
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
The role of a novel epigenetic regulatory mechanism in long-term memory formation, 
synaptic plasticity, and gene expression

Permalink
https://escholarship.org/uc/item/345222cc

Author
Vogel-Ciernia, Annie

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/345222cc
https://escholarship.org
http://www.cdlib.org/


 
UNIVERSITY OF CALIFORNIA, 

IRVINE 
 
 
 

The role of a novel epigenetic regulatory mechanism in long-term memory formation, 
synaptic plasticity, and gene expression 

 
DISSERTATION 

 
 

submitted in partial satisfaction of the requirements 
for the degree of 

 
 

DOCTOR OF PHILOSOPHY 
 

in Biological Sciences 
 
 

by 
 
 

Annie Vogel-Ciernia 
 
 
 
 
 
 
 
 

                                                               
 
 

         Dissertation Committee: 
                               Associate Professor Marcelo Wood, Chair 

                                     Assistant Professor Norbert Fortin 
                                              Professor Leslie Thompson 

Professor James McGaugh 
 
 
 
 

2014 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

© 2014 Annie Vogel-Ciernia 
 



ii 
 

 

DEDICATION 
 
 

 
To 

 
 

my grandmother Mildred Vogel for reminding me of the value of education 
 

 
 
 
 

  



iii 
 

TABLE OF CONTENTS 
 

                                
Page 

 
LIST OF FIGURES……………………………………………………………………………iv 
 
 
ACKNOWLEDGMENTS…………………………………………………………….…….….vi 
 
 
CURRICULUM VITAE………………………………………………………………...………vii 
 
 
ABSTRACT OF THE DISSERTATION……………………………………………...………xii 
 
 
INTRODUCTION………………………………………………………………………………1 
 
 
CHAPTER 1:  Generation of BAF53b mutant mice………………………………………..22 
    
 
CHAPTER 2:  The role of BAF53b in long-term memory formation …………………….33 

     
 
CHAPTER 3:  BAF53b-dependent gene expression is disrupted during memory 
consolidation……………………………………………………………………………………46 
 
 
CHAPTER 4:  Dendritic spine function and morphology are disrupted in BAF53b  
mutant mice…………………………………………………………………………………… 66 
 
 
CHAPTER 5: General discussion and conclusions………………………………………..79 
 
 
BIBLIOGRAPHY……………………………………………………………………………….89 
 
 
 
 
 

 



iv 
 

LIST OF FIGURES 
 

                                Page 
 
Figure 1 Potential Roles for Chromatin Remodeling Complexes in Modifying Chromatin 
Structure…………..……………………………………………………………………...……..6 
 
Figure 2 Combinatorial Assembly of BAF Complexes…………………………….……...11 
 
Figure 3 Mutations in BAF complexes Identified in Human Patients…………….……...18 
 
Figure 1.1.  Creation of BAF53bΔHD and BAF53bΔSB2 transgenic mice…….……….27 
 
Figure 1.2. BAF53b localization in BAF53bΔHD transgenic mice……….………….…28 
 
Figure 1.3. Brg1 nuclear expression……………………………………….……………….28 
 
Figure 1.4. CREST nuclear expression……. …………………………….………………..28 
 
Figure 1.5. Baf53b+/– heterozygous knockout mice…………………….…………………29 
 
Figure 1.6. BAF53b mutant mice demonstrate normal habituation to a novel context..30  
 
Figure 1.7. BAF53b mutant mice perform normally on Elevated Plus Maze …………..31 
 

Figure 2.1 BAF53bΔHD mutant mice have intact short-term and impaired long-term 
memory ………………………………………………………………………………………..37 
 
Figure 2.2 BAF53bΔSB2 transgenic mice have intact short-term and impaired long-term 
memory…………………………………………………………………………………………38 
 
Figure 2.3 Baf53b+/– het mice exhibit intact short-term and impaired long-term 
memory…………………………………………………………………………………………39 
 
Figure 2.4 Hippocampal AAV-Baf53b rescues OLM but not ORM deficits in Baf53b+/– 
het mice…………………………………………………………………………………………41 
 
Figure 2.5. BAF53bΔHDlow and Baf53b+/– het mice have impairments in long-term 
memory for contextual fear, but normal cued fear memory ………………………………43 
 
Figure 3.1. Differential gene expression in BAF53bΔHDhigh mutant mice by RNA 
Sequencing…………………………………………………………………………………….50 
 
Figure 3.2. Differential gene expression in Baf53b+/– het mice by RNA Sequencing ….52 
 



v 
 

Figure 3.3. Differential gene expression in BAF53bΔSB2high mice by RNA Sequencing  
…………………………………………………………………………………………………...56 
 
Figure 3.4. Differential gene expression in BAF53bΔSB2high mice by RNA Sequencing 
…………………………………………………………………………………………….……..60 
 
Figure 4.1 TBS induced phosphorylation (p) of Cofilin is altered in Baf53b+/– het mice..73 
 
Figure 4.2. Learning induced phosphorylation (p) of Cofilin is disrupted in 
BAF53bΔSB2high mice…………………………………………………………………………74 
 
Figure 3.3. The BAF53bΔHDhigh genotype influences the repertoire of dendritic spines in 
hippocampal neurons………………………………………………………………………….76 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



vi 
 

ACKNOWLEDGMENTS 
 

I would like to express the deepest appreciation to my committee chair, Dr. Marcelo 
Wood.  He has provided both the guidance and freedom for me to develop as a 
scientist, and he exemplifies the type of mentor that I hope to become.  His unwavering 
support and drive for excellence continues to inspire all those around him.  Without his 
guidance and persistent help this dissertation would not have been possible. 
 
I would like to thank my committee members, Drs. Leslie Thompson, Norbert Fortin, and 
James McGaugh.  There feedback and support on my work throughout my graduate 
career has been invaluable.  Their insight and perspective strengthen this dissertation 
work as well as my scientific development.  
 
I would like to thank Drs. Tallie Z. Baram and Yuncai Chen for their work on the 
dendritic spine analysis in the young BAF53b hydrophobic domain mutant mice.  I would 
also like to thank Dr. Eniko Kramar, Dr. Alex Babayan, Conor Cox and Dr. Gary Lynch 
for their terrific conversations on my work and assistance in conducting and analyzing 
the synaptic signaling experiments. I would like to thank our collaborators Drs. Pierre 
Balid, Christophe Magnan and Michael Zeller for all of their work on the analysis of the 
RNA Sequencing data.  Each of these people contributed to both the success of the 
project as well as my scientific development.  The richness and diversity of this project 
would not have been possible without their generosity and patience. 
 
I would like to thank all of the Bio 199 students that I have had the privilege of working 
with while a graduate student.  They continually remind me of both the wonder and 
excitement of doing science.  
 
In addition, I want to thank Dr. Dina Matheos for all of her patience and dedication to 
training me to become a real molecular biologist. 
 
Financial support was provided by the University of California, Irvine, Cellular and 
Molecular Neuroscience Training Grant (T32-NS007444), Aging Training Grant (T32-
AG00096-29), and a graduate Ruth L. Kirschstein National Research Service Award 
(NRSA).  I would also like to thank the wonderful members of the Achievement Rewards 
for College Scientists (ARCS) foundation for their financial support. 
 
 
 
 
 
 
 
 
 

  



vii 
 

CURRICULUM VITAE  
 

 
Ph.D. Candidate 
University of California, Irvine 
Department of Neurobiology and Behavior 
School of Biological Sciences 
200 Qureshey Research Laboratory 
Irvine, CA  92697 
Phone: 949-824-2356 
 
Education 

2004-2008  Bachelor of Science, North Dakota State University, Majors 
Biotechnology and Psychology, 4.0 GPA  

2008-2014  Neurobiology & Behavior, University of California, Irvine, 4.0 GPA 
 
Research Experience 

2005-2006      Undergraduate Researcher. Molecular Biology Weed Sciences and 
Genetics, North Dakota  State University- Fargo, ND. PI: Michael 
Christoffers 

2004-2008     Undergraduate Researcher. Center for Visual Neuroscience, 
Psychology Department,   North Dakota State University- Fargo, 
ND. PI: Chris Friesen  

2006-2008     Undergraduate Researcher. Pathogenic Microbiology, North Dakota 
State University-   Fargo, ND. PI: John McEvoy 

2007           Undergraduate Researcher. Summer Undergraduate Research 
Fellowship. Mayo Clinic- Rochester, MN. PI: David Linden 

2006           Laboratory Coordinator. Center for Visual Neuroscience, Psychology 
Department, North Dakota State University- Fargo, ND. PI: Chris 
Friesen 

2006-2007    Undergraduate Honors Research Thesis. Department of Psychology, 
North Dakota State University- Fargo, ND. Thesis advisor: Chris 
Friesen. 

2006-2007    Undergraduate Honors Research Thesis. Pathogenic Microbiology, 
North Dakota State University- Fargo, ND. Thesis advisor: John 
McEvoy 

2009-2011       Graduate Student. Department of Neurobiology and Behavior/ Center 
for Neurobiology of Learning and Memory, University of California, 
Irvine- Irvine, CA.  Thesis advisor: John Guzowski 

2011-2014  Graduate Student. Department of Neurobiology and Behavior/ Center 
for Neurobiology of Learning and Memory, University of California, 
Irvine- Irvine, CA.  Thesis advisor: Marcelo Wood 

 



viii 
 

Teaching Experience 

2010, 2011     Neurobiology Lab (BioSci N113L) Teaching Assistant. Department of 
Neurobiology & Behavior, University of California, Irvine- Irvine, CA.  

2010     Lecture: Memory: Linking Molecules to Behavior. BioSci N158: 
Neurobiology of Learning  and Memory, University of California, 
Irvine. 

2010             Responsible Conduct of Research, Training Course, UCI 
2011      Introduction to Biology (Bio 93) Teaching Assistant. Department of 

Neurobiology & Behavior, University of California, Irvine- Irvine, CA.  
2011                Lecture: The Basics of Animal Behavior: Non-associative and 

Associative Conditioning. BioSci N38: Mind, Memory, and the Brain, 
University of California, Irvine. 

2011                 HHMI-UCI Teaching Fellows Program 
 
Awards, Honors & Fellowships 

2004-2008 Recipient of the Donald Moum Scholarship, Biotechnology 
Scholarship, Steinhaus-Rhinehart Scholarship, Vernon E. Wendlandt 
Scholarship, Ellen E. Carr Scholarship, North Dakota Normandy 
Memorial Scholarship, and Lillian Goettler ND Space Grant Award, 
StraightForward Media Science Scholarship, E.V. Estensen 
Outstanding Psychology Major Award 

2006 Junior Research Achievement Award, North Dakota State University 
2006 Junior Academic Achievement Award, North Dakota State University 
2008-2009 Phi Kappa Phi Honor Society Graduate School Fellowship 
2009-2010 Cellular and Molecular Neuroscience Training Grant (T32-NS007444) 
2011 Edward Steinhaus Teaching Award 
2011 Graduate Fellow Award, HHMI-UCI Teaching Fellows Program 
2012 Roger Russell’s Scholar Award in The Neurobiology of Learning and 

Memory 
2012-2013 Aging Training Grant (T32-AG00096-29) 
2012  Graduate Student Chapter Travel Award, Society for Neuroscience 
2012-1214  Achievement Rewards for College Scientists (ARCS) Fellowship     

($20,000 award) 
2012 Second Prize Data Blitz presentation at the CNLM Annual Conference 

on the Neurobiology of Learning and Memory 
2013 NRSA: The Role of BAF53b Mediated Nucleosome Remodeling in 

Long-Term Memory Formation. Impact/Priority Score: 17, 
Percentile: 3 (F31-MH098565) 

2013 ReMIND Outstanding Presentation at the Emerging Scientist 
Symposium 

2013 Top Graduate Oral Presentation at the 24th Science Conference of the 
Graduate Women in Science 

2013 Renee Harwick Advanced CNLM Graduate Student Award 



ix 
 

2013 American College of Neuropsychopharmacology (ACNP) Travel Award 
2013 James L. McGaugh Award for Excellence in Graduate Research in 

Neurobiology and Behavior 
2013 UCI Center for Cognitive Neuroscience and Engineering Graduate 

Merit Fellowship 
 
Service Activities 

2009-2013 Brain Awareness Week classroom presentations 
2011-2012 Neuroblitz student seminar co-organizer 
2011-2012 Medial Temporal Lobe Journal Club administrator 
2011-2014 Center for Learning and Memory Docent volunteer 
2012, 2013, 2014   Unified School District Science Fair Judge 
2013                  Student Panel Speaker UCI Graduate Division NIH NRSA Funding 

Workshop 
2013 Ask-A-Scientist volunteer, Unified School District  
 
Mentoring 

2011-2013       Soraya Azzawi: Summer Undergraduate Research Program 
Fellowship, Excellence in    Research, Chancellor’s Award for 
Excellence in Undergraduate Research 

2011-2013 Joyce Tong: Excellence in Research 
2012-2013 Shikha Seth: CNLM Summer Award for Undergraduates 
2013-2014    Ashley Tran: CNLM Summer Award for Undergraduates, Summer 

Undergraduate Research Program Fellowship, Undergraduate 
Research Oppertunities Program Fellowship 

 
Publications 

Graduate Research Papers: 
Wood Lab: 
1. Vogel-Ciernia, A. & Wood, M.A. (2014). Neuron-specific chromatin remodeling: A 

missing link in epigenetic mechanisms underlying synaptic plasticity, memory, 
and intellectual disability disorders. Neuropharmacology, 80:18-27. 

2. Vogel-Ciernia, A. Matheos, D.P., Barrett, R.M., Kramár, E., Azzawi, S., Chen, Y., 
Magnan, C.N., Zeller, M., Sylvain, A., Haettig, J., Jia, Y., Tran, A., Dang, R., 
Post, R.J., Chabrier, M., Babayan, A., Wu, J.I., Crabtree, G.R., Baldi, P., Baram, 
T.Z., Lynch, G. & Wood, M.A. (2013). The neuron-specific chromatin regulatory 
subunit BAF53b is necessary for synaptic plasticity and memory. Nature 
Neuroscience, 16(5): 552-561.  

3. McNulty, S., Barrett, R.M., Vogel-Ciernia, A., Malvaez, M., Hernandez, N., 
Davatolhagh, M.F., Matheos, D.P., Schiffman, A. & Wood, M.A. (2012). 
Differential roles for Nr4a1 and Nr4a2 in object location versus object recognition 
long-term memory. Learning & Memory, 19:588-592.  



x 
 

4. Vogel-Ciernia, A. & Wood, M.A. (2012). Molecular Brake Pad Hypothesis: Pulling 
Off the Brakes for Emotional Memory. Reviews in the Neurosciences, 23(5-6): 
607-626. 

 
Rotation Lab: 
5. Vashishtha, M. Ng, C.W., Yildirim, F., Gipson T., Kratter, I.H., Bodai, L., Song, W., 

Lau, A., Labadorf, A., Vogel-Ciernia, A., Troncoso, J., Ross, C.A., Bates, G.P., 
Krainc, D., Sadri-Vakili, G., Finkbeiner, S., Marsh, J.L., Housman, D.E., Fraenkel, 
E., Thompson, L.M. (2013) Targeting H3K4 Trimethylation in Huntington 
Disease. PNAS, 110(32): E3027-E3036. 

  
Undergraduate Research Papers: 
6. Gayzur, N.D, Langley, L.K., Friesen, C.K., Wyman, S.V., Saville, A.L., Ciernia, A.T., 

Padmanabhan, G. (2014). Reflexive orienting in response to short- and long-
duration gaze cues in young, young-old, and old-old adults. Attention, 
Perception, & Psychophysics, 76(2): 407-419.  

7. Langley, L.K., Friesen, C.K., Saville, A.L., & Ciernia, A.T. (2011). Timing of 
Reflexive Visuospatial Orienting in Young, Young-Old, and Old-Old Adults. 
Attention, Perception, & Psychophysics, 73(5):1546-61. 
 

Presentations 

1. Vogel-Ciernia, A. (April 18, 2014). The role of a novel epigenetic mechanism in long-
term memory formation. Conference presentation: Association for Graduate 
Students, University of California, Irvine. 

2. Vogel-Ciernia, A. (November 12, 2013). The neuron-specific chromatin regulatory 
subunit BAF53b is necessary for epigenetic regulation of synaptic plasticity and 
memory. Conference presentation: Society for Neuroscience, San Diego, 
California. 

3. Vogel-Ciernia, A. (November 18, 2013). The neuron-specific chromatin regulatory 
subunit BAF53b is necessary for epigenetic regulation of synaptic plasticity and 
memory. Conference presentation: Molecular and Cellular Cognition Society, 
San Diego, California.  

4. Vogel-Ciernia, A. (April 13, 2013). The role of a novel epigenetic mechanism in 
long-term memory formation. Conference presentation: 24th Science Conference 
of the Graduate Women in Science, Chapman University, Orange, California.  

5. Vogel-Ciernia, A. (February 20, 2013). The role of a novel epigenetic mechanism in 
long-term memory formation. Conference presentation: ReMIND Emerging 
Scientists Symposium on Neurological Disorders, University of California, Irvine. 

6. Vogel-Ciernia, A. (2007). Orienting to Predictive Arrow, Gaze, and Symbol Cues. 
Presented at North Dakota State University, Psychology Colloquium Series, 
Fargo, ND. 

 
 
 
 



xi 
 

 
Posters 

1. Vogel-Ciernia, A. Matheos, R. Dang, A. Tran, Kramár, E.A., Trieu, B., Cox, C., 
Lynch, G. & Wood, M.A. (February 21, 2014). The neuron-specific chromatin 
regulatory subunit BAF53b is necessary for epigenetic regulation of synaptic 
plasticity and memory. Poster presented at Innovation and Promise in Epilepsy 
Research 3rd International UCI EpiCenter Symposium, Irvine, California. 

2. Vogel-Ciernia, A. Matheos, D.P., Barrett, R.M., Kramár, E.A., Zeller, M., Magnan, 
C., Alex H. Babayan, Crabtree, G.R., Baldi, P., Lynch, G. & Wood, M.A. 
(December 10, 2013). The neuron-specific chromatin regulatory subunit BAF53b 
is necessary for epigenetic regulation of synaptic plasticity and memory. Poster 
presented at American College of Neuropsychopharmacology (ACNP), 
Hollywood, Florida. 

3. Vogel-Ciernia, A. Matheos, D.P., Barrett, R.M., Kramár, E., Chen, E.Y., Zeller, M., 
Magnan, C., Azzawi, S. Haettig, J., Jia, Y., Tran, A., Post, R.J., Sylvain, A., 
Crabtree, G.R., Baram, T.Z., Baldi, P., Lynch, G. & Wood, M.A. (2012) The role 
of BAF53b in regulating long-term memory formation. Poster presented at 
Society for Neuroscience, New Orleans, Louisiana. 

4. Jacobs, N.S., Allen, T.A, Turk, A.A., Vogel-Ciernia, A., Fortin, N.J. (2011) Mapping 
the Extent of Functional Inactivation Following Local Infusion of Fluorescent 
Muscimol. Poster presented at Society for Neuroscience, Washington DC. 

5. Smith, E.D, Carlos, A.J., Aguilar, B.L., Vogel-Ciernia, A., Nielsen, S.E., Cornwell, 
L., Hanna, M., Passos, G., Prieto, G.A., Winchester, J., Pop, V., & Noldan, P. 
(2011). New Ways to Explore the Brain: Brain Awareness Week at Stacy-Clegg. 
Poster presented at Society for Neuroscience, Washington DC. 

6. Vogel-Ciernia, A., Padmanabhan, G., & Friesen, C.K. (2007). The Power of a 
Negative Look: Gaze-Triggered Orienting Can Survive Contrast Inversion. Poster 
presented at the 22nd Annual Red River Valley Psychology Conference, 
Moorhead, Minnesota. 

7. Peterson, T., Vogel-Ciernia, A., Gayzur, N., Friesen, C.K., & Langley, L. (2006). 
Adult Age Differences in Spatial Orienting to Visual Cues. Poster presented at 
the 21st Annual Red River Valley Psychology Conference, Fargo, North Dakota.  

8. Vogel-Ciernia, A., & Friesen, C.K. (2005). A Direct Comparison of the Attentional 
Orienting Effects of Central and Peripheral Nonpredictive Cues. Poster presented 
at the Northern Lights Conference, Grand Forks, North Dakota. 

 

 

 



xii 
 

ABSTRACT OF THE DISSERTATION 

 
The role of a novel epigenetic regulatory mechanism in long-term memory formation, 

synaptic plasticity, and gene expression 
 

By 
 

Annie Vogel-Ciernia 
 

Doctor of Philosophy in Biological Sciences 
 

 University of California, Irvine, 2014 
 

Associate Professor Marcelo Wood, Chair 
 
 

Recent exome sequencing studies have implicated polymorphic BAF complexes 

(mammalian SWI/SNF chromatin remodeling complexes) in several human intellectual 

disabilities and cognitive disorders.  However, it is currently unknown how mutations in 

BAF complexes result in impaired cognitive function.  Post mitotic neurons express a 

neuron specific assembly, nBAF, characterized by the neuron-specific subunit BAF53b. 

Mice harboring selective genetic manipulations of BAF53b have severe defects in long-

term memory and long-lasting forms of hippocampal synaptic plasticity.  We rescued 

memory impairments in BAF53b mutant mice by reintroducing BAF53b in the adult 

hippocampus, indicating a role for BAF53b beyond neuronal development.  The defects 

in BAF53b mutant mice appear to derive from alterations in gene expression that 

produce abnormal postsynaptic components, such as spine structure and function, and 

ultimately lead to deficits in synaptic plasticity.  My studies provide new insight into the 

role of dominant mutations in subunits of BAF complexes in human intellectual and 

cognitive disorders.  
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INTRODUCTION 

 Researchers have known for several decades that long-term memory formation 

requires gene expression. Regulation of gene expression following learning requires 

access to DNA, which is highly compacted in chromatin (Alberini, 2009; Barrett and 

Wood, 2008) . The basic repeating unit of chromatin is the nucleosome that consists of 

DNA wrapped around a histone octamer. Access to the DNA is controlled by many 

factors including changes in histone tail modifications, DNA methylation and the actual 

movement of nucleosomes along the DNA in a process called chromatin 

remodeling(Barrett and Wood, 2008; Hargreaves and Crabtree, 2011). To date, the 

majority of the work on epigenetic regulation of gene expression during memory 

formation has focused on histone modifications (chromatin modification) and DNA 

methylation (see special issues in Neurobiology of Learning and Memory (2012) and 

Neuropsychopharmacology Reviews (2013)). Chromatin remodeling (not to be confused 

with chromatin modification), although widely studied in fields outside of neuroscience, 

had until recently only been examined in neuroscience in the context of neuronal 

development in vitro. The importance of further exploring this major epigenetic 

mechanism became increasingly apparent with recent human exome sequencing and 

genome wide association studies implicating mutations in components of the chromatin 

remodeling complex BAF (Brg1/hBrm Associated Factor) in intellectual disability 

disorders (Santen et al., 2012; Tsurusaki et al., 2012; Van Houdt et al., 2012), autism 

(Neale et al., 2012; O'Roak et al., 2012), and schizophrenia (Loe-Mie et al., 2010).  It 

was unclear how the BAF subunit mutations were related to human cognitive deficits – 

were the deficits simply a by-product of developmental abnormalities or was there an 
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additional role for chromatin remodeling complexes (CRCs) in the adult brain? The 

answer appears to be complex with an identified role for CRCs in both neuronal 

development and adult plasticity.   

 

 This dissertation will focus on the role of the neuron specific BAF complex 

(nBAF) in long-term memory formation in the adult.  Specifically, my work indicates that 

the nBAF complex is a novel epigenetic mechanism for regulating transcription required 

for long-lasting forms of synaptic plasticity and memory processes and that impaired 

nBAF function may result in human cognitive disorders. 

 

2. Epigenetics in Long-Term Memory Formation 

Many studies have recently focused on epigenetic mechanisms of transcriptional 

regulation in controlling gene expression underlying long-term memory formation (see 

special issues referenced above; and issues focused on this topic in this special issue 

of Neuropharmacology). In a broad sense, epigenetics refers to the regulation of gene 

expression via chromatin structure that is independent of changes in DNA sequence 

(Day and Sweatt, 2011; Vogel-Ciernia and Wood, 2012). There are at least five major 

epigenetic mechanisms by which chromatin structure is regulated to control gene 

expression: histone modification, histone variant insertion, DNA methylation, noncoding 

RNAs, and chromatin remodeling.   

      The consolidation of new learning requires coordinated expression of specific 

profiles of gene targets (for review see Alberini, 2009). Transcription initiation requires 

access to DNA for transcription factor and RNA polymerase binding. Within eukaryotic 
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cells DNA is highly compacted (~10,000 fold) into chromatin. The repeating unit of 

chromatin is the nucleosome that consists of 147 base pairs of DNA wrapped around a 

histone octamer (canonically includes two of each of the following core histone proteins: 

H2A, H2B, H3, and H4) (Kouzarides, 2007).  Histone variants can be incorporated into 

the nucleosome and may alter nucleosome stability (ie. H3.3/H2A.Z incorporation at 

active promoters and enhancers (Jin et al., 2009).  Nucleosomes are spaced 

approximately every 10 to 50 base pairs, depending on the organism and cell type. At 

the entry and exit sites of the nucleosome core the DNA is bound by the linker histone 

H1 and under physiological conditions strings of nucleosomes form higher order 

secondary (ie. 30nm fiber) and tertiary structures (Clapier and Cairns, 2009). 

 Gaining access to regulatory regions of DNA (ie. promoters, enhancers and 

repressors regions) for transcriptional regulation can require modification of the 

surrounding chromatin environment including post translation modification of histone 

tails, DNA methylation, histone variant insertion, nucleosome positioning, and 

alterations to higher order chromatin structure (ie. chromosomal looping(Jiang et al., 

2010).  Post translation modification (phosphorylated, acetylated, methylated, etc) of 

histone tails can alter the interaction between DNA and the histone octamer, recruit 

histone or DNA-interacting proteins, and either promote or repress transcription 

(Bannister and Kouzarides, 2011).  The regulation of histone modifications is one of the 

best studied epigenetic mechanisms in learning and memory and has been extensively 

reviewed elsewhere (Barrett and Wood, 2008; Gräff and Tsai, 2013; Peixoto and Abel, 

2013; Vogel-Ciernia and Wood, 2012). Another increasingly studied epigenetic 

mechanism in learning and memory is DNA methylation (Baker-Andresen et al., 2013; 



4 
 

Su and Tsai, 2012; Zovkic et al., 2013). DNA methylation appears to play a critical role 

in long-term memory (Lubin and Roth, 2008; Miller et al., 2010; Miller and Sweatt, 2007) 

and long-term potentiation (Levenson et al., 2006). Experience dependent DNA 

methylation has been proposed to alter the transcriptional response to subsequent 

learning events serving as a form of cellular metaplasticity (for review see (Baker-

Andresen et al., 2013)).  New evidence also points to a critical role for non-coding RNAs 

in regulating long-term memory (Bredy et al., 2011; Landry et al., 2013) and drug 

addiction (Bali and Kenny, 2013).  Histone variant insertion has been largely unstudied 

in the context of learning and memory other than work demonstrating a requirement for 

polyADP-ribosylation of H1 for long-term memory formation in Aplysia (Cohen-Armon et 

al., 2004) and mammals (Goldberg et al., 2009).  Until recently the role of CRCs in 

regulating long-term memory formation was completely unexplored.  Given that this 

mechanism has received little attention within the field of learning and memory, this 

review will first provide a background on CRCs with a focus on BAF (Brg1/hBrm 

associated factor) complexes, one of the most highly studied CRCs.  We then focus on 

the role of the neuron-specific CRC nBAF in neuronal development, the link between 

BAF subunit mutations and human cognitative disorders and finally on new work 

demonstrating a specific role for nBAF in long-term memory formation and synaptic 

plasticity. 

 

3. Chromatin Remodeling Complexes—subunit combinatorial complexity 

Chromatin remodeling complexes (CRCs) are large, multi-protein complexes that 

possess nucleosome and DNA-dependent ATPase function. Chromatin remodeling 
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complexes fall into four large families depending on their ATPase: BAF (Brg1, hBrm), 

INO80/SWR1 (hINO80, hDomino, SRCAP), ISWI or NURF (hSNF2H, hSNF2L), and 

CHD or NuRD (CHD1-9) (Hargreaves and Crabtree, 2011).  Standard biochemical 

methods for examining CRC function have examined nucleosome positioning using in 

vitro DNA templates with artificially assembled nucleosome arrays.  In general, in these 

assays CRCs interact with DNA and nucleosomes and hydrolyze ATP to disrupt 

nucleosome DNA contacts, slide nucleosomes along DNA, and evict or exchange 

nucleosomes (Clapier and Cairns, 2009; Hargreaves and Crabtree, 2011) (Figure 1).   I 

have focused on the BAF complex (formerly called the mammalian SWI/SNF complex) 

since it is the only known chromatin remodeling complex to contain a neuron-specific 

subunit and is the most extensively studied CRC in regards to neuronal function in both 

development and the adult.  The BAF complex was originally characterized as the 

mammalian homolog of the yeast SWI/SNF complex (Kwon et al., 1994; Wang et al., 

1996a).  The complex is defined by a DNA-dependent ATPase subunit that is 

conserved across yeast (SWI2), Drosophila (brahma or brm), and mammals (Brg1 and 

hBrm) (Khavari et al., 1993; Muchardt and Yaniv, 1993). Across species the 

homologous complexes share several characteristics including subunits with domains 

that recognize histone modifications, an ATPase, and regulatory domains (Clapier and 

Cairns, 2009; Hargreaves and Crabtree, 2011). 
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Mammalian BAF complexes are composed of an assembly of at least 15 

subunits encoded by 28 genes (Ronan et al., 2013; Staahl et al., 2013) and contain 

either the Brg1 or hBrm ATPase. Mammalian BAF complexes exhibit evolutionary 

divergence from the yeast SWI/SNF complex in that 9 of the 15 BAF subunits do not 

have yeast homologs and several BAF subunits have homologs in non-SWI/SNF yeast 

complexes. In addition to both the loss and gain of subunits over time, BAF complexes, 

unlike the yeast SWI/SNF complex, are combinatorally assembled. All identified BAF 

complexes have an ATPase (Brg1 or hBrm) and the following subunits: BAF47 

(SMARCB1), BAF57 (SMARCE1), BAF60 (A, B, or C; SMARCD1, 2, or 3), BAF155 

(SMARCC1), BAF45 (A, B, C or D; PHF10, DPF1, 3 or 2), BAF53 (A or B; ACTL6A or 

B), BAF250 (A or B) and monomeric beta-actin (Middeljans et al., 2012; Ronan et al., 

Figure 1. Potential Roles for Chromatin Remodeling Complexes in Modifying 
Chromatin Structure.  Based primarily on in vitro work done in the yeast homolog 
complex SWI/SNF, BAF complexes may play a key regulatory role in altering 
chromatin structure by any combination of the following: histone variant insertion, 
nucleosome sliding, nucleosome eviction, and chromatin looping or other higher 
order chromatin organization.  
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2013) (see Figure 2). Recent affinity purification and mass spectrometry based analysis 

of BAF complexes in several cell types expanded the BAF subunits to include BLC7A, 

BLC7B, BLC7C, BCL11A, BCL11B, BRD9, and SS18 (or SS18L1) (Kadoch et al., 2013; 

Kaeser et al., 2008; Middeljans et al., 2012). In addition the unique Polybromo BAF (P-

BAF) (Lemon et al., 2001; Xue et al., 2000; Yan et al., 2005) complex is defined by the 

presence of the BAF180 (polybromo) (Lemon et al., 2001; Wang et al., 1996a; Xue et 

al., 2000), Brd7 (Kaeser et al., 2008) and BAF200 (ARID2) (Wang et al., 1998; Xue et 

al., 2000; Yan et al., 2005) subunits and a lack of BAF250A/B (ARID1A/B) (Lemon et 

al., 2001; Wang et al., 1998) and Brd9 (Middeljans et al., 2012). Altering the subunit 

composition allows for an extensive diversity with both tissue and cell-type specific roles 

depending on the specific BAF subunit composition (Ho and Crabtree, 2010; Ronan et 

al., 2013).  

Combinatorial assembly of BAF subunits can dramatically alter the function of the 

complex with developmental specificity. For example, the two BAF ATPase subunits 

that compose nBAF (Brg1 and hBrm) share 75% sequence homology (Kadam and 

Emerson, 2003) and both types of BAF complexes possess nucleosome remodeling 

capabilities (Wang et al., 1996b) similar to those first characterized in the yeast 

SWI/SNF complex (Côté et al., 1994). However, null mutations in the two proteins 

produce very different phenotypes. Homozygous deletions of Brg1 are embryonically 

lethal while mice with deletions of hBrm appear to develop normally (Bultman et al., 

2000; Reyes et al., 1998). The phenotypic differences may be driven by the inclusion of 

Brg1, but not hBrm, in BAF complexes found exclusively in embryonic stem cells (Ho et 

al., 2009b).  Why one ATPase is included preferentially over the other is potentially due 
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to the divergence in the N-terminal regions of Brg1 and hBrm that allow interactions with 

different classes of transcription factors. Brg1 interacts with zinc finger proteins whereas 

hBrm interacts with components of the Notch signaling pathway (Kadam and Emerson, 

2003). Consequently, the selection of the ATPase subunit can potentially drive 

interactions with different promoters during cellular proliferation and differentiation and 

may result in unique remodeling functions (Kadam and Emerson, 2003). 

Different subunit compositions may lead to differential regulation of specific target 

gene sets. The type of ARID (AT-rich Interactive Domain) subunit present in the 

complex can alter the transcriptional targets. For example, in HeLa cells BAF (contains 

BAF250A (ARID1A) or BAF250B (ARID1B)) and P-BAF (contains BAF200 and not 

BAF250A/B) complexes differentially regulate interferon-responsive genes, a selectivity 

conferred by the BAF200 subunit (Yan et al., 2005). Even though the alternate BAF 

subunits BAF250A and BAF250B are expressed within the same cell types (not tissue 

or cell-type specific) (Wang et al., 2004), the two subunits result in different BAF 

complexes with differential regulation of gene expression. The BAF250 subunits do not 

possess sequence specific DNA binding domains (Dallas et al., 2000; Wang et al., 

2004), indicating that they alter BAF complex function through differences in protein-

protein interactions.  BAF250A containing BAF complexes form repressive complexes 

with Sin3A and HDAC1/2 that represses cell cycle gene expression while BAF250B-

containing BAF complexes interact with the histone acetyltransferase Tip60 and HDAC3 

that serves to activate some of the same genes.  By forming these two unique 

complexes the type of BAF250 subunit can dictate the direction of cell cycle gene 

expression (Nagl et al., 2007).  Work on the BAF200 and BAF250 subunits highlight the 
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impact of combinatorial assembly on regulating gene expression, where the substitution 

of a single subunit can serve as a switch from a gene regulatory program of activation to 

repression.  Future work will be needed to more completely delineate how the unique 

subunit composition of BAF complexes contributes to coordinated regulation of gene 

expression. An intriguing idea is that this combinatorial complexity may correspond with 

the spectrum of intellectual disability disorders observed in humans. 

 

4. Chromatin Remodeling Complexes—cell type specificity 

Different cell types also have specialized BAF complexes that regulate unique 

sets of genes required for cell-specific functions. Currently there are several complex 

variants, each with unique combinations of subunits that confer either cell-type specific 

expression or function: embryonic stem cell BAF (esBAF) (Ho et al., 2009a), neuronal 

progenitor BAF (npBAF) (Lessard et al., 2007), and neuronal BAF (nBAF) (Olave et al., 

2002) (Figure 2).  Embryonic stem cells (ESCs) express esBAF that is defined by the 

inclusion of Brg1, BAF155 (homodimer), and BAF60A or B subunits and the absence of 

Brm, BAF170, and BAF60C (Ho et al., 2009b) (Figure 2).  This unique complex is 

required for ESC pluripotency and self-renewal through interactions with ESC unique 

transcription factors (Ho et al., 2009b; 2009a; 2011).  Genome-wide mapping found that 

Brg1 was enriched specifically at genes that were uniquely down-regulated in ESCs 

including developmental and lineage-determinant genes, indicating that esBAF plays a 

role in preventing premature differentiation.  In contrast, Brg1 also repressed several 

genes uniquely expressed in ESCs indicating a more subtle role for esBAF in refining 

the ESC transcriptional network (Ho et al., 2009a; Kidder et al., 2009). Similarly, a P-



10 
 

BAF complex isolated from an ESC line differentially regulated transcription targets 

compared to the esBAF containing BAF250A (Kaeser et al., 2008). The findings in 

ESCs demonstrate how a unique composition of BAF subunits (i.e. esBAF) directs gene 

expression profiles required for maintaining cellular identity (i.e. ESC pluripotency).    

 During brain development the BAF complex undergoes a highly coordinated 

exchange of subunits as ESCs differentiate into neuronal precursors and then into 

mature, post-mitotic neurons.  For the transition from esBAF to a neural stem/progenitor 

specific version of the complex (npBAF) several specific subunits are exchanged.  The 

npBAF complex is defined by the inclusion of BAF170, decreased incorporation of 

BAF60b and the presence of either Brg1 (same as esBAF) or Brm (not present in 

esBAF) (Lessard et al., 2007; Staahl et al., 2013) (Figure 2). Microarray analysis of 

E12.5 mouse brains with deletion of Brg1 specifically in neural stem/progenitors cells 

suggests that the npBAF complex regulates stem cell self-renewal and/or maintenance 

by enhancing expression of components in the Notch signaling pathway while also 

repressing expression of components and downstream targets of the Sonic Hedgehog 

pathway (Lessard et al., 2007). Manipulations that decrease npBAF function (i.e. 

knockdown of BAF45a, BAF53a (Lessard et al., 2007), or SS18 (Staahl et al., 2013)) 

impair neural stem/progenitor proliferation. Together these findings point to a unique 

role for npBAF in regulating gene expression required for neuronal progenitor 

proliferation. 
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The transition (E13.5 in mice) from npBAF to the post mitotic neuron-specific 

nBAF (the focus of my thesis research) requires the developmentally regulated switch in 

subunits from BAF45a to BAF45b/c, BAF53a to BAF53b (Lessard et al., 2007; Wu et 

al., 2007), and SS18 to CREST (Staahl et al., 2013).  The nBAF complex contains at 

least 15 assembled subunits, two of which are neuron specific (BAF53b and BAF45b).  

The exchange of BAF53a for BAF53b is regulated by the microRNAs miR-9* and miR-

124 (Yoo et al., 2009). Prior to neuronal differentiation, miR-9* and miR-124 expression 

are repressed, allowing BAF53a expression and neuronal progenitor proliferation (ie. 

npBAF).  When neural progenitors differentiate, miR-9* and miR-124 are expressed 

which in turn represses BAF53a and allows expression of BAF53b (Yoo et al., 2009). 

Figure 2. Combinatorial Assembly of BAF Complexes. Unique BAF complexes are 
found in embryonic stem cells (esBAF), neuronal progenitors (npBAF), and neurons 
(nBAF).  esBAF is characterized by a BAF155 dimer (no BAF170), Brg1, and 
BAF60a/b (without BAF60c) (white outline). During the transition from embryonic 
stem cells to neuronal progenitors esBAF is replaced by npBAF. In npBAF one of the 
BAF155 subunits is replaced with BAF170, BAF60 can be a, b, or c and Brm can 
serve as the ATPase (yellow outline).  npBAF is also characterized by the presence 
of SS18, BAF45a/d and BAF53a (white outline).  During neuronal differentiation 
BAF53a is replaced by BAF53b, BAF45a/d is replaced by BAF45b/c, and SS18 is 
replaced by CREST (outlined in yellow).   In nBAF the presence of BAF60b is also 
greatly reduced. The Polybromo BAF complex (P-BAF) is not shown here as a 
unique complex but is defined by the inclusion of BAF180, BAF200, and Brd7 and 
the absence of BAF250A/B and Brd9. 
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The highly orchestrated regulation of subunit exchange highlights the importance of 

neuron-specific subunits in nBAF’s role in neuronal differentiation.   

As one of the neuron-specific subunits of nBAF, BAF53b seems to play a critical 

role in nBAF function. BAF53b was first identified by its homology to the non-neuronal 

isoform of BAF53a (Actl6a) (Harata et al., 1999). BAF53a was first identified as an actin 

related protein (ARP) within the BAF complex in T lymphocytes (Zhao et al., 1998). 

BAF53a and b are encoded by two separate genes that share 93% similarity (Harata et 

al., 1999; Olave et al., 2002). Both proteins localize to the nucleus, specifically in 

regions enriched in euchromatin, but not in heterochromatin regions(Harata et al., 

1999). While BAF53b is expressed only in neurons and is only within nBAF, BAF53a is 

found within all human tissues except the nervous system and in several distinct CRCs 

other than BAF (Olave et al., 2002; Park et al., 2002).  

The neuron-specific subunits of nBAF appear to confer a critical role for nBAF’s 

regulation of neuronal gene expression required for dendritic arborization, branching 

and synapse formation  (Staahl et al., 2013; Wu et al., 2007). Mice lacking BAF53b 

(also known as hArpNalpha or Actl6b) die at two days postnatal. Neuronal cultures 

made from BAF53b knockout mice have severe deficits in synapse formation, activity-

dependent dendritic outgrowth, and axonal myelination. The absence of BAF53b does 

not disrupt formation of the nBAF complex, as the remaining subunits show normal 

assembly (Wu et al., 2007).  The dendritic phenotype depended on miR-9* and miR-124 

binding sites in the BAF53a 3’UTR, indicating that the miR-mediated switch from 

BAF53a to BAF53b is critical for nBAF’s function in neuronal development (Yoo et al., 

2009).  As predicted from these findings, disrupting the transition from npBAF to nBAF 



13 
 

by over-expression of BAF45a and BAF53a in the developing chicken neural tube 

blocked neuronal differentiation of specific classes of neurons (Lessard et al., 2007).  

 

5. BAF53b: A key neuron-specific subunit of nBAF 

As a dedicated member of nBAF, BAF53b plays a critical and unique role in 

neuronal branching and synapse formation.  There was no rescue of lethality or 

dendritic phenotype by over expression of BAF53a in Baf53b-/- knockout mice (Wu et al., 

2007).  BAF53a and BAF53b show the largest sequence divergence within subdomain2 

(aa 39-82). Switching the subdomain2 region of BAF53a for b restored dendritic 

outgrowth and rescued deficits in gene expression (see below) in Baf53b-/- knockout 

neuronal cultures. The reverse swap (BAF53b with subdomain2 from BAF53a) failed to 

rescue the phenotype, suggesting a critical role for subdomain 2 of BAF53 b(Wu et al., 

2007).  RNAi mediated knockdown of Brahma associated protein 55 (Bap55), a 

homolog of both BAF53a and b, reduces dendritic arborization and routing in Drosophila 

(Parrish et al., 2006). Similarly, BAP55 knockouts produce mistargeting of olfactory 

projection neurons in vivo (Tea and Luo, 2011). The phenotype can be rescued by 

expression of BAP55, BAF53a, or BAF53b.  The rescue of the dendritic phenotype by 

BAF53a may at first appear contradictory to BAF53b’s selective role in dendritic 

arborization in mammals.  However, in Drosophila BAP55 has approximately equal 

homology to both BAF53a and b and is found in additional CRCs outside of the BAF 

complex. These findings indicate that BAF53b confers a unique function to the 

mammalian nBAF complex that cannot be replaced by the non-neuronal BAF53a, 
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further highlighting the specialization of combinatorally assembled and cell-type specific 

BAF complex function. 

Even though targeting BAF53b may be one of the most direct ways of 

manipulating nBAF, siRNA knockdown of other nBAF components (Brg1, Baf57 or 

Baf45b) in primary mouse neuronal cultures results in deficits in dendritic growth 

comparable to BAF53b knockout neuronal cultures(Wu et al., 2007).  Similarly, in 

Drosophila deletion of other BAP (BAF complex homolog in Drosophila) components 

including Brm and Snr1 (Baf47) produce global mistargeting and abnormalities in cell 

morphology(Tea and Luo, 2011) and RNAi mediated knockdown of Brm, Bap60 

(Baf60), or Snr1 alter dendritic routing and branching (Parrish et al., 2006).  In 

Caenorhabditis elegans deletion of ham-3 (Baf60) disrupts the expression of genes 

associated with serotonin synthesis and transport within a specific subset of 

serotonergic neurons and produces deficits in axon pathfinding (Weinberg et al., 2013).  

These findings indicate that nBAF is a critical regulator of dendritic arborization and 

branching and that disruption of nBAF function results in abnormal dendritic maturation 

across multiple species. 

In primary cortical neuron cultures, BAF53b coordinates expression of specific 

transcriptional profiles required for dendritic arborization and branching. For example, 

loss of BAF53b in neuronal cultures results in misregulation of several Rho family 

GTPase regulators that are critically important for activity-dependent dendritic 

development. At least one of these Rho GTPases, Ephexin1, appears critical for BA53b 

mediated dendritic development. Baf53b-/- knockout cultures have reduced Exphexin1 

expression, BAF53b has been shown to bind to the Ephexin1 promoter, and over-
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expression of Ephexin1 rescued the dendritic phenotype in Baf53b-/- knockout cultures 

(Wu et al., 2007).  Together these findings suggest a critical role for BAF53b and the 

nBAF complex in regulating a transcriptional profile required for normal dendritic 

development. 

 How nBAF specifically targets and regulates neuronal genes required for 

dendritic maturation is unclear; however BAF53b appears to play a critical role in 

targeting nBAF and the transcription factor Calcium-responsive transactivator (CREST 

or SS18L1) to specific promoter regions (Wu et al., 2007). CREST is activated by 

calcium influx in response to neuronal depolarization (Aizawa et al., 2004), CREST and 

nBAF directly interact (Qiu and Ghosh, 2008; Staahl et al., 2013; Wu et al., 2007) and 

CREST is now considered a subunit of the nBAF complex (Staahl et al., 2013). This is a 

significant finding as the interaction between CREST and nBAF subunits provides a 

potential link between nBAF-mediated nucleosome remodeling and calcium-dependent 

neuronal activity.  While BAF53b is not required for the CREST-nBAF interaction, loss 

of BAF53b disrupts localization of nBAF and CREST to target promoters and disrupts 

gene expression involved in dendritic outgrowth (Wu et al., 2007).  Similar to the 

dendritic branching and arborization deficits observed in BAF53b knockout neuronal 

cultures, cultures from CREST knockout mice have severe deficits in activity-dependent 

dendritic development (Aizawa et al., 2004; Qiu and Ghosh, 2008). Blocking the 

transition from SS18 (found in npBAF) to CREST (nBAF specific) during neuronal 

differentiation by over-expressing SS18 also impairs activity-dependent dendritic growth 

and branching (Staahl et al., 2013).  These findings suggest BAF53b and CREST are 
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key components of activity-dependent nucleosome remodeling required for dendritic 

spine dynamics. 

There also appears to be a link between CREST function and human 

neurodegenerative disease.  Recent exome sequencing in patients with sporadic 

amyotrophic lateral sclerosis (ALS), a neurodegenerative disease characterized by 

motor neuron loss, identified a de novo truncation mutation in CREST.  This truncation 

mutation specifically deleted the portion of CREST that interacts with CREB binding 

protein (CBP) (Aizawa et al., 2004; Qiu and Ghosh, 2008), a histone acetyl transferase 

required for long-term memory formation (for review see Barrett and Wood, 2008; 

Peixoto and Abel, 2013).  Over-expressing this truncated version of CREST in primary 

cortical or motor neuron cultures impaired activity-dependent dendritic outgrowth and 

branching.  Similar deficits in dendritic development were found with over-expression of 

CREST with missense mutation identified in an ALS patient with a known family history 

of ALS (Chesi et al., 2013).  Together these findings indicate a critical role for the nBAF 

component CREST in dendritic development and human disease.  Further work will be 

needed to clarify the function of CREST in the adult nervous system and how CREST 

mutations may be causally linked to sporadic ALS and other neurodegenerative 

diseases. 

 

6. Chromatin Remodeling Complexes and Disorders of Human Cognition 

Recently, whole exome sequencing in human patients with several distinct types 

of intellectual disability disorders identified mutations in several BAF subunits (Figure 3).   

Tsurusaki and colleagues (2012) performed whole exome sequencing on five patients 



17 
 

with Coffin-Siris syndrome (CSS), a developmental disorder characterized by cognitive 

delay, microcephaly, abnormal facial features, and either hypoplasia or absence of the 

nail on the fifth digit of hands or feet (Coffin and Siris, 1970).  Two of the five patients 

had de novo heterozygous mutations in Baf47 (SMARCB1).  The authors then 

examined 23 additional CSS patients by melting analysis for potential mutations in 15 of 

the various BAF subunits. In total, 20 of the 23 CSS individuals had a mutation in one of 

six BAF subunits (Brm, Brg1, Baf47, BAF250b, BAF250a, and Baf57) giving an overall 

mutation detection rate of 87% (Tsurusaki et al., 2012). Similarly, an independent group 

found de novo truncation mutations in BAF250b (ARID1B) using exome sequencing of 

three CSS patients (Santen et al., 2012).  Deletions and mutations that produce 

haploinsufficiency of BAF250b have been found in patients with intellectual disability 

disorder, corpus callosum abnormalities, speech impairments, and autism (Backx et al., 

2011; Halgren et al., 2011; Hoyer et al., 2012; Nord et al., 2011).   Together these 

findings suggest that mutations that impair BAF function directly contribute to intellectual 

disability. 
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 Recent human exome sequencing has also revealed a role for the BAF complex 

in Nicolaides-Baraitser syndrome (NBS), an intellectual disability disorder characterized 

by impaired language and attention span, seizures, sparse hair, short stature, abnormal 

facial features, microcephaly, and severe intellectual disability (Nicolaides and 

Baraitser, 1993; Sousa et al., 2009). In eight out of ten patients with NBS whole exome 

sequencing identified de novo mutations in Brm.  Additional targeted sequencing of Brm 

in 34 additional NBS patients identified 28 Brm mutations, none of which were present 

in 1,300 screened control samples. The majority of mutations occurred within conserved 

protein motifs including domains for DNA binding, acetylated lysine recognition (bromo), 

and ATP hydrolysis (Van Houdt et al., 2012).  In parallel, SNP arrays followed by 

targeted sequencing of three NBS patients identified de novo heterozygous mutations in 

the C-terminal helicase domain predicted to disrupt ATPase function (Wolff et al., 2011).  

Figure 3. Mutations in BAF complexes Identified in Human Patients. Each colored “X” 
represents an identified mutation for the given human disorder (either by whole 
exome sequencing or gene wide association studies).  All mutations are shown in the 
context of the nBAF complex, but many of the mutant subunits are also shared with 
esBAF and npBAF. 
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 In addition to intellectual disability disorders, mutations in components of the BAF 

complex have also been linked to autism.  Whole exome sequencing of Autism 

Spectrum Disorder (ASD) patients and their parents identified de novo single nucleotide 

variants in Baf155, Baf170, Baf180, and Baf250b in ASD individuals(Neale et al., 2012; 

O'Roak et al., 2012).  Furthermore, when these data were combined with those from 

two other recent exome sequencing studies (Iossifov et al., 2012; Sanders et al., 2012) 

(965 ASD individuals and a total of 121 gene disrupting mutations), a higher proportion 

of disruptive mutations belonging to the ‘chromatin regulator’ gene ontology category 

was observed in ASD cases compared to controls, supporting the contribution of this 

category to ASD risk (Ben-David and Shifman, 2012).  

 The BAF complex has also been recently implicated in schizophrenia (SZ). 

Functional interactome models using genome-wide association studies (GWAS) found 

an interacting network between Brm and eight other GWAS identified genes involved in 

schizophrenia (Loe-Mie et al., 2010).  In a Japanese population four different single 

nucleotide polymorphisms (SNPs) in Brm were found to associate with schizophrenia 

(Koga et al., 2009).  Two of the intronic SNPS (intron 12 and 19) that were found more 

frequently in schizophrenics were correlated with lower overall expression levels of Brm 

in the postmortem human prefrontal cortex.  A SNP identified in exon 33 of Brm of 

schizophrenic patients alters the amino acid sequence at position 1546 from aspartic 

acid (D) to glutamic acid (E).  When over-expressed in cell culture the E risk allele 

altered cell morphology and produced a partial mislocalization of Brm out of the 

nucleus, indicating a decrement in Brm and BAF function. This was further supported by 

an examination of gene expression following transfections with either E or D variants 
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compared to siRNA targeted to Brm.  Expression changes with siRNA to Brm were 

similar to those with the E variant further supporting a loss of Brm function for the E 

variant (Koga et al., 2009). Furthermore, gene expression changes following siRNA 

knockdown of Brm correlated with expression observed in prefrontal cortex from Brm 

knockout mice and postmortem prefrontal cortex of schizophrenics. Brm knockout mice 

are viable and develop normally (see above) but have impaired social interactions in 

that they spend less time exploring a novel intruder mouse even though they have 

normal novelty seeking behavior.  The impairment in social interaction is particularly 

interesting given that social interaction problems are also one of the key hallmarks in 

ASD.  It appears that Brm may also be a viable therapeutic target for SZ given that 

antisychotic drug treatment (4 wks haloperidol or olanzapine) increased Brm expression 

(Koga et al., 2009). 

7. Neuron-Specific Chromatin Remodeling in Long-Term Memory Formation 

While BAF53b’s unique contribution to nBAF’s role in dendritic development in 

vitro was becoming apparent, how the impaired function of nBAF leads to adult 

cognitive impairments was unknown.  In order to address this question I targeted the 

neuron-specific nBAF subunit BAF53b (Chapter 1) to examine the role of nBAF in long-

term memory (Chapter 2), gene expression (Chapter 3), and synaptic function (Chapter 

4). The unusual dedication of BAF53b to a single neuronal complex makes it an ideal 

target for genetic manipulations designed at elucidating the role of the nBAF complex in 

neuronal function. I used both traditional BAF53b heterozygous knockout mice and 

transgenic mice over-expressing a dominant negative form of BAF53b under the 

CamKIIα promoter (restricts expression to forebrain excitatory neurons and postnatal 
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development (Kojima et al., 1997; Mayford et al., 1996)).  Both the dominant negative 

and heterozygous knockouts showed severe long-term memory deficits, but normal 

short-term memory (Chapter 2).  Memory deficits in the heterozygous knockouts were 

rescued by reintroducing BAF53b into the adult brain, indicating a role for BAF53b 

specifically in the adult.  In addition, all mutant lines of BAF53b animals show alterations 

in gene expression, specifically of genes involved in actin cytoskeleton and the post 

synaptic density indicating a failure in synaptic plasticity at the level of the dendritic 

spine (Chapter 3).  In further support of this hypothesis, two different manipulations of 

BAF53b impair phosphorylation of cofilin at the post synaptic density, suggesting a 

failure in activity-dependent actin cytoskeleton remodeling (Chapter 4).  Together the 

RNA-Seq and synaptic signaling (p-cofilin) results indicate a role for nBAF in regulating 

gene expression required for synaptic structure and function and that the failure of these 

mechanisms in the BAF53b mutant mice may underlie their deficits in synaptic plasticity 

and long-term memory. 
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CHAPTER 1. GENERATION OF BAF53B MUTANT MICE 

A. Rationale 

BAF53b is a neuron-specific stoichiometric component of BAF complexes not 

found in other nucleosome remodeling complexes (Wu et al., 2007).  To examine the 

role of BAF53b in long-term memory processes, we engineered transgenic mice that 

express a mutant form of BAF53b with a deletion of the hydrophobic domain 

(BAF53bΔHD) or subdomain 2 (BAF53bΔSB2) (Fig. 1.1A and B).  The rationale for the 

hydrophobic domain (HD) deletion is that this domain is predicted to enable protein-

protein interactions with other subunits of nBAF complexes, and deletion of this domain 

in the non-neuronal homolog BAF53a was shown to generate a dominant negative form 

of BAF53a (Park et al., 2002).  Given the high degree of homology between BAF53a 

and BAF53b, we predicted a similar dominant-negative impact of deleting the HD from 

BAF53b.  Subdomain 2 (SB2) of BAF53b (aa. 39-82) is the region of BAF53b most 

divergent from BAF53a with 84% identity (95% similarity) over the entire 429aa 

alignment compared to subdomain 2 (aa 39-82) with 40% identity (78% similarity) 

(Kuroda et al., 2002; Olave, et al., 2002).  Subdomain 2 of BAF53b is also the critical 

domain of BAF53b required for regulating BAF53b’s role in dendritic branching in vitro 

(Wu et al., 2007).   Consequently, to examine the neuron-specific role of BAF53b in 

long-term memory processes, we engineered transgenic mice that express a mutant 

form of BAF53b with a deletion of subdomain 2 (BAF53bΔSB2; see Fig. 1.1B). 

B. Methods 

Animals 
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All animals were between 8-15 weeks old at the time of behavioral testing.  Mice had 

free access to food and water and lights were maintained on a 12:12 h light/dark cycle, 

with all behavioral testing performed during the light portion of the cycle. All experiments 

were conducted according to National Institutes of Health guidelines for animal care and 

use and were approved by the Institutional Animal Care and Use Committee of the 

University of California, Irvine.  All animals were group housed and backcrossed at least 

five generations to C57BL/6 (Jackson Labs).  

Object Location and Novel Object Recognition Paradigms 

Object location and object recognition were performed as previously described 

(Vogel-Ciernia et al., 2013). Prior to training, mice are handled for 2 min/day for 5 days 

and then habituated to the experimental apparatus for 5 min a day for 6 days in the 

absence of objects.  During the training period, mice were placed into the experimental 

apparatus with two identical objects (100 ml beakers or tins or vases) and allowed to 

explore for 10 min. During the retention test, (24 hrs for long-term memory or 90 

minutes for short-term memory), mice were allowed to explore the experimental 

apparatus for 5 min. Exploration was scored when a mouse’s head was oriented 

towards the object within a distance of 1 cm or when the nose was touching the object. 

The relative exploration time (t) was recorded and expressed as a discrimination index 

(D.I. = (tnovel - tfamiliar) / (tnovel + tfamiliar) x 100%). Mean exploration times were then 

calculated and the discrimination indexes between treatment groups compared.  

Animals that explored less than 3 sec total for both objects during either training or 

testing were removed from further analysis. Animals that demonstrated an object 
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preference during training (D.I. > +/- 20) were also removed. Distance traveled during 

habituation was tracked using ANY-maze (Stoelting). 

Elevated plus maze  

The plus-maze consisted of two open arms, 30 x 5 cm, and two enclosed arms, 

30 (1) x 5 (w) x 15 (h) cm. The arms extended from a central platform 5 x 5 cm, and the 

apparatus was raised to a height of 40 cm above the floor. The light level was adjusted 

to 15 Lux. Testing (5min) consisted of placing an animal onto the central platform of the 

maze facing an open arm. Between subjects the maze was cleaned with 70% ethanol. 

The percentage of time spent in the closed and open arms was scored using EthoVision 

3.1 (Noldus Information Technology). 

Immunohistochemistry. 

 Immunofluorescence was carried out on fresh frozen 20-μm thaw-mounted 

sections using the Tyramide Signal Amplification (TSA) Plus system (Perkin Elmer, 

NEL704A001KT). Briefly, slides were fixed in 4% paraformaldehyde (10 min), 

permeablized in 0.01% Triton X-100 in 0.1 M PBS (5 min), and incubated in 2% 

hydrogen peroxide diluted in 0.1 M PBS (vol/vol) (15 min). All slides were then blocked 

(1 h) using the TSA blocking buffer, incubated overnight (4 °C) in rabbit antibody to 

BAF53b (1:500, generous gift from G.R.C.) and/or mouse antibody to NeuN (1:1,000, 

MAB377, Millipore), washed (3 × 5 min in 0.1 M PBS with 0.05% Tween-20, vol/vol), 

and incubated for 1 h at 21–23 °C with FITC-conjugated goat antibody to mouse IgG 

(1:1,000, Millipore Bioscience Research Reagents) or HRP-conjugated donkey antibody 

to rabbit IgG (1:1,000, 711-036-152, Jackson ImmunoResearch). Slides were again 

washed and the TSA reaction was performed to detect BAF53b as described in the kit 
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(TSA-CY3 1:50). Slides were coversliped in ProLong Gold antifade reagent with DAPI 

(P-36931, Invitrogen). 

Western blot.  

Dorsal hippocampus was homogenized in RIPA buffer (Boston BioProducts, BP-

115) with protease and phosphatase inhibitors (ThermoScientific, 1861281) using a 

dounce homogenizer. Baf53b−/− brain tissue was collected from postnatal day 2 pups 

to verify antibody specificity. Protein lysates were quantified using a modified Bradford 

assay (BioRad, 500-0006). We loaded 10 μg of total protein lysate per lane on a 4–12% 

Bis Tris gel (Novex) and ran it for 50 min at 200 V. Blots were then transferred overnight 

at 15V at 4 °C on to 0.45-μm nitrocellulose membranes (Novex). Total protein transfer 

was verified using PonseauS staining. Membranes were blocked in StartingBlock T20 

(ThermoScientific, 37543) for 30 min and then probed with rabbit antibody to BAF53b 

(1:1,000, generous gift from G.R.C.). The membranes were washed (3 × 10 min in 0.1 

M PBS with 0.05% Tween-20, vol/vol) and probed with HRP-conjugated donkey 

antibody to rabbit (1:10,000, Jackson ImmunoResearch, 711-036-152). The membranes 

were washed and developed using Pierce SuperSignal West Pico Chemiluminescent 

Substrate (Pierce, 34077). Multiple film exposures were used to verify linearity. Blots 

were washed and then reprobed with rabbit antibody to GAPDH (1:1,000, Santa Cruz 

Biotechnology, SC25778). Relative densities were taken from scanned film using 

ImageJ (US National Institutes of Health). All values were normalized to GAPDH 

expression levels. 

Reverse Transcription Quantitative Polymerase Chain Reaction (qRT-PCR). 
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RTq-PCR was performed as described previously(Vogel-Ciernia et al., 2013). 

Tissue was collected from dissections of dorsal hippocampus and stored in RNALater 

(Invitrogen, AM7020) at –80 °C until processed. RNA was isolated using RNeasy minikit 

(Qiagen, 74104). cDNA was made from 500–1,000 ng of total RNA using the 

Transcriptor First Strand cDNA Synthesis kit (Roche Applied Sciences, 04379012001). 

Primers and probes were derived from the Roche Universal ProbeLibrary and used for 

multiplexing in the Roche Light-Cycle 480 II machine (Roche Applied Sciences). All 

values were normalized to Gapdh expression levels. Analysis and statistics were 

performed using the Roche proprietary algorithms and REST 2009 software based on 

the Pfaffl method (Pfaffl, 2001; Pfaffl et al., 2002). 

Statistical analysis 

Statistical analysis was conducted as indicated in the text and figure legends 

using Prism (GraphPad). Parametric tests (t test or ANOVA) were used where 

assumptions of normality (Shapiro-Wilk) and equal variance (F test or Bartlett’s test) 

were met and were replaced by nonparametric equivalents where appropriate (Mann 

Whitney U or Kruskal-Wallis). Main effects and interactions for all ANOVAs or Kruskal-

Wallis tests are described in the text. The appropriate post hoc tests (Bonferroni or 

Dunn’s) are listed for each condition examined. All t tests were two-tailed using a P 

value of 0.05. 

C. Results 

Both the BAF53bΔHD and BAF53bΔHD transgenes (Fig. 1.1C and D) are 

expressed by the CaMKIIα promoter,  which allows for restricted expression to forebrain 

excitatory neurons and postnatal development (Mayford, et al., 1996, Kojima et al., 
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1997). Thus, we avoided developmental effects due to the known role for BAF53b in 

post mitotic embryonic development.  We developed two independent lines of CaMKIIα-

BAF53bΔHD and CaMKIIα-BAF53bΔSB2.  Both lines have normal brain morphology, 

but are characterized by significantly different levels of transgene expression in 

hippocampal tissue (BAF53bΔHDhigh and BAF53bΔHDlow; Fig. 1.1E and 

(BAF53bΔSB2high and  

BAF53bΔSB2low; Fig. 1.1F)), which is relevant to the hippocampus-dependent 

experiments in this study.  

Wildtype BAF53b 

localization is unaltered in 

the BAF53bΔHD mice (Fig. 

1.2A). Localization of 

BAF53bΔSB2 protein was 

not possible since the only 

antibodies available for 

BAF53b recognize the SB 

Figure 1.1. Creation of BAF53bΔHD and BAF53bΔSB2 transgenic mice. (a) Predicted wildtype BAF53b 
protein structure model simulated using SWISS-MODEL and the yeast β-actin 1yag 
template{Kiefer:2009wd, Arnold:2006sV}. The Hydrophobic domain (HD) (amino acids 323-333) and 
Subdomain 2 (SB2) (amino acids 39-82) are shown with boxes. (b) BAF53b dominant negative transgene 
construction for BAF53bΔHD and BAF53bΔSB2 mutant mice. Deletion constructs were made from 
wildtype BAF53b cDNA by deleting either the HD (BAF53bΔHD) or SB2 domain (BAF53bΔSB2). For the 
two different transgenic approaches, the mutant construct was cloned into a separate vector containing 
intron and exon sequences with splice sites and the SV40 intron and polyadenylation signal, which was 
then cloned downstream of the 8.5 kb mouse CaMKIIα promoter. (c) This construct was used to generate 
BAF53bΔHD transgenic mice and is shown relative to the endogenous wildtype allele.  (d) This construct 
was used to generate the BAF53bΔSB2 transgenic mice and is shown relative to the endogenous 
wildtype allele. (d) Quantitative RT-PCR was performed with transgene specific primers to measure 
transgene expression in dorsal hippocampus of two independently derived lines of BAF53bΔHD mice.  
We identified two significantly different lines (Mann-Whitney U (18)=0.00, p<0.0001): a low expressing 
line (n=10) and a high expressing line (n=10) (2 out of 12 founder lines).  (e) Quantitative RT-PCR was 
performed with transgene specific primers to measure transgene expression in dorsal hippocampus of 
two independently derived lines of BAF53bΔSB2 mice.  We identified two significantly different lines 
(Mann-Whitney U (17)=4.00, p<0.001): a low expressing line (n=9) and a high expressing line (n=10) (2 
out of 10 founder lines). 
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domain.  However, localization of other components of the nBAF complex indicate that 

expression of the transgene does not disrupt normal hippocampal brain morphology or 

nBAF nuclear localization.  Both Brg1 (ATPase of nBAF) and CREST (a calcium 

sensitive nBAF subunit) are expressed throughout the dorsal hippocampus and show 

Figure 1.2. BAF53b localization in 
BAF53bΔHD transgenic mice. 
(a) The transgene and endogenous 
BAF53b are localized to the nucleus in 
wildtype and both lines of BAF53bΔHD 
mice in neurons within dorsal CA1 of the 
hippocampus. 
 

Figure 1.3. Brg1 nuclear expression. 
Brg1 nuclear expression in dorsal 
hippocampus CA1 of wildtype, 
BAF53b∆SB2

low
, and BAF53b∆SB2

high
 

mice. Brg1 expression colocalizes with 
nuclei (DAPI) in CA1 of wildtype, 
BAF53b∆SB2

low
, and BAF53b∆SB2

high
 

mice.  Sagittal sections (20um) were 
taken from animals from each genotype, 
stained for Brg1 and DAPI (nuclear 
marker) as described in the methods 
section. 63x confocal images were taken 
of CA1. Image stacks were then max 
intensity projected in image J.  Scale bar 
is 10um. 
 

Figure 1.4. CREST nuclear expression. 
CREST nuclear expression in dorsal 
hippocampus CA1 of wildtype, 
BAF53b∆SB2

low
, and BAF53b∆SB2

high
 mice. 

CREST expression colocalizes with nuclei 
(DAPI) in CA1 of wildtype, BAF53b∆SB2

low
, 

and BAF53b∆SB2
high

 mice.  Sagittal sections 
(20um) were taken from animals from each 
genotype, stained for Brg1 and DAPI (nuclear 
marker) as described in the methods section. 
63x confocal images were taken of CA1. 
Image stacks were then max intensity 
projected in image J.  Scale bar is 10um. 
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nuclear localization (Figure 1.3 and 1.4) in wildtype and both BAF53b BAF53bΔSB2 

lines.    

In addition to the dominant negative over-expression transgenic mice, we also 

examined BAF53b heterozygous null animals (Baf53b+/–) (Wu et al., 2007).  Baf53b–/– 

homozygous knockout mice have a complete loss of BAF53b mRNA and protein, and 

die within the first two postnatal days (Wu et al., 2007).  Consistent with the exclusive 

expression of BAF53b in post mitotic neurons, they have no detectable defects outside 

of the nervous system (Wu et al., 2007).  In contrast, Baf53b+/– het mice develop 

normally and express approximately 50% of the wildtype levels of Baf53b mRNA (Fig. 

1.5A) and protein (Fig. 1.5B).  Baf53b mRNA and protein expression in Baf53b+/– het 

mice was half of that in wildtype littermates both from homecage samples and after 

training. Importantly, there are no neuron-specific homologs of BAF53b that could 

compensate for its decreased expression.  Thus, these results demonstrate that there is 

not compensation in expression by the remaining Baf53b allele in the Baf53b+/– het mice 

following behavior.   

Figure 1.5. Baf53b
+/–

 heterozygous knockout mice (d) Quantitative RT-PCR shows that wildtype 
Baf53b expression in the dorsal hippocampus of Baf53b

+/–
 het mice (n=13) is significantly (2-way 

ANOVA main effect of genotype F1,18=17.87, p<0.001) reduced compared to wildtype littermates 
(n=8). There was no effect of behavior (F1,18=0.81, p=0.38) or interaction (F1,18=0.40, p=0.53) Mean (± 
SEM).  (e) Western blot analysis shows that BAF53b protein in dorsal hippocampus of Baf53b

+/–
 het 

mice (n=13) is significantly (2-way ANOVA main effect of genotype F1,17=345.0, p<0.0001) reduced 
compared to wildtype littermates (n=9). There was no effect of behavior (F1,17=0.05, p=0.82) or 
interaction (F1,17=0.03, p=0.85). 
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Both anxiety and motor function were found to be normal in BAF53bΔHD, 

BAF53bΔSB2 and Baf53b+/– het mice as compared to wildtype controls.  Habituation to 

a novel context was equivalent in in BAF53bΔHD, BAF53bΔSB2 and Baf53b+/– het mice 

as compared to wildtype controls (Fig. 1.6A, C, and B respectively).  In addition, anxiety 

levels were also unaltered compared to wildtype littermates for BAF53bΔHD, 

BAF53bΔSB2 and Baf53b+/– het mice (Fig. 1.7A, C, and B respectively).  These findings 

Figure 1.6. BAF53b mutant mice demonstrate normal habituation to a novel context. (a) (a) Both 
BAF53bΔHD

high
 (n=5) and BAF53bΔHD

low
 (n=7) mice exhibit normal motor function as assessed by 

the total distance traveled during habituation compared to wildtype littermates (n=14) (Repeated 
measures ANOVA, main effect of day F5,23=12.90, p<0.0001 but no effect of genotype F2,23=0.67, 
p=0.52 or interaction F10,23=0.59, p=0.82). (b) Habituation to the empty training arena across six days 
is the same between wildtype (n=12) and Baf53b

+/–
 het mice (n=12) (Repeated measures ANOVA, 

main effect of day F5,66=8.89, p<0.0001 but no effect of genotype F1,66=0.05, p=0.83 or interaction 
F5,66=0.50, p=0.78. (c) BAF53bΔSB2

low
 (n=9) mice have normal motor function as assessed by the 

total distance traveled across days of habituation to a novel context (5min/day) as compared to 
wiltype littermates (n=12) (Repeated measures ANOVA, main effect of day F5,19=8.64, p<0.0001 but 
no effect of genotype F1,19=0.46, p=0.51 or interaction F5,19=1.02, p=0.41). (d) BAF53bΔSB2

high
 (n=22) 

mice have normal motor function as assessed by the total distance traveled across days of 
habituation to a novel context (5min/day) as compared to wiltype littermates (n=23) (Repeated 
measures ANOVA, main effect of day F5,43=34.62, p<0.0001 but no effect of genotype F1,19=1.69, 
p=0.20 or interaction F5,19=.57, p=0.72).   
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indicate that manipulations of BAF53b do not alter basic anxiety or motor function and 

allowed us to further examine memory formation in these mutant animals. 

D. Conclusion 

Figure 1.7. BAF53b mutant mice perform normally on Elevated Plus Maze. (a) Both BAF53bΔHD
high

 (n=9) 
and BAF53bΔHD

low
 (n=7) expressing lines exhibit normal levels of anxiety as assessed by the percentage 

of time spent in the open arm of the elevated plus maze compared to wildtype littermates (n=12) 
(Repeated measures ANOVA, main effect of Arm F1,50=681.4, p<0.0001 but no effect of genotype 
F2,50=0.26, p=0.77 or interaction F2,50=0.45, p=0.64) indicating BAF53bΔHD mice have normal levels of 
anxiety. (b) Baf53b

+/–
 het mice (n=8) exhibit normal levels of anxiety as assessed by the percentage of 

time spent in the open arm of the elevated plus maze compared to wildtype littermates (n=6) (Repeated 
measures ANOVA, main effect of Arm F1,24=104.7, p<0.0001 but no effect of genotype F1,24=1.27, p=0.27 
or interaction F1,24=0.24, p=0.63). (c) BAF53bΔSB2

low
 (n=15) mice exhibit normal levels of anxiety as 

assessed by the percentage of time spent in the open arm of the elevated plus maze compared to wiltype 
littermates (n=10) (Repeated measures ANOVA, main effect of arm F1,23=264.8, p<0.0001 but no effect of 
genotype F1,23=-5.58, p=1.00 or interaction F1,23=0.05, p=0.83) with both genotypes showing a significant 
preference for the open compared to closed arm (bonferroni corrected t-test t(9)=10.65, p<0.001 and 
t(14)=12.69, p<0.001 wildtype and mutant respectively). (d) BAF53bΔSB2

high
 (n=9) mice exhibit normal 

levels of anxiety as assessed by the percentage of time spent in the open arm of the elevated plus maze 
compared to wildtype littermates (n=9) (Repeated measures ANOVA, main effect of arm F1,16=268.0, 
p<0.0001 but no effect of genotype F1,16=2.64, p=0.12 or interaction F1,16=0.03, p=0.87) with both 
genotypes showing a significant preference for the open compared to closed arm (bonferroni corrected t-
test t(8)=11.46, p<0.001 and t(8)=11.69, p<0.001 wildtype and mutant respectively). 
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We used both conventional BAF53b heterozygous knockout mice and transgenic 

mice over-expressing dominant negative forms of BAF53b (deletion of a hydrophobic 

domain (Park et al., 2002) or deletion of subdomain 2 (Wu et al., 2007)).  By limited 

transgene expression using the  CamKIIα promoter to forebrain excitatory neurons and 

postnatal development (Mayford et al., 1996; Kojima et al., 1997), we were able to by-

pass any role BAF53b plays in embryonic development.  However, the transgene is 

expressed starting at approximately postnatal day 10 (Mayford et al., 1996; Kojima et 

al., 1997) resulting in expression throughout adolescent development.  The inclusion of 

two independently derived lines of dominant negative mice (high and low transgene 

expression for the BAF53bΔHD and BAF53bΔSB2 lines) controls for potential off-target 

effects of transgene integration into the genome.  Phenotypic similarities observed 

between the independent high and low expressing lines are assumed to be driven by 

the function of the transgene expression and not by integration effects. The basic 

cellular and molecular characterization of the BAF53b mutant animals indicates that 

gross brain and neuron morphology are intact.  Behaviorally, the animals breed 

normally and do not show alterations in motor function or anxiety.  Consequently, we 

next investigated memory performance in all lines of BAF53b mutant mice and their 

wildtype littermates. 
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CHAPTER 2: THE ROLE OF BAF53B IN SHORT AND LONG-TERM 

MEMORY FORMATION 

A. Rationale 

Epigenetic mechanisms of gene regulation are emerging as a critical mechanism 

underlying long-term memory processes.  The majority of the evidence supporting this 

idea comes from examination of chromatin modification (e.g. histone acetylation) and 

DNA methylation.  However, nucleosome remodeling, which represents a third major 

epigenetic mechanism involved in regulating gene expression that has been shown to 

work together with chromatin modification and DNA methylation in yeast and cancer 

research, has yet to be investigated with regard to cognitive function.  It has become 

increasingly important to understand the role of nucleosome remodeling considering the 

recent studies showing that mutations in the BAF complex are associated with 

intellectual disability disorders in humans (Tsurusaki et al., 2012; Santen et al., 2012; 

Van Houdt et al., 2012).   We examined both short (90min) and long (24hr) memory in 

three different types of BAF53b mutant mice (BAF53bΔHD, BAF53bΔSB2 and Baf53b+/– 

het mice).  To further evaluate the adult-specific role of BAF53b, we performed a rescue 

experiment by reintroducing BAF53b into dorsal hippocampus using adeno-associated 

virus in the Baf53b+/– het mice.  Together these experiments evaluate the hypothesis 

that BAF53b and consequently nBAF are critically required for regulating gene 

expression required for long-term memory formation.   

B. Methods  

Animals 

All animals were between 8-15 weeks old at the time of behavioral testing.  Mice 

had free access to food and water and lights were maintained on a 12:12 h light/dark 
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cycle, with all behavioral testing performed during the light portion of the cycle. All 

experiments were conducted according to National Institutes of Health guidelines for 

animal care and use and were approved by the Institutional Animal Care and Use 

Committee of the University of California, Irvine.  All animals were group housed and 

backcrossed at least five generations to C57BL/6J (Jackson Labs).  

Object Location and Novel Object Recognition Paradigms 

Prior to training, mice are handled 1-2 min for 5 days and then habituated to the 

experimental apparatus for 5 min a day for 4-6 days in the absence of objects.  During 

the training period, mice were placed into the experimental apparatus with two identical 

objects (100 ml beakers or light bulbs or vases) and allowed to explore for 10 min 

(McQuown et al., 2011). During the retention test, (24 hrs for long-term memory or 90 

minutes for short-term memory), mice were allowed to explore the experimental 

apparatus for 5 min. Exploration was scored when a mouse’s head was oriented 

towards the object within a distance of 1 cm or when the nose was touching the object. 

The relative exploration time (t) is recorded and expressed as a discrimination index 

(D.I. = (tnovel - tfamiliar) / (tnovel + tfamiliar) x 100%). Mean exploration times were then 

calculated and the discrimination indexes between treatment groups compared.  

Animals that explored less than 3 sec total for both objects during either training or 

testing were removed from further analysis. Animals that demonstrated an object 

preference during training (D.I. > +/- 20) were also removed. 

Fear Conditioning 

For contextual fear conditioning, a single 2sec, 0.70mA scrambled footshock was 

given in at 2:28 of a 3:00min training period followed by a 5min testing period 24 hrs 
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later. For cued fear conditioning, animals were in the chamber for two minutes followed 

by a 30sec tone that co-terminated with a 2sec, 0.70mA scrambled footshock. Animals 

were allowed to remain in the chamber for an additional 30sec. Twenty-four hours after 

conditioning, animals were tested in a novel context (2min) followed by a 3min tone. 

Freezing behavior was measured using EthoVision 3.1 (Noldus Information Technology) 

(Barrett et al., 2011). 

AAV Production and Infusion 

The wildtype BAF53b was V5 tagged and cloned into the pAAV-IRES-hrGFP 

Vector (Agilent Technologies) under the CMV promoter. Adeno-associated virus (AAV) 

serotype 2/1 for AAV-Baf53b was purchased from Penn Vector Core; University of 

Pennsylvania.  AAV-hrGFP serotype 2/1 was generated and viral titer was determined 

by qPCR with primers specific to hrGFP (Lawlor, et al., 2007).  A titer of 1010-1013 

genome copies/ul was used for all injections. As previously described two weeks prior to 

the experiments, 1.0ul of virus was infused into the dorsal hippocampus (AP 2.0 mm; 

ML ±1.5 mm; 1.5mm DV from bregma) at a rate of 6 ml/h (Barrett, 2011; McQuown et 

al., 2011).  All infusions were confirmed by immunohistochemistry.  

C. Results 

To examine the role of BAF53b in memory, BAF53bΔHD, BAF53bΔSB2 and 

Baf53b+/– het mice were tested for both short (90min) and long (24hr) term memory for 

object location (OLM; Fig. 2.1A) and object recognition (ORM; Fig. 2.1D). For the 

BAF53bΔHD mice, wildtype littermates exhibited short-term (Fig 2.1B) and long-term 

OLM (Fig. 2.1C; as measured by preference for the novel location over the familiar 

location and calculated as the discrimination index).  In comparison, the both the 
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BAF53bΔHDhigh and BAF53bΔHDlow mutant mice displayed intact short-term memory  

(Fig 2.1B) but impaired long-term memory (Fig 2.1C).  Similar to the OLM results, 

BAF53bΔHDhigh and BAF53bΔHDlow exhibit short-term ORM indistinguishable from their 

wildtype littermates (Fig 2.1E).  In contrast, long-term ORM in both the BAF53bΔHDhigh 

and BAF53bΔHDlow lines is significantly impaired relative to wildtypes (Fig 2.1F).  

Importantly, there were no differences in total exploration time during training or testing 

for either task.  

Similar to the BAF53bΔHD lines, both BAF53bΔSB2high and BAF53bΔSB2low 

transgenic lines showed intact short-term OLM (Fig 2.2B) similar to wildtype littermates.  

However, long-term OLM was significantly impaired in both the BAF53bΔSB2high and 

BAF53bΔSB2low lines of animals compared to performance by wildtype littermates (Fig. 

2.2C).  Similarly, both BAF53bΔSB2high and BAF53bΔSB2low transgenic lines 

demonstrated normal short-term ORM (Fig 2.2D) and impaired long-term memory (Fig 

2.2E) when compared to wildtype littermates. There were no differences in total 

exploration time during training or testing for either task. 
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Figure 2.1 BAF53bΔHD mutant mice have intact short-term and impaired long-term memory. (a) Mice 
received 10 min training in an environment with two identical objects and received a retention test at 
either 90min (short-term ) or 24hrs (long-term) in which one object is moved to a new location (OLM). 
(b) BAF53bΔHD

high
 mutant mice (n=9) and BAF53bΔHD

low
 (n=12) exhibit normal short-term OLM as 

compared to wildtype mice (n=14) (ANOVA F2,32=0.11, p=0.90).  There were no differences in total 
exploration time between the groups at training ANOVA F2,32=0.58, p=0.56 or testing ANOVA 
F2,32=0.67, p=0.52. (c) BAF53bΔHD

high
 mutant mice (n=9) and BAF53bΔHD

low
 (n=13) exhibit a 

significant 24 hr long-term OLM deficit (ANOVA F2,34=5.79, p<0.01) in a hippocampus-dependent task 
as compared to wildtype littermates (n=15) and were not significantly different from zero 
(BAF53bΔHD

high
 t-test t(8)=0.39, p=0.71 and BAF53bΔHD

low 
t-test t(12)=0.19, p=0.85).  There were 

no significant differences in total exploration time between the groups during testing (ANOVA 
F2,34=0.45, p=0.64) or training (ANOVA F2,34=1.13, p=0.33). (d) Mice received 10 min training in an 
environment with two identical objects and received a retention test at either 90min (short-term ) or 
24hrs (long-term) in which one object is replaced with a novel one (ORM). (e) In a hippocampus-
independent short-term memory task, BAF53bΔHD

high
 mutant mice (n=10) and BAF53bΔHD

low
 (n=8) 

perform similarly to wildtype mice (n=25) (ANOVA F2,40=0.66, p=0.52).  There were no differences in 
total exploration time between the groups at training ANOVA F2,40=0.04, p=0.96 or testing Kruskal-
Wallis H2,40=1.64, p=0.44. (f) BAF53bΔHD

high
 mutant mice (n=12) and BAF53bΔHD

low
 (n=11) exhibit 

significant ORM deficits as compared to wildtype mice (n=18; Kruskal-Wallis H2,38=10.72, p<0.01; 
t(11)=13.06, p<0.05 and t(10)=11.43, p<0.05, respectively, Dunn’s post hoc tests).  There were no 
differences in total exploration time between the groups at training Kruskal-Wallis H2,38=0.61, p=0.98 
or testing ANOVA F(2,30)=2.53, p=0.09.  (f) Baf53b

+/–
 het mice (n=9) exhibit impaired long-term ORM 

compared to wildtype mice (n=10; t-test t(17)=2.88, p<0.05).  There was no difference in the overall 
exploration time between the groups at training t-test t(17)=0.60, p=0.56 or testing t-test t(17)=0.36, 
p=0.72. Mean (± SEM). 
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Baf53b+/– het mice also exhibited intact short-term memory (90min) for OLM similar to 

wildtype littermates (Fig. 2.3A).  Also similar to the transgenic lines, Baf53b+/– het mice 

demonstrated long-term memory impairments for OLM (Fig. 2.3B).  Short-term ORM 

Figure 2.2 BAF53bΔSB2 transgenic mice have intact short-term and impaired long-term memory. (a) 
Mice received 10 min training in an environment with 2 identical objects and received a retention test 24 
hrs later in which one object is moved to a new location (OLM).  (b) Wildtype (n=22), BAF53bΔSB2

low
 

(n=10) and BAF53bΔSB2
high

 mutant mice (n=13) all exhibit similar 90min short-term hippocampus-
dependent OLM (ANOVA F2,42=0.60, p=0.55) with all three genotypes showing a DI significantly different 
from zero (wildtype t-test t(21)=11.54, p<0.0001; BAF53bΔSB2

low
 t-test t(9)=8.31, p<0.0001 and 

BAF53bΔSB2
high 

t-test t(12)=9.80, p<0.0001). There were no significant differences in total exploration 
time between the groups during testing (ANOVA F2,42=0.10, p=0.91) or training (ANOVA F2,42=0.78, 
p=0.47)  (c) BAF53bΔSB2

low
 (n=12) and BAF53bΔSB2

high
 mutant mice (n=9) show significant deficits in 

24hr long-term OLM (ANOVA F2,39=30.37, p<0.0001) compared to wildtype littermates (n=21), bonferroni 
corrected t-test t(31)=5.81, p<0.05 and t(28)=6.82, p<0.05 respectively. There were no significant 
differences in total exploration time between the groups during testing (ANOVA F2,39=0.29, p=0.75) or 
training (ANOVA F2,39=0.67, p=0.52).  (d) Mice received 10 min training in an environment with 2 identical 
objects and received a retention test 24 hrs later in which one object is replaced with a novel one. (e) In a 
hippocampus-independent object recognition task BAF53bΔSB2

low
 (n=9) and BAF53bΔSB2

high
 (n=8) 

exhibit 90min short-term ORM similar to wildtype littermates (n=21) (Kruskal-Wallis H2,35=2.19, p=0.33).  
All three genotypes show a DI significantly different from zero (Wiltype t-test t(20)=13.14, p<0.0001; 
BAF53bΔSB2

low
 t-test t(8)=10.53, p<0.0001 and BAF53bΔSB2

high 
t-test t(7)=9.01, p<0.0001).  There was 

no difference in total exploration time between the groups at testing (ANOVA F2,35=1.60, p=0.22) or 
training (ANOVA F2,35=0.12, p=0.89).  (f) BAF53bΔSB2

low
 (n=10) and BAF53bΔSB2

high
 mutant mice 

(n=11) show significant deficits in 24hr long-term ORM (ANOVA F2,35=15.93, p<0.0001) compared to 
wildtype littermates (n=17), bonferroni corrected t-test t(25)=4.26, p<0.05 and t(26)=5.05, p<0.05 
respectively. There were no significant differences in total exploration time between the groups during 
testing (ANOVA F2,35=0.78, p=0.46) or training (ANOVA F2,35=1.61, p=0.21).  Mean (± SEM). 
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was intact in the Baf53b+/– het mice while long-term memory performance was impaired 

(Fig. 2.3 C and D).  Again, total exploration on all tasks was similar between the 

Baf53b+/– het mice and wildtype littermates, indicating deficits observed in the long-term 

memory paradigms was due to a failure in memory consolidation and not in 

performance.  

To assess whether BAF53b is sufficient for long-term memory formation in the 

hippocampus we reintroduced wildtype BAF53b into the dorsal hippocampus of adult 

Baf53b+/– het mice and wildtype littermates using adeno-associated virus (AAV).  AAV 

expressing BAF53b (AAV-Baf53b) or the control virus (AAV-hrGFP) were surgically 

delivered into dorsal hippocampus 14 days prior to behavior.  As shown in Figure 2.4A, 

AAV-Baf53b was robustly expressed in the dorsal hippocampus and BAF53b protein 

levels in the Baf53b+/– het mice with AAV-Baf53b were increased to wildtype levels in 

Figure 2.3 Baf53b
+/–

 het mice exhibit intact 
short-term and impaired long-term memory.  (a) 
Baf53b

+/–
 het mice (n=12) exhibit normal short-

term OLM as compared to wildtype mice (n=11) 
(t-test t(21)=0.34, p=0.74).  There were also no 
differences in total exploration time between the 
groups at training t-test t(20)=0.36, p=0.72 or 
testing t-test t(21)=0.98, p=0.34. (b) Baf53b

+/–
 

het mice (n=16) exhibit impaired long-term OLM 
compared to wildtype mice (n=6; t-test 
t(20)=2.35, p<0.05). There was no difference in 
overall exploration between the groups at 
training t-test t(20)=0.40, p=0.70 or testing t-test 
t(20)=0.95, p=0.35. (c) Baf53b

+/–
 het mice 

(n=15) exhibit similar short-term ORM compared 
to wildtype mice (n=9) (t-test t(22)=0.75, 
p=0.46). There were no differences in total 
exploration time between the groups at training 
t-test t(22)=1.54, p=0.14  or testing t-test 
t(22)=1.51, p=0.14.  (f) Baf53b

+/–
 het mice (n=9) 

exhibit impaired long-term ORM compared to 
wildtype mice (n=10; t-test t(17)=2.88, p<0.05).  
There was no difference in the overall 
exploration time between the groups at training 
t-test t(17)=0.60, p=0.56 or testing t-test 
t(17)=0.36, p=0.72. Mean (± SEM). 
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CA1 (Fig. 2.4B).  All four groups of animals were tested for elevated plus maze, long-

term OLM (hippocampal dependent) followed by long-term ORM (in a novel context with 

different objects) (hippocampal independent) (Fig. 2.4C). Importantly all four groups of 

animals (WT AAV-hrGFP, Baf53b+/– AAV-hrGFP, WT AAV-Baf53b, Baf53b+/– AAV-

Baf53b) showed normal motor function and anxiety (Fig. 2.4D and E). As shown in Fig. 

2.4F, WT AAV-hrGFP animals showed a robust preference for the displaced object 

indicating long-term OLM.  The Baf53b+/– het mice with the control virus showed 

significantly impaired OLM, replicating our previous findings (Fig. 2.3B).  Wildtype 

animals with AAV-Baf53b also show a robust preference for the displaced object similar 

to wildtype animals with control virus.  Critically, Baf53b+/– het mice with AAV-Baf53b 

show a robust preference for the displaced object that is indistinguishable from wildtype 

animals, demonstrating a complete rescue of long-term OLM formation (Fig. 2.4F).  

These findings indicate that the memory deficits observed in the Baf53b+/– het mice (Fig. 

2.3B and D) are due to a role for BAF53b in regulating gene expression in the adult 

brain and not a consequence of BAF53b’s role in development.  

To examine the specificity of the long-term memory rescue, the same animals 

were then tested on the hippocampal independent long-term ORM task (Fig. 2.4G).  

Similar to our previous findings with the Baf53b+/– mice (Fig 2.3D), WT AAV-hrGFP 

animals showed a robust preference for the novel object indicating long-term ORM.  

The Baf53b+/– het mice with the control virus showed significantly impaired ORM, 

replicating our previous findings (Fig. 2.3D).  Wildtype animals with AAV-Baf53b also 

show long-term ORM; however in the ORM task the Baf53b+/– het mice with AAV-

Baf53b fail to show a preference for the novel object (Fig. 2.4G).  Given the spatially 
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restricted viral expression in dorsal hippocampus of the Baf53b+/– AAV-Baf53b mice, the 

failure to rescue a hippocampal independent memory task (ORM) demonstrates 

specificity for the OLM rescue and not a global change in brain state or processing.  



42 
 

Overall, these rescue experiments provide strong evidence that BAF53b plays a critical 

role in long-term memory formation in the adult animal.  

In addition to ORM and OLM tasks, we examined long-term memory for 

contextual and cued fear conditioning in BAF53bΔHDlow and Baf53b+/– het mice.  Both 

lines exhibited normal response to shock, as measured by pre- and post-shock velocity 

(Fig. 2.5A and D).  BAF53bΔHDlow mice exhibited a significant decrease in freezing in a 

24 hr retention test, indicating impaired long-term memory for contextual fear (Fig. 

Figure 2.4 Hippocampal AAV-Baf53b rescues OLM but not ORM deficits in Baf53b
+/–

 het mice. (a) 
Representative images of immunofluorescence of BAF53b (yellow) expression in wildtype and Baf53b

+/– 
het 

mice with control (AAV-hrGFP) or AAV-Baf53b. Nuclei (blue) were counterstained with DAPI. Scale bar 
200μm. (b) Mean intensity of BAF53b immunofluorescence from CA1 cell layer normalized to background 
(corpus collosum) and wildtype AAV-hrGFP.  There is a complete return of BAF53b expression in CA1 of 
Baf53b

+/– 
het mice to wildtype levels (ANOVA no main effect genotype F1,38=2.23, p=0.14, a main effect of 

virus F1,38=8.14, p<0.01, and a significant interaction F1,38=5.34, p<0.05).  Bonferroni post hoc t-test WT vs. 
Baf53b

+/– 
het mice for AAV-hrGFP t-test t(16)=2.5, p<0.05 and AAV-Baf53b t-test t(22)=0.62, p>0.05. WT 

AAV-hrGFP (n=10), WT AAV-Baf53b (n=12), Baf53b
+/– 

het mice AAV-hrGFP (n=9), Baf53b
+/– 

het mice AAV-
Baf53b (n=12).  (c) Schematic of behavioral testing. Elevated plus maze (EPM) was conducted prior to all 
other behavioral tests. OLM was conducted as described in the methods.  Following a five day rest period, 
animals then were habituated to a novel context and then underwent ORM training and testing. (d) 
Percentage of time spent in the close and open arms of the elevated plus maze. There are no differences 
treatment groups WT AAV-hrGFP (n=9), WT AAV-Baf53b (n=10), Baf53b

+/–
 AAV-hrGFP (n=10), Baf53b

+/–
 

AAV-Baf53b (n=11) (Repeated measures ANOVA, main effect of Arm F1,36=898.4, p<0.0001 but no effect of 
genotype/virus F3,36=0.09, p=0.97 or interaction F3,36=0.09, p=0.96). (e) Habituation to the empty training 
arena across six days is the same for all treatment groups WT AAV-hrGFP (n=9), WT AAV-Baf53b (n=10), 
Baf53b

+/–
 AAV-hrGFP (n=10), Baf53b

+/–
 AAV-Baf53b (n=12) (Repeated measures ANOVA, main effect of 

day F5,37=88.73, p<0.0001 but no effect of genotype/virus F3,37=0.50, p=0.68 or interaction F15,37=0.65, 
p=0.83).  All analyzes were conducted 11-12 days post infusion into the dorsal hippocampus. (f) Long-term 
Object Location Memory (OLM) (24hrs).  There is a complete rescue of OLM in Baf53b

+/– 
het mice with 

AAV-Baf53b (2-way ANOVA main effect genotype F1,40=4.49, p<0.05, virus F1,40=6.04, p<0.05, and no 
interaction F1,40=1.76 p=0.19).  Bonferroni post hoc t-test WT vs. Baf53b

+/– 
het mice for AAV-hrGFP t-test 

t(18)=2.33, p<0.05 and AAV-Baf53b t-test t(22)=0.59, p>0.05. There was no difference between any of the 
groups for total exploration at training (2-way ANOVA no effect genotype F1,40=3.56, p=0.07, virus 
F1,40=0.02, p=0.90, and no interaction F1,40=0.63 p=0.43) or testing (2-way ANOVA no effect genotype 
F1,40=0.29, p=0.59, virus F1,40=0.53, p=0.47, and no interaction F1,40=4.02 p=0.05). WT AAV-hrGFP (n=10), 
WT AAV-Baf53b (n=12), Baf53b

+/– 
het mice AAV-hrGFP (n=10), Baf53b

+/– 
het mice AAV-Baf53b (n=12).  (g) 

Long-term Object Recognition Memory (ORM) (24hrs).  There is a no rescue of ORM in Baf53b
+/– 

het mice 
with AAV-Baf53b expression in dorsal hippocampus (2-way ANOVA main effect genotype F1,33=12.79, 
p<0.01, no main effect of virus F1,33=0.08 p=0.77, and no interaction F1, 33=0.16, p=0.69).  Bonferroni post 
hoc t-test WT vs. Baf53b

+/– 
het mice for AAV-hrGFP t-test t(14)=2.63, p<0.05 and AAV-Baf53b t-test 

t(19)=2.42, p<0.05).  There was no difference between any of the groups for total exploration at training (2-
way ANOVA no effect genotype F1,33=1.08, p=0.31, virus F1,33=2.85, p=0.10, and no interaction F1,33=0.04 
p=0.84) or testing (2-way ANOVA no effect genotype F1,33=4.13, p=0.05, virus F1,33=1.78, p=0.19, and no 
interaction F1,33=0.51 p=0.48). WT AAV-hrGFP (n=7), WT AAV-Baf53b (n=10), Baf53b

+/– 
het mice AAV-

hrGFP (n=9), Baf53b
+/– 

het mice AAV-Baf53b (n=11). Mean (± SEM). 
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2.5B).  In contrast, long-term memory for cued fear was normal in BAF53bΔHDlow mice 

as compared to wildtype littermates in a 24 hr retention test (Fig. 2.5C).  Similar results 

were observed in Baf53b+/– het mice.  Baf53b+/– het mice exhibited a significant 

Figure 2.5. BAF53bΔHD
low

 and Baf53b
+/–

 het mice have impairments in long-term memory for contextual 
fear, but normal cued fear memory. (a) During contextual fear training velocity (cm/sec) did not differ 
between BAF53bΔHD

low 
(n=10) and wildtype (n=9) mice for the five second prior to shock (Pre-Shock) nor 

during the shock (Shock) (Repeated Measures ANOVA F1,17=234.2, p<0.0001, bonferroni post hoc t-test 
pre-shock vs. post shock for wildtypes

 
t-test t(8)=10.09, p<0.001 and BAF53bΔHD

low 
t-test t(9)=11.60, 

p<0.001, and no effect of genotype ANOVA F1,17=0.44, p=0.51 or interaction F1,17=0.44, p=0.51). (b) 
Animals were tested in the conditioned context 24 hours after conditioning. BAF53bΔHD

low
 mutant mice 

froze significantly less than wildtypes (t-test t(17)=3.46, p<0.05).  At test there was a significant main effect 
of sex (ANOVA F1,15=12.39, p=0.003) but no interaction with genotype (F1,15=0.03, p=0.86) with males 
freezing more than females for BAF53bΔHD

low 
(bonferroni post hoc t-test t(9)=2.58, p<0.05) and a similar 

(but not significant) trend in wildtypes (bonferroni post hoc t-test t(8)=2.40, p>0.05). (c) 24hr memory test 
for cued fear conditioning (test in novel context).  Both groups exhibited similar levels of freezing prior to 
tone onset (Pre-Tone) and after Tone onset (Tone) (Repeated Measures ANOVA F1,16=0.98, p=0.77), with 
a significant increase in freezing following tone onset in both groups (F1,16=38.21, p<0.0001, bonferroni 
post hoc t-test Pre-Tone vs. Tone for wildtype (n=8)

 
t(7)=3.21, p<0.05 and BAF53bΔHD

low
 (n=10)

 

t(9)=5.68, p<0.001).  (D) Baf53b
+/– 

het mice (n=9) have a normal response to the shock during contextual 
fear training compared to wildtype littermates (n=8) with a significant increase in velocity following shock 
for both groups (Repeated Measures ANOVA F1,15=183.3, p<0.0001), bonferroni post hoc t-test pre-shock 
vs. post shock for wildtype

 
t(7)=8.38, p<0.001 and Baf53b

+/– 
het mice

 
t(8)=10.85, p<0.001, and no effect of 

genotype (F1,15=2.57, p=0.13) or interaction F1,15=1.80, p=0.20).  (E) Baf53b
+/–

 het mice froze significantly 
less than wildtypes at the 24hr long-term contextual fear memory test (t-test t(15)=2.25, p<0.05) (F) 24hr 
memory test for cued fear conditioning (test in novel context). Both groups exhibited similar levels of 
freezing prior to tone onset (Pre-Tone) and after Tone onset (Tone) (Repeated Measures ANOVA 
F1,22=0.53, p=0.48) with a significant increase in freezing following tone onset in both groups (ANOVA 
F1,22=63.29, p<0.0001, bonferroni post hoc t-test Pre-Tone vs. Tone for wildtype (n=12)

 
t(11)=6.56, 

p<0.001 and Baf53b
+/– 

het mice (n=12)
 
t(11)=4.69, p<0.001). Mean (± SEM).  
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decrease in freezing in the conditioned context in a 24 hr retention test, indicating 

impaired long-term memory for contextual fear (Fig. 2.5E).  In contrast, long-term 

memory for cued fear was normal in Baf53b+/– het mice as compared to wildtype 

littermates in a 24 hr retention test (Fig. 2.5F).  Together, these results suggest that 

BAF53b has a role in long-term memory for contextual fear, but perhaps not cued fear 

memory.  Because contextual fear conditioning is hippocampus-dependent, whereas 

cued fear conditioning is hippocampus-independent, the results also suggest that the 

hippocampus may be more sensitive to alterations in BAF53b.   

D. Conclusion 

Together, these results indicate that BAF53b has a critical role in long-term 

memory formation in the adult brain. Importantly, all BAF53b mutant mice 

(BAF53bΔHD, BAF53bΔSB2 and Baf53b+/– hets) have normal short-term memory, 

indicating that they can perform these tasks and that their deficits at 24hrs are due to a 

failure of learning and memory and not performance.  The transgenic approach allowed 

us to avoid potential effects of expressing mutant BAF53bΔHD or BAF53bΔSB2 on 

embryonic development, but the heterozygous knockout mice did not appear to have 

observable developmental defects either. Both genetically modified mice exhibited 

severe impairments in long-term memory for hippocampus-dependent tasks (object 

location and contextual fear conditioning). In contrast, long-term memory for cued fear 

was normal in both Baf53b+/− and BAF53bΔHDlow lines. This suggests that the 

hippocampus may be more sensitive to alterations in BAF53b function, as cued fear 

memory is considered to be hippocampus independent. BAF53b may also have a role 

in cortex-dependent long-term memory, as mutant BAF53b mice also exhibited impaired 



45 
 

long-term memory for object recognition. When performed in this manner, the task 

mainly depends on the perirhinal and insular cortices, indicating a potential role for 

BAF53b-mediated gene expression in these cortical regions. 

The similar performance between both the high and low expressing lines of 

transgenic animals indicates that the long-term memory impairments are not due to off-

target effects of random transgene integration and strongly supports the role for 

BAF53b in long-term memory processes.  It is also interesting to note that even 

moderate to low expression of the transgene is sufficient to profoundly disrupt long-term 

memory formation, indicating a crucial role for BAF53b in long-term memory processes.  

Furthermore, viral reintroduction of wildtype BAF53b into adult hippocampus was 

able to specifically rescue hippocampal-dependent OLM without altering memory 

impairments in the hippocampal-independent ORM.  This finding supports a critical role 

for hippocampal BAF53b in regulating memory processes in the adult, independent of 

any role BAF53b may play in development.  These results also support the hypothesis 

that BAF53b is involved in regulating gene expression required for long-term memory, 

as short-term memory in these tasks is transcription-independent. 
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CHAPTER 3: BAF53B-DEPENDENT GENE EXPRESSION IS 

DISRUPTED DURING MEMORY CONSOLIDATION 

A. Rationale 

The long-term memory deficits across manipulations of BAF53b (BAF53bΔHD, 

BAF53bΔSB2, and Baf53b+/– het mice) indicate that reduced BAF53b function interferes 

significantly with the functional and structural foundations of long-term memory, i.e., 

memory consolidation.  Therefore we set out to identify which genes BAF53b regulates 

during memory consolidation.  We performed RNA Sequencing experiments on three 

different types of BAF53b mutant mice: BAF53bΔHDhigh, BAF53bΔSB2high, and 

Baf53b+/– het mice.  In all cases animals were handled and habituated as described for 

OLM/ORM. On the training day half of the animals were sacrificed directly from their 

homecage to examine baseline gene expression differences. The remaining animals 

were trained for 10min with two objects (same as OLM/ORM training) and then 

sacrificed 30min following completion of training (Fig. 3.1A).  For the BAF53bΔSB2high 

experiment, an additional 60min timepoint was added to better assess the timecourse of 

gene expression changes during memory consolidation.  In all cases the dorsal 

hippocampus was removed and processed for RNA Sequencing to examine total mRNA 

expression for each respective group.  

Comparing gene expression profiles across conditions within each experiment 

allows for the identification of genes regulated by BAF53b both at baseline (homecage) 

and during memory consolidation.  We were particularly interested in genes that 

changed their expression (ie. induced or repressed) following a learning experience as 

these activity-dependent alterations in gene expression are usually required for memory 

consolidation to occur.  Consequently, in each sequencing experiment homecage gene 
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expression differences were examined first and genes showing alterations at homecage 

were removed from any subsequent analysis. This allows for an examination of BAF53b 

regulated activity-dependent gene expression from a similar baseline (homecage) 

condition.  By comparing the resulting gene expression profiles across BAF53b mutant 

mouse lines we hope to identify common targets for BAF53b regulation as well as gene 

targets that are uniquely altered by loss of the hydrophobic domain (BAF53bΔHD), 

subdomain 2 (BAF53bΔSB2), or simply a decrease in expression, and (Baf53b+/– het 

mice). 

B. Methods 

RNA-Sequencing 

RNA was isolated from bilateral, dorsal hippocampus using the using RNeasy 

minikit (Qiagen, 74104).   RNA quality was assessed by Bioanalyzer, and only samples 

with a RIN greater than 9 were included for analysis.  cDNA libraries for each group 

were prepared as described in the TruSeq RNA Sample Preparation v2 Guide 

(Illumina).  Briefly, 3ug of total RNA from each animal was used as starting material. 

The mRNA was purified with poly-T oligo-attached magnetic beads and heat 

fragmented.  The first and second strand cDNA were then synthesized and purified. The 

ends were blunted and the 3’ end was adenylated to prevent concatenation of the 

template during adapter ligation.  For each group a unique adapter set was added to the 

ends of the cDNA and the libraries amplified by PCR.  The quality of the library was 

assessed by Bioanalyzer and quantified using RT-qPCR with a standard curve prepared 

from a purchased sequencing library (Illumina).  Samples were multiplexed so that each 

behavioral group was represented in each flow cell of the sequencer. 10nM of each 
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library was pooled together in four multiplex libraries and sequenced on an 

IlluminaHiSeq 2000 instrument during a single-end 50 cycles sequencing run by the 

Genomics High-Throughput Facility (GHTF) at the University of California, Irvine.  The 

resulting sequencing data for each library were post-processed to produce FastQ files, 

then demultiplexed and filtered using both Illumina software CASAVA 1.8.2 and in-

house software.  Control reads successfully aligned to the PhiX control genome or poor 

quality reads failing Illumina’s standard quality tests were removed from the following 

analyses.  The quality of the remaining sequences was further assessed using the 

PHRED quality scores produced in real-time during the base-calling step of the 

sequencing run.  

Alignment to the Reference Genome and Transcriptome 

The reads from each replicate experiment were separately aligned to the 

reference genome mm9 (Rhead et al., 2011) and corresponding transcriptome using the 

short-read aligners ELAND v2e (Illumina) and Bowtie (Langmead et al., 2009).  Reads 

uniquely aligned by both tools to known exons or splice junctions with no more than two 

mismatches were included in the transcriptome.  Reads uniquely aligned but with more 

than two mismatches, or reads matching several locations in the reference genome, 

were removed from the analysis. The percentage of reads assigned to the reference 

genome and transcriptome using this protocol is reported for each group of replicates 

with the corresponding percentage of covered genes. 

Gene Expression and Differential Analysis 

Gene expression levels were directly computed from the read alignment results 

for each replicate in the different groups. Standard RPKM values (Mortazavi et al., 
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2008) (reads per kilobase of exon model per million mapped reads) were extracted for 

each gene covered by the sequencing data and each replicate used in this study. 

Differential transcriptional analyses were performed using CyberT (Baldi and 

Long, 2001; Kayala and Baldi, 2012) across each pair of groups. Additional control 

analyses were performed using CASAVA. For different threshold values the 

corresponding number of genes predicted to be differentially regulated, up-regulated, or 

down-regulated was examined. Enrichment for specific tissue expression, GO term 

(Ashburner et al., 2000), and KEGG pathways (Ogata et al., 1999; Kanehisa et al., 

2012) was assessed using DAVID (Dennis et al., 2003). 

C. Results 

To examine gene expression in the BAF53bΔHDhigh mutant mice and wildtype 

littermates four different groups were examined: BAF53bΔHDhigh homecage (ΔHDhigh 

HC); BAF53bΔHDhigh Beh (ΔHDhigh Beh); wildtype homecage (WT HC); and wildtype 

behavior (WT Beh). All BAF53bΔHDhigh and wildtype animals were handled and 

habituated as described for OLM. On the training day, half the animals from each 

genotype were sacrificed 30min after OLM training (Beh) or directly from their home 

cage without training (HC) (Fig. 3.1A). We have previously observed significant gene 

expression changes in the dorsal hippocampus 30 min following OLM training(Barrett, 

2011).  After mapping RNA Sequencing successfully covered the transcriptome 373.08 

times and significant differences in expression profiles were examined between all pairs 

of samples for multiple p-values and further explored for a p value of p<0.05.   
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We first compared the expression profiles of the WT and BAF53bΔHDhigh 

homecage groups and found that the majority of genes (18,563) were equivalently 

expressed at baseline in the two groups (Fig. 3.1B). There were also groups of genes 

that showed increased expression (296) in the WT compared to BAF53bΔHDhigh and 

the reverse (620) at homecage.  We next examined differences in gene expression 

following training.  Unlike the homecage condition, the majority of the genes that were 

increased (195) or decreased (572) in the wildtype with training were misregulated in 

the BAF53bΔHDhigh mice (either no change or a change in the wrong direction) (Fig. 

Figure 3.1. Differential gene expression in BAF53bΔHD
high

 mutant mice by RNA Sequencing. (a) 
Diagram of behavioral procedures for RNA Sequencing. All animals were handled and habituated as 
described for OLM/ORM. On the training day half of the animals were sacrificed directly from the 
homecage. The remaining animals were trained for 10min and then sacrificed 30min following training 
(Bea). In all cases dorsal hippocampus (dHc) was extracted for library preparation and sequencing. (b) 
Gene expression diagram for wildtype compared to BAF53bΔHD

high
 mutant mice sacrificed directly 

from the homecage for the p-value threshold of 0.05. Groups: BAF53bΔHD
high

 homecage (ΔHD
high 

HC) 
(n=3); BAF53bΔHD

high
 Behavior (ΔHD

high
 Bea) (n=4); wildtype homecage (WT HC) (n=2); and wildtype 

behavior (WT Bea) (n=4).  (c) Gene expression for genes that increased or decreased expression 
following behavior (sacrificed 30min post training) compared to homecage.  Genes with differential 
expression at homecage were removed prior to analysis. “Both” indicates genes regulated similarly in 
wildtype and BAF53bΔHD

high
 mutant mice. “Unique Increase” comprises genes that increase in only the 

indicated genotype. “Unique Decrease” comprises genes that decrease in only the indicated genotype. 
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3.1C).  Only 24 genes increased in expression equivalently in both genotypes and 39 

decreased in both genotypes following behavior.  These 24 genes included many of the 

IEGs such as c-fos and Egr1 (see further discussion below).  There were 171 genes 

that were increased in the WT but not in the BAF53bΔHDhigh following training, 

indicating a deficit in activity induced gene expression (Table 3.1).  These genes were 

enriched for Gene Ontology (GO) terms (Ogata et al., 1999; Ashburner et al., 2000; 

Dennis et al., 2003; Kanehisa et al., 2012) involved in regulation of transcription, 

chromatin organization, ion channel activity, and actin cytoskeleton regulation.  There 

were also 127 genes that turned on inappropriately in the BAF53bΔHDhigh mutant mice 

that did not increase in expression following training in the wildtypes.  In addition, 533 

genes had decreased expression in wildtype with training but not BAF53bΔHDhigh 

(Table 3.2).  These genes were enriched for GO terms such as GTPase activity, 

mitochondrial structure, acetylation, and chromatin organization.  Similarly, there were 

258 genes that decreased expression in the BAF53bΔHDhigh mice but not in the 

wildtype mice following training. Collectively, there were both failures in activity-

dependent gene expression (increases and decreases) in the BAF53bΔHDhigh mice 

compared to the wildtype littermates as well as inappropriate increases and decreases 

in gene expression (changes in only the mutants following behavior).  This suggests 

that BAF53b may regulate both the increase and decrease in gene expression following 

OLM/ORM training and that the lack of BAF53b function may result in an attempt of 

compensation or de-repression of gene expression (inappropriate expression).    

In order to better understand how BAF53b regulates gene expression, we also 

examined gene expression in the Baf53b+/– het mice both at baseline (homecage) and 
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30min following OLM/ORM training.  The resulting four groups of animals: Baf53b+/– 

homecage (Baf53b+/– HC); Baf53b+/– behavior (Baf53b+/– Beh); wildtype homecage (WT 

HC); and wildtype behavior (WT Beh) were compared. All Baf53b+/– and wildtype 

animals were handled and habituated as described for OLM (Fig. 3.1A).  On the training 

Figure 3.2. Differential gene expression in Baf53b
+/–

 het mice by RNA Sequencing. (a) Gene 
expression diagram for wildtype compared to Baf53b

+/–
 het mice mutant mice sacrificed directly from 

the homecage. (b) Gene expression for genes that increased or decreased expression following 
behavior (sacrificed 30min post training) compared to homecage.  Genes with differential expression at 
homecage were removed prior to analysis. “Both” indicates genes regulated similarly in wildtype and 
Baf53b

+/–
 het mice. “Unique Increase” comprises genes that increase in only the indicated genotype. 

“Unique Decrease” comprises genes that decrease in only the indicated genotype.  Groups: Baf53b
+/–

 
het mice homecage (Baf53b

+/–
 HC) (n=6); Baf53b

+/–
 het mice Behavior (Baf53b

+/–
 Bea) (n=6); wildtype 

homecage (WT HC) (n=6); and wildtype behavior (WT Bea) (n=6). (c) qRTP-PCR validation of the IEG 
c-fos. ANOVA main effect of behavior F1,20=157.6, p<0.0001, no effect of genotype F1,20=0.49, p=0.49, 
and no interaction F1,20=0.45, p=0.51. Expression relative to gapdh and normalized to wildtype 
homecage. (d) qRTP-PCR validation of the IEG Egr2. ANOVA main effect of behavior F1,20=224.2, 
p<0.0001, no effect of genotype F1,20=1.53, p=0.23, and no interaction F1,20=0.55, p=0.47. Expression 
relative to gapdh and normalized to wildtype homecage.  
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day, half the animals from each genotype were sacrificed 30min after OLM training 

(Beh) or directly from their home cage without training (HC). Mean PHRED quality 

scores indicate high quality sequencing data for each replicate.  After mapping and 

considering RNA Sequencing successfully covered transcriptome 298.50 times and 

significant differences in expression profiles were examined between all pairs of 

samples for p<0.05 (Baldi and Long, 2001; Kayala and Baldi, 2012) 

We first compared the expression profiles of the wildtype and Baf53b+/– het mice 

homecage groups and found that the majority of genes (19,524) were equivalently 

expressed at baseline in the two groups (Fig. 3.2A). There were also groups of genes 

that showed increased expression (80) in the wildtype compared to Baf53b+/– het mice 

and the reverse (57) at homecage.  We next examined differences in gene expression 

following training in the wildtype mice.  In agreement with numerous studies 

demonstrating similar findings(2009), wildtype mice showed robust changes in gene 

expression including many immediate early genes (IEGs) following OLM training 

(compared to homecage) (Fig. 3.2B) indicating that the training period was sufficient to 

induce activity-dependent gene expression during memory consolidation.  In addition, 

many of the activity-regulated genes (124) increased in the wildtype were also 

significantly induced in Baf53b+/– het mice following training.  These genes were 

enriched for Gene Ontology (GO) terms (Ogata et al., 1999; Ashburner et al., 2000; 

Dennis et al., 2003; Kanehisa et al., 2012) terms for regulation of transcription, RNA 

processing, and intracellular signaling and included the majority of IEGs (Fig. 3.2 C & 

D).  This suggests that BAF53b and nucleosome remodeling do not affect IEG 

expression during memory consolidation and that the long-term memory impairments 
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observed in Baf53b+/– het mice are caused by different mechanisms.  Of the 300 genes 

that were increased in the wildtype following OLM training, 176 failed to significantly 

increase in the Baf53b+/– het mice (Fig. 3.2B; Table 3.1).  These genes were enriched 

for GO terms involving transcription regulation and neurogenesis, as well as 

chromosome organization and chromatin modification, indicating a potential role for 

BAF53b in organizing higher order chromatin structure.  There were several key genes 

that showed misregulation following OLM training that were involved in regulating the 

Rac-PAK and RhoA-LIMK pathways that both culminate in phosphorylation of cofilin 

and actin cytoskeleton reorganization (Rex et al., 2009) including mir132 and the 

extracellular matrix interacting proteins Connective Tissue Growth Factor and Spp1 

(Osteopontin).  Together these findings suggest a role for BAF53b in regulating gene 

expression required for synaptic function. 

In the Baf53b+/– het mice there were also a group of genes (171) that were 

induced following behavior that are not normally increased in the wildtype (Fig. 3.2B).  

These genes were enriched for GO terms involving regulation of cell death, glutamate 

release, behavioral response to drugs of abuse, synaptic transmission, and regulation of 

neurogenesis.   

In addition to increases in gene expression, there are 101 genes that decrease 

expression in the wildtypes following OLM training compared to homecage (Fig. 3.2B) 

and 76 genes that decrease in the Baf53b+/– het mice.  Of the 101 genes that decrease 

in the wildtype, 14 also decrease in the Baf53b+/– het mice and 87 do not (Table 3.2). 

The 87 genes that fail to show an activity-dependent decrease in expression in the 

Baf53b+/– het mice are enriched for GO terms involving cell homeostasis, postsynaptic 
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cell membrane, and cytoskeleton.  In addition to the impaired decrease in gene 

expression, the Baf53b+/– het mice also have 62 genes that decrease in expression 

following behavior that do not decrease in the wildtype.  These aberrantly decreased 

genes are enriched for GO terms involving mitochondria function. Together these 

findings indicate that a reduction in BAF53b levels impairs activity-dependent gene 

expression following OLM training and that the expression of several key genes 

localized to the post synaptic density are disrupted in the Baf53b+/– het mice. 

We next set out to identify which genes BAF53b regulates during memory 

consolidation in the BAF53bΔSB2high transgenic mice.  We performed an RNA 

Sequencing experiment (Fig 3.3A.) from dorsal hippocampal tissue from six groups of 

animals: BAF53bΔSB2high homecage (BAF53bΔSB2high HC); BAF53bΔSB2high 30min 

post training (BAF53bΔSB2high 30min Beh); BAF53bΔSB2high 60min post training 

(BAF53bΔSB2high 60min Beh); wildtype homecage (WT HC); WT 30min post training 

(WT 30min Beh); and WT 60min post training (WT 60min Beh).  All BAF53bΔSB2high 

and wildtype animals were handled and habituated as described for OLM (Fig. 3.3A).  

On the training day, half the animals from each genotype were sacrificed 30min or 

60min after OLM training (Beh) or directly from their home cage without training (HC) 

(Fig 3.3A).  Mean exploration for the 30 and 60 min trained animals was equivalent 

across genotype (ANOVA no main effect of timepoint F1,20=1.73, p=0.20, no effect of 

genotype F1,20=0.10, p=0.76, and no interaction F1,20=0.31, p=0.58).  Mean PHRED 

quality scores indicate high quality sequencing data for each replicate.  Significant 

differences in expression profiles were examined between all pairs of samples for 

p<0.05 (Baldi and Long, 2001; Kayala and Baldi, 2012). 
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 We first examined any differences in gene expression between the two 

Figure 3.3. Differential gene expression in BAF53bΔSB2
high

 mice by RNA Sequencing.  
(a) Schematic of behavioral procedure for BAF53bΔSB2

high
 mice RNA Sequencing experiment. 

BAF53bΔSB2
high

 mice and wildtype littermates were trained as described for OLM/ORM.  On the 
training day animals were either sacrificed directly from their homecage or at one of two timepoints 
(30 or 60min) following a 10min training session with two objects. For all animals dorsal hippocampus 
was dissected and processed for RNA Sequencing.  (b). Homecage expression in BAF53bΔSB2

high
 

mice and wildtype littermates. (c) Genes that increased in expression in the wildtype animals at only 
the 30min timepoint relative to homecage (returned to baseline levels by 60min). The number of 
genes regulated in this pattern is shown in each panel. (d) Genes that increased in expression in the 
wildtype animals at only the 60min timepoint relative to homecage. (e) Genes that increased in 
expression in the wildtype animals at both the 30min and 60min timepoint relative to homecage.  (f) 
Expression profiles for the BAF53bΔSB2

high
 mice for the same genes shown in (c) that increased at 

30min in the wildtype. Green indicates genes that increased in expression at 30min only. Red denotes 
the genes that increased only at 60min following training. Blue indicates genes that increased at both 
30 and 60min post training. Orange indicates genes that failed to show any activity-dependent change 
at either timepoint. There were two additional genes that decreased in expression (see text).  The 
number of genes in each category is shown next to each expression profile. Example genes are color 
coded according to group and shown below the figure. (g) Expression profiles for BAF53bΔSB2

high
 

mice for the same genes shown in (d). The color scheme is the same as that shown in (f). (h) 
Expression profiles for BAF53bΔSB2

high
 mice for the same genes shown in (e). The color scheme is 

the same as that shown in (f). 
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homecage conditions (BAF53bΔSB2high HC and WT HC) (Fig 3.3B).  The majority 

(20,216) genes were not differentially expressed between the two genotypes. There 

were 206 genes that were significantly greater in the BAF53bΔSB2high homecage 

animals compared to the wildtype littermates.  Genes in this list included those involved 

in calcium regulation (Parvalbumin and S100 Calcium Binding Protein A1), ribosomal 

and mitochondrial function (ribosomal proteins S24 and L41) and Neuropeptide Y.   

There were 72 genes that were significantly decreased in the BAF53bΔSB2high 

homecage animals compared to the wildtype littermates.  Again several of these genes 

were involved in calcium regulation such as Calcium binding protein.   

For all further analyses genes with significant differences between the two 

homecage conditions were removed to allow for an examination of activity-dependent 

alterations in gene expression between the two genotypes starting from a similar 

baseline.  We first examined gene expression changes following OLM training in the 

wildtype animals at both the 30min and 60min timepoints relative to homecage 

expression.  We first divided the wildtype data into the three potential expression 

profiles (Fig 3.3C, D, and E) and then examined how the genes in each profile 

responded in the BAF53bΔSB2high mice.  For the wildtype animals there were 104 

genes that significantly increased in expression at 30min following OLM training and 

then returned to homecage levels by 60min post training (Fig 3.3C). These highly 

temporally regulated genes included several immediate early genes such as Nuclear 

Receptor Subfamily 4, Group A Member 2 (Nr4a2), Dual Specificity Posphatase 1 

(Dusp1), and Neuronal PAS Domain Protein 4 (Npas4).  For the BAF53bΔSB2high mice 

these same genes responded much differently with only 12 of the 104 genes showing 
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the same increase at 30min and decrease at 60min (Fig 3.3 F).  The remaining genes 

fell into three categories: 8 genes increased in expression by 30min but failed to 

decrease at 60, one gene failed to increase at 30 but did increase at 60, two genes 

decreased in expression instead of increased, and 81 genes failed to show any change 

in expression at either 30 or 60min post training (Table 3.1).  Genes that failed to show 

any induction included Protein Phosphatase 1, Regulatory (Inhibitor) Subunit 

1B/DARPP-32 (Ppp1r1b), Npas4 and Calcium/Calmodulin-Dependent Protein Kinase II 

Delta (CamK2d).  

 We next examined the expression profile for the wildtype animals in which gene 

expression was significantly increased relative to homecage only at the 60min timepoint 

(Fig 3.3D)  These 58 delayed activity-dependent genes included genes such as 

Serum/Glucocorticoid Regulated Kinase 1 (Sgk1), Calretinin (Calb2), Protein Kinase C 

Delta (PKCD), and Sprouty homolog 4 (Spry4).  The expression of these same 58 

genes in the BAF53bΔSB2high mice was largely disrupted with only 7 genes showing 

similar regulation to wildtype (only increased at 60min post behavior) (Fig 3.3 G).  The 

remaining genes fell into two categories: those that increased in expression too early 

(increased relative to homecage at both 30 and 60min) and those that failed to show 

any activity-dependent changes in expression (Table 3.1).  The majority of the genes 

fell into the second category and failed to show any change in expression at either 

timepoint following behavior (44 genes). 

 In addition, there were 18 genes in the wildtype animals that showed a significant 

increase relative to homecage for both the 30min and 60min timepoints (Fig 3.3 E).  

These 18 genes included many of the immediate early genes (IEGs) such as Activity-
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Regulated Cytoskeleton-Associated Protein (Arc), Nuclear Receptor Subfamily 4, Group 

A, Member 1 (Nr4a1), Early Growth Response 2 (Egr2), Dual Specificity Phosphatase 5 

(Dusp5).  Of these 18 genes 14 were similarly regulated in the BAF53bΔSB2high mice in 

that they increased expression at both 30 and 60min following behavior (Fig 3.3 H).  Of 

the remaining four genes, the CREB family member Activating Transcription Factor 3 

(Atf3) showed expression only at 60min relative to homecage and the remaining three 

genes did not show any activity-dependent change in expression (Table 3.1).  We then 

examined IEG expression more closely given that these activity-dependent genes are 

closely tied to synaptic plasticity and long-term memory formation.  Many of the IEGs 

showed similar expression profiles in the BAF53bΔSB2high mice and wildtype littermates 

including several Dusps (1, 5, and 6), Egr4, and Nr4a1.  There were two IEGs (Egr2 

and Fos) that followed a similar timecourse of expression in the mutants and wildtype 

but the magnitude of increase in the mutants was blunted at 30min post training.  There 

were also groups of IEGs that failed to turn on in the mutants (Ier2, Npas4), failed to 

turn off (Egr1, Nr4a2) and turned on inappropriately (Nr4a3, Egr3, Dusp 4).    

BAF53bΔHDhig

h  Baf53b+/–  
BAF53bΔSB2hi

gh 
BAF53bΔSB2hi

gh BAF53bΔSB2high 

30min post 
OLM 

30min post 
OLM 

30min post 
OLM 

60min post 
OLM 

30 & 60min post 
OLM 

Itpka Nap1l5 Ppp1r1b Calb2 Coq10b 

Rasgrf1 Atf4 Penk Prkcd Pdp1 

Prkce Rgs4 
Gpr88 

A230065H16R
ik 

3110001I22Rik 

Slc24a2 Efhd2 Scn4b Chn2 

 Atf4 Mir3064 Dnajb1 Clk4 

 D4Wsu53e Impact Pde10a Jmjd6 

 Arhgef9 Tshz2 Atp2b4 Dlx1 

 Dlgap1 Hlf Mcl1 Cacng5 

 Rbfox1 Cxcl14 Gng4 Sln 

 Scn8a Rasl11b Meis2 Ctxn3 
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Ddx3y Dusp26 Camk2d Pdzd2 

 Nbea Fkbp4 Chrm4 Cxcl5 

 6430704M03R
ik Comt 

Adora2a Dnase1l2 

 Tceb1 Sc4mol Ier2 Mir7046 

 Ube2d3 F3 Gucy1a3 Mir338 

 Synj1 Xbp1 Syndig1l Mir208a 

 

Eif2s3y Safb 
1810013L24Ri
k 

Ebf3 

 Tmod2 Ppp1r3c Fosl2 Mir6769b 

 Prrc2b Hnrnph3 Drd2 Mir7028 

 Mbnl2 Spred1 Rasgef1b Snord66 

 Table 3.1 Top twenty genes that fail to show activity-dependent increases in expression 
following OLM training compared to homecage.  Each column represents genes that are 
increased in expression in wildtype littermates for each RNA Sequencing experiment 
but fail to increase in expression in the BAF53b mutant mice (BAF53bΔHDhigh, Baf53b+/– 
het mice or BAF53bΔSB2high mice).  The top twenty genes were sorted based on the 
magnitude of increase in the wildtype animals (HC vs training).  
 

 In addition to analyzing gene expression profiles that increased following training, 

we also examined gene expression that decreased following behavior compared to 

homecage levels (Fig. 3.4).  We first examined genes that decreased expression 30min 

following OLM training and then returned to homecage levels by 60min post training.  In 

the wildtype mice there were 19 genes that followed this expression profile (Fig 3.4A). In 

comparison, none of these genes showed the activity-dependent decrease in 

expression in the BAF53bΔSB2high mice (Fig 3.4D; Table 3.2).  Similarly, there were 15 

genes that  
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decreased in expression only at 60min following behavior in the wildtype animals (Fig 

3.4B) and all but one of these genes failed to show any activity-dependent change in 

expression in the mutant animals (Fig 3.4E; Table 3.2).  There were also nine genes in 

the wildtype animals that decreased in expression at both 30 and 60min following 

Figure 3.4. Differential gene expression in BAF53bΔSB2
high

 mice by RNA Sequencing.  
(a) Genes that decreased in expression in the wildtype animals at only the 30min timepoint relative to 
homecage (returned to baseline levels by 60min). The number of genes regulated in this pattern is 
shown in each panel. (b) Genes that decreased in expression in the wildtype animals at only the 
60min timepoint relative to homecage. (c) Genes that decreased in expression in the wildtype animals 
at both the 30min and 60min timepoint relative to homecage.  (d) Expression profiles for the 
BAF53bΔSB2

high
 mice for the same genes shown in (a) that decreased at 30min in the wildtype. 

Green indicates genes that decreased in expression at 30min only. Red denotes the genes that 
decreased only at 60min following training. Blue indicates genes that decreased at both 30 and 60min 
post training. Orange indicates genes that failed to show any activity-dependent change at either 
timepoint. The number of genes in each category is shown next to each expression profile. Example 
genes are color coded according to group and shown below the figure. (e) Expression profiles for 
BAF53bΔSB2

high
 mice for the same genes shown in (b). The color scheme is the same as that shown 

in (d). (f) Expression profiles for BAF53bΔSB2
high

 mice for the same genes shown in (c). The color 
scheme is the same as that shown in (d). 
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behavior (Fig 3.4C).  Again, none of these genes showed an activity-dependent 

decrease in expression in the BAF53bΔSB2high mice (Fig 3.4F; Table 3.2).   

Together the findings indicate a general failure in activity-dependent gene 

expression in the BAF53bΔSB2high mice.  This deficit occurs for all three activity-

dependent wildtype profiles with the majority of the genes in the mutant animals failing 

to show any activity-dependent changes, either increases or decreases, relative to 

homecage (76% or 170/223).  These activity-dependent failures in gene expression 

occur in genes enriched for GO terms such as brain, secreted, extracellular region, 

intracellular signaling cascade, and behavior.  
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 Rnf187 Camk1d Mid1 Mir7071 

 Mlf2 Dock4 Cxcl10 Ppbp 
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Mt2 Cdkl5 Myl3 

  Tspan3 Fut8 
   Table 3.2 Top twenty genes that fail to show activity-dependent decreases in 

expression following OLM training compared to homecage.  Each column represents 
genes that are decreased in expression in wildtype littermates for each RNA 
Sequencing experiment but fail to decrease in expression in the BAF53b mutant mice 
(BAF53bΔHDhigh, Baf53b+/– het mice or BAF53bΔSB2high mice).  The top twenty genes 
were sorted based on the magnitude of decrease in the wildtype animals (HC vs 
training).  

D. Conclusion 

The RNA Seq data indicates that loss of normal BAF53b function alters 

regulation of gene expression both at baseline and following OLM training. Gene 

expression changes between the BAF53b mutants and wildtype littermates from the 

homecage condition were largely minimal in all three sequencing experiments (18,563, 

19,524, and 20,216).  Consequently the majority of the analysis focused on activity-

regulated gene expression by comparing gene expression following OLM training to 

homecage levels.  All activity-dependent analyses removed genes that were 

differentially expressed at baseline to allow for an unbiased comparison of activity-

dependent change.  

 The RNA Seq data from the BAF53bΔHDhigh mice indicates that several key 

postsynaptic density genes were affected by the hydrophobic domain deletion in 

BAF53b including SAP97, Tanc1 and Tanc2 that are central organizers of the 

postsynaptic density at excitatory synapses on pyramidal neurons (Han et al., 2010; 

Howard et al., 2010).  Another key gene that is altered is RGS14, a scaffolding protein 

in the postsynaptic density that integrates G protein and mitogen-activated protein 

kinase (MAPK) signaling and is critical for hippocampal dependent learning and 

synaptic plasticity (Vellano et al., 2011).  Given the low number of animals in the 

wildtype homecage condition in the BAF53bΔHDhigh analysis, it is difficult to directly 
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compare the gene expression findings in these animals to the other BAF53b mutant 

lines.  Future analysis will examine a subset of genes similarly regulated in the wildtype 

animals across the three sequencing experiments to control for any variability in 

wildtype gene expression.  By normalizing the wildtype data sets across experiments 

we will not only find the most reproducibly regulated activity-dependent genes but also 

to directly identify common and unique patterns of misregulation in the three different 

types of BAF53b mutant animals.  This multiple allele approach will identify key genes 

regulated by BAF53b during OLM consolidation.  

 In the Baf53b+/– het mice several key postsynaptic density genes involved in 

spine plasticity also showed altered expression, including multiple regulators of the Rac-

PAK and RhoA-LIMK pathways.  For example, mir132 has previously been shown to 

regulate spine plasticity (Soren et al., 2010) and long-term OLM (Hansen et al., 2010) 

by regulating Rac1 activity through translational repression of p250GAP (Wayman et al., 

2008).  In addition to mir132, Baf53b+/– het mice have alterations in gene expression of 

other key regulators of the Rac-PAK and RhoA-LIMK pathways, both at the level of the 

PSD (Grinb2 and Grin2a and Ephrin type-A receptor) and at the level of pathway 

regulation through the extracellular matrix (Connective Tissue Growth Factor and 

Spp1).  Together this suggests that loss of BAF53b function results in misregulation of 

genes key related to post synaptic function. 

The BAF53bΔSB2high mice also show a misregulation of genes involved in 

synaptic and intercellular signaling.  For example, genes for regulating intercellular 

calcium buffering were misregulated in the BAF53bΔSB2high mice including 

Parvalbumin, S100 Calcium Binding Protein A1, Calretinin, and Calcium binding protein 
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7.  Both Parvalbumin and Calretinin have known roles in regulating intercellular calcium 

signaling in response to neuronal activity.  Calretinin knockout mice have specific 

impairments in performant path LTP induction and maintenance but normal Schaffer 

collateral-CA1 LTP and normal long-term spatial memory in the morris water maze 

(Schurmans and Schiffmann, 1997).  This specific deficit in the dentate gyrus is in 

concordance with Calretinin  being highly expressed in GABAergic interneurons and 

hilar mossy cells compared to sparse interneuron expression in CA1 (Schurmans and 

Schiffmann, 1997).  Another key gene misregulated in the BAF53bΔSB2high mice is 

Ppp1r1b (DARPP-32), a critical regulator of both protein phosphatase 1 (PP-1) and 

protein kinase A (PKA) activity in response to dopamine.  PPP1r1B activity plays a 

critical role in regulating the action of multiple drugs of abuse including cocaine, 

amphetamine, nicotine, caffeine, LSD, PCP, ethanol and morphine (Fienberg et al., 

1998; Svenningsson et al., 2005).  PPP1r1B also is involved in object recognition 

memory (Heyser et al., 2013) and reversal learning in a discrimination operant task 

(Heyser et al., 2000).  Single nucleotide polymorphisms in PPP1r1B have been linked to 

autism spectrum disorders (Hettinger et al., 2012) and alternative splicing of PPP1r1B is 

altered in patients with schizophrenia and affective disorders (Kunii et al., 2014).  

Together the findings in the BAF53bΔSB2high mice also point to a misregulation of gene 

expression critical for normal synaptic and cellular function. 

Perhaps the most interesting finding with the three independent manipulations of 

BAF53b is in regard to expression of the immediate early genes (IEGs).  Both the 

BAF53bΔHDhigh mice and the Baf53b+/– het mice showed normal IEG induction at the 

30min timepoint following training. To further explore activity-dependent gene 
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expression in the BAF53bΔSB2high mice an additional 60min timepoint post training was 

added. This additional timepoint demonstrated that a number of IEGs were 

misregulated in the BAF53bΔSB2high mice compared to the wildtype littermates 

including Egr2, Fos, Npas4, Egr1 and Nr2a2.  Both Egr2 and Fos were induced to a 

lesser extent in the mutants compared to widltypes at the 30 minute timepoint, an effect 

not observed in either the BAF53bΔHDhigh or Baf53b+/– het mice.  In addition, the 

BAF53bΔSB2high mice appear to have the most profound deficits in activity-dependent 

gene expression with the majority (76% or 170/223) of changes observed in the 

wildtype animals  following training (both increases and decreases) failing to occur in 

the BAF53bΔSB2high mice.  This suggests that manipulations of the BAF53b subdomain 

2 may preferentially impair expression, but future work with additional timepoints post 

training in the BAF53bΔHDhigh and Baf53b+/– het mice will be required to substantiate 

these findings. 

Understanding how exactly how BAF53b and the nBAF complex is involved in 

the regulation of gene expression will be critical for understandings its role in regulating 

long-term memory formation.  This is also important considering that many of the 

misregulated genes were linked with dendritic spine function and that spine 

abnormalities appear to be a common feature in intellectual disabilities including 

nonsyndromic intellectual disability, Down, Fragile X, and Rett syndromes (Levenga and 

Willemsen, 2012).   



66 
 

CHAPTER 4: DENDRITIC SPINE FUNCTION AND MORPHOLOGY ARE 

DISRUPTED IN BAF53B MUTANT MICE 

A. Rationale 

The two most striking effects of disrupting BAF53b function in neuronal cultures 

are aberrant gene expression and impaired activity-dependent dendritic outgrowth and 

synapse formation (Wu et al., 2007).  During development, BAF53b controls the 

expression of several groups of gene targets critical for dendritic branching and synapse 

formation(Wu et al., 2007a). The target genes most significantly affected appear to be 

those involved in dendritic growth and synapse formation including as well as several 

Rho family GTPase regulators that are critically important for activity-dependent 

dendritic development (Wu et al., 2007). Different types of mutations that disrupt nBAF 

function appear to similarly disrupt dendritic branch arborization (Parrish, 2006; Wu et 

al., 2007; Chesi et al., 2013; Staahl et al., 2013) providing evidence that nBAF plays a 

critical role in regulating gene expression for dendritic development.   

BAF53b’s role in regulating gene expression for dendritic plasticity in the early 

developmental time window examined in culture may extend to similar processes 

underlying synaptic plasticity in the adult brain.  Within the adult hippocampus most 

spines have constricted necks and are either mushroom shaped with head diameters 

exceeding 0.6 microns or thin shaped with small or no heads (Harris and Stevens, 

1989). There are also stubby spines that are protrusions with head widths equal to neck 

length and protrusions with multiple synapses along the head and neck (Bourne and 

Harris, 2008). Mushroom spines have larger, more complex post synaptic densities with 

a higher density of glutamate receptors and smooth endoplasmic reticulum, suggesting 
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a functionally stronger glutamate response (Bourne and Harris, 2008). In addition, the 

size of the spine head is correlated with the size of the postsynaptic density and 

magnitude of signal transmitted to the dendritic shaft (Harris and Stevens, 1989), 

suggesting a potential functional role for spine plasticity in modulating synaptic 

transmission.  

Within the hippocampus, LTP can induce increases in spine diameter and LTD 

(long-term depotentiation) can result in decreases in spine diameter in acute 

hippocampal slice (Yang et al., 2008). Synaptic activity activates actin regulatory 

pathways and alters synapse morphology within the same dendritic spines (Chen et al., 

2007).  Consequently, spines containing phosphorylated p21-activated kinase (PAK) or 

its downstream target Cofilin have been used as markers of spines undergoing activity-

dependent actin remodeling following TBS (Chen et al., 2007; Rex et al., 2009) or 

behavior (Fedulov et al., 2007).  By colabeling pCofilin with PSD95 (a marker of the post 

synaptic density) the number of spines with active actin polymerization can be 

visualized and quantified.   

The RNA Sequencing results (Chapter 3) strongly implicate a role for BAF53b in 

regulating genes involved in the post synaptic density and in actin cytoskeleton 

regulation in the adult brain.  Combined with increasing evidence that dendritic spine 

remodeling plays a critical role in learning and memory (Zuo et al., 2005; Xu et al., 

2009; Yang et al., 2009; Fu et al., 2012), we examined the activation of cofilin 

(phosphorylated Cofilin) at the post synaptic density following theta burst stimulation 

(TBS) or following OLM training as well as dendritic morphology and synapse density 

following manipulations of BAF53b.  
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B. Methods.     

Phosphorylated cofilin (pCofilin) analysis following Theta Burst Stimulation (TBS) 

Hippocampal slices were prepared as previously described (Barrett, et al., 2011)  

from Baf53b+/– het and wildtype mice (approximately 2 months of age). Following 

isoflurane anesthesia, mice were decapitated and the brain was quickly removed and 

submerged in ice-cold, oxygenated dissection medium containing (in mM): 110 

C5H14NOCl (Choline Chloride), 2.5 KCl, 1.25 NaH2PO4, 7 MgSO4, 0.5 CaCl2, 25 

NaHCO3, 25 glucose, 11.6 L-ascorbic acid, and 3.1 Pyruvic Acid. Transverse 

hippocampal slices (300 µm) through the mid-third of the septotemporal axis of the 

hippocampus were prepared using a Leica vibrating tissue slicer (Model:VT1000S) and 

rinsed at room temperature for ~3 min in a high magnesium aCSF solution containing: 

124 NaCl, 3 KCl, 1.25 KH2PO4, 5 MgSO4, 26 NaHCO3, and 10 dextrose before being 

transferred to an interface recording containing preheated artificial cerebrospinal fluid 

(aCSF) of the following composition (in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 1.5 

MgSO4, 2.5 CaCl2, 26 NaHCO3, and 10 glucose and maintained at 31 ± 10C.  Slices 

were continuously perfused with this solution at a rate of 1.75-2 ml/min while the surface 

of the slices were exposed to warm, humidified 95% O2 / 5% CO2.  Recordings began 

following at least 2 hr of incubation.  Field excitatory postsynaptic potentials (fEPSPs) 

were recorded from CA1b stratum radiatum using a single glass pipette (2-3 MΩ). 

Bipolar stainless steel stimulation electrodes (25 µm diameter, FHC) were positioned at 

two sites (CA1a and CA1c) in the apical Schaffer collateral-commissural projections to 

provide activation of separate converging pathways of CA1b pyramidal cells. Pulses 

were administered in an alternating fashion to the two electrodes at 0.03 Hz using a 
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current that elicited a 50% maximal response.  After establishing a stable baseline, 

long-term potentiation (LTP) was induced by delivering 5 or 10 ‘theta’ bursts (each burst 

was four pulses at 100 Hz and bursts were separated by 200 msec).  

Following a baseline recording, slices were either given control stimulation (3 

pulses/min) or TBS.  All the slices were collected 7 minutes after stimulation and placed 

into cold 4% paraformaldehyde.  Hippocampal slices were subsection of a freezing 

microtome and slide mounted.  Immunocytochemical labeling was done by washing 

slices with 0.1M phosphate buffer, then placed in a cocktail of primary antibodies 

pCofilin (ABCam, AB12866; 1:250) and PSD95 (ThermoScientific, MA1-045, 1:800) in 

diluent which included 0.1M PB, 0.3% Triton, and 1.8% bovine serum albumin. Sections 

were exposed to primary antibody for two nights at 4oC. Tissue was then rinsed 3 times 

with 0.1M PB and incubated in secondary antibodies for donkey anti-mouse Alexafluor 

488 (Life Technologies; A-21202) and donkey anti-rabbit Alexafluor 594 (Life 

Technologies; A-2107).  Images were acquired on a Leica DM6000B using a 63x Plan 

Apo objective (1.4 numerical aperture). Image acquisition and deconvolution (99% 

confidence) were done using Volocity 6.0 (Perkin-Elmer) at which time deconvolved 

images were exported and quantified using previously described in-house analysis 

software (Chen et al., 2007). 

Phosphorylated cofilin (pCofilin) analysis following OLM traning 

For the pCofilin analysis from brain tissue following behavior, 

immunofluorescence was carried out on fresh frozen 20-μm thaw-mounted sections. 

Briefly, slides were fixed in 100% ice cold methanol (20 min), permeablized in 0.01% 

Triton X-100 in 0.1 M PBS (10 min), rinsed once in 0.1M PBS (5min) and then blocked 
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(30min at 21–23 °C) in 8% NGS in 0.1M PBS. Slides were then incubated overnight (4 

°C) in primary antibody diluted in 5% NGS in 0.1M PBS.  Slides were then washed (3 x 

5 min in 0.1 M PBS with 0.05% Tween-20), and incubated for 1 h at 21–23 °C with 

secondary antibody diluted in 5% NGS in 0.1M PBS.  Slides were again washed and 

then incubated with Streptavidin-594 (1:500, 016-580-084, Jackson ImmunoResearch) 

in 5% NGS in 0.1M PBS for 1h. Slides were washed and stained with DAPI (1:15,000 in 

0.1M PBS) and coversliped in Vectashield (H-1000, Vector Labs). Antibodies used 

were: Mouse anti BAF53b (1:1000, N332B/15, NeuroMab) Mouse anti NeuN (1:1,000, 

MAB377, Millipore), Rabbit anti phosphorylated (Ser3) cofilin (1:500, ab12866, Abcam) 

and Mouse Anti PSD95 (1:1000, MA1-045, Thermo-Scientific). FITC-conjugated goat 

anti rabbit IgG (1:1,000, AP132f, Millipore) or Biotin-conjugated donkey anti mouse IgG 

(1:1,000, 715-066-150, Jackson ImmunoResearch). 

For each animal, Z-stacks were acquired at 63x with 1x zoom at 0.2 μm step size 

using a Zeiss LSM780 laser scanning confocal microscope. The imaging area was 

randomly selected in CA1 stratum radiatum, directly below the CA1 cell layer.  Two to 

four images were acquired bilaterally for each animal from stained sections between 1.7 

to 2.3 mm posterior to Bregma.  

Laser intensity was set to 35% for both channels and held constant across 

images. Image analysis was performed in Fiji (ImageJ) as follows: each channel was 

converted to 8-bit and the contrast enhanced to a saturation level of 0.001. Background 

was normalized by subtracting a duplicate image with a Gaussian blur (sigma 50).  A 

median filter was then applied to the stack (radius of 2). For the each channel multiple 

thresholds were examined (10 in total).  For each threshold the image was converted to 
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a mask, the mask overlaid on the original image to exclude background. For the final 

analysis data were analyzed at the thresholds that produced the greatest number of 

puncta for each channel. Images with less than 50 puncta at max intensity were 

removed from analysis.  The puncta were counted using the 3-D object Counter macro 

(Bolte and Cordelieres, 2006).  Co-localization of the identified objects was determine 

by comparing the coordinates for each object to all other objects and co-localization was 

assigned if the objects extended through more than one but less than five z-planes and 

were touching.  

Dendritic Spine Imaging and Analysis 

 Dendritic spines were analyzed as described in Chen et al, 2008.  BAF53bΔHD 

mice were crossed with mice expressing YFP in a subset of neurons within the 

hippocampus (B6.Cg-Tg(Thy1-YFPH)2Jrs/J, Jackson Laboratories). The YFP is under 

the control of the neuron-specific elements from the Thy1 gene that allows for labeling 

of axons, nerve terminals, dendrites, and dendritic spines (Feng et al., 2000).  At three 

weeks of age both mutant and wildtype animals were  transcardially perfused with 0.9% 

saline (2min) followed by 4% PFA (10min). Brains were post-fixed for 2-4 hours, sunk in 

15% sucrose then in 30% sucrose. Brains were then frozen and 20um sections were 

collected for free floating YFP immunofluorescence to enhance YFP signal. 63x 

confocal stacks were be taken of YFP positive CA1 pyramidal cells for the first branch of 

the apical dendrites and the first 100-150um segment from the soma along the main 

dendritic shaft. Both spine density (total spines/um) as well as categorized spine types 

based on both size and morphology were analyzed. Spine morphology was divided into 

three main categories based on Harris & Bourne (2008) as mushroom (head diameter 
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of 0.6um or larger, with neck), stubby (head diameter of 0.6um and no neck), or 

filopodia-like (no head or head <0.3um diameter, small, thin neck) (Chen et al., 2007). 

C. Results 

Given the critical role of actin cytoskeleton remodeling in stabilizing activity-

dependent changes in dendritic spine morphology and plasticity(Lynch and Gall, 2013), 

we first evaluated the number of dendritic post synaptic densities with phosphorylated 

(p) Cofilin induction by TBS.  Using wide field deconvolution microscopy and 

immunofluorescent labeling we found that pCofilin has punctate labeling within stratum 

radiatum of CA1 and colocalizes with PSD95, a marker for excitatory synapses (Fig. 

4.1A). Quantification revealed that the intensity profiles of pCofilin puncta colocalized 

with PSD95 are right shifted in the Baf53b+/– het mice, indicating an increase in more 

intensely labeled puncta (Fig. 4.1B and C).  pCofilin levels have been shown to peak 

seven min post-TBS(Chen et al., 2007).  Therefore, we examined pCofilin at this 

timepoint in Baf53b+/– het mice and wildtype littermates. Wildtype mice showed a clear, 

TBS induced increase in the number of densely labeled pCofilin puncta co-localized to 

PSD95 seven minutes following TBS, while the Baf53b+/– het mice did not show a TBS 

induced increase in the double labeled puncta (Fig. 4.1D). This difference was not due 

to any changes detected in PSD95 volumes or intensities (Fig. 4.1E), suggesting that 

the post synaptic terminal between the two groups is structurally similar.   
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Given the lack of induction in pCofilin following TBS in the Baf53b+/– het mice we 

next examined pCofilin in the BAF53bΔSB2high transgenic mice following OLM training.    

Animals were handled and habituated as described for the OLM/ORM tasks and then 

Figure 4.1 TBS induced phosphorylation (p) of Cofilin is altered in Baf53b
+/– 

het mice.  Adult mouse 
hippocampal slices are stimulated electrophysiologically and immunolabeled.  (a) 
Immunocytochemical labeling of pCofilin (left) and PSD95-immunoreactive puncta (green) display 
some co-localization (Scale 2.5um). (b) Distribution of double labeled pCofilin intensities, show that 
Baf53b

+/–
 het mice have a different baseline distribution, with an increase in the more intensely 

labeled puncta. (c) Cumulative probability distributions show that the Baf53b
+/–

 het mice have curves 
that are shifted to the right relative to their wildtype counterparts, thus favoring the more intense 
puncta. (d) Bar graph shows values of double labeled puncta 7 minutes after control stimulation or 
TBS, with values normalized to respective control stimulation group. ANOVA main effect of 
stimulation F1,25=14.92, p<0.005, genotype F1,25=5.13, p<0.05, and a significant interaction 
F1,25=5.11, p<0.05. Bonnferoni corrected post hoc t-test wildtype control vs. TBS t(12)=4.24, 
p<0.001; Baf53b

+/–
 het control vs. TBS t(13)=1.16, p>0.05   wildtype control (n=8), wildtype TBS 

(n=8), Baf53b
+/–

 het control (n=7), Baf53b
+/–

 het TBS (n=8). Mean +/- SEM. (e) Left Quantification of 
the mean volumes of PSD95-immuno reactive puncta that were colocalized with pCofilin for 
Baf53b

+/–
 het mice (n=15) and wildtype littermates (n=16) t-test t(29)=1.39, p=0.19. Right Mean 

intensities of PSD95 labeled elements also show no difference between the Baf53b
+/–

 het mice 
(n=15) and wildtype littermates (n=16) t-test t(29)=1.47, p=0.15. “n” refers to the number of images 
analyzed with ~40,000 PSD95 immunoreactive puncta per image. 
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sacrificed directly from their homecage without training (homecage) or 7min following a 

10min training session (Fig. 4.2A).  Using confocal microscopy and immunofluorescent 

labeling we found that phosphorylated (p) Cofilin has punctate labeling within stratum 

radiatum of CA1 and colocalizes with PSD95 (Fig. 4.2B). Quantification revealed a 

Figure 4.2. Learning induced phosphorylation (p) of Cofilin is disrupted in BAF53bΔSB2
high

 mice.  (a) 
Schematic of experimental design. WT and BAF53bΔSB2

high
 mutant mice were handled and 

habituated as described for OLM/ORM behavior. On the training day half of the animals were 
sacrificed 7min following a 10min OLM/ORM training session and the remaining animals were 
sacrificed directly from the homecage without training. (b) Immunofluorescent labeling of PSD95-
immunoreactive puncta (red) and pCofilin (green) in stratum radiatum of dorsal hippocampus CA1 
and display some co-localization (arrow) (Scale 2.0um). (c) Percentage of double labeled puncta in 
wildtype and BAF53bΔSB2

high
 mice from homecage (HC) or 7 minutes following OLM/ORM training 

(Behavior). ANOVA no main effect of behavior F1,14=3.48, p=0.08, or genotype F1,14=0.16, p=0.70, 
but a significant interaction F1,14=7.20=1, p<0.05. Bonnferoni corrected post hoc t-test HC vs. 
Behavior for wildtype t(8)=3.22, p<0.05; HC vs. Behavior for BAF53bΔSB2

high
 t(7)=0.58, p>0.05. 

wildtype HC (n=5), wildtype Behavior (n=5), BAF53bΔSB2
high

 HC (n=5), BAF53bΔSB2
high

 Behavior 
(n=4). Mean +/- SEM. (d) There is no difference in the average number of total PSD95-immuno 
reactive puncta counted per animal for wildtype (n=10) and BAF53bΔSB2

high
 mice (n=9) from images 

analyzed in (b) t-test t(17)=0.10, p=0.92.  
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behaviorally induced increase in the number of labeled pCofilin puncta co-localized to 

PSD95 in the wildtype mice (homecage greater than behavior).  In comparison, the 

BAF53bΔSB2high mice failed to show an increase in the double labeled puncta following 

behavior indicating a failure in the actin-remodeling pathway (Fig. 4.2C). This difference 

was not due to any changes detected in PSD95 (Fig. 4.2D), suggesting that similar to 

the Baf53b+/– het mice the post synaptic terminal is structurally similar to that of 

wildtypes.   

In view of the defects in actin-remodeling machinery synaptic at the post-synaptic 

compartment in the BAF53b mutant mice, we assessed more closely the number and 

structure of dendritic spines, the sites of post-synaptic elements. Crossing the 

BAF53ΔHDhigh mice with a line expressing YFP under the Thy1 promoter in pyramidal 

cells, we confirmed the overall normal anatomy of the hippocampus (Fig. 4.3A).  We 

then analyzed the spectrum of spine types (Fig. 4.3B) encompassing subpopulations of 

thin, stubby and mushroom-like spines (Bourne and Harris, 2008). The density of 

dendritic spines displayed a trend toward being lower in the stem of CA1 neurons of 

BAF53bΔHDhigh mice compared with controls (Fig. 4.3E), but did not reach significance. 

No significant difference in density was observed in the oblique branches.  A significant 

decrease in thin spines was apparent in the assessed CA1 pyramidal cells, including 

both main (stem) and oblique apical branches (Fig. 4.3F and G).  The main stem had a 

significant increase in mushroom spines in the mutant mice compared to the wildtypes 

and a similar, but non-significant trend, was observed for the oblique branch (Fig. 4.3F 

and G).  The abnormal distribution of dendritic spine subpopulations already in juvenile 

BAF53bΔHDhigh mice is consistent with the problems in synaptic function and plasticity 
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found in these mice. Together with data from Figure 4.1 and 4.2, these results indicate 

Figure 3.3. The BAF53bΔHD
high

 genotype influences the repertoire of dendritic spines in hippocampal 
neurons. (a) The structure of CA1 neurons is generally normal in BAF53bΔHD

high
 mutant mice, as  

revealed using mice expressing YFP-under the Thy-1 promoter. The boxed area shows the region 
where spine numbers and subpopulations were quantified.  The main apical dendrite and oblique 
branches were analyzed. (b) Basis of classification of dendritic spine subpopulations on an apical 
dendrite of CA1 pyramidal neurons. Spines were classified by size and shape as mushroom-type (red 
circle, 20 pixels), thin (white, 12 pixels) and stubby (yellow, 20 pixels). (c,d) Confocal images of oblique 
apical dendritic branches in stratum radiatum from P25 YFP-expressing mice. In the wildtype (c), both 
thin and mushroom-type spines are visible, and the proportion of thin spines is higher than that of 
mushroom-type spines, as is typical for juvenile and adult rodents. In the BAF53bΔHD

high
 mutant (d), a 

selective reduction in the proportion of thin spines is apparent. (e) Total spine density is equivalent in 
BAF53bΔHD

high
 mutants and wildtypes for both the stem t(6) =1.80, p=0.12 and oblique dendrite t(6) 

=0.65, p=0.54. n= 4 animals per group (3-6 neurons per animal). (f) A significant reduction of the 
relative abundance of thin spines is found in mutant mice compared with controls in the main stem of 
CA1 neurons (2-way ANOVA no main effect of genotype F1,18=0.00, p=1.0, significant main effect of 
spine type F2,18=85.08, p<0.0001 and a significant interaction F2,18=16.23, p<0.0001; Bonnferroni 
corrected t-tests for mushroom spines t(6) =3.84, p<0.01; stubby spines t(6) =0.35, p>0.05; and thin 
spines t(6) =4.20, p<0.01). n= 4 animals per group (3-6 neurons per animal). (g) Similar reductions in 
thin spines and increases in mushroom spines were observed in the oblique apical dendritic branches 
of CA1 neurons (2-way ANOVA no main effect of genotype F1,18=0.00, p=1.0, significant main effect of 
spine type F2,18=213.4, p<0.0001 and a significant interaction F2,18=11.79, p<0.001; Bonnferroni 
corrected t-tests for mushroom spines t(6) =2.49, p>0.05; stubby spines t(6) =0.54, p>0.05; and thin 
spines t(6)=4.20, p<0.01) n= 4 animals per group (3-6 neurons per animal). Mean (± SEM). Scale bar = 
100 μm (A), 5 μm (B-D). 
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that BAF53b may have roles in both spine morphology/structure as well as synaptic 

events depending on the type of Baf53b mutation.  

D. Conclusions 

Previous work in primary neuronal cultures demonstrated a critical role for nBAF in 

regulating gene expression required for dendritic branching and synapse formation(Wu 

et al., 2007).  To examine the role of BAF53b and nBAF in dendritic spine plasticity in 

the adult we examined p-cofiln as marker of actively engaged dendritic spines.  

Phosphorylated Cofilin serves as a marker for spines undergoing activity-dependent 

actin reorganization and expansion in spine size following TBS and behavior (Chen et 

al., 2007; Fedulov et al., 2007).  The lack of pCofiln induction in dorsal hippocampus 

CA1 following TBS in Baf53b+/– het slices and in the BAF53bΔSB2high mice following 

behavior suggests that both manipulations of BAF53b result in a failure in activity-

dependent actin remodeling at the post synaptic density.  Future work will be needed to 

examine additional phosphorylation events at the synapse to identify additional 

signaling molecules in the actin regulatory pathway that may be disrupted in the 

BAF53b mutant mice. pCofilin was initially chosen as a target as it is the last step in the 

actin regulatory pathway and is critically required for actin tread milling during spine 

remodeling (Chen et al., 2007; Rex et al., 2009).  Additional targets could include 

phosphorylation events found in the ROCK and RAC signaling pathways, each of which 

can independently result in phosphorylation of cofilin (Rex et al., 2009). 

In addition to defects in the actin remodeling pathway we examined dendritic 

spine density and morphology in juvenile BAF53bΔHDhigh mice.  These BAF53b mutant 

animals had reduced availability of thin spines, consistent with the post-synaptic 
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impairments in long-term synaptic plasticity. In juvenile and mature hippocampus, it is 

generally considered that thin spines are those where afferent patterned stimulation 

induces structural and functional plasticity, leading to incorporation of AMPA-type 

glutamate receptor in the synapse and a conversion from a thin to a mushroom type 

spine (Chen et al., 2007; Wu et al., 2007; Bourne and Harris, 2008).  The specific loss 

of thin spines may indicate a loss in the ability to respond to afferent patterned 

stimulation by functional and structural plasticity, namely, incorporation of AMPA-type 

glutamate receptor in the synapse, synapse growth and the conversion of a thin to a 

mushroom type spine (Chen et al., 2007; Bourne and Harris, 2008). Given that these 

spine changes occurred relatively early in life (by 3 weeks of age) these animals may 

more closely mimic the deficits observed in individuals with intellectual disability.   

However, all patients identified thus far have mutations in subunits that are found in 

multiple cell types, not the neuron specific subunits of nBAF.  The human mutations are 

found in a wide variety of cell types throughout the body, making it difficult to isolate the 

specific contribution of perturbations to the central nervous system (CNS) to the clinical 

phenotype.  Future work will be needed to extend our findings in synaptic signaling and 

spine morphology into additional nBAF subunits and to time points beyond 3 weeks of 

age.  
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS 

To examine the role of nBAF in long-term memory, gene expression, and synaptic 

plasticity we targeted the neuron-specific nBAF subunit BAF53b.  The unusual 

dedication of BAF53b to a single neuronal complex makes it an ideal target for genetic 

manipulations designed at elucidating the role of the nBAF complex in neuronal 

function.  We used both conventional BAF53b heterozygous knockout mice and two 

types of transgenic mice over-expressing dominant negative forms of BAF53b under the 

CamKIIα promoter (Kojima et al., 1997; Mayford et al., 1996).  Both the dominant 

negatives and heterozygous knockouts showed severe long-term memory deficits, but 

normal short-term memory.  Importantly, the normal short-term memory performance 

indicates that the genetically altered animals were able to perform the task (ie. normal 

exploration, attention, etc) and that the memory deficits at the long-term time point were 

due to a failure of memory consolidation.  

To further assess the role of BAF53b in the adult brain, compared to its role in 

development, we performed a rescue experiment in the BAF53b heterozygous knockout 

mice by injecting an adeno-associated virus expressing wildtype BAF53b in the dorsal 

hippocampus of adult animals.  Hippocampal expression of wildtype BAF53b in the 

BAF53b heterozygous knockouts rescued the long-term object location memory 

(hippocampal dependent) deficits indicating that BAF53b is required for long-term 

memory formation in the adult animal independent of its role in development.  In the 

same animals, the hippocampal BAF53b reintroduction failed to rescue (as predicted) 

hippocampal independent long-term memory for object recognition, further implicating a 
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specific role for BAF53b in memory processing and not a general alteration in brain 

state or processing. 

In parallel to the observed deficits in long-term memory, the BAF53b mutant mice 

also showed deficits in the maintenance of long-term potentiation (LTP), an 

electrophysiological correlate of long-term memory (Vogel-Ciernia, et al., 2013).  This 

work was performed by Eniko Kramar in collaboration with Gary Lynch’s lab at UCI, and 

is consequently not included in this dissertation.  However, findings from these 

experiments provide further insight into how manipulations of BAF53b can impair 

neuronal function.  In acute hippocampal slices theta burse stimulation (TBS) was used 

to induce robust potentiation in slices from BAF53b heterozygous knockout animals, the 

dominant negative BAF53b transgenics, and wildtype littermate controls.  The 

heterozygous knockout animals and the lower expressing dominant negative mice both 

showed a normal LTP induction (short-term potentiation) and a failure to stably maintain 

the potentiation with a decay back to baseline.  The highly expressing dominant 

negative line had an increase in the initial potentiation followed by a lack of LTP 

maintenance similar to the other lines.  The increase in short-term potentiation in the 

high expressing dominant negative appears to be due depressed axon excitability and 

increased neurotransmitter mobilization.  All other measures of baseline physiology 

including response to the TBS were normal in these animals as well as the other 

BAF53b mutant lines (Vogel-Ciernia, et al., 2013).  Overall, it is evident that BAF53b is 

necessary for stabilizing long-lasting forms of potentiation, correlating with observed 

long-term memory impairments. 
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In support of the deficits in synaptic plasticity observed with perturbations to 

BAF53b, the BAF53b heterozygous knockouts have deficits in synaptic signaling 

following TBS.  Specifically, BAF53b heterozygous knockout mice lack the induction of 

phosphorylated cofilin (p-cofilin) at the post synaptic density (PSD) following TBS that is 

observed in slices from wildtype animals.  This deficit indicates a breakdown in the 

signaling cascade leading to actin cytoskeleton remodeling and may underlie the 

deficits in LTP in these animals (Lynch et al., 2013).  Similarly, BAF53bΔSB2high mice 

fail to show an increase in p-cofilin at the PSD following OLM training.  Together these 

findings point to a role for BAF53b in regulating gene expression required for engaging 

activity-dependent plasticity mechanisms at the level of the dendritic spine.  In addition, 

the BAF53bΔHDhigh animals show an alteration in dendritic spine morphology at three 

weeks of age.  The BAF53bΔHDhigh animals show a decrease in thin and an increase in 

mushroom spines on both the main stem and oblique apical branches of hippocampal 

CA1 pyramidal neurons compared to wildtypes.  It is currently unknown if these spine 

alterations maintain into adulthood and whether or not they contribute to the deficits in 

memory or synaptic plasticity observed in these mice.  

The specific deficits in long-term memory and maintenance of LTP (Vogel-Ciernia, et 

al., 2013) indicates a transcription dependent mechanism for BAF53b function.  To 

assess a role for BAF53b in regulating transcription following a learning event, we 

examined gene expression using RNA Sequencing in three different types of BAF53b 

mutant animals. Animals were either sacrificed directly from the homecage (baseline) or 

following object location training (30 min or 60min).  The resulting gene expression 

profiles indicated that the majority of genes were not differentially regulated at 
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homecage across any of the manipulations of BAF53b.  This is consistent with the 

previously characterized role for BAF53b in regulating activity-dependent gene 

expression and dendritic branching during development in vitro (Wu et al., 2007).  Both 

the heterozygous knockout animals and the two dominant negative transgenics showed 

impairments in activity-dependent gene expression.  In all three experiments, there 

were groups of genes that increased in expression in the wildtype that failed to increase 

in the mutants and genes that decreased in expression in the wildtype that failed to 

decrease in the mutants.  The effect was most pronounced for the BAF53bΔSB2high, 

suggesting that manipulations to subdomain 2 of BAF53b is particularly detrimental for 

nBAF regulation of gene expression.  Given that subdomain 2 is the most neuron-

unique region of BAF53b (compared to the non-neuronal homolog BAF53a), subdomain 

2 may interact with neuron-specific transcription factors, etc. to regulate gene 

expression critical for neuronal function.  Future work will be needed to identify protein-

protein interactions between BAF53b subdomain 2 and other protein targets.   

Across the three sequencing experiments many of the misregulated genes in the 

BAF53b mutant animals were linked to synaptic function.  Within the misregulated gene 

profiles in the Baf53b+/– and BAF53bΔHDhigh mice were several targets related to the 

actin cytoskeleton and post synaptic density (PSD) that could potentially link the deficits 

in transcription to the deficits in p-cofilin induction and synaptic plasticity.  These genes 

included miroRNAs and members of the Rac-PAK and RhoA-LIMK pathways, all critical 

components of activity-dependent cytoskeletal remodeling machinery in the PSD (Boda, 

Dubos & Muller, 2010; Impey et al., 2010; Rex et al., 2009).  The BAF53bΔSB2high mice 

also had deficits in gene expression of targets linked to the synapse and intercellular 
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signaling, suggesting a similar failure in dendritic spine function.  Together the RNA-Seq 

and synaptic signaling (p-cofilin) results indicate a role for nBAF in regulating gene 

expression required for synaptic structure and function and that the failure of these 

mechanisms in the BAF53b mutant mice may underlie their deficits in synaptic plasticity 

and long-term memory.  Future work will be needed to functionally validate how the 

expression of these target genes directly influences both the dendritic spine phenotype 

as well as the long-term memory impairments observed in all three types of BAF53b 

mutant animals. 

  One of the most unexpected finding from the gene expression experiments was the 

regulation of the IEGs within the BAF53b mutant animals.  Both the BAF53bΔHDhigh and 

Baf53b+/– mice show normal IEG induction 30min following OLM training.  However, the 

BAF53bΔSB2high mice show a misregulation of several important IEGs including a 

blunted induction (c-fos and Egr2) and several IEGs that fail to increase expression 

from baseline.  The contrasting results between the BAF53bΔSB2high mice and the 

BAF53bΔHDhigh and Baf53b+/– mice suggest that manipulations of subdomain 2 of 

BAF53b may more severely impair activity-dependent gene expression compared to the 

heterozygous knockouts or the hydrophobic domain deletion mutants.  Further work will 

be needed to more fully explore the regulation of IEGs by nBAF including Chromatin 

Immunoprecipitation (ChIP) experiments to localize BAF53b to specific gene targets.  

The different patterns of misregulation in the different BAF53b mutants all point to a 

disruption in dendritic spine function, however the exact gene targets involved appear to 

vary between the different manipulations of BAF53b. This suggests that endogenous 
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BAF53b may play a more complex role in regulating gene expression than previously 

anticipated. 

In order to more fully understand the role of nBAF in neuronal function further work 

is needed to characterize how chromatin remodeling complexes (CRCs) act in vivo to 

alter chromatin structure and regulate gene expression. To date most of the information 

regarding mechanisms of CRC function comes from artificially assembled arrays that 

lack the secondary and tertiary structure of chromatin that is observed in vivo and often 

utilize only a single promoter or defined DNA regulatory domain. There is growing 

evidence that CRCs may mediate secondary or even higher order chromatin structure. 

Even on artificially assembled polynucleosome arrays, a single yeast SWI/SNF complex 

can interact with multiple DNA/nucleosome sites resulting in the formation of DNA loops 

(Bazett-Jones et al., 1999). Brg1 has been shown to be required for cell-type specific 

chromosomal loop formation between unique up-stream regulatory elements and the 

beta-globin (Kim et al., 2009b) and alpha-globin promoters (Kim et al., 2009a). Thus, 

one exciting possibility is that nucleosome remodeling via CRCs provides the 

chromosomal flexibility to allow chromosomal looping for coordinate gene regulation.   

Recent high throughput genomic studies (RNA-Seq, ChIP-Seq, Mnase-Seq, Hi-C, 

etc.) will be needed to delineate the role of CRCs in regulating chromatin structure on a 

larger scale and across multiple gene targets.  For example, Mnase-Seq (microccocal 

nuclease digestion followed by high throughput sequencing to extract nucleosome 

positions across the genome) experiments were recently used to examine the impact of 

knocking out either Brg1 or BAF47 (Snf5) on nucleosome positioning in murine 

embryonic fibroblasts.  Loss of either subunit resulted in disruption of nucleosome 
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occupancy and altered nucleosome phasing around the transcription start site of a large 

number of promoters (Tolstorukov et al., 2013).  Similarly, Brg1 knockdown with shRNA 

alters nucleosome positioning at specific enhancer elements indicating that BAF 

complexes may act to shift flanking nucleosomes away from these sites to allow access 

to the underlying DNA during cellular differentiation (Hu et al., 2011).  In addition, Hi-C 

methods (chromatin conformation capture followed by next generation sequencing) 

have also been recently used to characterize the global three-dimensional genome 

organization of several cell lines and the mouse cortex and revealed large chromatin 

interaction domains that were conserved across cell types (Dixon et al., 2012).  It will 

become increasingly important to understand how nBAF, and BAF53b, mediates 

nucleosome remodeling necessary for chromosomal looping mechanisms that direct 

coordinate gene expression for specific cell function.   

The BAF complex appears to play a key role in normal human brain development 

such that even heterozygous mutations that produce haploinsufficiency can lead to 

severe intellectual disability and developmental abnormality. Any disruption to the BAF 

complex appears to disrupt function since mutations in different BAF subunits can lead 

to similar phenotypes (intellectual impairments).  To date all identified BAF mutations 

associated with intellectual disability disorders, ASD, and SZ have been to subunits 

commonly shared among P-BAF, esBAF, npBAF, and nBAF.  Given that each of these 

complexes regulates unique gene expression profiles, it is currently unclear how 

mutations in the various BAF complexes alter either cell-type or developmental stage 

specific gene expression that ultimately contributes to human disorders.  
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The finding that nBAF plays a critical role in adult long-lasting forms of synaptic 

plasticity and memory (Vogel-Ciernia et al., 2013) provided the first evidence that nBAF 

may be playing a role beyond early brain development in human intellectual disability 

disorders. The deficits in synaptic plasticity (LTP maintenance and p-cofilin levels) and 

expression of genes found in both the PSD and cytosketetal remodeling machinery 

indicate a potential role for BAF53b and the nBAF complex in regulating dendritic spine 

formation and plasticity.  The misregulation of genes required for proper activation of 

activity-dependent cytoskeletal remodeling is reminiscent of recent findings of 

perturbations of the cytoskeletal machinery in individuals with ASD.  For example, 

deletions in genes involved in GTPases/Ras signaling and specifically the Rho 

GTPases are more common in individuals with ASD than controls(Pinto et al., 2010), 

and network level analysis of rare de novo CNVs found in ASD individuals (but not 

controls) suggests a role for genes found in the PSD that are linked with spine formation 

and plasticity in ASD (Gilman et al., 2011).   

One of the key hallmarks found in postmortem brains from patients with SZ or ASD 

is alterations in dendritic spine density.  Layer 3 pyramidal neurons in prefrontal and 

temporal cortex from SZ patients have a marked decrease in spine density compared to 

non-SZ controls (Garey et al., 1998; Glantz and Lewis, 2000).  Conversely, spines on 

apical dendrites of pyramidal cells in layer 2 of frontal, temporal and parietal cortex and 

layer 5 of temporal cortex show a higher density in ASD patients compared to matched 

controls.  The density of spines was also inversely related to IQ (Hutsler and Zhang, 

2010).  GWAS and whole exome sequencing in humans have identified mutations in 

various BAF subunits in human disorders including CCS, NBS, ASD, and SZ, indicating 
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a critical role for the loss of transcriptional regulation in the etiology of these disorders. It 

is tempting to speculate that BAF may control a transcriptional network required for 

dendritic development in humans and that mutations altering BAF function consequently 

produces dendritic abnormalities characteristic of these disorders.  In support of this 

hypothesis, BAF53b plays a key role in dendritic arborization and spine formation in 

vitro (Tea and Luo, 2011; Wu et al., 2007).  SiRNA knockdown of Brm in primary mouse 

cortical cultures increases spine number, specifically due to an increase in mushroom 

spines (Loe-Mie et al., 2010). A shift towards increased mushroom type spines is also 

observed in vivo with a dominant negative BAF53b transgene over-expression(Vogel-

Ciernia et al., 2013).  Mice with heterozygous knockout of BAF53b have altered gene 

expression profiles including genes found involved in actin cytoskeletal remodeling and 

the post synaptic density (Vogel-Ciernia et al., 2013).  The findings on nBAF’s 

regulation of gene expression involved in synaptic function both during development 

(Chesi et al., 2013; Staahl et al., 2013; Tea and Luo, 2011; Wu et al., 2007) and in the 

adult (Vogel-Ciernia et al., 2013) are consistent with the dendritic spine abnormalities 

observed in humans with SZ and ASD and with the hypothesis that a critical component 

of the pathology of both ASD and SZ is alterations of dendritic spines (Penzes et al., 

2011).  There is also increasing evidence for the role of transcription regulation, via 

nucleosome remodeling, in ASD (Ben-David and Shifman, 2012) potentially as an 

upstream regulator of coordinate gene expression required for the expression of 

synaptic and cytoskeleton associated genes.  If nBAF regulates some of these same 

genes in humans as in mice, restoring or augmenting nBAF function could serve as a 

powerful method for therapeutically targeting a specific set of misregulated target 



88 
 

genes. Future work will be needed to elucidate how the specific mutations found in 

various human cognitive disorders impact nBAF structure (physical subunit 

composition) and activity, as well as the precise role of different subunits of various 

CRCs in their specific cellular functions. 

Considering that the nBAF complex is required for dendritic development (Chesi et 

al., 2013; Staahl et al., 2013; Tea and Luo, 2011; Wu et al., 2007) as well as synaptic 

plasticity and memory in the adult (Vogel-Ciernia and Wood, 2013), it is not surprising 

that mutations in components of the BAF complex in humans are found in multiple 

cognitive disorders (ASD, ID, and SZ) as well as the neurodegenerative disorder ALS.  

Future work will be needed to further characterize the role for BAF complexes in the 

etiology of these disorders and to clarify the transcriptional networks they regulate.  

However, given that both the developmental phenotype (Tea and Luo, 2011; Wu et al., 

2007) and adult memory deficits (Vogel-Ciernia et al., 2013) were reversible upon 

reintroduction of BAF53b, targeting specific BAF subunits may prove a valuable 

therapeutic option for the future treatment of human cognitive disorders. 
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