min. The assessment of memory enhancing was accomplished by 

reducing the sample phase duration such that control rats did not remember following a retention 

delay; specifically, to assess the memory enhancing effects of LTM (24h delay), a 3-min sample 

phase was used, whereas a 2-min sample phase was used to assess STM (20min delay) 

enhancements (see Fig. 1). 

Due to the within-subjects design of our experiments, an experiment assessing the effects of one 

pharmacological agent had two trials (i.e. all rats received a control infusion and a drug infusion, 

counter-balanced). Experiments assessing the interaction of two pharmacological agents had four 

trials (i.e. control/control, drug 1/control, control/drug 2, drug 1/drug 2). A minimum of 1d was 

left between trials to avoid potential mnemonic interference, but this inter-trial interval was longer 

for certain experiments due to the mode of action and half-life of the compound; specifically, 5d 

were left between infusions of SPV106 as infusions were given 3d pre-sample (Wei et al., 2012), 

1wk was left between infusions of ICI 720 780 to allow ERs to repopulate (Long and Nephew, 

2006), (and 13d were left between letrozole infusions due to its longer half-life (Mitwally and 

Casper, 2001) and our pilot experiments (see Table S1). 

Data Analysis - Behavioural. The sample and choice phases were recorded by a ceiling-mounted 

camera, and exploration, scored by an experimenter blind to the treatment conditions, was defined 

as directing the nose to the objects at a distance of <2cm and/or touching it with the nose. Novelty 

preference was used as an indicator of memory and was calculated by the following discrimination 

ratio (DR): exploration of displaced objects minus exploration of familiar-sided objects divided by 

total object exploration. Although the total 2min of choice exploration was recorded and scored, 

DRs were calculated from the exploration levels in the first minute only, during which object 
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discrimination is typically most robust (Dix & Aggleton 1999). For experiments assessing two 

drug conditions and two delay periods, a 2x2 repeated-measures analysis of variance (ANOVA) 

was employed, with DR as the dependent measure. Further paired-samples t-tests (Bonferroni-

adjusted to correct for multiple comparisons) were run as planned comparisons between drug or 

retention delay conditions. For experiments assessing the effects of four drug conditions, a One-

way ANOVA was used, and paired-samples t-tests were run as planned comparisons. The only 

exception was the assessment of a single compound on only one retention delay, where only a 

paired-sample t-test was conducted between conditions. Additionally, total sample and choice 

object exploration levels for both drug and control conditions were examined in each testing phase 

to assess potential pre-existing or drug-induced non-mnemonic differences; specifically, paired 

samples t-tests were run comparing the total sample or choice exploration for control and drug 

conditions. Control analyses were non-significant unless otherwise stated. Descriptive statistics 

can be found in Table S2. All analyses were conducted as two-tailed tests with a confidence 

interval of 0.05, and Bonferroni correction was applied for multiple comparisons. The number of 

asterisks on graphs are representative of the corrected p-value cut-off values (e.g., two 

comparisons = *p< 0.025, **<0.005, ***p<0.0005), although we have indicated these in the 

typically seen notation (*p< 0.05, **p< 0.01, ***p <.001) for reader simplicity. 

Histology. Brains were collected after behavioral testing and processed as previously described 

(Mitchnick et al., 2015, 2016) to confirm cannula placements. Specifically, rats were anesthetized 

by an intraperitoneal injection of 2ml of euthansol (340 mg/ml; Schering Canada Inc., QC, Canada) 

and perfused transcardially with phosphate-buffered saline (PBS, pH7.4) followed by 4% formalin 

(pH7.4; EMD, NJ, USA). The brains were then removed, post-fixed in 4% formalin at 4∘C (min. 

1wk), then immersed in 20% sucrose in PBS until they sank (min. 10h). The brains were sectioned 

(55µm) on a cryostat, through the extent of HPC or PRh, and every third section was mounted on 

a gelatin-coated glass slide and stained with thionin. Verification of cannula placements was 

carried out using light microscopy. 

Results 

Histology The infusion needle tip in rats with bilateral HPC cannulas terminated in the dorsal 

HPC; these placements were consistently located between -3.36 and -3.60mm posterior to bregma 
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(Fig. S1 a,b). The infusion needle tip in rats with bilateral PRh cannulas terminated in PRh near 

the border between areas 35 and 36 (Burwell, 2001); these placements were consistently located 

between 5.80 and 6.30mm posterior to bregma (Fig. S1 c,d).  

Intra-HPC SPV106 does not enhance LTM under optimal learning conditions. Intra-HPC 

administration of the PCAF activator SPV106 (1.0µg/µl), did not enhance long-term OiP memory, 

compared to the vehicle condition (t11 = 0.62, p = 0.547; n = 11; Fig. S2). 

Intra-PRh SPV106 enhances LTM, but not STM. Intra-PRh administration of the aromatase 

inhibitor letrozole, impaired both long-term and short-term OiP memory, compared to vehicle. The 

interaction term (F1,10 = 1.41, p= 0.262, n = 11) and main effect of delay (F1,10 = 1.71, p= 0.221) 

were both non-significant, whereas the main effect of drug condition (F1,10 = 5.29, p= 0.44) was 

significant. Planned comparisons demonstrated that memory in the SPV106 condition was 

significantly greater than the vehicle condition for the LTM (t10 = 7.53, p < 0.001) retention delay, 

but not the STM (t10 = 0.46, p = 0.661) retention delay (Fig. S3). 

Intra-HPC Low Dose ICI 182 780 Does Not Impair STM. Intra-HPC administration of a low 

dose of the ERa/b inhibitor ICI 182 780 (0.1µg/µl), did not impair short-term OiP memory, when 

compared to vehicle (t10 = 0.29, p = 0.781; n = 11; Fig. S4). 

Intra-HPC PPT and DPN Does Not Enhance LTM. Intra-HPC administration of the ERa 

agonist PPT, and ERb agonist DPN, at a dose that sufficiently impaired STM (PPT enhanced STM; 

Fig. 4a), did not impair LTM. Planned comparisons demonstrated that memory in the PPT dition 

did not differ from the vehicle condition (t9 = 0.58, p = 0.579; n = 10; Fig. S5a). Although memory 

in the DPN condition was significantly different from the vehicle condition (t9 = 2.40, p = 0.040; 

n = 10; Fig. S5b), neither group demonstrated memory above chance (t9 = -1.13, p = 0.287 and t9 

= 0.11, p = 0.001, for the control and DPN conditions, respectively). 

Intra-HPC Low Dose Embelin Does Not Impair STM. Intra-HPC administration of a low dose 

of the PCAF inhibitor embelin (0.1µg/µl), did not impair short-term OiP memory, when compared 

to vehicle (t8 = 0.03, p = 0.975; n = 9; Fig. S6). 
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Figure S1. Histology. (a) Schematic representation of the infusion needle tip placement 
from a typical group of animals (STM assessment following SPV106 + low dose ICI 182 
780). Cannulas were consistently located at 3.60mm posterior to Bregma (Paxinos and 
Watson, 1998), for all HPC-cannulated rats. (b) Photomicrograph (1.25× magnification) 
of Nissl stained section illustrating the cannula tract terminating in the HPC. (c) Schematic 
representation of the infusion needle tip placements from a typical group of animals 
(SPV106 administration; enhanced LTM but not STM). Cannulas were consistently 
located between 5.80 to 6.30mm posterior to Bregma (Paxinos and Watson, 1998), for 
all PRh-cannulated rats. (d) Photomicrograph (1.25× magnification) of Nissl stained 
section illustrating the tract of a cannula terminating in the PRh. 
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  Figure S2. Intra-HPC administration of the PCAF activator SPV106, did not 
  enhance LTM under optimal learning conditions. 
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	 	 Figure S3. Intra-perirhinal cortex administration of the PCAF activator 
SPV106, enhanced long-term, but not short-term, OiP memory. 
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  Figure S4. The low dose (0.02 µg/µl) of the ERa/b inhibitor, ICI 182 780, 
did not impair STM.  
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	 Figure S5. Intra-HPC administration of either the (a) ERa agonist PPT, or the (b) 
ERb agonist DPN, did not enhanced long-term OiP memory. 
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  Figure S6. Intra-HPC administration of a low dose (1.0 µg/µl) of the 
aromatase inhibitor letrozole, did not impair STM.  
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Table S1. Drug inhibitors/activators and the corresponding experimental parameters 
used (Table 2 including additional information). All solutions consisted of DMSO (dimethyl 
sulfoxide) in 0.9% physiological saline, with the exception of embelin (100% DMSO).  
 

 

 

 

 

Agent Action Low 
Dose 

High 
Dose 

Control Infusion 

Timing 

Min. # Days 
Between 
Infusions 

Parameters 
Derived From 

ICI 

182 780 

ERa/b(i); 

GPER(a) 

0.01µg/µl 0.1µg/µl 10% 

DMSO 

Immediately 

Post-sample 

1 week (allow 
receptors to 
repopulate) 

(Long and 
Nephew, 2006) 

SPV106 PCAF(a); 

CBP(i) 

N/A 1.0µg/µl 1% 
DMSO 

3d pre-
sample 

5d (Wei et al., 
2012); pilot 

data 

PPT ERa(a) N/A 0.5µg/µl 10% 

DMSO 

Immediately 
Post-sample 

3d (Walf and Frye, 
2007; Chang et 
al., 2009); pilot 

data 

DPN ERb(a) N/A 0.5µg/µl 10% 

DMSO 

Immediately 
Post-sample 

3d (Walf and Frye, 
2007; Chang et 
al., 2009); pilot 

data 

Embelin PCAF(i) 0.1µg/µl N/A 100% 
DMSO 

Immediately 
Pre-sample 

3d Pilot data 

Letrozole Estrogen 
synthesis(i) 

1.0µg/µl 9.0µg/µl 70% 

DMSO 

20min pre-
sample 

13d (half-life 
of 2d) 

(Mitwally and 
Casper, 2001; 

Sato and 
Woolley, 

2016); pilot 
data 
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Table S2. Exploration during each experiment. Values are reported as the mean +/- SEM. 
(v= vehicle; i = ICI 182 780; s = SPV106; e = embelin; p = PPT; l = letrozole). 

 

 

 

 Total Sample Exploration 
Averages (seconds) 

Total Choice Exploration 
Averages (seconds) 

Experiment Control  

Condition 

Experimental  

Condition 

Control  

Condition 

Experimental  

Condition 

Intra-Hippocampal Administration     

ICI 700 780 (high dose) LTM 43.7+/-3.0 44.0+/-4.2 6.7+/-0.5 6.9+/-0.7 
ICI 720 780 (high dose) STM 41.4+/-2.9 40.0+/-3.4 7.8+/-0.6 6.5+/-0.8 
ICI 720 780 (low dose) STM 43.5+/-3.7 41.3+/-3.2 7.6+/-0.5 6.3+/-0.7 
SPV106 LTM 31.9+/2.1 29.2+/1.9 8.3+/0.7 7.5+/0.6 
SPV106 STM 14.5+/0.9 15.0+/0.6 7.9+/0.4 8.8+/0.7 
SPV106 LTM (optimal learning) 47.6+/3.1 46.0+/2.8 12.8+/1.5 12.4+/1.6 
SPV106 + ICI 720 780 (low dose) LTM 
 
 

28.0+/-1.1 (v-v) 30.7+/-1.9 (v-i) 
31.1+/-1.4 (s-v) 
29.9+/-1.1 (s-i) 

7.1+/-1.2 (v-v) 7.7+/-0.9 (v-i) 
6.6+/-0.4 (s-v) 
6.5+/-1.5 (s-i) 

SPV106 + ICI 720 780 (low dose) STM 
 
 

17.1+/-1.5 (v-v) 14.6+/-1.9 (v-i) 
15.0+/-2.1 (s-v) 
14.7+/-0.9 (s-i) 

6.7+/-0.6 (v-v) 8.4+/-1.4 (v-i) 
7.7+/-0.9 (s-v) 
7.7+/-0.9 (s-i) 

PPT STM 20.9+/-2.4 21.5+/-3.2 13.7+/-2.1 11.7+/-2.0 
PPT LTM 33.3+/-3.2 36.2+/-2.5 12.6+/-1.6 10.4+/-2.2 
DPN STM 28.3+/-3.2 24.7+/-2.7 13.1+/-2.5 11.9+/-1.1 
DPN LTM 31.0+/-2.7 33.2+/-3.0 11.7+/-1.2 10.8+/-1.8 
Embelin (low dose) STM 21.7+/-2.4 23.5+/-2.2 8.8+/-0.7 9.8+/-1.0 
Embelin (low dose) + PPT STM 22.7+/-2.9 (v-v) 20.4+/-2.8 (v-e) 11.2+/-1.4 (v-v) 9.7+/-1.4 (v-e) 
  20.5+/-2.3 (p-v  10.8+/-1.6 (p-v) 
  22.3+/-3.0 (p-e)  11.5+/-1.0 (p-e) 
Letrozole (high dose) STM 24.8+/-5.7 26.6+/-3.2 13.2+/-1.6 12.2+/-0.9 
Letrozole (low dose) STM 22.0+/-4.1 21.9+/-3.7 10.6+/-1.4 10.6+/-1.5 
SPV106 + Letrozole (low dose) STM 26.0+/-2.4 (v-v) 26.4+/-2.3 (v-l) 12.9+/-1.9 (v-v) 9.5+/-(1.3) (v-l) 
  23.9+/-1.6 (s-v)  12.7+/-1.9 (s-v) 
  26.9+/-1.9 (s-l)  8.7+/-1.6 (s-l) 
Intra-Perirhinal Cortex Administration     
SPV106 LTM 32.1+/-3.7 30.1+/-4.5 12.1+/-1.8 13.1+/-1.5 
SPV106 STM 19.5+/-1.3 18.4+/-1.6 9.8+/-1.5 7.7+/-1.2 
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(i) – inhibitor; (a) – activator; (b) – blocked memory enhancing effect  

 

 

 

 
 
 

Action Agent Region Targeted OiP 
Delay 

High/ 
Low Dose Result 

ERa	and	ERb	(i);	 ICI	720	780	 Hippocampus	 24h	 High	 Impaired	
GPER	(a)	 	 	 20min	 High	 Impaired	
	 	 	 20min	 Low	 No	Effect	
PCAF	(a);	 SPV106	 Hippocampus	 24h	 High	 Enhanced	
CBP	(i)	 	 	 20min	 High	 Enhanced	
	 	 Perirhinal	Cortex	 24h	 High	 Enhanced	
	 	 	 20min	 High	 No	Effect	

	 SPV106	+		
ICI	720	780	 Hippocampus	 24h	

SPV106	-	High	
ICI	720	780	-	Low	 Enhanced	

	 	 	 20min	 SPV106	-	High			
ICI	720	780	-	Low	 Impaired	(b)	

ERa	(a)	 PPT	 Hippocampus	 20min	 High	 Enhanced	
ERb	(a)	 DPN	 Hippocampus	 20min	 High	 No	Effect	
PCAF	(i)	 Embelin	 Hippocampus	 20min	 Low	 No	Effect	
	 Embelin	+	PPT	 Hippocampus	 20min	 Embelin	–	Low	

PPT	-	High	 Impaired	(b)	
Aromatase	(i)	 Letrozole	 Hippocampus	 20min	 High	 Impaired	
	 	 	 20min	 Low	 Successful	

	 SPV106	+	
Letrozole	 Hippocampus	 20min	

SPV106	–	High	
Letrozole	-	Low	 Successful	

Table S3. Design and results of behavioural experiments.  


