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ABSTRACT 

 

 Epigenetic regulation of gene expression involves a steady-state balance of 

acetylation carried about by histone acetyltransferases (HATs) and histone deacetylases 

(HDACs).  HATs act as transcriptional co-activators and HDACs interact with large 

multi-protein complexes to promote transcriptional repression.  HDACs have only 

recently been characterized in mammalian cells, and most work has focused on the 

function of HDACs in vitro using biochemical analysis, inhibitors, and cultured cell 

types.  HDAC4, a class II HDAC, displays the ability to shuttle between the cytoplasm 

and the nucleus where it can regulate transcriptional programs.  HDAC4 plays a key role 

in calcium-dependent transcriptional regulation of many non-neuronal cell processes 

including cardiac hypertrophy and bone formation.  HDAC4 mRNA is also highly 

expressed in brain; however protein expression and its underlying biological role in brain 

is still unclear.      

 HDAC4 localization in cultured neurons is dependent on neural activity and 

calcium-dependent signaling pathways.  Mechanisms governing long-term changes in 

synaptic plasticity and learning and memory take place on dendritic spines, a site affected 

by many cognitive disorders.  Dendritic spines act to compartmentalize calcium signaling 

and second messenger cascades leading to activation of enzymes and proteins associated 

with transcriptional regulation.  Inhibition of HDACs has become a prevalent tool in 

exploring the role of HDACs in brain and has proven useful in many models of 

psychiatric and neurodegenerative disorders with more recent implication in the recovery 

or enhancement of synaptic plasticity and learning and memory.  HDAC inhibition, 

however, is non-specific, and the localization of specific HDACs in brain and their role in 

these neuronal functions needs to be addressed. The similarity between HDAC4 

regulation in non-neuronal cells and the processes initiated within a dendritic spine led to 

the hypothesis that HDAC4 may be present at the dendritic spine, where it can relay 

alterations of synaptic activity to the nucleus in order to regulate transcriptional programs 

affecting synaptic plasticity or other cell function.  

 For this dissertation, I report findings which establish the regional and novel 

subcellular localization pattern of HDAC4 expression in brain, identify a mechanism 

specific to synaptic activity at the dendritic spine which results in HDAC4 trafficking, 
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and attempt to establish a direct interaction of HDAC4 to a key member of the 

scaffolding network within a dendritic spine.  In additional studies, I report the effects of 

HDAC inhibition on learning and memory and lesion size using a model of traumatic 

brain injury (TBI) as well as the effects of amyloid plaque level on the localization 

pattern of HDAC4 in the hippocampus.  These studies failed to illicit a significant change 

in the conditions tested and are not discussed in the main text, however, useful 

information regarding the role of HDAC inhibition and HDAC4 was obtained.   

In brief, I report the localization of HDAC4 across brain regions germane to many 

pathological conditions such as Huntington’s, Parkinson’s, and Alzheimer’s disease.  

HDAC4 was found to be present in dendritic spines, enriched at the level of the post-

synaptic density (PSD), and partially colocalized with post-synaptic density protein 95 

(PSD-95), a key scaffolding protein for the formation and maintenance of dendritic 

spines.  Furthermore, using hippocampal slice cultures to more closely represent in vivo 

synaptic connections, exogenous overexpression of HDAC4 localized to the cytoplasm 

and in dendritic spines.  Dendritic spines, synaptic activity, and the ability to form 

memories are tightly regulated through the activation of N-methyl-D-aspartate (NMDA) 

and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors.  

Blockade of both NMDA and AMPA receptors together was necessary to induce the 

nuclear localization of HDAC4 in these cultures, a shift that was reversed upon removal 

of the antagonists or reduced by HDAC inhibition.  Finally, HDAC4 was expressed along 

with PSD-95 in vitro as well as extracted from hippocampal tissue to explore whether 

HDAC4 was a direct member of the PSD-95 scaffolding network in vivo.  HDAC4 failed 

to show a complex with PSD-95, however, indirect interactions may still exist which 

anchor HDAC4 to the PSD.  Together, these results suggest HDAC4 can act as a synaptic 

monitor, translocating to the nucleus during synaptic blockade where it can alter 

transcriptional programs and gene expression.  Isolating the biological role for individual 

HDAC isoforms remains a critical step in understanding the mechanisms behind 

therapeutic candidates such as HDAC inhibitors, which have been used clinically in non-

neuronal disruption of cancerous cells, and show much promise in the alleviation of many 

symptoms resulting from various psychiatric and neurodegenerative disorders. 
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LITERATURE REVIEW 

 

Epigenetics and the histone code 

Epigenetics, a term 

originally coined to describe the 

interaction of genes with their 

environment (Waddington, 

1942), is now commonly used to 

describe the study of specific 

forms of nucleosome 

modification and how protein 

and enzymatic interactions with 

the nucleosome regulate gene 

expression without altering the 

DNA sequence itself.  Histone 

subunits H2A, H2B, H3, and H4 

bind to DNA to form the 

nucleosome, and are the most 

evolutionary conserved proteins known (van Holde, 1988).  The nucleosome is 

comprised of an octamer of two H2A/H2B dimers and one H3 and H4 tetramer to form 

the structural component 146bp of DNA wraps around, allowing for its condensation and 

packaging in the nucleus.  Previously delegated to a mainly static duty, the interaction 

between DNA and histones is now associated with multiple regulatory events, allowing 

for the restriction of proteins regulating gene expression in processes including 

replication, recombination, DNA repair, as well as responding to environmental signaling 

to produce long lasting changes in cellular structure and activity.  Histone subunits 

contain N-terminal tails which extend outward from the core (Figure 1).  These tails are 

prone to post-translational modification and have been proposed to interact flexibly with 

DNA in order to regulate accessibility of DNA to alterations in transcription (Luger et al., 

1997).  These modifications have been known for some time and, among others, include: 

acetylation, phosphorylation, methylation, ubiquitination, and adenosine diphosphate 

(ADP) ribosylation.  Reversible acetylation on the lysines of histones has been the most 

Figure 1.  Organization of the core histones into 

the nucleosome.  An example of an N-terminal 

tail extension can be seen in the upper right 

extending from histone H3.   

(From Luger et al., 1997)  
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extensively studied as this modification was the first to be correlated with activation of 

gene expression, whereas hypoacetylation of histones is associated with gene repression 

(Allfrey, 1977; Hebbes et al., 1988; Jeppesen and Turner, 1993). The mechanisms for 

how this regulation occurs are unclear.  It is widely accepted, however, that the addition 

of an acetyl group on a lysine residue negates the positive charge on the histone core, 

reducing its affinity for negatively charged deoxyribonucleic acid (DNA).  This 

relaxation leads to the unwinding of DNA from the histone core, making it accessible to 

the recruitment of transcription factors and transcriptional initiators, such as ribonucleic 

acid (RNA) polymerase (Allfrey et al., 1964; McGhee and Felsenfeld, 1980; Ren et al., 

2004).  On the other hand, removal of an acetyl group leads to a tightening of the DNA 

around the histone core, inhibiting access of transcription factors and RNA polymerases, 

leading to gene repression.  This mechanism of regulation is inherently simple, and it is 

now realized that the regulation of chromatin and gene expression relies on a more 

complex system of interactions.  These interactions include not only the effect of N-

terminal tail modification on the histone core and DNA, but also protein interactions as 

well as enzymatic activity on the N-terminal tail itself that modify recruitment of various 

transcriptional regulators (Hansen et al., 1998; Wolffe and Hayes, 1999; Kadam and 

Emerson, 2002).  Modifications of histones typically take place on lysines, serines, or 

arginines.  Each subunit contains a unique series of these amino acids that give rise to a 

myriad combination of modifications that can exist.  A multitude of evidence has shown 

a high order of specificity of biological activity in relation to the pattern of histone 

modification, suggesting an organized ‘language’ that is read by various proteins and 

protein complexes (Tordera et al., 1993; Turner, 1993; Mizzen et al., 1998; Turner, 

2000).  This order, as well as type, of modification on the N-terminal tail of histones, 

resulting in a dynamic effect on gene transcription has led to the proposal of the ‘histone 

code’ (Figure 2), a chemical language in which modification-dependent recruitment of 

proteins and protein complexes ‘read’ the order and position of post-translational 

modifications allowing for the regulation of gene expression in a dynamic fashion 

(Cheung et al., 2000; Strahl and Allis, 2000; Jenuwein and Allis, 2001).  The histone 

code has been the subject of intense exploration and may be at the heart of each 

fundamental component for a vast array of biological processes such as cellular survival, 
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proliferation, differentiation, and repair as well as being implicated in broader functions 

such as synaptic plasticity, learning and memory, and multiple cellular and 

neurodegenerative disorders.   

 

 

 

 

 

 

Chromatin modifying enzymes 

The process of regulating gene expression through modification of histones by 

acetylation is kept in a steady-state balance by a class of enzymes known as the histone 

acetyltransferases (HATs) and histone deacetylases (HDACs).  HATs act by transferring 

an acetyl group from acetyl coenzyme A onto the ε-amino group of a specific lysine 

residue on the N-terminal tail of a core histone, reducing the affinity of the histone for the 

negatively charged DNA (Allfrey et al., 1964).  The original identification and basic 

function of a nuclear HAT has been known for some time (Belikoff et al., 1980; 

Wiktorowicz and Bonner, 1982; Travis et al., 1984; Lopez-Rodas et al., 1989), and other 

studies quickly identified HAT proteins in mammalian cell types, including human 

Figure 2.  Histone modifications collectively described as the “histone code”.  

Distinct patterns of acetylation, methylation, phosphorylation, and others allow for 

dynamic changes in gene expression and are “read” by chromatin modifying 

enzymes.  (From Allis, Jenuwein, and Reinberg, 2007)  
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(Belikoff et al., 1980; Attisano and Lewis, 1990; Bannister and Kouzarides, 1996; 

Candau et al., 1996; Ogryzko et al., 1996; Yang et al., 1996).  The identification of the 

HAT protein p55 was the first to directly link acetyltransferase activity to gene 

expression, as it was determined to be a homolog of the previously identified yeast HAT 

protein GCN5 (Georgakopoulos and Thireos, 1992; Brownell and Allis, 1995, 1996).   

In the nucleus, transcription is dependent on a variety of different proteins and 

protein complexes.  HAT proteins can interact with a number of co-activator proteins to 

act as the catalytic subunit of a multi-protein complex in order to regulate transcriptional 

activity, a function conserved across multiple cell types (reviewed in Sterner and Berger, 

2000).  HAT proteins are known to reside in larger multi-protein complexes with 

different substrate specificities (Eberharter et al., 1998; Brown et al., 2008).  This 

modulatory activity supports the notion of a histone code as HATs and other proteins 

included in these complexes recognize sequence-dependent motifs which regulates their 

transcription-related function.   

A transcription factor extensively characterized and studied in the context of 

synaptic plasticity and neuronal function is the cyclic AMP response element binding 

protein (CREB).  Signaling pathways leading to the activation of CREB have been 

characterized in detail and include the upregulation of cyclic AMP (cAMP) and 

activation of the protein kinase A (PKA) pathway (reviewed in Meinkoth et al., 1993).  

Activation by PKA results in phosphorylation and recruitment of CREB binding protein 

(CBP, Kwok et al., 1994).  CBP can regulate transcription by acting as a co-activator for 

a number of different transcription factors and binding of these proteins to DNA is 

possible via multiple domains (Swope et al., 1996).  Importantly, CBP was subsequently 

identified as a protein with HAT activity (Bannister and Kouzarides, 1996; Ogryzko et 

al., 1996).  As a result, CBP function has been proposed to mediate gene activation 

through recruitment of transcriptional co-activators such as CREB to DNA sequences as 

well as acting as a catalytic subunit for the acetylation of histones.  Recent studies have 

shown CBP to be a critical component for gene expression during processes involving 

synaptic plasticity and learning and memory (Guan et al., 2002; Alarcon et al., 2004; 

Korzus et al., 2004), seemingly through its interaction with CREB.  In accordance with 

the steady-state balance of acetylation model in gene regulation; an enhanced and 
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prolonged activation of CREB has been reported when inhibition of HDAC activity is 

induced, suggestive of uninhibited CBP activity, thus shifting the balance in favor of 

acetylation and activation of gene transcription (Michael et al., 2000; Canettieri et al., 

2003).   

As mentioned above, acetylation of histones is associated with the expression of 

genes.  On the other hand, deacetylation is an active process carried out by HDACs to 

remove an acetyl group from histones, thus increasing the affinity of histones for DNA 

and reducing the capability for active transcription (reviewed in (Grunstein, 1997).  

Although a deacetylase function on histones was known, HDAC proteins were only 

recently identified (Carmen et al., 1996; Rundlett et al., 1996; Taunton et al., 1996; 

Emiliani et al., 1998; Gray and Dangond, 2006).  Human HDAC proteins were identified 

and characterized through their homology to the yeast HDAC proteins Hda1 and Rpd3.  

HDACs 1, 2, and 3 were classified by being Rpd3-like proteins and grouped into a family 

based on their similarity in function.  HDAC1 and HDAC2 were found together to be a 

part of larger multi-protein complexes, and HDAC3 was found to interact with a different 

multi-protein repressor complex (Fischle et al., 1999).  Further analysis using yeast Hda1 

sequences revealed the existence of a different set of HDAC proteins, termed HDAC4-6, 

which were grouped into a separate class based on their sequence homology and the 

additional regulatory domains not present in HDACs 1-3.  In addition, these HDACs 

were not found to be present in the same complexes as HDAC 1-3, suggesting alternative 

cellular functions (Grozinger et al., 1999).  These studies were the first to isolate and 

characterize various HDAC proteins and describe their variable interactions with other 

proteins and differential expression, suggesting they play a role in cell-specific and 

signal-dependent regulation of gene expression.   

 

HDAC interactions 

Currently, there are a total of 11 human and 18 yeast HDACs identified.  These 

HDACs have been divided into classes based on their homology to yeast as well as with 

their enzymatic function (Figure 3).  Class I is comprised of HDACs 1, 2, 3, and 8.  Class 

II contains HDACs 4, 5, 6, 7, 9, and 10.  Class III contain seven proteins called sirtuins, 

which are nicotinamide adenine dinucleotide (NAD+) dependent and may or may not 
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have native deacetylase activity.  The fourth class has the single member HDAC 11 

(Bertos et al., 2001; de Ruijter et al., 2003; Verdin et al., 2003; Yang and Gregoire, 2005; 

Yang and Seto, 2008).   

 

 

 

 

 

 

Class I HDACs have been found to be ubiquitously expressed in most tissues and 

primarily reside in the nucleus, with the exception of HDAC3.  HDAC1/2 is found in 

Rpd3 complexes in yeast, and is found in three important repressor complexes in 

Figure 3.  HDACs are grouped based on sequence homology to yeast prototype 

proteins.  Class I HDACs (a) are similar to yeast Rpd3 whereas class II (b) HDACs 

are more homologous to yeast Hda1.  Class IV is made up of HDAC 11.  Binding 

motifs to MEF2 are represented in green and 14-3-3 binding motifs are represented in 

blue.  (DAC, deacetylase domain).  (From Yang and Seto, 2008) 
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mammals, the Sin3, Mi-2/ nucleosome remodeling and deacetylase (NuRD), and the 

corepressor for the RE1 silencing transcription factor (CoREST) complexes (reviewed in 

(Walkinshaw et al., 2008).  HDAC3 exists in a separate multi-protein complex, the 

silencing mediator of retinoid and thyroid hormone receptors/nuclear receptor 

corepressor (SMRT/N-CoR) complex (Karagianni and Wong, 2007).  HDAC8 does not 

form a subunit with any known complex.  CoREST and the SMRT/N-CoR complexes are 

of interest as they play major roles in neuronal-specific gene expression.  CoREST, 

originally identified for its ability to repress neuronal genes in non-neuronal tissue (Ballas 

et al., 2001), acts as a functional co-repressor with REST/NRSF (RE1 silencing 

transcription factor/neural-restrictive silencing factor) to control neuron specific genes 

(Andres et al., 1999).  Together, CoREST function along with multiple binding modules 

of HDAC1/2 allows for the convergence of multiple signaling pathways to recruitment of 

this complex, resulting in site-specific alteration of chromatin modifications and 

differential gene expression.  SMRT/N-CoR is essential for HDAC3 deacetylase activity 

(Guenther et al., 2001).  SMRT/N-CoR each have multiple repressor domains, and it has 

recently been shown that HDAC4 and HDAC5 interact with these domains, forming 

unique complexes which act to repress transcription (Huang et al., 2000).  Interestingly, 

the SMRT/N-CoR and HDAC3 complex, when bound to HDAC4, results in a loss of 

enzymatic activity for HDAC4.  The results suggest HDAC4, and other class II HDACs, 

act to bridge the enzymatically active SMRT/N-CoR/HDAC3 complex to the interaction 

of transcription factors regulated by HDAC4 (Fischle et al., 2002).  Together, this 

provides another means to control gene expression in a signal-dependent manner. 

HDAC4, as with other class II HDACs, is characterized by its nucleocytoplasmic 

shuttling.   Although it exists as a part of larger multi-protein repressor complexes as 

described above, other interactions occur with transcriptionally related proteins such as 

CtBP (E1A C-terminal binding protein), 14-3-3 proteins, calmodulin (CaM), 

heterochromatin protein HP1α and small ubiquitin-like modifier (SUMO) (Figure 4).   
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 In the nucleus, HDAC4 acts as a transcriptional repressor (Wang et al., 1999).  

Interactions with 14-3-3 and the transcription factor myocyte enhancer factor 2 (MEF2) 

are the most extensively characterized.  Compartmentalization of HDAC4 is dependent 

on the phosphorylation of specific serine residues which results in the binding of the 

ubiquitous cellular protein 14-3-3.  Phosphorylation by calcium/calmodulin-dependent 

kinases allows for the binding of 14-3-3 and sequestration from the nucleus, via the 

activation of the nuclear export signal (McKinsey et al., 2000; McKinsey et al., 2001; 

Zhao et al., 2001), whereas dephosphorylation induces nuclear translocation of HDAC4,  

interaction with HDAC3, and results in transcriptional repression (Grozinger and 

Schreiber, 2000; Wang et al., 2000), Figure 5).  In muscle, transcriptional repression by 

HDAC4 has been tightly associated with the inhibition of MEF2 (Miska et al., 1999), 

seemingly through the interplay between inhibition by sumoylation and opposing 

activation by acetylation involving CBP (Zhao et al., 2005).  MEF2 is also highly 

expressed in neurons and plays a critical role in signal-dependent neuronal survival (Mao 

et al., 1999; Linseman et al., 2003; Heidenreich and Linseman, 2004).  Together, the 

Figure 4.  Interaction of Class IIa HDACs with transcriptionally relevant partners.  

The N-terminal domain is important for targeting promoters regulated by the 

transcription factor MEF2.  Interaction with several other multi-protein complexes 

mediates transcriptional repression. (From Verdin et al., 2003)    
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regulation of HDAC4 and its association with transcription factors such as MEF2, 

resulting in downstream effects on transcriptional activation, are important modulators of 

cellular activity with effects on cell survival.  A critical mediator of this activity is 

through the influx of calcium.  The interaction between HDAC4 and MEF2 is regulated 

in a calcium-sensitive manner (Youn et al., 2000), and this sensitivity allows for temporal 

control on the gene expression of many tissue development programs.  The role of 

HDAC4 activity in various tissues in response to calcium is discussed below.  

                

 

 

 

 

 

 

 

 

Role of HDAC4-dependent activity in non-neuronal tissue 

 It is well known calcium plays a critical role in cellular signaling and function.  

Calcium is a ubiquitous mediator in a multitude of cellular signaling processes, including 

cellular proliferation, differentiation, survival, and synaptic plasticity.  Calcium regulates 

these processes in many tissues including heart, bone, skeletal muscle, and brain.  

Figure 5.  Mechanisms involved in the regulation of HDAC4.  Calcium influx and 

activation of various kinases regulate its cellular localization via its interaction with 

14-3-3.  Dephosphorylation results in nuclear import, as well as by cleavage by 

caspases.  Nuclear import results in transcriptional repression, where cytoplasmic 

sequestration or export relieves this activity.  (From Yang and Gregoire, 2005) 
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Interestingly, HDAC4 is most abundantly expressed in heart, skeletal muscle, and brain 

(Fischle et al., 1999; Grozinger et al., 1999), as well as in the growth plate of the skeleton 

(Vega et al., 2004b), suggesting a biological role there.   

 In heart, calcium handling mechanisms are central to the stress response leading 

to cardiac hypertrophy, brought out upon a reprogramming of fetal cardiac genes, 

eventually leading to heart failure (McKinsey and Olson, 1999).  Many calcium-

dependent signaling molecules are involved in the response of hypertrophic stimuli, 

including calcineurin, calcium/calmodulin-dependent kinases (CaMK), and mitogen 

activated kinase (MAPK) (Frey et al., 2000).  Gene regulation during hypertrophic 

growth in response to stress is also regulated in part by the transcription factor MEF2 

(Black and Olson, 1998).  HDACs, specifically class II, act as transcriptional repressors 

to this response (Metzger, 2002; McKinsey and Olson, 2005; Zhang et al., 2008), through 

the inhibition of MEF2.  Cardiac hypertrophy is prevented in mice lacking class II 

HDACs, however, the activation of fetal cardiac genes is also inhibited with the use of 

HDAC inhibitors (McKinsey and Olson, 2004), suggesting specific HDACs regulate an 

opposing set of genes.  Recently, it has been shown that regulation of this interaction is 

controlled in part by phosphorylation of HDAC4, as it contains a docking site for 

CaMKII not present in other class II HDACs (Backs et al., 2006).  An isoform of 

CaMKII, CaMKIIdelta, displays differential abilities in handling calcium, though nuclear 

localization of this isoform promotes the phosphorylation of HDAC4, leading to its 

nuclear export (Little et al., 2007; Zhang et al., 2008).  Additionally, both HDAC4 and 

HDAC5 interact with the neuron-restrictive silencer factor (NRSF), a transcriptional 

repressor, to repress cardiac genes also involving the interaction of HDAC1 and HDAC2 

(Nakagawa et al., 2006).  Additionally, deletion of HDAC3, a known partner for HDAC4 

during nucleocytoplasmic shuttling, results in a shorter lifespan due to cardiac 

hypertrophy and derepression of genes involved in metabolic activities and lipid storage 

(Montgomery et al., 2008).   In concert, hypertrophic stimuli from cardiac stress result in 

differential signaling properties of calcium-dependent activity leading to activation of 

CaMKs, resulting in the phosphorylation and subsequent nuclear export of HDAC4.  This 

export allows for transcriptional activity of fetal cardiac genes by MEF2 and associated 

factors, including NRSF, HDAC1/2, and HDAC3.  While this is beneficial in the early 
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stages of heart development, hypertrophic signaling leads to eventual heart failure and 

death in adulthood.  Thus, the role of specific HDAC isoforms as well as specific 

inhibition of these HDACs may lead to therapeutic treatment to slow, or possibly prevent, 

excessive cardiac hypertrophy in adulthood. 

 Calcium also plays a role in bone formation (Iannotti et al., 1985), allowing for 

the conversion of cartilage to bone through ossification.  This process is temporally 

controlled by the transcription factors MEF2 and runt related transcription factor 2 

(RUNX2), both of which are regulated by HDAC4 (Cohen, 2006).  An isoform of MEF2, 

MEF2C, regulates gene programs leading to chondrocyte hypertrophy and ossification 

and is sensitively linked to its interaction with HDAC4 (Arnold et al., 2007).  RUNX2 is 

also inhibited by HDAC4, leading to repression of chondrocyte hypertrophy (Vega et al., 

2004b).  RUNX2 is also involved in the activation of the chondrocyte growth factor 

indian hedgehog (IHH), leading to the conversion of prehypertrophic chondrocytes to 

hypertrophic chondrocytes via stimulation of parathyroid hormone-related peptide 

(PTHrP) (Kronenberg, 2006).  The balance of these processes, and thus the timing of 

chondrocyte hypertrophy are directly affected by the availability of HDAC4.  Deletion of 

HDAC4 results in excessive ossification due to a loss of repression on MEF2 as well as 

RUNX2, whereas excessive amounts of HDAC4 results in the blockade of ossification, 

leaving only a cartilaginous base (reviewed in Haberland et al., 2009).  Taken together, 

bone formation is an additional physiologic response regulated by the influx of calcium 

leading to downstream targeting of HDAC4 and regulation on its associated transcription 

factors.   

 In skeletal muscle, calcium is critical for muscle formation, as well as for muscle 

contractibility and force generation.  HDAC4 has been established to be a critical 

mediator for muscle differentiation, and plays a role alongside other class II HDACs to 

regulate gene expression required for conversion of fast twitch muscle fibers to slow type 

muscle fibers (Potthoff et al., 2007; reviewed in Haberland et al., 2009).  As described 

above, class II HDACs regulate muscle differentiation through the neural activation of 

kinases such as CaMKII and CaMKIV, and protein kinase D (PKD, (Brown et al., 2008) 

in order to be phosphorylated and exported out of the nucleus via 14-3-3 interactions.  

Recent studies have connected this neural activity to HDAC4-dependent translocation in 
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vivo.  Analogous to a synapse in brain, the neuromuscular junction (NMJ) is the site 

where a nerve terminal innervates muscle, where it regulates the insertion of post-

synaptic nicotinic acetylcholine receptors (nAChR) in a sensitive manner (reviewed in 

(Sanes and Lichtman, 2001).  Cohen et al., (2007) found HDAC4 to be concentrated at 

the NMJ.  Upon denervation, however, HDAC4 accumulated in the nucleus, where it 

inhibited the Dachsund-related transcriptional co-repressor (Dach2), leading to 

upregulation of synaptic genes, including nAChR.  Inactivation of HDAC4 prevented this 

upregulation, suggesting the specificity of HDAC4 nuclear accumulation to the 

regulation of transcriptional programming.  In another study of skeletal muscle in vivo, 

increased expression of HDAC4 was implicated in neuromuscular dysfunction through its 

interaction with MEF2 and repression of structurally relevant gene expression (Cohen et 

al., 2009).  Overexpression of HDAC4 alone was enough to elicit muscular damage in 

mice, and in an amyotrophic lateral sclerosis (ALS) mouse model, an increased induction 

of HDAC4 was observed.  These results are a bit confounding, as the overall role for 

HDAC4 in skeletal muscle development and survival is still unclear.  These studies do 

suggest, however, that HDAC4 is in position to act as a synaptic monitor and relay 

activity-dependent states at a synapse to the nucleus to regulate various transcriptional 

programs.  Taken together, activity-dependent regulation of HDAC4 is important for the 

regulation of skeletal muscle in differentiation and possibly in neuromuscular dysfunction 

as well.  This regulation involves the activation of calcium-dependent kinases and 

repression of MEF2, allowing for temporal control of structural as well as synaptic genes.  

Considering the homology between the NMJ and other synaptic connections in brain, 

HDAC4 may act as a synaptic monitor in neurons as well.  The overall function of 

HDAC4 in brain, however, is far less understood. 

 

Role of HDACs in brain 

Although much work has elucidated the role of HDAC4 and others in non-

neuronal tissue, much less is known about the specific role of HDAC isoforms in brain.  

Many studies indirectly implicate HDAC activity in brain by use of HDAC inhibition and 

its effect on epigenetic modifications and cellular function.  This may be due to the fact 

that while identification of HDACs in mammals occurred only recently, inhibitors of 
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HDAC activity have been known in yeast for some time (Yoshida et al., 1990) and 

HDAC inhibition has proven useful in therapeutic strategies involving cancer (Marks et 

al., 2000; Vigushin and Coombes, 2002; Marks and Dokmanovic, 2005).  Many HDAC 

inhibitors are in clinical trials in this area and the HDAC inhibitor suberoylanilide 

hydroxamic acid (SAHA) is FDA approved (Vorinostat) and already in circulation for the 

treatment of T-cell lymphoma (Duvic and Vu, 2007).    In neuronal cells, which are post-

mitotic, HDAC inhibition is being extensively explored for its effects on cell survival, 

synaptic plasticity, and learning and memory as well as their associated restorative effects 

in multiple models of psychiatric and neurodegenerative disorders (Tsankova et al., 2007; 

Abel and Zukin, 2008).  For example, chronic delivery of the HDAC inhibitor sodium 

butyrate before and after onset of symptoms extended survival in a mouse model of 

Huntington’s disease with an associated improvement in oxidative phosphorylation and 

transcriptional regulation (Ferrante et al., 2003).  A variant to sodium butyrate, 

phenylbutyrate, has been proposed to be a more specific HDAC inhibitor and had similar 

results in a different mouse model when being administered after the onset of symptoms 

(Gardian et al., 2005).  Nearly all studies involving the use of HDAC inhibition and the 

association of therapeutic effects involve the upregulation of histone acetylation.  

Epigenetic modifications including acetylation have been proposed to underlie the 

processes governing synaptic plasticity and learning and memory, and may even extend 

to behavioral plasticity across generations (Cushing and Kramer, 2005; Levenson and 

Sweatt, 2005, 2006; Champagne and Curley, 2009).  Indeed, restoration or even 

enhancement of learning and memory is a critical issue in many neurodegenerative 

conditions.  Recently, synaptic plasticity and learning and memory have been shown to 

improve, or even enhanced using HDAC inhibition, mainly involving the upregulation of 

histone acetylation, gene expression, and components concerning long-term potentiation, 

a property of neurons thought to underlie the formation of memories (Levenson et al., 

2004; Fischer et al., 2007; Vecsey et al., 2007).   

HDAC inhibitors are, however, largely pan-specific and therefore functional roles 

for specific HDACs in brain are left largely unexplored.  HDAC4 has been suggested to 

contribute to neuronal cell death in cerebellar granule neurons (CGN), whereas a 

conflicting study reported HDAC4 expression in CGNs promotes their survival (Bolger 
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and Yao, 2005; Majdzadeh et al., 2008, respectively).  While the Bolger and Yao study 

suggested a robust expression of HDAC4 in cerebellum, neither of these studies 

examined the endogenous expression of HDAC4 in cerebellum in anatomical detail, 

indicative of the lack of information regarding the localization pattern of HDACs across 

brain regions in general.  Regarding HDAC4’s role in synaptic plasticity, very few 

studies have explored the localization of HDAC4 in response to neural activity.  The 

study by (Chawla et al., 2003) observed differing thresholds of neural activity to be 

required for nucleocytoplasmic shuttling of HDAC4 or HDAC5 using cultured 

hippocampal neurons.  While this study is germane to the role of neuronal activity on 

specific HDAC function, more work needs to be done to elucidate the mechanisms 

involving the role for how HDACs and activity more closely representing synaptic 

plasticity are intertwined.  Indeed, recent studies have suggested HDAC2 and HDAC5, a 

class I and class II member, to play a role in synaptic formation as well as in learning and 

memory and social behavior 

(Tsankova et al., 2006; Renthal 

et al., 2007; Covington et al., 

2009; Guan et al., 2009).  The 

study by Guan et al. (2009) was 

the first to implicate a class I 

HDAC in a role for synaptic 

formation and learning and 

memory.     

  As described above, the 

class I HDAC2 is exclusively 

nuclear.  Mechanisms involving 

information being relayed from 

the synapse to the nucleus and 

vice versa in order to reorganize 

synaptic function remains a 

central question underlying the formation of long-term synaptic plasticity and learning 

and memory.  The unique property of neurons is that information processing occurs at 

Figure 6.  Calcium dynamics within a 

dendritic spine.  Calcium influx can occur via 

activation of NMDAR, AMPAR, VSCC, or 

from internal stores.  Activation of various 

signaling cascades are compartmentalized 

within the spine and act to coordinate input-

specific forms of synaptic plasticity.  (From 

Yuste et al., 2000) 
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sites distal from the soma.  This information is processed mainly in part by specialized 

post-synaptic compartments called dendritic spines.  Dendritic spines are mediators of 

activity-dependent calcium signaling cascades and act as isolated compartments for 

second messenger systems, allowing for unique input-specific localization onto a neuron 

(Figure 6, reviewed in (Yuste et al., 2000). 

With respect to activity, dendritic spines account for approximately 90% of all 

excitatory input onto the neuron (Lippman and Dunaevsky, 2005; Gray and Dangond, 

2006).  Considering the overall regulation of HDAC4 by calcium-dependent mechanisms 

and the response to activity dependent nucleocytoplasmic shuttling in neurons, specific 

studies regarding the relationship of HDAC4 to the mechanisms of synaptic relay will be 

germane to understanding how neuronal survival, synaptic activity, gene expression, and 

broader concepts of learning and memory and neurodegenerative disease are connected.  

These avenues will provide greater insight into the development of therapeutic strategies 

to combat these conditions.   

 



 16 

CHAPTER 1 

REGIONAL AND SUBCELLULAR LOCALIZATION OF HDAC4 IN MOUSE 

BRAIN 

 

Introduction 

Epigenetic modulation of chromatin via methylation, phosphorylation and 

acetylation is a dynamic process that regulates gene expression in response to upstream 

cellular signaling.  Histone acetylation is often associated with gene expression whereas 

deacetylation is typically associated with gene repression (reviewed in Grunstein, 1997).  

Deacetylation of histones is executed mainly through the histone deacetylase (HDAC) 

family of proteins in which 11 members have been identified.     

HDAC4 belongs to the class IIa HDAC protein family because of its cellular 

localization, related amino acid sequences, and transcription factor binding ability 

(Grozinger et al., 1999; Miska et al., 1999; for review, see Verdin, 2003).  Class IIa 

HDACs (4, 5, 7, and 9) are homologous to the yeast Hda1 protein (Grozinger et al., 

1999), share high catalytic domain homology, and contain both an N-terminal nuclear 

localization sequence and a carboxy-terminal nuclear export sequence (McKinsey et al., 

2001; (Marks et al., 2003); Verdin, 2003; Yang and Gregoire 2005).  Class IIa HDACs 

act to form repressive multi-protein complexes through associations with class I members 

and other transcriptional repressors (Wang et al., 1999; (Fischle et al., 2002); Marks et 

al., 2003; de Ruijter et al., 2003).   

HDAC4 can shuttle between the nucleus and the cytoplasm in response to cellular 

signaling networks in multiple cell types (Grozinger and Schreiber, 2000; Bertos et al., 

2001; Zhao et al., 2001; Chawla et al., 2003; Bolger and Yao, 2005).   This trafficking 

ability may be important for the regulation of cellular activities such as apoptosis or 

transcriptional reprogramming (Chawla et al., 2003; Bolger and Yao, 2005; Cohen et al., 

2007), that may be relevant to neurodegenerative disorders.  In brain, HDAC4 mRNA is 

highly expressed (Grozinger et al., 1999; Wang et al., 1999), suggesting a biological role 

there.  In addition, HDAC mRNA expression was recently described for HDACs 1-11 in 

rat brain using in situ hybridization.  HDAC4 was heterogeneously distributed in most 
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brain regions (Broide et al., 2007).  The pattern of HDAC4 protein expression and sub-

cellular distribution within the brain, however, is unknown.   

We found that the regional and subcellular expression of HDAC4 is 

heterogeneous, that it is detectable in a subpopulation of neuronal nuclei, and is present in 

a population of dendritic spines.  These data are consistent with a complex role for 

HDAC4 in brain that is region-specific and germane to synaptic activity and gene 

expression.       

 

Materials and Methods 

 

HDAC4 antibody characterization:  An affinity purified HDAC4 antibody (HDAC4-152) 

was custom made (21st Century Biochemicals, Inc.) against a peptide (Ac-

VLNKKKALAHRNLNHC-amide) homologous to both human and mouse using rabbit 

as the host. This antibody recognizes a region in the N-terminal portion of HDAC4 

spanning amino acids 179-194.  For brain homogenates, total protein was extracted from 

both wild-type (WT) and functional knock-out (KO) mouse brain (kind gifts from Drs. 

Gillian Bates and Eric N. Olson), assayed for concentration, boiled for 5 minutes, and 

15μg were run on a 10% SDS-PAGE gel and transferred to a polyvinylidene fluoride 

membrane.  The membrane was then washed with Tris-buffered saline (TBS, pH 7.35), 

washed with TBS/0.1% Triton-X (TTBS), then blocked with TTBS containing 4% non-

fat dry milk followed by incubation with antibody overnight (HDAC4-152, 1:6000) at 

4°C.  The following day, membranes were washed in TTBS followed by incubation with 

anti-rabbit horseradish peroxidase-conjugated secondary antibodies (Jackson 

ImmunoResearch, 1:10,000) for 1.5 hours, washed with TTBS, rinsed in TBS and 

visualized with enhanced chemiluminescence (Pierce).  As controls for antibody 

specificity, some membranes were incubated with HDAC4-152 pre-absorbed with 

peptide (3:1 peptide:antibody (w/w), HDAC4-152 1:2000).  For recombinant protein 

tests, human embryonic kidney cells (HEK 293) were cultured in DMEM (supplemented 

with L-glutamine, 110 mg/L sodium pyruvate, and 4.5g/L D-glucose) with 10% fetal 

bovine serum and transfected via the calcium phosphate method with either 25μg 

HDAC4-GFP (kind gift of Dr. Stuart Schreiber) or 25μg GFP alone (pCMS-GFP, 
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Clontech, Mountain View, CA) for 48 hours.  Total protein was then extracted and 

probed for HDAC4 on western blots as above.  For immunoprecipitation (IP), HEK cell 

lysates containing recombinant HDAC4-GFP or GFP were incubated with HDAC4-152 

(4μg) overnight at 4°C with constant rotation.  The following day, immunocomplexes 

were formed by adding 25μl of Protein A/G PLUS agarose beads (Santa Cruz) to the 

lysates for 2 hours at 4°C.  Immunocomplexes were precipitated at 4000 rpm for 10 

minutes, washed 3 times in lysis buffer and resuspended in 2x SDS loading buffer for 

analysis by western blotting.     

 

LC MS/MS analysis:  The tryptic peptides were analyzed with ion-trap mass spectrometer 

(LTQ; Thermo Fisher Scientific) equipped with a nano-electrospray ionization (ESI) 

interface and C-18 column (Zorbax 300SB-C18, Agilent Technologies).  The tryptic 

peptide solution in 0.1% TFA (8 µL) was injected onto the column using the Ettan 

MDLC Autosampler (GE Healthcare), and the column eluate sprayed directly into the 

ESI source of the mass spectrometer.  The mobile phase A is 0.1% formic acid 

(FA)/water (0.1:99.9 v/v), and mobile phase B is ACN/0.1% FA/water (85:0.1:14.9 

v/v/v).  A linear gradient program, from 0 to 100% of B over a period of 45 min (flow-

rate ~200 nL/min) was used.  The LTQ was operated in a data-dependent scan mode in 

which a MS scan will produce MS/MS scans.  The MS/MS data were used to search the 

database using the BioWorks software (version 3.3.1, Thermo Fisher Scientific), which 

correlates the experimental data with the theoretical spectra that are generated from 

known protein sequences. 

 

Tissue preparation for immunohistochemistry:  All procedures were performed in 

accordance with the Animal Care and Use Committee and NIH guidelines.  Male mice, 

strain B6CBAF1/J (strain # 100011, Jax Mice, The Jackson Laboratory, Bar Harbor, 

Maine) and aged approximately 3-4 months, were anesthetized with sodium pentobarbital 

(80mg/kg) and transcardially perfused with 4% formaldehyde (freshly depolymerized 

from paraformaldehyde) in phosphate buffer (pH 7.4).  After one hour post fixation in 

situ at room temperature, brains were removed, placed in the same fixative overnight at 

4° C and then sectioned at 50μm on a vibratome (Leica Microsystems).  For standard 
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light microscopy, sections were washed in phospho-buffered saline (PBS, .01M, pH 7.5) 

3 x 10 minutes, rinsed in PBS/0.1% Triton-X for 10 minutes, and blocked in PBS 

containing 5% normal goat serum for 30 minutes.  Sections were then rinsed in PBS for 5 

minutes and incubated overnight in primary antibody (HDAC4-152, 1:1000).  The next 

day, sections were washed in PBS 3 x 10 minutes, incubated with goat anti-rabbit 

biotinylated secondary antibody (Jackson Immunoresearch, 1:100) for 1 hour, washed 3 x 

10 minutes in PBS, and incubated in a streptavidin-biotin complex solution (ABC Kit, 

Vector Laboratories) for 1 hour.  After washing 3 x 10 minutes with PBS, sections were 

incubated in diaminobenzadine (DAB; .07% DAB, w/v with 15μl H202 in 50mL of 

phosphate buffer (PB, 0.1M, pH 7.4)) for 3-5 minutes.  Slices were washed in PB for 10 

minutes and then mounted, dehydrated, and coverslipped using DPX as mounting 

medium.  Images were acquired using a Zeiss Axioplan 2 (Carl Zeiss, Thornwood, NY) 

imaging station.  As controls for antibody specificity, slices from various brain areas 

were incubated with HDAC4-152 pre-absorbed with peptide (3:1 peptide:antibody (w/w), 

HDAC4-152 1:1000).   

For confocal laser microscopy, tissue sections were washed 3 x 10 minutes in 

PBS, blocked in a PBS solution containing 5% normal goat serum and .0025% cold water 

fish skin for 30 minutes and washed with immunization buffer (IB) (.02% acetylated 

BSA in PBS) for 5 minutes to minimize background.  Sections were then incubated in IB 

containing primary antibodies to HDAC4-152 (1:250) and mouse PSD-95 (1:200, 

Chemicon International, Inc.) overnight.  The next day, sections were washed with IB 3 x 

10 minutes, incubated with biotinylated goat anti-rabbit antibody (1:100) for 1 hour, 

washed with IB 3 x 10 minutes, incubated with a mixture containing dichlorotriazinyl 

amino fluorescein (DTAF)-conjugated streptavidin and Cy3 conjugated goat anti-mouse 

secondary antibodies (Jackson Immuno Research, West Grove, PA) for 1 hour.  Sections 

were then washed with IB 3 x 10 minutes, rinsed in PBS for 5 minutes, counterstained 

with 5 μg/ml 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO) in 

PBS for 5 minutes, washed in PBS for 5 minutes and mounted with Vectashield to retard 

fluorescence fading.  Tissue sections were imaged on a Leica TCS SP2 SE laser scanning 

confocal microscope (Leica Microsystems, Bannockburn, IL) using a 63x objective at 

1024 x 1024 resolution.  Serial stack images were taken at 0.5μm steps and all images 
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were acquired by sequential scanning to avoid bleed-through.  Tests for secondary 

antibody cross-reactivity produced negligible signal.     

For electron microscopy (EM), brains were prepared as described above but the 

fixative contained 1.25% glutaraldehyde in addition to 4% formaldehyde.  Following 

transcardial perfusion, brains were allowed to fix in situ for 1 hour at room temperature 

before being removed and sectioned on a vibratome at 100 μm.  Sections were then 

incubated in sodium borohydride (0.5% in PBS) for 30 minutes, washed in PBS 6 x 10 

minutes and immunostained as described above for standard light microscopy.  Following 

the DAB reaction, sections were rinsed 3 x 10 minutes in PBS, osmicated for 20 minutes 

(2% osmium tetroxide in PB) and washed in PB 3 x 15 minutes   The sections were then 

dehydrated in a graded series of alcohol and embedded in Epon.   

 

Preparation of hippocampal organotypic cultures:  Hippocampal slice cultures were 

prepared from 6-day-old mice and rat pups following the protocol of (Stoppini et al., 

1991).  In brief, pups were decapitated and brains placed in chilled dissection medium 

(1mM CaCl2, 5mM MgCl2, 10mM glucose, 4mM KCl, 26mM NaHCO3 and 40mM 

sucrose), oxygenated with 95% O2-5% CO2. The hippocampi were carefully removed and 

cut coronally into 400 µm slices using a McIlwain tissue chopper. Two slices were 

transferred onto porous Millicell membranes in 6-well plates with 1 mL of pre-warmed 

slice culture media containing the following: 50% MEM (Gibco, Grand Island, NY) ,25% 

horse serum, 13 mM glucose, 5 mM NaHCO3, 30 mM HEPES, 1 mM CaCl2, 2 mM 

MgSO4, 1 mM L-glutamine, 0.00125% ascorbic acid and 1µg/mL insulin, pH 7.20. Slices 

were maintained at the liquid-air interface for six to seven days at 37°C with 95% O2-5% 

CO2 before being transfected.  Medium was replaced every 3 days until the cultures were 

fixed.  Serial stack images at 0.5μm steps were acquired using the Leica confocal 

microscope as above.  

 

Biolistic Transfection:  An HDAC4 vector containing a C-terminal GFP tag (HDAC4-

GFP) was cloned into the pBJ5.1 mammalian expression vector as described previously 

(Grozinger et al., 1999).  HDAC4-GFP or pCMS-GFP alone was biolistically transfected 

using the Helios Gene Gun (BioRad, Hercules, CA) at 140psi according to instructions in 
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the user manual at 6-7 days in vitro.  A 0.5 mg/μg gold to DNA ratio was used for all 

transfections.  48 hours later, cultures were fixed with 4% formaldehyde for 15 minutes at 

room temperature, and washed in PBS 3 x 10 minutes.  Areas of the membrane 

containing tissue were cut out and placed in a custom-made slide with a hollowed-out 

rubber casing mounted to form a chamber.  The chamber was filled with PBS and culture 

slices were imaged using a 63x water immersion objective on a Leica confocal 

microscope as described above.   

 

Image Preparation:  Images were adjusted when necessary for brightness and contrast 

using Adobe Photoshop (San Francisco, CA).  Image stack reconstruction and 

colocalization processes were performed using the software program ImageJ (NIH, 

Bethesda, MD).   

 

Results 

 

Antibody characterization.  Antibody HDAC4-152 recognized both endogenous and 

recombinant HDAC4.  Brain homogenates from WT and KO HDAC4 mice were 

analyzed by western blot and the expected full-length HDAC4 (140kD) was detected in 

WT as well as an approximate 50 (faint), and 28kD band.  In the KO, the full-length 

140kD band was not present (Fig. 7A).  The prominent bands at approximately 50 and 

28kD (upper and lower, respectively) were further analyzed by liquid chromatography 

mass spectrometry (LC MS/MS) to determine whether these bands contained fragments 

of HDAC4.  LC MS/MS analysis indicates a high likelihood that this is the case.  The 

mass spectra showed peaks that corresponded to trypsin fragments most likely originating 

from HDAC4.  Smaller fragments from the trypsin digestion were detected that flanked, 

and in one case, even overlapped the antibody recognition site 

(KALAHRNLNHCISSDPRY, overlap in bold), supporting the notion that the detected 

band contained a fragment of HDAC4.  Peptide preabsorption eliminated detection on 

western blot for all bands, further strengthening the conclusion that these bands were 

fragments of HDAC4 (Fig 7B). 
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To further characterize the specificity of the antibody, HEK cells expressing 

recombinant HDAC4-GFP or GFP alone showed robust signal for HDAC4-GFP, but not 

for GFP alone (Fig. 7C).  In addition, immunoprecipitation of HDAC4-GFP in HEK cell 

lysates containing HDAC4-GFP showed a prominent band at the expected molecular 

weight compared to GFP alone (Fig. 7D).   

For histology, preabsorption with peptide eliminated immunohistological staining 

(Fig 7F, compared to E).  Omission of primary antibody gave no staining, and 

substitution of irrelevant antibodies for primary antibody gave different staining patterns 

(data not shown).  Taken together, these data demonstrate the specificity of antibody 

HDAC4-152.   

 

Overview of immunostaining.   Overall, the pattern and strength of immunoreactivity was 

similar in all of the areas that were examined, but there were exceptions (vide infra).  In 

addition, nuclear immunostaining in many brain regions was present in some neuronal 

nuclei but not in others.  In other brain regions, very few neuronal nuclei were 

immunoreactive.  Finally, in all brain regions examined, the neuropil and neuronal 

cytoplasm contained fine immunoreactive puncta.  Further examination of these puncta 

revealed that some of them were dendritic spines; within the spines, immunoreactivity 

was strongly associated with the post-synaptic density (PSD).   

 

Regional distribution of HDAC4 immunoreactivity.    

Cerebral cortex.  In the neocortex, neurons in all layers were immunoreactive (Fig. 8).  In 

general, neuropil immunoreactivity was slightly more intense in layers I and IV (Fig. 

8A).  Immunoreactivity in nuclei was variable with some nuclei apparently 

immunolabeled and others not (Fig. 8B).  In addition, the neuropil contained abundant 

fine (0.2-1 μm in diameter) immunoreactive puncta.  

 

Basal ganglia.  The overall strength of immunoreactivity and presence of 

immunoreactive puncta in the neocortex was similar to that in the caudatoputamen (CP) 

(Fig. 9A) and globus pallidus (GP) (Fig. 9B).  In the GP, however, many neurons had 

strongly labeled nuclei (Fig. 9B).  In the medium-size spiny neurons of the CP, the 
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perikaryial cytoplasm was immunoreactive but immunoreactivity in neuronal nuclei was 

variable (Fig. 9C).  In large aspiny neurons, the perikaryial cytoplasm and proximal 

dendrites were strongly immunoreactive but nuclei were not (Fig. 9D).   

 

Ventral forebrain.  Immunoreactivity was stronger in nucleus accumbens than in the CP, 

lateral septum or olfactory tubercle (Fig. 10A).   In piriform cortex (Fig. 10B), 

immunoreactivity was strong in the superficial cell layer but very weak in the deeper 

layers where nuclei are notably unstained.  The islands of Calleja (IC) contained groups 

of immunolabeled neurons that were capped by clusters of fine puncta; these clusters 

matched pockets of the ventral pallidum that sweep rostrally to cap each island (see, for 

example, (Walaas and Ouimet, 1989)).  The ventral pallidal pockets, however, did not 

contain immunoreactive cell bodies (Fig. 10C,D).  

 

Amygdaloid complex.  Immunoreactivity in the nuclei of the amygdaloid complex was 

slightly stronger in the lateral, basal and medial nuclei than in the central nucleus (Fig. 

11A).  As was the case in most areas examined, some neuronal nuclei were 

immunoreactive while others were not (Fig. 11B).  The neuropil was filled with fine 

immunoreactive puncta as in all other brain regions. 

 

Hippocampal formation.  Immunoreactivity was strong in Ammon’s horn and weak in 

the dentate gyrus (Figs. 12, 13).   In CA1-4, immunolabeling of the pyramidal cell nuclei 

was variable with strong labeling of some nuclei in CA3 (Fig. 12 C, D).  Punctate 

labeling in stratum radiatum outlined dendritic shafts and a dense band of immunolabeled 

puncta was present throughout the stratum lacunosum moleculare (Fig. 12A,B; Fig. 13A).  

A dense band of immunoreactive puncta was present just above and below the cell bodies 

of stratum pyramidale in CA4 (Figs. 12A, 13B).  Nuclei in the granule cells of the dentate 

gyrus were notably not immunoreactive (Figs. 12 A,B; Fig. 13 C,D). 

 

Thalamus.  In general, immunoreactivity was fairly evenly distributed in the dorsal 

thalamus.  Immunoreactivity in the dorsal lateral geniculate nucleus, where most cell 

bodies and their nuclei were immunoreactive, was slightly stronger than that in other 
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areas (Fig. 14A,B).  Many thalamic nuclei were traversed by fascicles of unstained axons 

that stood out against the background of moderate punctate labeling in the neuropil. 

 

Substantia Nigra.  In the substantia nigra, many neurons in both pars reticulata and 

compacta were intensely immunoreactive with strong nuclear labeling (Fig. 14C).    

Neurons with no apparent nuclear immunostaining, however, were also present in both 

subdivisions.  In addition, immunolabeled puncta were evenly distributed throughout the 

neuropil. 

 

Cerebellum.   Moderately immunostained puncta filled the neuropil of the molecular 

layer, and were occasionally concentrated in proximal Purkinje cell dendrites (Fig. 15).  

Purkinje cells, even those neighboring each other, showed 3 patterns of immunostaining 

(Fig. 15B).  In some, the cytoplasm was immunoreactive but the nuclei were not.  In 

others, the nuclei were much more strongly immunoreactive than the cytoplasm.  In the 

third group, immunoreactivity was homogeneously distributed across the cytoplasm and 

nucleus.  The granule cell nuclei were notably non-immunoreactive, but granule cells 

were surrounded by moderately immunoreactive puncta.  As seen across all regions, 

white matter was not immunoreactive.   

 

 

Subcellular distribution of HDAC4 

Nuclear immunostaining.  In sections reacted with DAB, some neuronal nuclei appeared 

immunostained whereas others did not (see for example, Figs. 8-15).  To determine 

whether immunoreactivity was within nuclei or merely on top of nuclei, we used optical 

sectioning with laser confocal microscopy.  In neurons in the caudatoputamen, the nuclei 

of some medium spiny neurons were clearly not immunoreactive whereas the nuclei of 

others clearly were (Fig. 16 A,B, F,G).  Interestingly, the nuclei of all the large aspiny 

neurons observed were not immunoreactive (Fig. 16 B-E).  Further, in thin optical 

sections through CA1 of the hippocampus, most cell nuclei contained no 

immunoreactivity, but immunoreactive puncta were often arrayed around the cytoplasmic 

surface of the nuclei (Fig. 17).   Similarly, using electron microscopy, particles of 
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immunoreactivity were found adjacent to the cytoplasmic surface of the nuclear envelope 

(Fig. 18D).   

In addition, organotypic hippocampal neurons transfected with GFP-tagged 

HDAC4 were examined.  In these cells, GFP fluorescence was present throughout the 

dendritic tree and perikaryial cytoplasm but was excluded from the nuclei (Fig. 19A, B).  

In neurons transfected with GFP alone, fluorescence was present throughout the neuron, 

including the nucleus (Fig. 19E).  

 

Punctate labeling.  In DAB-reacted and fluorescent material, the neuropil was covered 

with fine immunoreactive puncta.  These puncta were also present in the cytoplasm of 

dendrites and cell bodies.  In order to better examine the subcellular localization of 

immunoreactive puncta, we used confocal laser microscopy.  The perikaryial cytoplasm 

contained large numbers of puncta (Fig. 17) which often seemed to accumulate next to 

the nuclear membrane.  Dendritic shafts also contained high numbers of immunoreactive 

puncta such that apical dendrites were often highlighted.  Consistent with this, at the 

electron microscopic level, immunoreactivity was present in the perikaryial cytoplasm 

(Fig. 18D, E), at post synaptic sites along dendritic shafts (Fig. 18A, B), as well as in 

clusters not clearly associated with synaptic contacts (Fig. 18C).  In dendritic shafts, 

where multiple adjacent contacts were present, immunoreactivity was often associated 

with only one of the synapses (Fig. 18A). 

 

Puncta at dendritic spines.  To determine whether some puncta were associated with 

dendritic spines, we double labeled hippocampal sections for HDAC4 and PSD-95, a 

well-characterized scaffolding protein located at the PSD (reviewed in Kim and Sheng, 

2004).  In this material, puncta immunoreactive for HDAC4 only, for PSD-95 only, and 

for both were observed (Fig. 17).  The double-labeled puncta were in the range of 0.5 μm 

in diameter, a size range consistent with the morphology of dendritic spines.  

Additionally, in organotypic cultures, GFP-tagged HDAC4 was clearly present within 

dendritic spines as well (Fig. 19C, D). 

Further analysis by electron microscopy revealed immunoreactivity in a 

subpopulation of dendritic spines (Fig. 20).  In dendritic spines that were lightly 
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immunolabeled, the immunoreactivity was clearly associated with the PSD as it was in 

dendritic shafts (Fig. 18A, B).  These results are consistent with HDAC4/PSD-95 double 

labeling seen with laser confocal microscopy (Fig. 17) and with the punctate pattern of 

immunoreactivity observed with DAB.      

 

Discussion 

 

HDACs have been implicated in a variety of cellular functions including 

development (Verdin, 2003, Vega et. al, 2004, Yang and Gregoire, 2005, Haberland et. 

al, 2009), apoptosis (Paroni et al., 2004; Bolger and Yao, 2005), and learning and 

memory (Korzus et al., 2004; Levenson et al., 2004; Vecsey et al., 2007).  Clinical 

relevance has been established for class IIa HDACs in the context of neurodegenerative 

disease models such as Huntington’s disease (Ferrante et al., 2003; Hockly et al., 2003; 

Gardian et al., 2005), Parkinson’s disease (Gardian et al., 2004), Alzheimer’ disease 

(Ricobaraza et al., 2009), motor neuron disorders (reviewed in (Echaniz-Laguna et al., 

2008), Rubenstein-Taybi syndrome (Alarcon et al., 2004), drug addiction (Kumar et al., 

2005), depression (Tsankova et al., 2006), dementia (Fischer et al., 2007), and ischemic 

conditions (Ren et al., 2004).  In addition, HDACs have also been suggested to be 

directly responsible for neuronal survival (Morrison et al., 2006; Majdzadeh et al., 2008).   

In this study, we show that HDAC4 immunoreactivity is present in the perikaryial 

cytoplasm of most neurons and is also detectable in a subset of neuronal nuclei.  These 

data are consistent with previous in vitro studies reporting that the localization of 

HDAC4 under basal conditions in various cell types is extra-nuclear (Miska et al., 2001; 

Chawla et al., 2003; Bolger and Yao, 2005).  In addition, a subpopulation of dendritic 

spines contains HDAC4.  This raises the possibility HDAC4 is involved with synaptic 

function or with communication between synapse and nucleus.    

HDAC4 trafficking is regulated primarily through calcium dynamics (Verdin et 

al., 2003; Guo et al., 2007).  In response to calcium influx, HDAC4 is phosphorylated by 

kinases, such as Ca
2+

/calmodulin-dependant kinases, followed by subsequent binding to 

the ubiquitous phosphobinding protein 14-3-3 (Grozinger and Schreiber, 2000; McKinsey 

et al., 2000; Wang et al., 2000; Zhao et al., 2005; Backs et al., 2008; Brown et al., 2008).  
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This binding interaction sequesters HDAC4 in the cytoplasm.  On the other hand, 

dephosphorylation of HDAC4 by protein phosphatase 2A (PP2A) releases it from 14-3-3 

and exposes a nuclear localization site, allowing shuttling to the nucleus (Grozinger and 

Schreiber, 2000; Paroni et al., 2008) where HDAC4 can impact transcriptional 

reprogramming.  For example, HDAC4 can repress gene expression by binding to 

myocyte enhancer factor 2, a calcium-dependent transcription factor (Miska et al., 1999; 

Youn et al., 2000).  Evidence suggests this interaction helps regulate activity-dependent 

neuronal survival (Mao et al., 1999; Heidenreich and Linseman, 2004; Bolger and Yao, 

2005).  In some circumstances, nuclear shuttling of HDAC4 fosters apoptosis (Chawla et. 

al, 2003, Paroni et. al, 2004, Bolger and Yao, 2005).  In others, nuclear shuttling up-

regulates the expression of genes to facilitate recovery from injury (Cohen et al., 2009).  

The exact mechanism by which HDAC4 regulates specific gene expression programs is 

not clearly understood but presumably involves the formation of multi-protein 

transcriptional repressor complexes and variations in how chromatin modifications take 

place.  While gene repression is commonly associated with HDAC activity, upregulation 

of genes seemingly also occurs in approximately equal proportions (reviewed in 

(Nusinzon and Horvath, 2005).  Therefore, the role of HDAC4 and others with respect to 

chromatin modifications and transcription factor interactions must be considered in a 

context-, cell-, or tissue-specific manner.     

Since neural activity-dependent signaling plays a major role in the downstream 

signaling processes required for the regulation of HDAC4 shuttling (Chawla et. al, 2003, 

Bolger and Yao, 2005, Cohen et. al, 2009), it is possible that the regional and subcellular 

distributions of HDAC4 reflect to some extent the synaptic activity and calcium 

homeostasis at the time the brains were fixed.  This may account for some of the regional 

and subcellular variability observed in HDAC4 distribution.  In the CA1 and CA3 sectors 

of the hippocampus, HDAC4 was present in both nuclear and cytoplasmic compartments 

of many neurons.  In contrast, nuclear immunostaining was virtually absent from granule 

cells in the dentate gyrus.  Interestingly, basal activity of cultured hippocampal neurons is 

sufficient to cause HDAC4 nuclear export in a majority of cells (Chawla et. al, 2003), a 

conclusion consistent with our observation that HDAC4-GFP is excluded from the 

nucleus under basal conditions in organotypic culture.    
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In the striatum, an area which receives heavy glutamatergic input from the 

cerebral cortex and thalamus (Fonnum et al., 1981; Plenz, 2003; Cepeda et al., 2007), 

medium-sized spiny neurons contained HDAC4 in the perikaryial cytoplasm, but only a 

minority contained HDAC4 in the nucleus as well.  In contrast, we observe only non-

nuclear staining in large aspiny neurons.     

Differences in nuclear staining patterns were also evident in the cerebellum.  

Immunoreactivity in Purkinje cell nuclei could be stronger than that in the cytoplasm, 

equally immunoreactive with the cytoplasm, or absent.   These differences were observed 

among neighboring cells suggesting that they were not related to simple differences in 

connectivity or chemical neuroanatomy.  Cerebellar granule cells were strikingly similar 

to those in the hippocampal dentate gyrus in that they lacked nuclear immunostaining but 

contained HDAC4 in the scant perikaryial cytoplasm.   

It may be that differences in physiological activity at the time of sacrifice reflect 

the variations we observe for HDAC4 localization.  In the basal ganglia, for example, it is 

widely accepted that medium spiny neurons are heavily affected in Huntington’s disease 

while large aspiny neurons are spared.  The exact reason for this discrepancy is unclear.  

Previous studies have shown, for example, that large aspiny neurons exhibit a higher 

resting membrane potential than medium spiny neurons for which no synaptic input is 

required for action potential generation (Bennett et al., 2000; Deng et al., 2004).  This 

difference in electrical activity may reflect the differences we see in HDAC4 localization 

between medium spiny neurons and large aspiny neurons.  Cytoplasmic retention of 

HDAC4 in large aspiny neurons would not result in repressive transcriptional changes, 

while affected medium spiny neurons with prolonged exposure to nuclear HDAC4 may 

result in the loss of these neurons over the course of the disease. 

In cerebellum, a recent study suggested that specific expression patterns between 

neuronal cell types for HDAC4 may exist in which Purkinje neurons seem to be more 

adversely affected by HDAC4 knockout than are the neighboring granule cells during 

early postnatal development (Majdzadeh et. al, 2008).  These results suggest that HDAC4 

regulation may depend on neural activity not only within a specific region, but in a cell 

type-specific manner as well. 
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      Overall, the regional distribution of HDAC4 reported here is largely in agreement 

with the in situ hybridization results reported by Broide et. al (2007).  Some differences, 

however, exist.  The mRNA for HDAC4 is reported to be absent from the Purkinje cell 

layer whereas in the present study, many Purkinje cells were strongly immunoreactive 

and many had immunoreactive nuclei.  In addition, very weak mRNA labeling was 

reported in the caudatoputamen whereas we observe robust immunostaining in different 

cell types and in the neuropil.  These differences may be explained in part by the 

expected differences in localization of protein vs. mRNA, or possibly by the difference in 

species (rat vs. mouse).      

Dendritic spines, small protrusions from dendritic shafts that receive the majority 

of excitatory input, are largely responsible for the compartmentalization of calcium 

dynamics within a neuron (Harris and Kater, 1994; Yuste and Denk, 1995).  Since 

HDAC4 nucleocytoplasmic shuttling is regulated by calcium signals, we sought to 

determine whether any of the punctate immunostaining observed at the light microscopic 

level corresponded to dendritic spines.  Laser confocal microscopy of sections double 

labeled for HDAC4 and PSD-95 showed that HDAC4 colocalized with PSD-95 along 

dendritic shafts and in the neuropil in general.  Double labeling due to coincidental 

superimposition of immunoreactive puncta might be expected in the dendritic shafts 

simply because both proteins are tightly packed in that compartment.  This is not the 

situation, however, in isolated puncta that are double-labeled and likely represents 

dendritic spines.  Double-labeling of HDAC4/PSD-95 is also supported by EM showing 

the strongest immunolabeling is associated with the PSD.  Finally, PSDs with no 

detectable HDAC4 immunoreactivity were commonly observed, both by electron and 

laser confocal microscopy.  This was most clear in dendritic shafts where only one 

synapse among adjacent synapses was immunolabeled (Fig. 12A).   It is possible that 

some synapses contain HDAC4 and others do not, or that a low concentration of HDAC4 

in many synapses makes detection difficult.  On the other hand, HDAC4 trafficking 

between cytoplasm and nucleus is dynamic and it is possible that the amount of HDAC4 

present at a specific synapse at a given time is dependent on local calcium signaling.  As 

noted above, HDAC4 trafficking is regulated by calcium, and dendritic spines, because of 

their small volumes and calcium channel content, specialize in calcium-mediated 



 30 

signaling.   Importinα, a protein that binds and facilitates HDAC4 nuclear transport 

(Grozinger, 2000) is also present in dendrites and synaptic compartments, and also 

displays activity dependent translocation (Thompson et al., 2004).  Taken together, these 

data raise the possibility that HDAC4 could shuttle from spine to nucleus when synaptic 

calcium levels are low.   

HDAC4 shuttling from the cytoplasm to the nucleus when calcium levels are 

reduced has already been demonstrated in hippocampal and cerebellar granule cell 

cultures (Chawla et. al, 2003, Bolger and Yao, 2005).  Direct support of a postsynaptic 

role for HDAC4 comes from a recent study on skeletal muscle, showing that HDAC4 is 

present postsynaptically at the neuromuscular junction.  Following denervation, however, 

HDAC4 concentration is reduced at the neuromuscular junction while it increases in the 

nucleus; nuclear translocation increases gene expression for the acetylcholine receptor 

and for the muscle specific kinase (MUSK) protein through inhibition of the 

transcriptional repressor Dach2 (Cohen et. al, 2009).   These data support the possibility 

that HDAC4 shuttles between postsynaptic sites and the nucleus in response to changes 

in synaptic activity in neurons as well.  It is also possible, however, HDAC4 acts on non-

histone substrates within a dendritic spine.  The list of non-histone substrates is small but 

growing.  For example, a role for HDAC6 has been established as the primary 

deacetylase for tubulin (Hubbert et al., 2002). 

In summary, these data demonstrate a regional and cell-type specific expression 

pattern for HDAC4.   This expression pattern may be related to the phenotype of 

individual neurons or to specific aspects of their physiological activity and connectivity.  

Further, this study localizes HDAC4 to the dendritic spine, raising the possibilities that 

HDAC4 plays a direct role in coordinating synaptic activity with gene expression in 

neurons and/or influences synaptic function.  
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Figure 7.  Characterization of HDAC4 antibody HDAC4-152.  A.  Wild-type (WT, left 

lane) and HDAC4 functional knock-out (KO, right lane) mouse brain homogenates were 

probed with HDAC4-152.  Lower molecular weight bands were examined with mass 

spectrometry and trypsin digested HDAC4 fragment sequences flanking the antibody 

recognition site were identified, representing a fragment of HDAC4 (see results for 

details).  B.  HDAC4-152 preabsorption with peptide blocked immunodetection for all 

bands seen in A.  C.  HEK cell lysates containing recombinant HDAC4-GFP or GFP 

alone were lysed and probed with HDAC4-152 (left and right lanes, respectively).  

Predicted molecular weight of the fusion protein is approximately 166kD.  D.  IP of 

HDAC4 from HEK cell lysates containing recombinant HDAC4-GFP or GFP alone (left 

and right lanes, respectively).  IP and subsequent western blotting was performed using 

HDAC4-152 antibody.  E.  Representative staining pattern for immunohistochemistry 

using HDAC4-152.  F.  Peptide preabsorption completely prevents immunostaining on 

brain tissue.  For E and F, area CA3 of mouse hippocampus is represented.  Similar 

results were obtained in all other areas examined.  Scale bar E, F = 50μm.   
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Figure 8.  Photomicrograph of immunostaining in neocortex.  A.  Pattern of 

immunostaining in parietal cortex.  The pial surface to the right of the asterisks mark 

the boundary between layers IV and V.  Punctate staining is somewhat stronger in 

layers I-IV than in layers V and VI.  Many neurons have unlabeled nuclei whereas 

others have labeling over the nucleus and cytoplasm.  Calibration bar = 50μm.  B.  
Pattern of immunostaining in layer V of parietal cortex.  At higher magnification, 

immunostaining can be seen as primarily punctate in the cytoplasm and nuclei of 

some neurons (large black arrows) and in the neuropil (small black arrows).  In other 

neurons, there is little immunoreactivity associated with the nuclei (white arrows).   

Calibration bars = 20 μm. 
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Figure 9.  Immunoreactivity for HDAC4 in the caudatoputamen and globus pallidus.  

A.  The general intensity of immunostaining in the caudatoputamen (CP) was similar 

to that in the neocortex (CTX).  wm, white matter.  Calibration bar = 50 μm.  B.  The 

border between the globus pallidus (GP) and the caudatoputamen (CP).  In general, 

the immunoreactivity in the GP was lighter than that in the CP, but this was associated 

with the reduced cell density in the former.  In the GP, some neurons had unstained 

nuclei (white arrow) while others had nuclei that were apparently darkly 

immunostained (black arrows).  Calibration bar = 50 μm.  C.  Many medium-sized 

neurons lacked immunoreactivity in their nuclei (white arrows).  In other neurons, 

immunoreactivity was present throughout the cell body, including the nucleus (large 

black arrows).  The neuropil contained fine immunoreactive puncta (small black 

arrows).  Calibration bar = 10 μm.  D.  Immunoreactivity was also present in large 

aspiny neurons (black arrow) in which nuclei were typically not immunostained.  Fine 

puncta (black arrows) can be seen in the neuropil.  Calibration bar = 10 μm.   
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Figure 10.  Immunostaining of the ventral forebrain.  A.  Immunoreactivity is stronger 

in nucleus accumbens (NAcc) than in the lateral septum (LS), caudatoputamen (CP), 

or olfactory tubercle (OT). The Islands of Calleja (see asterisk for example) stand out 

as distinct structures because of their increased immunoreactivity vs. the surrounding 

areas.  ac, anterior commissure.  Calibration bar = 200 μm.  B.  In piriform cortex, the 

most superficial neurons contain immunoreactivity in both cytoplasm and nuclei 

(black arrows).  In the deeper layer, however, many neurons have unlabeled nuclei 

(white arrows).  Calibration bar = 50 μm.  C.  The Islands of Calleja (asterisks) 

contain clusters of labeled neurons capped by clusters of moderately labeled puncta.  

Calibration bar = 100μm.  D.  At higher magnification, the puncta (see black arrows 

for examples) capping the Islands of Calleja (Isl Cal) can be seen to form a distinct 

bundle (asterisk).  Calibration bar = 20 μm. 
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Figure 11.  Immunoreactivity for HDAC4 in the amygdaloid complex.  A.  A low 

power photomicrograph showing stronger immunoreactivity in the lateral (AL) and 

basolateral (ABL) nuclei than in the central (ACE) nucleus.  In the medial region 

(AME), neurons are also moderately immunoreactive but more widely scattered than 

in the AL.  In piriform cortex (PIR), neurons are very lightly immunostained.  

Asterisk, optic tract.  Calibration bar = 100 μm.  B.  A higher power photomicrograph 

showing detail of immunostaining in the anterolateral nucleus.  Some neurons are 

strongly immunostained (black arrows), with apparent nuclear staining, whereas 

others have nuclei that are not immunostained (white arrows).   Calibration bar = 50 

μm. 
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Figure 12.  Immunoreactivity for HDAC4 in the hippocampal formation.  A. Low 

power photomicrograph showing relative immunostaining in the hippocampal 

formation.  Immunoreactivity is strongest in CA3 and CA4, moderate in CA1 and 

weak in the dentate gyrus (DG).  Cortex, CTX.  Calibration bar = 200 μm.  B.  
Immunoreactivity increases in the stratum lacunosum moleculare (SLM) vs. stratum 

radiatum (SR) of CA1.  The granular layer of the dentate gyrus (DG) is weakly 

immunostained.  Calibration bar = 50 μm.  C.  Higher power photomicrograph of 
immunoreactivity in CA1.  Some neurons have immunoreactive nuclei (large black 

arrow) but most do not (white arrows).   Fine puncta are present throughout the 

neuropil (small black arrows).  Calibration bar = 20 μm.  D.  Immunoreactivity in 
CA3.   Some neurons have immunoreactive nuclei (black arrows) whereas others do 

not (white arrows).  Calibration bar = 50μm. 
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Figure 13.  Immunoreactivity for HDAC4 in specific layers of CA1, CA4, and dentate 

gyrus.   A.  Immunoreactivity is stronger in the stratum lacunosum  moleculare (SLM) 

than in stratum radiatum (SR) or in the dentate gyrus (DG).  B.  Similarly, there is a 

band of strong immunoreactivity (asterisks) dorsal to the cell layer in CA4.  A thinner 

band can be seen ventral to the cell layer. T, thalamus.  C.  In the dentate gyrus (DG), 

most of the nuclei of the granule cells are strikingly unlabeled (arrows).  D.  At higher 

magnification, a thin rim of immunoreactivity surrounding unlabeled nuclei in the 

dentate gyrus (DG) can be observed (arrows).  Immunolabeled puncta are present 

throughout the molecular layer (ML).  Calibration bars for A-D = 20 μm. 
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Figure 14.  Photomicrographs showing 

HDAC4 immunoreactivity in the 

thalamus and substantia nigra.  A.  

Immunoreactivity was fairly even in 

the thalamus with a slight increase in 

immunostaining in the dorsal lateral 

geniculate nucleus (dLGN).  Fascicles 

of unlabeled axons (arrows) stand out 

against the stained neuropil.  vLGN, 

ventral lateral geniculate nucleus; VB, 

ventrobasal nucleus.  Calibration bar 

= 200 μm.  B.  Higher magnification 

of the dorsal lateral geniculate nucleus 

(dLGN).  The cell body and nucleus 

are immunostained in the great 

majority of neurons (black arrows).  

Calibration bar = 100 μm.  C.  

Immunoreactivity in the substantia 

nigra.  The neuropil is evenly 

immunostained and cells in the pars 

compacta (SNpc) and reticulata 

(SNpr) have nuclei that are (black 

arrows) or are not (white arrows) 

immunoreactive.  Calibration bar = 

100 μm. 
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Figure 15.  Photomicrographs of immunoreactivity for HDAC4 in the cerebellum.  A.  

Immunostaining is more pronounced in the molecular layer (ML) than in the granule 

cell layer (GCL) and is absent from the white matter (WM).  The black arrows point 

to Purkinje cells in the Purkinje cell layer.  Calibration bar = 100 μm.  B.  Higher 
power photomicrograph of the cerebellum. Immunoreactivity is light and patchy in the 

granule cell layer where neuronal nuclei are not immunoreactive (small arrows).  

Purkinje cell immunostaining is moderate and within the Purkinje cells (large black 

arrows), immunoreactivity in the nuclei is variable.   Fine immunoreactive puncta are 

found throughout the neuropil of the molecular layer.  Calibration bar = 20 μm. 
 



 40 

 
 

 

 

 

 

 

 



 41 

 



 42 

 

 
 

 
 

Figure 18.  Electron microscopic immunoreactivity in dendritic shafts and cytoplasm.  

A.  Cross section through a dendritic shaft in CA1 of the hippocampus.  

Immunoreaction product (black arrow) has accumulated opposite a synaptic contact.  

No immunoreaction product, however, is present opposite other contacts (white 

arrows) on the same shaft.  B.  An axo-dendritic contact in the caudatoputamen.  

Immunoreactivity in this lightly immunostained dendrite (D) is confined to the PSD 

(arrow).  C. Immunostaining in a dendrite from the caudatoputamen.  Immunoreaction 

product (arrow) is present in a dendritic shaft without an apparent association with a 

synaptic contact.  D.  Immunostaining is present on the nuclear envelope (black 

arrow) and diffuse deposits are found in the cytoplasm (white arrow).  Calibration bars 

= 0.25 μm. 
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Figure 19.  Organotypic cultures from both rat and mouse show exclusion from the 

nucleus and subcellular localization of HDAC4 at the level of dendritic spines.  A, B.  

HDAC4-GFP expression in hippocampal neurons show a non nuclear expression in 

both rat and mouse organotypic cultures, respectively.  C, D.  Examination of 

secondary and tertiary dendrites distal to the soma of the same neurons show that 

HDAC4-GFP is not excluded from dendritic shafts or dendritic spines (green arrows).  

E.  A rat hippocampal neuron expressing GFP alone shows uniform distribution 

throughout the soma, dendrites, and dendritic spines, including the nucleus.  A,C,E = 

rat.  B, D = mouse.  Scale bar A-C = 10µm.  Scale bar D-E = 50µm.   
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Figure 20.  Examples of electron microscopic immunoreactivity for HDAC4 in 

dendritic spines from CA1 of the hippocampus (A-D) and caudatoputamen (E-F).  A. 

 A moderately immunolabeled dendritic spine (S). Although immunoreaction product 

is present throughout the spine, the strongest accumulation is associated with the PSD 

(arrow).  B-D.  Examples of immunoreactivity primarily associated with the PSD 

(black arrows) in lightly immunolabeled material.  For comparison,  non-

immunoreactive  PSDs are shown (white arrows in B-C).  E.  A perforated synapse.  

Immunoreactivity (black arrow) is associated with the PSD.  F.  Immunoreactivity 

appears to extend down the neck of the spine and is most prominent at the PSD (black 

arrow).   S, dendritic spines.  Calibration bars = 0.25 μm. 
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CHAPTER 2 

HDAC4 SUBCELLULAR LOCALIZATION IS ALTERED BY NMDA AND 

AMPA RECEPTOR BLOCKADE 

 

Introduction 

  Class II HDACs, specifically HDAC4 and HDAC5, are highly regulated by 

calcium-dependent mechanisms including activation of calcium-calmodulin dependent 

kinases (CaMKII, CaMKIV), as well as protein kinase C (PKC, Vega et al., 2004a; Backs 

et al., 2006; Backs et al., 2008; Brown et al., 2008).  Phosphorylation of these HDACs 

regulates their subcellular localization through an interaction with the ubiquitous protein 

14-3-3; phosphorylation results in unmasking of a nuclear localization signal while 

dephosphorylation unmasks a nuclear export signal (Grozinger and Schreiber, 2000; 

McKinsey et al., 2000; McKinsey et al., 2001).  In addition, HDAC4 translocation in 

neurons has been shown to be dependent on neural activity, with lower threshold than 

HDAC5 (Chawla et al., 2003).  This activity-dependent regulation allows for 

nucleocytoplasmic shuttling and has been shown to be important for certain 

transcriptional regulation processes related to neuronal survival, mainly involving the 

transcription factor myocyte enhancer factor 2 (Mao et al., 1999; Heidenreich and 

Linseman, 2004; Cohen et al., 2009).  Lastly, upon denervation of nerves at the 

neuromuscular junction, transcriptional regulation by HDAC4 has been implicated for 

synaptic genes such as the nicotinic acetylcholine receptor (Cohen et al., 2007).  

Together, these data suggest a role where HDAC4 is in position to act as a synaptic 

monitor, relaying disruptions in synaptic activity to the nucleus where it can alter genetic 

programs, including those that involve synaptic plasticity and survival.   

 Synaptic release of glutamate is responsible for nearly all excitatory transmission 

in the mammalian brain.  Glutamatergic neurotransmission directs changes in neural 

excitability and synaptic strength, and are thought to underlie the storage of memories 

(Martin et al., 2000) as well as serves in activity-dependent wiring of the brain to 

promote neuronal survival and proper development.  In neurons, glutamate activates α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-

aspartate (NMDA) receptors, among others.  AMPA activation has been thought to act as 
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a short-term effector for long-term potentiation or depression, leading to increased 

NMDA receptor activation which affects downstream gene expression and protein 

synthesis responsible for the stabilization of these synaptic changes (Adams and Dudek, 

2005).  Recent evidence, however, suggests that AMPA and NMDA receptors have a 

more integrated role in the regulation of plasticity related genes.  One example recently 

characterized in this manner is the activity-regulated cytoskeleton associated protein 

(reviewed in Rao et al., 1998).   

 A major issue with the phenomenon of synaptic plasticity lies in the mechanisms 

by which glutamatergic neurotransmission relates to gene expression.  In neurons, 

excitatory activity is mediated in part through protrusions called dendritic spines.  

Dendritic spines act to compartmentalize calcium (Yuste et al., 2000), a second 

messenger increased by AMPA and NMDA receptor activity; this Ca
2+

 mediated activity 

leads to structural changes and gene expression (West et al., 2001).  NMDA and AMPA 

receptor activation are essential for proper formation and stabilization of synapses, as 

disruptions in glutamatergic transmission and dendritic spine alterations have been 

implicated in many pathogenic and neurodegenerative disorders (Spires et al., 2004; 

Halpain et al., 2005; Knobloch and Mansuy, 2008).  

 In neurons, the unique problem of transducing synaptic signals distal to the soma 

into transcriptional reprogramming remains a central question in the phenomenon of 

synaptic plasticity.  In the previous study by Chawla et. al (2003), HDAC4 translocation 

was induced at the level of the soma in immature (10d) primary hippocampal neurons 

through a combination of calcium-dependent receptor and CaMK blockers.  The effect of 

AMPA signaling on the translocation of HDAC4 was not explored.  With this, we 

decided to look at receptor activity affecting HDAC4 translocation in mature neurons (i.e. 

with extended processes and dendritic spine architecture) using organotypic hippocampal 

slice cultures.  We observed NMDA or AMPA receptor blockade alone was not sufficient 

in translocating HDAC4 to the nucleus.  HDAC4 translocation did occur, however, when 

both NMDA and AMPA receptors were blocked.  Importantly, cytoplasmic recovery of 

HDAC4 was observed following a washout of antagonists.  These data demonstrate that 

NMDA and AMPA receptor activity help regulate HDAC4 and suggest HDAC4 may be 
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linked at the level of synaptic communication, where it can translocate to the nucleus, 

alter transcriptional programs, and regulate synaptic plasticity.   

 

Materials and Methods 

 

Organotypic hippocampal cultures:  Hippocampal slice cultures were prepared from 6-

day-old mice and rat pups following the protocol of Stoppini et al. (1991).  In brief, pups 

were decapitated and brains placed in chilled dissection medium (1mM CaCl2, 5mM 

MgCl2, 10mM glucose, 4mM KCl, 26mM NaHCO3 and 40mM sucrose), oxygenated 

with 95% O2-5% CO2. The hippocampi were carefully removed and cut coronally into 

400 µm slices using a McIlwain tissue chopper.  2-3 slices were transferred onto porous 

Millicell membranes in 6-well plates with 1 mL of pre-warmed slice culture media 

containing the following: 50% MEM (Gibco, Grand Island, NY) ,25% horse serum, 13 

mM glucose, 5 mM NaHCO3, 30 mM HEPES, 1 mM CaCl2, 2 mM MgSO4, 1 mM L-

glutamine, 0.00125% ascorbic acid and 1µg/mL insulin, pH 7.20. Slices were maintained 

at the liquid-air interface for six to seven days at 37°C with 95% O2-5% CO2 before 

being transfected.   

 

Biolistic transfection:  An HDAC4 vector containing a C-terminal green fluorescent 

protein tag (HDAC4-GFP) was cloned into the pBJ5.1 mammalian expression vector as 

described previously (Grozinger et al., 1999).  HDAC4-GFP or pCMS-GFP alone was 

biolistically transfected using the Helios Gene Gun (BioRad, Hercules, CA) at 140psi 

according to instructions in the user manual at 6-7 days in vitro.  A 0.5 mg/μg gold to 

DNA ratio was used for all transfections.  On certain occasions, a plasmid encoding for 

dsRed (pCMV-dsRed Express, Clontech, Mountain View, CA) was co-transfected with 

HDAC4-GFP in order to completely fill cellular architecture.  In this instance, a 

reduction of DNA used for each construct was reduced to 12.5μg for a total of 25μg DNA 

for transfection.   

 

Treatment protocol:  48 hours after transfection, cultures with either GFP or HDAC4-

GFP were exposed to normal media containing either 150μM (2R)-amino-5-
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phosphonopentanoate (APV), 50μM 2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo[f]quinoxaline-2,3-dione (NBQX), 1μM Trichostatin A (TSA), a combination of 

the antagonists, or left untreated (UnTx) for an additional 48 hours (with the exception of 

the 24hr treatment of APV + NBQX).  For washout, cultures treated with APV + NBQX 

for 48 hours were replaced with normal culture media for an additional 24hr period.  

After completion of the treatment paradigm, cultures were fixed with 4% formaldehyde 

for 15 minutes at room temperature, washed in PBS 3 x 10 minutes, and mounted by 

coverslip using Vectashield to retard signal fading.   

 

Confocal microscopy:  Tissue slices were imaged for GFP or dsRed fluorescence on a 

Leica TCS SP2 SE laser scanning confocal microscope (Leica Microsystems, 

Bannockburn, IL) using a 63x objective at 1024 x 1024 resolution.  Serial stack images 

were taken at 0.5μm steps and reconstructed using ImageJ (NIH, Bethesda, MD).  For 

dendritic spine imaging, a digital zoom of 3x was used and serial stack images were taken 

at 0.5μm steps and reconstructed using ImageJ.   

 

Quantitative analysis:  Neurons expressing HDAC4-GFP were analyzed using a Zeiss 

Axioskop 2 Plus (Zeiss) with a 40x objective and HDAC4-GFP expression was 

quantified as being either cytoplasmic, nuclear, or both.  Neurons were quantified from 

an average of 11-12 slices per group, with the exception of the washout group (17 slices), 

resulting in an average of 64 neurons quantified per group (range of 28-114).  Dendritic 

spine density was measured using ImageJ.  Images were magnified to 400% when 

counting along dendritic segments to more accurately account for dendritic spine 

protrusions.   

 

 

Results 

 

 Transfection with HDAC4-GFP  under basal conditions produced a mainly non-

nuclear distribution consistent with previous studies using other cell types (Zhao et al., 

2001; Chawla et al., 2003).  In our neurons, HDAC4-GFP localization was observed in 



 49 

the perikaryal cytoplams, along dendritic shafts, and in dendritic spines, consistent with 

previous observations (Darcy et al., 2009).  As expected, transfection with GFP alone 

completely filled the neuron, including the nucleus, in every neuron observed (Fig. 21, 

HDAC4GFP neuron vs. GFP neuron, whole neuron).   

 A recent study demonstrated a decrease in dendritic spine density upon 

overexpression of HDAC2 in mice (Guan et al., 2009).  To see if overexpression of 

HDAC4 had an effect on dendritic spine number, we compared dendritic spine densities 

between HDAC4-GFP and GFP transfected neurons and the results were not significantly 

different (p > .05).  Treatment of cultures with a combination of APV and NBQX 

resulted in a similar decrease in spine density, regardless of the transfection condition 

(Fig 22). 

 To determine the effect of NMDA and AMPA receptor activity on HDAC4 

localization, we treated slice cultures transfected with either HDAC4-GFP or GFP alone 

with the competitive NMDA antagonist APV or the specific AMPA antagonist NBQX 

for 48 hours.  Quantitative analysis of the percent of transfected neurons with 

cytoplasmic, nuclear, or a combination of both cytoplasmic and nuclear localization was 

performed for each treatment protocol.  An example of each type of cell is shown in 

Figure 23.  Application of either APV or NBQX had little effect on the percentage of 

cells showing nuclear localization. When APV was combined with NBQX, however, a 

robust shift to nuclear localization was observed.  This shift was less prominent at 24 

hours than at 48 hours (Fig. 24).   

 HDAC inhibition is a potential therapeutic target in many models of 

neurodegenerative and psychiatric disorders because of its ability to attenuate symptoms 

in (among others) Alzheimer’s, Huntington’s, depression, and alcohol withdrawal 

(Ferrante et al., 2003; Gardian et al., 2005; Tsankova et al., 2006; Covington et al., 2009; 

Ricobaraza et al., 2009).  An underlying component of many of these conditions is an 

alteration of synaptic transmission and/or gene expression by direct or indirect 

mechanisms.  With this in mind, we sought to determine whether the HDAC inhibitor 

trichostatin A (TSA) could prevent trafficking to the nucleus seen with receptor blockade.  

In cultures exposed to TSA in the presence of APV and NBQX for 48 hours, there was 

reduced nuclear localization of HDAC4 when compared to APV/NBQX alone (Fig. 25).  
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The level of cytoplasmic localization, however, did not entirely return to untreated basal 

levels.  Interestingly, cultures exposed to TSA alone for 48 hours without blockade 

showed a complete absence of HDAC4 nuclear localization in every cell observed.   

HDAC4 nuclear import has been implicated in apoptosis following cellular 

damage in vitro (Paroni et al., 2004) and in low-potassium or excitotoxic glutamate 

conditions in cerebellar granule neurons (Bolger and Yao, 2005).  To test the possibility 

that treatment with APV and NBQX  had not simply caused cell death via HDAC4 

nuclear localization, we replaced media containing APV/NBQX after a 48 hour 

incubation period with normal media for an additional 24 hours.  Following this 

treatment, HDAC4 localization in the nucleus was reduced, and cytoplasmic localization 

increased.  These data suggest a reversal of HDAC4 localization from nucleus to the 

cytoplasm in response to restored synaptic activity (Fig. 25).  A summary of results from 

all conditions tested is shown in Figure 26.    

 

Discussion 

 

To our knowledge, the only study date using hippocampal neurons was performed 

by Chawla et al. (2003) where primary neurons were cultured, exposed to treatments, and 

analyzed by 10-11 days after plating.  At this relatively young age, dendritic spine density 

is low, formation of mature synapses with postsynaptic densities and receptor clusters is 

incomplete; these processes occurring approximately after 2 weeks in culture, with 3 

weeks in culture and beyond representing most connections in vivo (Papa et al., 1995; 

Rao et al., 1998).  In the present study, we used mature hippocampal slice cultures 

containing densely-spiny neurons in order to mimic more closely the nature of 

hippocampal connections in vivo (Gahwiler et al., 1997) to determine whether 

suppression of synaptic activity at dendritic spines would alter HDAC4 trafficking.   

The present study shows that blockade of both NMDA and AMPA receptors 

fosters HDAC4 trafficking to the nucleus, a response not previously characterized.  Many 

studies have displayed the importance of AMPA receptors in synaptic plasticity, 

specifically in the maintenance of dendritic spines (Hsieh et al., 2006; Mateos et al., 

2007) and formation of LTP (reviewed in (Derkach et al., 2007).  AMPA receptors have 
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been shown to play an important role in activation of downstream signaling pathways 

important for synapse to nucleus induction, such as MAPK (Wang and Durkin, 1995), 

and more recently on gene expression itself (Hou et al., 1997; Rao et al., 1998).  Here, we 

show the transcriptional regulator HDAC4 displays cytoplasmic localization under basal 

conditions, and shows nuclear localization when both NMDA and AMPA receptors are 

blocked, a condition mimicking synaptic quiescence.  This translocation was reduced by 

the HDAC inhibitor TSA, and removal of the synaptic blockers resulted in a shift back 

towards the cytoplasm.  These data suggest HDAC4 may coordinate synaptic activity 

with gene expression.  A role for HDACs in synaptic plasticity has only recently been 

suggested with evidence for target genes still largely unexplored.  Nuclear translocation 

of HDAC4, however, and regulation of gene expression seems to be a specific, rather 

than global response.   For example, denervation at the neuromuscular junction decreases 

expression of HDAC4 at the junction is correlated with increased expression in the 

nucleus; this shift concomitantly upregulates expression of the nicotinic acetylcholine 

receptor (Cohen et al., 2007).  HDAC inhibition has also been shown to enhance long 

term potentiation and memory in the hippocampus, via increased activation of cyclic-

AMP response element binding protein (CREB) and recruitment of the histone 

acetyltransferase CREB binding protein (CBP), resulting in upregulation of specific 

genes (Vecsey et al., 2007).   

Neurological insults and disorders involving excitotoxicity have implicated 

calcium permeable AMPA receptors as a target for therapeutic action.  In these cases, 

calcium influx can also be accompanied by the influx of zinc, a potent mediator of 

neuronal injury (Jia et al., 2002; Soundarapandian et al., 2005; Kwak and Weiss, 2006).  

Interestingly, zinc is necessary for the activity of the catalytic domain in the HDAC core, 

and therapeutic benefit of some HDAC inhibitors has been suggested to act by 

competitive zinc chelation, thereby preventing the activation of the catalytic domain 

(Langley et al., 2008).  In that study, two structurally similar HDAC inhibitors, scriptaid 

and nullscript, were tested for their effects on neuroprotection.  Only Scriptaid, the 

HDAC inhibitor which can bind zinc within the HDAC pocket, was neuroprotective.  

These data may link disruption of synaptic plasticity with zinc-dependent activation of 
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HDACs through activity of AMPA receptors.  Information regarding the specific 

isoforms of HDACs responsible for any downstream effects remains to be determined.   

Further studies investigating the effects of synaptic disruption are required to 

elucidate the exact roles HDACs may be playing in the context of synaptic plasticity.  

HDACs, specifically HDAC2, have recently been implicated in the regulation of 

dendritic spine formation and spatial memory, possibly through the regulation of various 

synaptic genes (Guan et al., 2009).  HDAC2, however, has been characterized as being 

exclusively nuclear; thus the signaling mechanisms connecting synaptic activity to the 

regulation of HDAC2 (or vice versa) need to be explored.  An explanation may be 

possible in the context of HDAC-HDAC interactions.  Class I HDACs are known to 

interact with the co-repressor proteins N-CoR and SMRT.  Additionally, N-CoR and 

SMRT have been shown to interact with class II HDACs, including HDAC4 (Huang et 

al., 2000).  A direct interaction between HDAC4 and HDAC3 has also been shown 

following the nuclear localization of HDAC4 (Grozinger et al., 2000).  These interactions 

could link synaptic activity to the nucleus via these interactions.  The resulting effect on 

gene expression when HDAC4 is present in these complexes and when it is not needs 

further investigation.  Combined, the nucleocytoplasmic distribution of class II HDACs 

together with interactions with other HDACs and their nuclear repressor complexes 

support the notion that specific gene expression patterns can be controlled in a dynamic 

fashion in response to physiological conditions.   

Dendritic spines act as individual calcium compartments and individually are 

coincident detectors of synaptic activity (Yuste and Denk, 1995).  Experiments focusing 

on synaptic activity at the level of an individual dendritic spine, such as glutamate 

uncaging, would be useful in determining the translocation effects of HDAC4, and 

possibly others, in a context dependent manner.  It is possible that the integrity of 

synaptic communication, and thus its wiring, in any particular neuron is due in part to the 

cumulative effects of the localization pattern of HDACs, with a shift from the cytoplasm 

to the nucleus resulting in regulation of transcriptional reprogramming in a concentration 

dependent manner.    

Finally, it is becoming clear that HDACs act upon non-histone substrates in the 

cell.  HDAC6, for example, is known to deacetylate tubulin (Hubbert et al., 2002).  The 
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observation that HDAC4, and thus the possibility of others, reside in postsynaptic 

compartments raises the question of what non-histone substrates, if any, are being acted 

upon and under which circumstances.  Answers to these questions will help elucidate the 

role of HDACs in neuronal function and provide further detail into the effects of 

pharmacotherapeutic approaches to multiple neural disorders.   
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CHAPTER 3 

DOES HDAC4 INTERACT DIRECTLY WITH PSD-95? 

 

Introduction 

 

 Synaptic plasticity is governed in part by the structural components making up the 

scaffolding network of the post-synaptic density (PSD) within dendritic spines.  A main 

component of the PSD is PSD-95.  PSD-95 is classified as a member of the membrane 

associated guanylate kinase (MAGUK) family of proteins (Kennedy, 1997).  It is well 

established that PSD-95 binds to numerous proteins within the synapse, including 

subunits of NMDA receptors, in order to promote clustering of these proteins at the level 

of the synaptic membrane (Fanning and Anderson, 1999; Keith and El-Husseini, 2008).  

This clustering is essential to the formation and stability of dendritic spines, and plays a 

major role in the regulation of synaptic size and function (El-Husseini et al., 2000; Okabe 

et al., 2001; Pak et al., 2001; Prange and Murphy, 2001; Kim and Sheng, 2004).  In 

addition to NMDA receptor modulation, recent studies have shown PSD-95 to be 

involved in the stability of AMPA receptor clusters.  PSD-95 levels have been associated 

with a determinant amount of AMPA receptor expression at the synapse (Colledge et al., 

2003), which in turn provides positive feedback in the stability of PSD-95 expression at 

the post-synaptic density (Jayakar and Dikshit, 2004; Nakagawa et al., 2006).   

 Non-histone substrates for HDACs are becoming increasingly known and they 

may not directly associate with transcription factors.  For example, HDAC6 deacetylates 

tubulin (Hubbert et al., 2002) and may play a role in neurotransmitter trafficking ability 

as suggested using cultured neurons from a mouse model of Huntington’s disease 

(Dompierre et al., 2007).  These results support the notion that HDACs can act on non-

histone substrates to modulate activity associated with synaptic function.   

 As discussed previously, HDAC4 undergoes activity-dependent 

nucleocytoplasmic shuttling and is dependent on neural activity.  Based on our findings, 

HDAC4 is present in dendritic spines, enriched at the PSD, partially co-localized with 

PSD-95 with immunostaining, and undergoes nuclear translocation upon suppression of 

both NMDA and AMPA receptor activity.  These results link activity-dependent changes 

at the dendritic spine to gene expression via HDAC4 trafficking.   
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 We hypothesized that PSD-95 is a potential HDAC4 binding partner and a 

possible non-histone substrate, directly linking HDAC4 to the dendritic spine scaffolding 

architecture.  Using recombinant expression of HDAC4 and PSD-95 in vitro, we 

attempted to co-immunoprecipitate an HDAC4/PSD-95 complex suggestive of a direct 

interaction in vivo.  Individually, each protein was immunoprecipitated (IP) with high 

specificity.  Immunoprecipitation of either HDAC4 or PSD-95, however, failed to result 

in the detection of PSD-95 or HDAC4, respectively, when expressed together.  These 

results show HDAC4 and PSD-95 do not form a direct complex, and HDAC4’s 

association with the PSD is regulated through an indirect or other unidentified process.   

 

Materials and Methods 

 

Calcium phosphate transfection:  HEK 293 cells were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum.  25μg 

total DNA of either HDAC4-GFP, PSD-95, or pcDNA3 were combined with 50 μl 2.5M 

CaCl2 and diluted in sterile H20 to a final volume of 500μl.  The DNA/CaCl2 mixture was 

added to 500μl 2X HEBS buffer (274mM NaCl, 10mM KCl, 40mM HEPES, 1.4 mM 

Na2HPO4, 15mM glucose, pH 7.05) while mixing vigorously.  After incubation for 20-30 

minutes, the HEBS/Ca/DNA mixture was added dropwise to the dish and evenly 

distributed.   

 

Co-immunoprecipitation:  Co-immunoprecipiation (Co-IP) was performed as described 

previously (Gao et al., 2006).  In brief, forty-eight hours after transfection, cells were 

lysed in lysis buffer containing 1% Triton, 20mM Tris-HCl (pH 7.5), 10mM EDTA, 

120mM NaCl, 50mM KCl, 2mM DTT and protease inhibitors (1mM PMSF, 1 μg/ml 

each aprotonin, leupeptin and pepstatin A (Sigma)).  Centrifugation at 14,000 RPM for 

10 minutes was performed to remove insoluble debris from the lysate, followed by 

preclearing with 20 µl/ml protein A-agarose (Santa
 
Cruz Biotechnology, Santa Cruz, 

CA).  A fraction of lysates was removed to act as INPUT for western blotting analysis.  

HDAC4 or PSD-95 antibody binding was formed by incubation with primary antibodies 

(3 µg/ml) overnight at 4°C.  Immunocomplexes were formed by incubation of 20 µl/ml 
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protein A-agarose for 2 hours, followed by centrifugation at 14,000 RPM.  The 

immunoprecipitates
 
were washed with lysis buffer three

 
times, and supernatant was 

extracted, loaded with SDS loading buffer to use on western blotting, or stored at -80°C.  

Antibodies of rabbit IgG or mouse IgG were used as negative controls.   

 

Results 

 

PSD-95 does not directly interact with HDAC4 in vitro.   

 To detect a possible interaction of HDAC4 with PSD-95, constructs expressing 

either full length HDAC4 or PSD-95 or an empty vector were transfected into cultured 

human embryonic kidney (HEK) cells.  Detection of either HDAC4 or PSD-95 after 

expression and after immunoprecipitation was verified by Western blot.  Co-expression 

of HDAC4 with PSD-95 followed by cross-probe verification resulted in no detection of 

PSD-95 or HDAC4, regardless of which protein was targeted for immunoprecipitation 

(Fig. 27).  Negative controls for antibody cross-reactivity resulted in detection of the 

heavy and light chains only, as expected.  These results show HDAC4 and PSD-95 do not 

form a direct interaction with each other in vitro, suggesting HDAC4 and PSD-95 do not 

interact in vivo.  Indeed, IP of endogenous HDAC4 from hippocampal tissue did not 

result in detection of endogenous PSD-95 on a Western blot (data not shown).  Also, IP 

of PSD-95 failed to elicit detection of HDAC4, confirming the negative interaction 

between HDAC4 and PSD-95.   

 

 

 

 

Discussion 

 

 The failure to detect any interaction of HDAC4 with PSD-95 was disappointing, 

though not wholly surprising.  As reported earlier, immunostaining of HDAC4 only 

partially colocalized with PSD-95, consistent with EM results showing HDAC4 present 

in only a subset of dendritic spines.  HDAC4 binding to PSD-95 in a direct fashion would 
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most likely result in a higher restriction of HDAC4’s mobility.  The previous results, 

however, showing translocation of HDAC4 to be dependent on both NMDA and AMPA 

receptor blockade is consistent with reports suggesting that both NMDA and AMPA 

receptor activity is important for PSD-95 scaffolding dynamics (Kornau et al., 1995; 

Ehrlich and Malinow, 2004).  During the blockade of both NMDA and AMPA receptors, 

we did observe a concomitant decrease in dendritic spine density, consistent with the 

notion that PSD-95 scaffolding and spine architecture was disrupted.  

 As described in the literature review as well as in chapter 1, HDAC4 binds to 

protein 14-3-3 when phosphorylated by various kinases.  14-3-3 is a ubiquitous protein 

which interacts with a wide variety of cellular proteins to regulate localization, 

phosphorylation status, protein-protein interactions, and protein stability (Muslin and 

Xing, 2000; Yaffe, 2002; Dougherty and Morrison, 2004).  The 14-3-3 family of proteins 

has several isoforms which are nearly identical in sequence.  Differences in subcellular 

localization, however, do exist.  In one study performed to determine the subcellular 

localization of 14-3-3 isoforms in rat brain, beta/zeta, eta, gamma, and epsilon isoforms 

were found to be in synaptic fractions, and excluded from mitochondrial and myelin 

fractions.  When differential synaptosome fractions were isolated along a gradient, only 

the epsilon and gamma isoform of 14-3-3 were found to be present in the more dense 

synaptosomal membrane fractions, suggesting that these isoforms of 14-3-3 may even be 

bound to the PSD (Martin et al., 1994).  HDAC4 is known to bind to 14-3-3 beta and 

epsilon (Grozinger, 2000).  In this study, only antibodies to the beta and epsilon isoform 

were used for the in vtiro preparation of immunocomplexes.  Whether 14-3-3 gamma also 

binds to HDAC4 and potential interactions of HDAC4 with 14-3-3 epsilon and/or gamma 

exist in brain is still unexplored.  If these interactions do exist, it would more clearly 

define the subcellular localization pattern of HDAC4 and its role in cell-type specific 

function.   

 Finally, whether HDAC4 targets other proteins related to the PSD is also unclear.  

Further studies are needed to determine the possible targets of HDAC4 within the PSD to 

gain a better understanding of the underlying importance of its localization at the PSD in 

brain in the context of synaptic plasticity and neurodegenerative disorders.   
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Figure 27.  Co-immunoprecipitation of HDAC4 and PSD-95 yield no interaction.  

INPUT lanes (1-3) show detection of recombinant HDAC4 and PSD-95.  IP with 

either HDAC4 or PSD-95 did not result in the detection of the opposite partner (lanes 

4 and 5).  Negative controls show no cross-reactivity with serum antibodies or false 

detection with the opposite primary antibodies (lanes 6-9) 
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CHAPTER 4 

 

SUMMARY AND CONCLUSION 

 

 HDACs are recently identified mammalian proteins which are grouped into 

various classes based on sequence homology to yeast deacetylase proteins.  HDAC4 has 

proven to be a critical regulator of many cellular programs such as differentiation, 

proliferation, and cell survival.  HDAC4 displays the ability to shuttle between the 

cytoplasm and the nucleus in a phosphorylation-dependent manner.  In the nucleus, it has 

binding domains for many transcription factors, such as MEF2, as well as the ability to 

interact with larger multi-protein complexes and other HDACs in order to dynamically 

regulate transcriptional repression.  In some cases, HDAC4 may even inhibit a 

transcriptional repressor itself, allowing for transcriptional activation (Cohen et al., 

2009).  In the cytoplasm, the regulatory state of HDAC4 is controlled in part by the influx 

of calcium dynamics.  Calcium-dependent kinases such as CaMKII, IV, or PKD, can 

interact with HDAC4 in different compartments within the cell to regulate its cellular 

localization.  While a multitude of evidence exists for the role of HDAC4 in non-

neuronal tissue such as bone formation, cardiac, and skeletal muscle, the role of HDAC4 

in brain is virtually unknown.  When generalizing HDAC4 function from non-neuronal 

tissue to brain, the pattern of regulation and the proteins involved were remarkably 

similar to the dynamics occurring within dendritic spines on neurons.  With this, we 

sought to characterize the localization of HDAC4 in brain while hypothesizing that 

HDAC4 may be present at the level of the dendritic spine, where it would be in position 

to monitor synaptic signals and relay to the nucleus in order to regulate transcriptional 

programs.   

 In this work, we present evidence to further the characterization of HDAC4 in the 

context of its role in brain.  In chapter 1, we aimed to describe the regional and 

subcellular localization pattern of HDAC4 to gain a better understanding of its possible 

role in specific brain regions and/or cell types.  We characterized a custom-made 

antibody, HDAC4-152, as being specific for endogenous as well as for biochemical 

detection of HDAC4.  With HDAC4-152, we observed the localization pattern of 

HDAC4 to be largely heterogeneous across many brain regions.  Cytoplasmic 
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localization was common in most brain areas, consistent with previous reports (Chawla et 

al., 2003), but nuclear localization could also be observed within the same population of 

neurons.  Although HDAC4 nuclear translocation has been associated with cell death in 

in vitro studies (Paroni et al., 2004; Bolger and Yao, 2005), the association of HDAC4 

nuclear translocation with cell death in brain is not well understood.  Furthermore, there 

are no studies reporting the effects of HDAC4 on cell death in vivo in brain.  With our 

results, the evidence suggests that HDAC4’s mere translocation to the nucleus does not 

result strictly in pro-apoptotic mechanisms.  Indeed, HDAC4 has been associated with 

synaptic remodeling during injury as well as implicated directly in cell survival (Cohen et 

al., 2009; Majdzadeh et al., 2008).  The latter study solely focused on the deletion of 

HDAC4 and its effect on cerebellar architecture where a disruption of development of the 

Purkinje cell layer was observed compared to relatively normal development of the 

granule cell layer.  Further studies characterizing the effect of HDAC4 deletion in other 

brain areas is critical to understanding its role in basal physiological activity and in 

pathological conditions affecting specific brain areas (i.e. Huntington’s, Alzheimer’s, 

etc.).  Unfortunately, a complete deletion of HDAC4 results in premature death in 

animals, therefore, use of genetic techniques to create a conditional KO is necessary to be 

able to approach these issues.     

 Interestingly, we found a lack of any nuclear staining in three specific cell types:  

striatal large aspiny neurons, cerebellar granule neurons, and dentate granule neurons.  

These cell types are known to receive large amounts of excitatory input (Bennett et al., 

2000; Evans, 2007; Scharfman, 2007), suggesting HDAC4 may be excluded from the 

nucleus continually based on the native physiological properties and connectivity of these 

neurons.  In Purkinje cells, we find that HDAC4 can be present in any combination of 

nucleocytoplasmic compartments (nucleus, cytoplasmic, or both).  Since each Purkinje 

cell is innervated by a single climbing fiber and fine tuning of recruitment of individual 

Purkinje cells is seen during long-term motor learning, it is possible to speculate that 

HDAC4’s presence in distinct compartments represents the pattern of modulation 

necessary for motor learning in these neurons.  Overall, these observations may very well 

be due to the nature of the physiological connections onto these neurons.  
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 In addition to the cellular localization of HDAC4, we observed robust punctate 

staining in the cytoplasm in many brain areas.  Further examination of this staining at the 

level of EM resulted in confirmation of the hypothesis that HDAC4 is present at the 

dendritic spine.  We found HDAC4 to be enriched at the PSD in a subpopulation of 

spines, consistent with the observation that HDAC4 only partially co-localized with PSD-

95.  This finding was exciting since it was the first to place HDAC4 directly in position to 

act as a synaptic monitor at the dendritic spine in vivo.  Dendritic spines are known to act 

as independent integrators of synaptic information (Yuste and Denk, 1995).  Together, 

our findings are consistent with the notion that HDAC4 may be uniquely involved not 

only in a cell-type specific fashion, but in a specific subcellular dependent fashion as 

well.   

 In chapter 2, we present evidence to further characterize whether HDAC4’s 

presence at the dendritic spine is relevant in connection with its nucleocytoplasmic 

shuttling in the context of synaptically relevant stimuli.  In the only study to address 

neural activity in hippocampal neurons, Chawla et al., (2003) focused on the localization 

of exogenously expressed HDAC4 at the level of the soma/nucleus.  The cultures used 

were too young to observe mature dendritic architecture and thus its relevance to synaptic 

activity remained a central question in the context of HDAC4’s localization to the 

dendritic spine.  In order to both partially replicate their findings as well as expand the 

characterization of HDAC4 to include dendritic architecture, we used mature 

hippocampal slice cultures.  These cultures provide a closer semblance to mature synaptic 

connections in vivo and thus provide a better means to address the function of HDAC4 in 

the context of synaptic activity.   

 Using GFP-tagged HDAC4, we observed a robust cytoplasmic expression pattern 

under basal conditions, consistent with previous observations by Chawla et al., (2003).  

In addition, HDAC4 expression was seen in dendritic shafts as well as in dendritic spines.  

Using agents to block synaptic activity at the site of the dendritic spine, we report that 

nuclear localization of HDAC4 was robustly induced when both NMDA and AMPA 

receptors were blocked, but not when NMDA or AMPA receptors were blocked 

individually.  Furthermore, the addition of the class II HDAC inhibitor TSA ameliorated 

the level of nuclear localization expression, as well as when we allowed for a recovery 
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period upon removal of the antagonists.  In the previous report by Chawla et al., a similar 

result was observed when NMDA receptors were blocked in combination with voltage 

sensitive calcium channels, but not with NMDA receptor blockade alone.  Voltage 

sensitive calcium channels are highly enriched on the soma in immature neurons, but 

presumably the same effect would be seen in mature hippocampal neurons as well.  We 

focused on the role of AMPA receptors in our experiments primarily due to the critical 

link established between AMPA receptor function and dendritic spine maintenance, as 

well as in connection to a growing role in synaptic activity-dependent gene expression. 

(See references, chapter 2).  Our results suggest HDAC4 may act more as a synaptic 

“switch”, localizing to the cytoplasm and dendritic spines under most synaptic activity 

conditions, whereas a translocation to the nucleus occurs when activity at the dendritic 

spine becomes quiescent.  This regulation would allow for a spatial and temporal balance 

of HDAC4’s presence in the nucleus indicative of the overall state of synaptic activity.  

Considering many signaling events depend not only on the presence of molecules, but 

also on their concentration, it is tempting to theorize that genetic regulation within the 

nucleus could be controlled by the level of HDAC4, and presumably others (HDAC5, for 

example), modulating the output level of various proteins in order to maintain 

homeostasis.  Rapid transport of HDAC4 from multiple dendritic spines to the nucleus, 

and/or prolonged exposure within, may have underlying influences in short and long-term 

neuronal changes such as differentiation, survival, and synaptic plasticity. 

 It is becoming clear that HDACs act on non-histone substrates, though the 

biological significance and the identification of non-nuclear targets is still unclear.  In 

chapter 3, based on our previous findings of HDAC4 localization to the PSD in vitro and 

in vivo, we attempted to establish whether HDAC4 was a potential member of the 

dendritic spine scaffolding network itself by linking a direct interaction of HDAC4 with 

PSD-95.    To this end, we utilized HEK cells, a commonly used culture line for 

biochemical experiments due to their efficient growth rates and high rate of transfection.  

Initially, the design involved taking advantage of a FLAG epitope located at the C-

terminal end of HDAC4.  This allows for antibody recognition at a site removed from the 

physical structure of the protein, allowing for native interactions to occur.  PSD-95 

expression was restricted to the full-length protein, without any modifications or 
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additions to the protein sequence.  Co-expression of HDAC4 and PSD-95 followed by IP 

of HDAC4 using a FLAG antibody, PSD-95 detection was observed on a Western blot.  

When probed for FLAG, in order to confirm the presence of HDAC4, PSD-95 detection 

also occurred.  This result suggested FLAG antibody was also recognizing PSD-95.  

Unfortunately, when the experiment was repeated using HDAC4-152 to IP HDAC4, no 

detection of PSD-95 was observed.  To confirm that HDAC4 and PSD-95 do not interact, 

IP with PSD-95 also resulted in no detection of HDAC4.  It is possible that the 

requirement of antibodies recognizing motifs within the native protein sequence itself 

inhibited the detection of any complex that HDAC4 and PSD-95 may form.  This 

possibility would be eliminated with the ability to detect the interaction of HDAC4 with a 

known interaction partner, for example, 14-3-3.  As stated in chapter 3, it may also be 

possible that HDAC4 is bound to the post-synaptic membrane by the gamma subunit of 

the 14-3-3 family itself, though an interaction with this isoform and HDAC4 has not been 

established.  Further studies attempting to characterize binding partners of HDAC4 

outside of the nucleus are necessary to elucidate the biological role of HDAC4 in brain. 

 In conclusion, this work further characterizes a role for HDAC4 in brain.  Our 

work describing the regional and subcellular localization of HDAC4 in brain was 

consistent with previous in vitro studies and was the first to describe the localization of 

HDAC4 in a synaptic compartment.  Furthermore, our results describing the localization 

of HDAC4 to the nucleus in mature neurons was the first to link a role of activity relevant 

to the synapse to the translocation of HDAC4.  We showed that HDAC4 is not bound 

directly to the PSD through an interaction with PSD-95, and we successfully 

characterized a new antibody that reliably and specifically detects HDAC4 for 

immunocytochemical as well as biochemical detection experiments.  This tool will allow 

for the further characterization of HDAC4 in any number of experimental paradigms 

from biochemical to behavioral assays.  A biological role for HDACs in brain is only 

beginning to be understood.  Development of genetic manipulations, isoform specific 

inhibitors, and good antibodies will result in the enhanced pace towards elucidating the 

role these enzymes play in the grand scheme of neural function.   
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APPENDIX A 

EFFECTS OF β-AMYLOID LOAD ON LOCALIZATION OF HDAC4 

 

Introduction 

 
  

 Alzheimer’s disease (AD) is a progressive neurodegenerative disorder leading to 

widespread memory loss and death.  World-wide concern is growing as the estimated 

prevalence of the disease is predicted to double every 20 years.  Currently, no treatment 

exists to cure the disease and many efforts are being attempted to slow the progression or 

prevent onset of symptoms.  Due to the subtle progression of the disorder in early stages, 

correct diagnoses and implementing intervention techniques are difficult to achieve.   

 Amyloid β (Aβ) has been a major focus on the etiology of AD symptoms, and a 

multitude of evidence has led to the formation of the “amyloid hypothesis” which states 

the imbalance between Aβ production and Aβ clearance drives the pathogenesis of the 

disease (reviewed in (Hardy and Selkoe, 2002).  Currently, it is well established that AD 

is associated with neuronal dysfunction and loss of synaptic activity.  Furthermore, 

symptoms of AD have been correlated with the level of neuronal loss, and more 

specifically, with dendritic spine abnormalities (Terry et al., 1991; Moolman et al., 2004; 

Spires et al., 2005; Akram et al., 2007).  Aβ accumulation has been linked to many of 

these changes in transgenic models of AD (reviewed in (Spires and Hyman, 2004; Lacor 

et al., 2007).  On the molecular level, Aβ accumulation has been associated with the 

dysfunction of synaptic activity and disruption of dendritic spine architecture.  Aβ 

accumulation can promote endocytosis of NMDA receptors (Snyder et al., 2005), reduce 

NMDA mediated activity (Shankar et al., 2007), and promote removal of surface AMPA 

receptors (Hsieh et al., 2006) all leading to a reduction in dendritic spine density.  There 

has been controversy over whether these changes in neurons precede the formation of 

plaques, or vice versa.  In a recent study using a transgenic mouse line and longitudinal in 

vivo multiphoton microscopy, Aβ plaque formation was shown to be rapidly induced, 

followed by a recruitment of inflammatory response signaling, leading to eventual 

neuritic abnormalities.  These data strongly suggest that Aβ accumulation and plaque 

formation precede induction of neurite abnormalities (Meyer-Luehmann et al., 2008).   
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 Considering the effects of Aβ on synaptic receptors, it is not surprising that AD 

symptoms have also been associated with defects in calcium handling.  Disruption of 

calcium homeostasis is an early marker in AD, coincidentally detected with alterations in 

calcium-handling enzymes in human brains post-mortem.  In addition, Aβ presence can 

also impair long-term potentiation (LTP), a neural correlate to learning and memory 

dependent on proper calcium dynamics (reviewed in (Green et al., 2007).   

 Considering the role of calcium dynamics in AD, the effect of Aβ on synaptic 

receptors, LTP, dendritic spine abnormalities, and neuronal loss, it is possible HDAC4 

may be a target of Aβ induced translocation from the cytoplasm to the nucleus in an Aβ 

concentration dependent manner.  In a recent study, phenylbutyrate, a well tolerated 

HDAC inhibitor was shown to ameliorate deficits in learning and memory in a mouse 

model of AD.  This ameliorative effect was correlated with a reduction of tau 

phosphorylation associated with an increased expression of the inactive form of glycogen 

synthase kinase beta (GSK3β) as well as an upregulation of histone acetylation in the 

hippocampus (Ricobaraza et al., 2009).  These results suggest HDACs play a role in the 

cellular changes induced by the presence of Aβ accumulation.   

 In our study, we wanted to establish whether HDAC4 was targeted for 

translocation using a mouse model of AD that displays accelerated deposit of Aβ in the 

hippocampus.  Using ages coincident with a lack of deposits, formation of deposits, and 

heavy deposits, we compared the cellular localization of HDAC4 in the hippocampus 

using immunocytochemistry.  Although the animals did show an impaired memory 

response in the novel object recognition (NOR) task in a strain dependent manner, no 

differences were seen across varying plaque loads.  Furthermore, HDAC4 localization 

patterns in the hippocampus were indistinguishable between wild-type and AD mice.  

These data suggest Aβ accumulation does not affect learning and memory in a 

concentration dependent manner and has effect on HDAC4 translocation.  Recent debate, 

however, suggests that NOR may or may not be a hippocampal-dependent task.  Results 

from these studies may help explain the lack of difference observed, and will be covered 

in the discussion.   
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Materials and Methods 

 

Animals:  Transgenic male mice containing a double mutation of the amyloid precursor 

protein (APP) and the presenilin (PSEN) gene (B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J, 

strain # 005864, Jackson Laboratories, Bar Harbor, ME) were used at three ages:  3 

months, 6 months, and 10 months in order to establish time points in which Aβ 

accumulation was reported to be not present, present in limited amounts, and heavily 

present in cortex and hippocampus, respectively (Jankowsky et al., 2004 and figure 28).  

Aged matched, wild type male C57Bl/6J mice (strain # 000664, Jackson Laboratory) 

were used as non-trasngenic controls.  Mice were habituated to their home cages for one 

week prior to testing.   

 

Novel Object Recognition:  Conditions for the novel object recognition task were 

performed in minimal light and sound.  In brief, mice were exposed to a training phase 

and a testing phase.  Prior to training, mice were allowed to habituate to an open air, 

empty, clean, rat-sized cage box for 1 hour before being returned to their home cage.  For 

the training phase, mice were placed in the center of the same box in which two identical 

items were now positioned in opposing corners (250mL clear flask with orange top filled 

with sand, 22cm circumference, 11cm height).  Mice were allowed to explore the items 

for 10 minutes before being returned to their home cage.  For the testing phase, one of the 

flasks was replaced with a novel object (Clear glass rectangular container with green 

tape, 10.5x 8.5cm, 7.5cm height).  The mice were allowed to explore the objects for 10 

minutes before being returned to their home cages.  Behavioral recordings took place in 

dim light and absence of sound and were recorded onto a DVD through the use of a 

mounted digital camera.  Training and testing were analyzed for the time spent with the 

novel object and for the familiar object.  Data were plotted as a discrimination index (DI 

= tnovel - tfamiliar)/( tnovel + tfamiliar) x 100%).  Average DIs were calculated and compared 

between strains and age using 2-way ANOVA (Statview).  Significance was set at p < 

.05.   

 

Immunocytochemistry:  Animals were anesthetized with sodium pentobarbital (80mg/kg) 

and transcardially perfused with 4% formaldehyde (freshly depolymerized from 
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paraformaldehyde) in phosphate buffer (pH 7.4).  After one hour post fixation in situ at 

room temperature, brains were removed, placed in the same fixative overnight at 4° C 

and then sectioned at 50μm on a vibratome (Leica Microsystems).  For HDAC4 

immunostaining, sections were washed in phospho-buffered saline (PBS, .01M, pH 7.5) 3 

x 10 minutes, rinsed in PBS/0.1% Triton-X for 10 minutes, and blocked in PBS 

containing 5% normal goat serum for 30 minutes.  Sections were then rinsed in PBS for 5 

minutes and incubated overnight in primary antibody (HDAC4-152, 1:1000).  The next 

day, sections were washed in PBS 3 x 10 minutes, incubated with goat anti-rabbit 

biotinylated secondary antibody (Vector Labs, 1:100) for 1 hour, washed 3 x 10 minutes 

in PBS, and incubated in a streptavidin-biotin complex solution (ABC Kit, Vector 

Laboratories) for 1 hour.  After washing 3 x 10 minutes with PBS, sections were 

incubated in diaminobenzadine (DAB; .07% DAB, w/v with 15μl H202 in 50mL of 

phosphate buffer (PB, 0.1M, pH 7.4)) for 3-5 minutes.  Slices were washed in PB for 10 

minutes and then mounted, dehydrated, and coverslipped using DPX as mounting 

medium.  For staining of amyloid plaques, pre-treatment of slices with 70% formic acid 

for 30 minutes was required, washed 3 x 10 minutes in PBS and subsequent steps were 

performed as above with the following modifications:  Antibody 6E10 (1:5000, Covance, 

CA) was used as the primary antibody and goat anti-mouse biotinylated antibody was 

used as the secondary (Vector Labs, 1:100). Images were acquired using a Zeiss 

Axioplan 2 (Carl Zeiss, Thornwood, NY) imaging station. 

 

Results 

 

 In order to determine whether there was in fact a phenotypic deficit in learning 

and memory behavior in the AD strain, a difference across age, or both, we used the 

novel object recognition test.  This test takes advantage of the innate tendency of rodents 

to explore novel items.  When exposed to a novel item and a familiar item, a rodent will 

preferentially explore the novel item, if memory of the familiar item has been formed.  In 

our design, we show a main effect of strain in that transgenic AD animals had a 

significantly lower discrimination index compared to non-transgenic controls (F(1,29) = 

5.70, p <.05).  We found no significant differences across age groups for either strain 
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(F(2,29) = .628, p = .54) or in an age x strain interaction (F(2, 29) = 2.318, p = .12, Figure 

28).  These results demonstrate that this AD strain does show a deficit in the novel object 

recognition test, an observation not previously reported.   

 To confirm that this transgenic strain was indeed showing an increase in plaque 

load at the ages selected, we performed immunocytochemistry for Aβ using the highly 

specific 6E10 antibody (Herzig et al., 2004) on the hippocampal region of transgenic and 

non-transgenic controls.  We observed a lack of immunostaining for Aβ across all ages in 

non-transgenic slices, as expected.  In transgenic AD mice, we observed a lack of 

staining for Aβ in 3 month old animals, a moderate staining of plaques at 6 months of 

age, and dense staining of plaques at 10 months of age, consistent with previous reports 

(Jankowsky et al., 2004, Figure 29).   

 Upon confirming a learning deficit in the AD strain, and an age-dependent 

increase in Aβ plaque load, we performed immunocytochemistry on adjacent sections for 

HDAC4 to determine whether there was an observable difference in subcellular 

localization, specifically if there was a shift from a predominately cytoplasmic pattern to 

a more nuclear localized pattern.  When slices stained for HDAC4 were compared, no 

observable differences could be ascertained between the AD strain and non-transgenic 

controls.  In addition, differences across age for either group also resulted in no 

observable differences in HDAC4 localization.  This data suggests Aβ has no effect on 

altering HDAC4 localization, independent of a memory deficit and accumulating levels 

of Aβ plaque load.   

 

Discussion 

 

 In this study, we aimed to determine whether accumulating Aβ plaque load had a 

direct effect on HDAC4 subcellular localization in the hippocampus.  Although we 

established a deficit between transgenic and non-transgenic animals in the novel object 

recognition task as well as a confirmation of accumulating plaque load across age in 

transgenic animals, we failed to detect any observable differences in HDAC4 localization 

between strains or across age.  Since we were interested in the direct effect of Aβ plaque 

load on HDAC4 localization, we allowed for a 1 week post-training interval period in an 
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effort to negate any possible effects of behavioral training on HDAC4 localization.  

Whether behavioral training alone would elicit a change in HDAC4 localization, or a 

difference in any other class II HDAC, is unknown.  Previous studies have shown that 

this strain is deficient in spatial learning tasks such as the morris water maze and the 

radial arm water maze (Cao et al., 2007; Volianskis et al., 2008).  These tasks are 

primarily hippocampal-dependent tasks regularly used to test spatial learning ability.   

 The novel object recognition task has come under recent debate on whether it 

remains a hippocampal independent or dependent task.  In a condition where the object 

location was changed, or the relationship between the object and context was changed, 

the hippocampus has been shown to be increasingly engaged in the task (Balderas et al., 

2008; Piterkin et al., 2008).  How altering these conditions would affect the learning 

behavior seen in these mice is unclear, but in our data, there was a trend showing a 

decrease in discrimination index from 3 month old and 6 month old AD mice (15%), with 

a slightly further decrease from 6 month old to 10 month old AD mice (6%).  Sample size 

clearly limited the ability to detect differences in age as well as their interaction (N = 6 

for WT, N =4, 4, 3 for Alzheimer’s mice, respectively).  Detecting a significant 

difference in long-term memory between strains at this sample size displays the robust 

effect amyloid plaques have on memory storage.  A floor effect may also have prevented 

a significant age-dependent decrease in AD strain to be observed, or a wider spread in 

age might be necessary to observe the effects of increasing plaque load on memory 

performance of this task.  Taken together, the effect across age groups may have been 

enhanced in the hippocampus engaging paradigm, since the deposition of amyloid 

plaques is primarily isolated to the hippocampus and some cortical areas, leaving other 

areas associated with learning and memory spared (amygdala, for example).   

 In our paradigm, however, we allowed for a period of time post-training in order 

to gauge only the direct effect of an increasing plaque load on HDAC4 localization.  

What this ultimately results in is the static effect of the presence of amyloid plaques in 

the hippocampus on the localization of HDAC4.  It would be interesting to have 

associated aspects of the behavioral training paradigm along with HDAC4 localization 

patterns to ascertain the effects of amyloid plaque load on HDAC4 during a period of 

either hippocampal independent or hippocampal engaged activity.   
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 HDAC inhibition seems to work most effectively when the condition being tested 

is simultaneously active during the inhibitory treatment (Ricobaraza et al., 2009; 

(Stefanko et al., 2009) without much effect seen by treating a static condition alone.  As 

you will see in the following appendix chapter, this may indeed also be the case in the 

context of learning and memory under the effects of traumatic brain injury.   

 In conclusion, we show that a double mutation of APP and PSEN results in a 

memory deficit in the novel object recognition task, an observation not previously 

reported.  In the context of HDAC4, accumulation of Aβ plaque load in the hippocampus 

showed no observable differences in cellular localization compared to non-transgenic 

controls.  HDAC4, and others, are dynamic proteins requiring directly altered synaptic 

activity in order for translocation to be induced.  In general, areas in which synaptic 

activity is engaged may show a more robust response to the effects of their blockade.  

Specifically, studies where the hippocampus is engaged such as in a context-dependent 

novel object recognition task; in parallel with the presence of Aβ plaques will help 

elucidate the role of proteins like HDAC4 in conditions where synaptic activity is 

impaired.   
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Figure 28.  Effect of APP and Presenilin mutations on learning and memory using 

novel object recognition.  Long-term memory of the task was significantly decreased 

in mice carrying the mutations (WT vs. Alzheimer’s, F(1,29) = 5.70, p<.05).  No 

difference was observed between the age of the mice, as well as no interaction 

between age and strain.   
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Figure 29.  Effect of amyloid plaque load on HDAC4 localization.  Amyloid levels 

were consistently sparse in wild-type animals across age (first column).  The 

Alzheimer’s strain of mouse showed no signs of amyloid plaques at 3 months, a 

moderate increase at 6 months, and large plaques by 10 months of age (second 

column).  HDAC4 localization shows no observable differences between WT and 

Alzheimer’s strains of mice (3
rd

 and 4
th

 columns, respectively).  Area CA1 of 

hippocampus is depicted in these images.    
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APPENDIX B 

PILOT STUDY: 

THE EFFECT OF HDAC INHIBITION ON SPATIAL LEARNING AND LESION 

VOLUME UPON RECOVERY FROM TRAUMATIC BRAIN INJURY 

 

 

Introduction 

 

 Traumatic brain injury (TBI) is characterized by a traumatic force leading to the 

initiation of cytokine release, immune cell invasion, oxidative damage, excitotoxicity, 

gliosis, and cell death (Arvin et al., 1996; Pettus et al., 2005).  TBI elicits a strong pro-

inflammatory response near the site of injury as well as leads to neural degeneration at 

sites distal to the injury after a period of time (Conti et al., 1998).  Invasion of immune 

cells is associated with much of the CNS damage as they largely impact the inflammatory 

response at the impacted area (Soares et al., 1995).  Secondary cascades such as cytokine 

release, free radical production, and expression of pro-inflammatory factors are also 

initiated after the inflammation response (Raivich et al., 1996).  In addition, deteriorating 

secondary effects of ischemia, cerebral edema, and herniation brought about by the rise in 

intracranial pressure are thought to bring about the delayed onset of cell death in other 

areas (Lang and Chesnut, 1995; Katayama and Kawamata, 2003; Stiefel et al., 2005)  TBI 

is a condition involving serious injury, cognitive dysfunction, and even death.  The 

inflammatory response has been the target of many therapeutic candidates; however, 

current treatment has failed to elicit any major improvement in clinical outcome measures 

(Roberts et al., 1998).   

 Recently, HDAC inhibitors have attracted much attention for the therapeutic 

benefits they provide in numerous models of neuronal injury and neurodegenerative 

disease models.  HDAC inhibitors display neuroprotective effects in models such as 

Huntington’s and Alzheimer’s disease associated with the upregulation of histone 

acetylation and attenuation of motor and cognitive dysfunction (Ferrante et al., 2003; 

Ricobarazza et al., 2009).  In addition to their neuroprotective effects, HDAC inhibitors 

have also shown to promote anti-inflammatory regulatory processes in models of cerebral 

ischemia and autoimmune disorders (Ren et al., 2004; Gray and Dangond, 2006; Kim et 
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al., 2007).  Although HDAC inhibition has shown promise in the attenuation of neuronal 

damage in models of ischemia and other disorders, the effect of HDAC inhibition in 

traumatic brain injury is relatively unexplored. 

 The role of epigenetic mechanisms and potential involvement of HDACs has only 

recently been observed in models of TBI.  Recent studies have implicated nucleosomal 

modifications to be affected following insult.  Acetylation and methylation of histones in 

the hippocampus was shown to decrease upon induction of TBI, with both short term and 

long term changes (Gao et al., 2006).  In a lateral fluid percussion model of TBI, HDAC 

inhibition reduced the inflammatory effect of microglia activation, with an associated 

decrease in neuronal loss in the hippocampus (Zhang et al., 2008).  Cognitive dysfunction 

is also a likely devastating symptom following TBI and is a source of extensive 

investigation.  In rats, a significant deficit in hippocampal-dependent memory is observed 

following TBI (Hamm et al., 1992).  These studies suggest a vulnerability of the 

hippocampus to TBI and implicate epigenetic mechanisms to be involved in the 

regulatory processes following TBI.   In relation to cognitive performance, HDAC 

inhibition has shown to enhance synaptic plasticity and learning and memory as well as 

increase acetylation levels in the hippocampus (Levenson et al., 2004; Vecsey et al., 

2007).  Taken together, HDAC inhibition may prove useful in alleviating the cognitive 

deficits as well as reduce inflammation and tissue loss in a model of traumatic brain 

injury.  A recent study showed that HDAC inhibition improves neuronal loss as well as 

an improvement in neurobehavioral scoring (Shein et al., 2009).  This scoring paradigm 

focused primarily on motor function, while cognitive restoration effects were unexplored.  

The promotion of anti-inflammatory responses and neuroprotective mechanisms together 

with enhancement of synaptic plasticity and learning and memory led to the hypothesis 

that HDAC inhibition might serve to reduce neuronal damage in a model of TBI as well 

as reduce cognitive impairment in hippocampus-dependent spatial memory.   

 In this pilot study, we wanted to observe the effects of sodium butyrate (NaBu), 

an HDAC inhibitor well tolerated in animals as well as humans, on spatial learning in rats 

using a cortical contusion impact (CCI) model of TBI (VanLandingham et al., 2007).  

Due to the small number of animals available for the pilot study (Sham N=3; Vehicle 

N=3; NaBu; N=4), these experiments were performed to ascertain if treating with NaBu 
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showed a trend towards positive effects on learning and memory improvement and lesion 

volume after TBI compared to untreated animals with the same surgery.  If a trend was 

apparent, the goal was then to obtain additional funding for a full-length analysis of the 

effects of NaBu on TBI in collaboration with Dr. Jacob VanLandingham.  We found, 

however, that NaBu treatment during the recovery period showed no positive effects for 

hippocampal-dependent spatial memory on various tests incorporating the Morris water 

maze (MWM) compared to vehicle injected controls.  Furthermore, no difference was 

observed in the brain lesion volume in rats treated with NaBu compared to vehicle.  

Together, our results show NaBu did not have a therapeutic benefit after TBI using this 

treatment protocol.  Recent studies published after the completion of our experiments 

may help explain the effects we observed and provide new insights into the effects of 

HDAC inhibition and its mechanisms of action.  These topics will be covered in the 

discussion. 

 

Materials and Methods 

Subjects:  All procedures were performed in accordance with the Animal Care and Use 

Committee and NIH guidelines.  15 adult, male, Sprague Dawley rats (Strain #400, 

Charles River Laboratories International, Inc., Wilmington, MA ) weighing 276-297g at 

the time of the injury were used in this experiment.  Food and water was available ad 

libitum for the duration of the experiment.  Animals were weighed the day prior to the 

operation, and daily following the operation up until the period of brain extraction.  

Animals were divided into three groups based on treatment:  Sham, Vehicle, or NaBu.   

 

Surgery: Cortical contusion impact (CCI) injury to the medial frontal cortex (MFC) was 

performed as described previously (Cutler et al., 2006).  Briefly, animals were 

anesthetized using isoflurane (4.5 min at 5%, and held thereafter at 2.5%).  An incision 

was made at the top of the head, the fascia was removed, and the skull exposed.  Using 

stereotaxic coordinates to determine bregma, a 5mm craniotomy was performed mid-

sagitally, 3mm anterior to bregma.  A pneumatic cortical contusion device (5mm 

diameter) was placed over the exposed tissue from the craniotomy, and to induce CCI 

was loaded at 1.7psi, over 50ms with a velocity of 2.25 m/s to a depth of 2.5mm on the 
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MFC.  After bleeding ceased, sutures were applied and animals were placed in a heated, 

clean, recovery cage until they awakened.  Upon awakening, animals were returned to 

their home cage with access to food pellets.  Sham animals were anesthetized and an 

incision was made in the fascia in order to expose bregma.  The incision was then sutured 

closed and animals were returned to their home cages.  Note:  2 animals were lost due to 

non-recovery after the surgery and had to be removed from the experiment.   

  

Treatment Protocol:  Intraperitoneal (IP) injections of saline (vehicle) or NaBu 

(500mg/kg in saline) were given 1, 6, and 24hr after delivery of CCI followed by daily IP 

injections during the 7 day recovery period.  The 500mg/kg dose was chosen based on 

previous studies showing tolerability and efficacy (Egorin et al., 1999; Ferrante et al., 

2003).  After 7 days of recovery from TBI, the treatment protocol was ended and all 

animals were subjected to MWM tasks in order to assess their spatial learning and 

memory ability.  Note:  One animal had to be euthanized due to extensive hemorrhaging 

and inflammation causing aggressive behavior.    

 

Morris Water Maze:  Procedures for testing spatial learning and memory were performed 

essentially as described previously (Vorhees and Williams, 2006).  The pool was placed 

in the center of an empty room and filled with warm water and non-toxic white paint to 

allow for the obstruction of a square platform (16 by 16cm) for the invisible platform 

training sessions.  For the visible platform training, a white square curtain was placed 

around the outside of the pool to prevent any distal extraneous cues from affecting 

navigation to the goal.  A flag (approximately 12cm high) was attached to the raised 

platform to serve as a proximal cue.  The platform placement and starting positions were 

randomly assigned for each trial to ensure the animal’s use of the proximal cue to find the 

platform.  For the invisible platform training, cues were placed on the north, west, and 

eastern walls of the curtain to serve as distal extraneous cues and orient the animals 

toward the goal.  The platform was submerged (≈ 1.5in) and placed in the northwest 

quadrant of the tank for the duration of the experiment.  Animals were randomly assigned 

a different starting point, facing the wall of the tank, for each trial on a given day.  

Latencies to reach the platform were measured by trial and by day to assess the learning 
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curve for each group’s ability to find the platform.  Animals reaching the goal were 

allowed to sit for 10s and the inter-trial interval was 90s.  Animals not reaching the 

platform within 90s were guided to the platform and the timings were as above.  24 hr 

after the last training session, a reference memory trial was elicited.  The platform was 

removed from the tank and the time spent in the correct quadrant was recorded and 

compared against the total time spent in the tank (30s).  Note:  Two animals were 

excluded from the results by virtue of their display of thigmotaxis-like behavior, an 

excessive tendency to cling or follow the perimeter of the tank, indicating the animal is 

not making the initial association that there is no escape located around the perimeter of 

the tank.  (Vorhees and Williams, 2006).   

 

Cresyl Violet Staining:  After MWM training, animals were anesthetized with sodium 

pentobarbital and transcardially perfused with 4% paraformaldehyde (PFA).  Brains were 

removed, allowed to fix overnight in PFA, washed in PBS and cut into serial 100µm 

sections on a vibratome spanning the contusion from frontal cortex to the 

caudatoputamen, taking every sixth section (sham slices matched this same pattern).  

Sections were mounted on charged slides and subjected to a graded series of decreasing 

alcohol followed by cresyl violet (CV) staining for 2 min (1.25g CV acetate in 750μl 

glacial acetic acid diluted in 250mL ddH20).  The slices were then dehydrated through an 

increasing graded series of alcohol, incubated for 5 min in Histoclear (National 

Diagnostics, Atlanta, GA), and coverslipped using DPX (VWR, Poole, England) as the 

mounting medium. 

 

Lesion Volume Reconstruction:  8-9 slices per animal were used for volume 

reconstruction using a camera-based tracing system in association with Stereo 

Investigator software (MicroBrightfiled, Inc., Williston, VT).  In brief, slices were 

visualized with a 2.5x objective and a perimeter tracing was performed outlining the 

contour of the structure.  Once the trace was complete, Stereo Investigator allows for 

automated estimation of area using the Cavelieri Estimator tool.  The contour was filled 

in with grid marks, selected, and probed for total estimation of area within a slice using 

arbitrary units.  This process was repeated for all slices for a given animal, and all data 
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was exported to Microsoft Excel or StatView for data analysis.  One way ANOVA was 

performed to compare the three groups for statistical difference.   

 

Results 

   

Effects of NaBu on weight gain following TBI 

 

   To rule out the possibility that malnutrition and weight loss would inhibit 

subsequent performance on memory tasks, all animals were weighed beginning one day 

before TBI to establish a baseline to be monitored throughout the experiment.  Following 

TBI, weights were monitored in order to observe the effects of TBI on weight loss and 

subsequent ability to restore normal weight gain over the course of the experiment (16 

days - 7 days recovery, 9 days training).  We show that the weights of all animals were 

similar prior to TBI.  After TBI, animals receiving either vehicle or NaBu showed similar 

reduction in body weight compared to sham animals, and this decrease persisted for 2 

days before an increase in body weight was observed.  By 4-5 days after the operation, 

both vehicle and NaBu treated rats had restored their weight back to pre-TBI levels.  By 3 

days post-TBI, both vehicle and NaBu treated animals showed normal weight gain levels.  

The initial decrease in days 1-2 seen in vehicle and NaBu treated animals, however, 

resulted in an overall lower body weight throughout the experiment compared to sham 

animals (Figure 30).   

 

Effects of NaBu on memory impairment following TBI 

 In the cued learning test, where the platform was visible with no extraneous cues, 

sham and NaBu animals performed similarly.  Vehicle treated animals performed slightly 

worse from day 1 to day 2, with the aberrant result arising from the performance of a 

single animal (Figure 31).  To examine whether these effects were most likely due to this 

variability or the inability to learn the task, the cued learning test results were analyzed by 

trial.  NaBu and sham animals performed similarly throughout the testing day, suggesting 

both groups had normal goal-oriented behavior.  Vehicle treated rats performed slightly 

worse in the first 2 trials, however, by the end of trial 4, all groups had displayed the 

ability to associate the visible platform with the escape from the maze (Figure 32).  These 
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results suggest all animals, regardless of TBI, retained the ability to associate the goal of 

reaching the platform to the escape of the maze.   

 In the MWM task, sham animals performed as expected with a steady and sharp 

decline in escape latency in successive days, reaching their threshold by day 4.  In 

addition, animals receiving TBI displayed a deficit consistent with previous reports 

(Hamm et al., 1992).  Unexpectedly, however, vehicle treated animals performed slightly 

better than NaBu compared to sham animals throughout the entire training period, with 

the exception of day 8.  Although vehicle animals seemed to reach threshold performance 

by day 5 or 6, a “lapse” in performance was observed in subsequent days.  NaBu treated 

animals were the slowest to reach threshold, only reaching by day 7-8.  It should be 

noted, however, that NaBu treated animals showed a continual progression to threshold 

over time compared to vehicle, though the underlying performance suggests NaBu had no 

beneficial effects on the ability to learn the task when compared to sham animals (Figure 

33).  To gain a better understanding of how the animals were performing within a given 

training day, the escape latencies were analyzed by trial across the training session.  In 

this view, both vehicle and NaBu treated animals behaved erratically when compared to 

sham animals (Figure 34).  These results suggest NaBu had no effect on the learning 

ability of animals given TBI.   

 In the probe trial for reference memory, sham animals remained in the appropriate 

target quadrant for a longer period compared to vehicle or NaBu treated animals, as 

expected.  In this scenario, NaBu treated animals performed slightly better compared to 

vehicle treated animals, remaining in the appropriate quadrant approximately 10% longer 

(Figure 35).  These results suggest NaBu may have a beneficial impact on long-term 

memory, though NaBu did not reach the sham level of performance as would be 

hypothesized for a therapeutic effect of NaBu on TBI.  

 Overall, the effect of sub-chronic treatment of NaBu on TBI using the MWM was 

negligible.  NaBu failed to match sham levels of training in any of the paradigms tested, 

and showed decreased performance compared to vehicle in the invisible platform 

training.  Although an increase of the quadrant preference ratio was observed for NaBu 

compared to vehicle, this effect was not enough to match sham levels.  Taken together, 
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this treatment protocol failed to elicit any therapeutic benefits alleviating the cognitive 

deficits seen in animals given a CCI model of TBI.   

 

Effects of NaBu on lesion volume following TBI 

 

 Lesion volumes of representative brain slices affected by TBI were examined and 

vehicle treated brains showed a reduction in brain volume compared to shams, as 

expected (approx. 10%).  Animals treated with NaBu showed a similar loss in volume 

compared to shams, and there was no difference between Vehicle and NaBu treated 

animals (Figure 36).  Together, these results suggest that NaBu treatment had no 

therapeutic effect on brain lesion volume following TBI using this treatment protocol.    

 

Discussion 

 

 This pilot study aimed to identify an HDAC inhibitor as a potential candidate to 

use for therapeutic intervention in a model of TBI.  NaBu, a short chain fatty acid, is 

known to cross the blood brain barrier and the dosages used were well within the range of 

tolerance as reported previously (Egorin et al., 1999).  In our experiment, the limitation of 

the pilot allowed for the treatment of animals with NaBu for the duration of the surgery 

recovery period, up to the beginning of training for the MWM tasks.  In light of our 

results showing negative effects of NaBu treatment on TBI, important insights have been 

obtained in reports published after the completion of our experiments.  In a previous 

study, treatment with sodium butyrate for 4 weeks attenuated the loss of neurons in a 

model of neurodegeneration.  After treatment had ceased, however, the animals displayed 

enhanced performance in behavioral learning assays comparable to that seen in an 

environmental enrichment paradigm (Fischer et al., 2007).  In the context of TBI, a recent 

study suggested that beneficial effects of environmental enrichment on functional and 

cognitive performance are contingent on the timing of the behavioral assays, of which 

beneficial effects are observed only when they overlap (Hoffman et al., 2008).  

Furthermore, a study addressing this issue using systemic administration of NaBu on the 

effects of TBI also observed no beneficial effects when treatment was completed prior to 
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behavioral training.  NaBu treatment given concurrent with behavioral training elicited an 

improvement in learning and memory behavior in the MWM task, as well as in a 

subsequent associative fear conditioning task (Dash et al., 2009).  It would be interesting 

to have seen whether this effect was independent of lesion volume or if the lesion volume 

was reduced in these animals.  Together, these studies suggest the therapeutic potential of 

HDAC inhibitors is effective only when the physiological system being tested is active at 

the time of the inhibition, or in another way, that the inhibition only affects areas which 

are currently in use (i.e. hippocampus during MWM vs. amygdala during associative fear 

conditioning).  Further studies connecting the recovery of cognitive deficits with a 

reduction of secondary symptoms induce by TBI will further define the approach 

necessary to identify new therapeutic strategies against this condition. 
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Figure 30.  Monitoring of body weight before and after TBI induction.  All animals 

displayed similar weights prior to TBI.  Post-TBI, Vehicle and NaBu treated animals 

showed a similar reduction in weight gain initially, followed by an increase in weight gain 

after day 4 comparable to Sham levels.   
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Figure 31.  Escape latency in the cued learning test by day.  Sham and NaBu 

animals performed as expected whereas Vehicle treated animals did not seem to 

improve from the first day.  High variability in Vehicle treated animals is most 

likely due to the low N (N = 3) as one animal performed well outside the mean of 

the other two animals.   
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Figure 32.  Escape latency in the cued learning test by trial.  Sham and NaBu 

perform similarly, starting from the first trial.  Vehicle treated animals perform 

worse in trials 1 and 2, but reach Sham levels by the end of trial 4.   
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Figure 33.  Escape latency during invisible platform training by day.  

Sham animals performed as expected, reaching threshold by day 4.  

Vehicle treated animals had lower escape latencies throughout training 

and seemed to reach threshold earlier than NaBu treated animals, 

however, an increase in escape latency was observed in subsequent 

training days.  NaBu treated animals showed continual learning by day, 

though only reaching threshold by day 8.  
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Figure 34.  Escape latencies in invisible platform training by trial.  Sham animals 

show a direct linear decrease in escape latency across trials, as expected.  NaBu 

treated animals show an erratic pattern of escape learning, similar to Vehicle.   
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Figure 35.  Reference memory probe trial.  Sham animals showed the highest 

preference for the correct quadrant, as expected (53.33 ± 16.44%).  Both Vehicle and 

NaBu treated animals performed above chance, signified by the dashed line.  NaBu 

treated animals showed slightly higher preference for the correct quadrant compared to 

Vehicle (43.33 ± 12.37% vs. 34.44 ± 4.84%, respectively).  NaBu treated animals 

failed to achieve a similar level of quadrant preference to sham animals.   
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Figure 36.  Lesion volume reconstruction.  A.  Representative image of a 

Sham animal with intact cortical structure.  B.  Representative image of a 

Vehicle treated animal showing localization of the lesion and depth of 

impact.  C.  Representative image a NaBu treated animal showing 

localization of the lesion and depth of impact.  D.  Comparison of lesion 

volume between Sham, Vehicle, and NaBu treated animals.  Vehicle and 

NaBu treated animals show similar reduction in brain volume (approx. 10%), 

but with no significant difference between them (p > .05).   
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