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Abstract 

  

Long-term synaptic plasticity, which underlies long-term memory, depends on 

new gene transcription, new protein synthesis, as well as proteolytic degradation of 

regulatory proteins by the ubiquitin-proteasome pathway (UPP). To study the molecular 

mechanisms of learning and memory, we use the late phase of long-term potentiation (L-

LTP) in the murine hippocampus as a cellular model of long-term synaptic plasticity. Our 

previous work identified that proteasome inhibition enhances the early, induction part of 

L-LTP, which depends on local translation of pre-existing mRNAs in the dendrites, and 

blocks the late, maintenance part of L-LTP, which depends on new gene transcription 

and translation of newly synthesized mRNAs. The proteasome is also known to have 

non-proteolytic roles in transcriptional regulation that have never been characterized in 

the mammalian nervous system. We hypothesized that, depending on its subcellular 

localization, the proteasome may have different, and even opposite, roles in regulating 

different phases of L-LTP. In support of our hypothesis, we identified that the 

proteasome degrades translational activators early, during the induction phase, and 

translational repressors later, during the maintenance phase, of L-LTP. In addition, 

proteasome inhibition blocked transcription-promoting epigenetic histone 

posttranslational modifications (acetylation, methylation and ubiquitination) and inhibited 

the upregulation of plasticity-related gene, brain-derived neurotrophic factor (Bdnf). 

Furthermore, we found a novel non-traditional role of proteasomal ATPases in linking L-

LTP induction and maintenance phases by activity-dependent cytoplasm-to-nucleus 

translocation. Our findings shed light on the proteasome-dependent transcription, 

translation and nucleocytoplasmic signaling in long-term synaptic plasticity. Since 

dysregulations of the UPP are associated with cognitive impairments in 

neurodegenerative diseases, such as Alzheimer’s, Parkinson’s and Huntington’s, our 
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work is important for the development of novel therapeutic targets and biomarkers for 

ameliorating memory impairments in neurodegenerative diseases. 
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CHAPTER 1 

General Introduction 

 

The Ubiquitin-Proteasome Pathway (UPP) 

Discovery of the UPP 

Previously it has been thought that the lysosomal proteolysis, which occurs 

inside acidic vesicles filled with hydrolases (Xu and Ren 2015), was the only way for 

intracellular protein degradation. Lysosomal protein degradation, however, is not specific 

and cannot account for drastically different half-life of regulatory proteins or the change 

in protein degradation rate in response to external stimulation. In the late 1970s to early 

1980s, Avram Hershko, Aaron Ciechanover, and Irwin Rose discovered a heat-stable 

protein, adenosine triphosphate (ATP)-dependent proteolysis factor (APF-1), that was 

conjugated to degraded substrates (Ciehanover et al. 1978; Hershko et al. 1979; 

Hershko et al. 1980), which was later identified as ubiquitin (Wilkinson et al. 1980). Their 

groundbreaking work was awarded the Nobel Prize in Chemistry in 2004 for the 

discovery of the ubiquitin-mediated proteolysis.   

 

Characteristics of the UPP 

 It is now well accepted that the ubiquitin-proteasome pathway (UPP), 

summarized in Figure 1, is responsible for regulated degradation of intracellular proteins 

across organ systems, tissue types and subcellular compartments (Hershko and 

Ciechanover 1992). In this proteolytic pathway, ubiquitin, a small protein of 76 amino 

acids, marks cellular proteins for degradation. Ubiquitin gained its name for being one of 
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the most highly evolutionary conserved proteins in eukaryotes. Amino acid sequence of 

human ubiquitin is identical to that of a sea slug, Aplysia californica. Attachment of 

ubiquitin to substrate proteins (ubiquitination) is a highly regulated step performed by 

three specialized enzymes, E1, E2 and E3. First, a free ubiquitin is activated by the 

ubiquitin-activating enzyme, E1, in an ATP-dependent manner. The activated ubiquitin 

molecule is then carried by the ubiquitin-carrier enzyme, E2, and is covalently linked to 

the lysine residue in the substrate protein by the ubiquitin ligase enzyme (E3) (Figure 1). 

Out of the three enzymes, the E1 is the least physiologically regulated, the E2 is 

selective for its E3 binding partner and the E3 displays a high degree of substrate 

specificity. In the mammalian genome, genes encoding one E1, dozens of E2s and 

hundreds of E3s have been identified (Glickman and Ciechanover 2002; Ciechanover 

and Brundin 2003).  

 

Once the first molecule of ubiquitin is attached to the substrate, other ubiquitins 

attach to one another, via their lysine (Lys) 48 residues, forming a polyubiquitin chain 

that marks the substrate protein for degradation. The ubiquitination process can be 

reversed by a class of enzymes called deubiquitinating enzymes (DUBs) (Glickman and 

Ciechanover 2002; Hegde and DiAntonio 2002). In contrast to polyubiquitination, protein 

monoubiquitination, the attachment of a single ubiquitin, usually causes a conformational 

change within the protein and is not a signal for substrate degradation. A 

monoubiquitination tag of specialized DNA packaging proteins, called histones, is 

considered to be an epigenetic modification that changes the landscape of chromatin 

and alters gene transcription (Fuchs and Oren 2014). In addition, attachment of a single 

ubiquitin to different lysine residues of a substrate protein marks a protein for 

endocytosis (Huang et al. 2014). Polyubiquitination via unusual ubiquitin linkage has 
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also been described to have a role in signaling pathways and kinase activity, however its 

role is not very well understood (Hofmann and Pickart 1999; Wang et al. 2001; Shi and 

Kehrl 2003).  

 

The polyubiquitin chain on the substrate protein serves as a tag for its recognition 

by the proteolytic machinery, a multi-subunit complex termed the 26S proteasome, 

based on its sedimentation coefficient. The 26S proteasome consists of a 20S catalytic 

core, shaped like a barrel, and two 19S regulatory complexes (19S RC) on each end of 

the barrel. The proteasome seems to be more ancient than ubiquitin and is well 

conserved through evolution (Hegde 2010). X-ray crystallography studies revealed that 

the 20S catalytic core consists of four stacked rings that form a hollow cylinder. The two 

inner rings are made up of seven β-subunits sandwiched by the two outer rings that are 

made up of seven α-subunits (Lowe et al. 1995; Harshbarger et al. 2015). A commonly 

used proteasome inhibitor, clasto-lactacystin β-lactone (henceforth, β-lactone), blocks 

proteasomal activity by covalently binding to the N-terminal threonine residue in the β-

subunits. This induces conformational changes within the proteasome and blocks its 

proteolytic activity (Fenteany et al. 1995). The 20S catalytic core is known to have 

chymotrypsin-like, trypsin-like and a caspase-like activity to cleave substrate proteins 

(Kisselev et al. 2006). The 20S complex has been identified to exist independently from 

the 19S RC or in a complex with one or two 19S RC caps (Hegde 2010).  

 

The 19S RC is important for the recognition of the polyubiquitinated substrate 

proteins and the regulation of the catalytic core (Bar-Nun and Glickman 2012). It unfolds 

the substrates and channels them through the proteolytic barrel of the 20S (Richmond et 

al. 1997; Gorbea et al. 2000; Fu et al. 2001). The 19S contains subcomplexes called the 
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lid and the base. The base connects the 19S with the 20S and contains six ATPase 

subunits, termed Rpt1 – Rpt6, and two non-ATPase subunits, Rpn1 and Rpn2 (Hegde 

2010). The Rpn subunits interact with other subunits and the 20S; however, their 

function is not well understood (Husnjak et al. 2008; Schreiner et al. 2008; Bar-Nun and 

Glickman 2012). The Rpt subunits are well conserved through evolution. The sequences 

of the human and the yeast Rpts are 75% identical (Hegde 2010). The ATPase subunits 

have been implicated in the non-proteolytic activity of the proteasome (Bhat and Greer 

2011) and will be discussed in more detail in the next section. The lid component of the 

19S RC contains eight non-ATPase subunits arranged in a disc-like shape. The lid can 

detach from the 19S base and exist as a separate entity (Glickman et al. 1998). The best 

known function of the lid of the 19S is in protein deubiquitination (Guterman and 

Glickman 2004). The lid component is essential for proper protein degradation 

(Glickman et al. 1998). A schematic diagram of the proteasome with its different 

subcomplexes is shown in Figure 2.  

 

The 19S RC 

The ATPase subunits of the base of the 19S RC have been identified to exist 

independently form the proteasomal complex (Makino et al. 1999) and are collectively 

termed the 19S ATPase proteins independent of 20S (APIS) complex (Sun et al. 2002). 

The genes encoding the APIS complex subunits have been described to have a different 

expression profile from the proteasomal subunits (Pereira-Junior et al. 2013). The APIS 

complex displays chaperone-like activity (Braun et al. 1999) and associates with other 

molecular complexes with specialized functions (Lee et al. 2005). Based on these roles 

of the APIS complex, that appear to be independent of proteolytic degradation, it is 

argued that the ATPase subunits have non-proteolytic activity (Bhat and Greer 2011). 
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The best described role of the 19S ATPases, outside of their function as a part of 

the proteasome, is in transcriptional regulation of genes. Studies in yeast and cancer 

cells showed that ATPase subunits bind to promoters of active genes and physically 

interact with chromatin-remodeling transcription machinery (Ferdous et al. 2001; 

Gonzalez et al. 2002; Lee et al. 2005; Bhat et al. 2008; Koues et al. 2008; Koues et al. 

2010; Uprety et al. 2012). Rpt4 and Rpt6 19S ATPases are known to regulate epigenetic 

histone posttranslational modifications (PTMs) and control activity-dependent gene 

expression (Ezhkova and Tansey 2004). These studies led to the hypothesis that 

ATPase subunits facilitate transcription independently of the 20S catalytic core. Other 

studies, however, found that both the 19S cap and the 20S core are recruited to active 

chromatin (Geng and Tansey 2012). The APIS complex and the 20S proteasomal 

subunits bind at promoters and gene bodies, independently of one another (Rasti et al. 

2006). Also, the entire 26S proteasome has been shown to co-immunoprecipitate with 

RNA polymerase II, supporting both the proteolytic and the non-proteolytic roles of the 

proteasome in transcriptional regulation (Gillette et al. 2004). 

 

The UPP and synaptic plasticity 

Although, initially, the UPP was considered to be the graveyard for old, misfolded 

or damaged proteins, it is now implicated in the regulation of key intracellular 

mechanisms, such as translation, transcription, or even cytoplasm-to-nucleus signaling. 

The first role of the UPP in synaptic plasticity was discovered in an investigation on 

persistent activation of protein kinase A (PKA) in long-term facilitation (LTF), a cellular 

model of long-term synaptic plasticity in Aplysia californica (Greenberg et al. 1987). 

During LTF, PKA is persistently active, even in the absence of the intracellular signaling 

messenger, cyclic adenosine monophosphate (cAMP). Hegde et al. found that the 
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regulatory (R) subunit of PKA was a substrate for degradation by the UPP. The R 

subunit was shown to be degraded during LTF, ensuring the long-lasting activation of 

the PKA, necessary for gene expression (Hegde et al. 1993). 

  

Since that initial discovery, numerous studies across various model systems 

have yielded a wealth of information supporting the role of the UPP in the regulation of 

synaptic plasticity, learning and memory (Hegde 2010; Fioravante and Byrne 2011; 

Jarome and Helmstetter 2013; Hegde et al. 2014). Our previous studies showed that the 

maintenance of murine hippocampal late phase of long-term potentiation (L-LTP), that 

underlies long-term memory, is blocked by a specific proteasome inhibitor β-lactone 

(Dong et al. 2008; Dong et al. 2014). Proteasome inhibition in the hippocampus and the 

amygdala is also associated with impaired consolidation of an inhibitory avoidance 

memory and long-term fear memory, respectively (Lopez-Salon et al. 2001; Jarome et 

al. 2011). In addition, retrieval of either an auditory or a contextual fear memory results 

in the increase of the degradation-specific protein polyubiquitination in the amygdala 

(Jarome et al. 2011). Synaptic activity-dependent upregulation of proteolysis by the UPP 

has been described in hippocampal slices (our unpublished data). In hippocampal 

cultured neurons, a recent study showed that in the absence of stress, only 20% of the 

proteasomes were engaged in substrate processing, leaving ample room for activity-

dependent increase of protein degradation, upon sufficient environmental stimulation 

(Asano et al. 2015).           

 

The UPP and diseases of the nervous system 

Given the importance of the UPP and all of its components for normal synaptic 

plasticity, learning and memory, it is not surprising that the UPP has been linked to 
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synaptic malfunction observed in many diseases of the brain. Numerous studies 

implicate the UPP in the pathogenesis associated with neurodegeneration found in 

Alzheimer’s disease (AD), Huntington's disease (HD), Parkinson's disease (PD), and 

amyotrophic lateral sclerosis (ALS) (Hegde and Upadhya 2011; Ayyadevara et al. 2015). 

Abnormal depositions of protein aggregates or inclusion bodies that show ubiquitin 

immunoreactivity are commonly observed in “aggregopathies” such as AD. For example, 

Lys-63-linked ubiquitin chains were identified in intraneuronal inclusions in human AD 

brains (Paine et al. 2009). The activity of the UPP is inhibited in cell culture that contain 

aggregated proteins (Layfield et al. 2003). A ubiquitin mutant, UBB+1, which results from 

a frameshift mutation in the ubiquitin transcript, inhibits the proteasome and is present in 

AD brains. UBB+1 transgenic mice have similar changes in the brain to those in human 

AD brains and serve as a useful AD model (de Vrij et al. 2004; van Tijn et al. 2007). 

 

In the context of ALS, studies demonstrated that the mutant superoxide 

dismutase 1 (SOD1) protein, associated with some cases of ALS, is degraded by the 

proteasome, while the wild type SOD1 is not a substrate for proteolytic degradation by 

the proteasome (Hoffman et al. 1996; Johnston et al. 2000). It is believed that the UPP 

activity is upregulated in an attempt to enhance clearance of the mutant SOD1 (Hegde 

and Upadhya 2011). Different genes linked to the pathology of PD, such as α-synuclein, 

UCH-L1, and parkin, are directly associated with the proteasome (Kitada et al. 1998; 

Leroy et al. 1998). While parkin and UCH-L1 are ubiquitinating enzymes of the UPP, α-

synuclein is the UPP substrate that is ubiquitinated in the intracellular inclusions seen in 

the brains of PD patients, called Lewy bodies (Cookson 2003; Zheng et al. 2014; 

Aguileta et al. 2015). Also, proteasome inhibition causes significant accumulation of 
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nuclear inclusion aggregates in the cytoplasm and the nucleus in the cellular model of 

HD (Miki et al. 2015).  

 

Given the importance of the UPP in numerous diseases of the brain, it appears 

that targeting enzymes of the UPP or the proteasome itself may be useful for the 

development of potential biomarkers and therapeutics. In fact, many current studies are 

underway to identify novel, more selective and specific inhibitors of the UPP, as well as 

proteasomal activators (Li et al. 2014a; Li et al. 2014b; Woodle et al. 2015). Further 

studies are needed to identify a clear causative role of the UPP components in 

neurodegenerative diseases and “aggregopathies,” so that more specific treatment 

options can be developed.  

 

Models and Mechanisms of Synaptic Plasticity 

Synaptic plasticity, which underlies learning and memory, refers to the 

experience-dependent change in strength of synaptic connections in neural circuits. 

Synaptic plasticity can be pre- or postsynaptic, short- or long-term, and modulatory or 

activity-dependent. Studies in many different organisms focus on the identification of 

diverse molecular mechanisms that take place during synaptic changes. Several models 

of synaptic plasticity as well as their regulatory mechanisms will be introduced in the 

following section.  

 

Synaptic plasticity in Aplysia californica 

One model of presynaptic plasticity is the long-term facilitation (LTF) in Aplysia 

californica sensory-motor neuron synapse (Greenberg et al. 1987; Kandel 2001). 
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Aplysia’s nervous system consists of only 20,000 large neurons that can be easily 

identified. Despite the simple organization of its nervous system, Aplysia displays a 

variety of learning tasks including habituation, sensitization, and classical conditioning. 

Using this model system, Arvid Carlsson, Paul Greengard and Eric Kandel performed 

pioneering studies on signal transduction mechanisms in synaptic plasticity and were 

awarded the Nobel Prize in Physiology or Medicine in 2000. 

 

During LTF, serotonin (5-HT) acts on its presynaptic receptor to increase 

intracellular cAMP levels and enhance glutamate release at sensory-motor neuron 

synapse. This activity-dependent process is mediated by phosphylipase C and protein 

kinase C (PKC) as well as adenylyl cyclase and protein kinase A (PKA). Aplysia’s simple 

organization of the gill withdrawal defensive reflex circuit makes it easy to measure 

physiological responses upon environmental stimulation or chemical application (Braha 

et al. 1990). For example, a tactile stimulation of the siphon produces a robust gill 

withdrawal response, which is controlled by the sensory-motor neuron synapse 

(Puthanveettil et al. 2008). After repeated stimulation, the response can be maintained 

or strengthened by structural reorganization of synapses via activation of new gene 

expression and new protein synthesis in the presynaptic neuron (Chain et al. 1999). In 

addition, persistent activation of PKA after repeated stimulation occurs because of 

proteasomal degradation of its regulatory (R) subunit, which can further strengthen the 

physiological response (Hegde et al. 1993).  

 

Synaptic plasticity in the mammalian hippocampus 

The hippocampus, from the Greek “seahorse,” is a limbic system structure 

responsible for memory formation, memory consolidation from short-term to long-term 
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and spatial navigation. It contains three synaptic pathways: perforant pathway that 

connects the entorhinal cortex with the dentate gyrus granule neurons, mossy fiber 

pathway that connects the dentate gyrus with the cornu ammonis area 3 (CA3) 

pytamidal neurons and Schaffer collateral pathway that connects the CA3 with the cornu 

ammonis area 1 (CA1) pytamidal neurons. All three hippocampal pathways demonstrate 

different types of plasticity. For example, the Schaffer collateral pathway displays N-

methyl-D-aspartate (NMDA) receptor-dependent plasticity (associative), whereas the 

mossy fiber pathway exhibits the NMDA receptor-independent plasticity (non-

associative).  

 

Hippocampus-dependent memory is studied in live animals using behavioral 

tasks such as contextual fear conditioning or Morris water maze (MWM). Hippocampal 

plasticity in brain slices, organotypic slice culture or dissociated primary neuronal culture 

is stimulated using electrophysiological or chemical stimulation protocols to induce long-

lasting plasticity (Dong et al. 2008). Different stimulation protocols yield different 

outcomes in terms of synaptic strength. For example, in the Schaffer collateral pathway, 

high-frequency stimuli result in synaptic strengthening, referred to as long-term 

potentiation (LTP), while low-frequency stimuli result in synaptic weakening, referred to 

as long-term depression (LTD) (Bliss and Collingridge 1993; Dan and Poo 2006). The 

plasticity in the Schaffer collateral pathway is postsynaptic, because all of the gene and 

protein expression changes, as well as structural reorganizations within the neuron 

occur in the postsynaptic neuron in response to glutamate stimulation. Similarly to the 

presynaptic plasticity in Aplysia, LTP and LTD induction lead to changes in the cAMP 

levels and activation of various kinases.  
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 LTP is divided into early phase and late phase components, which model short-

term and long-term memory, respectively. Long-term memory encoding is dependent 

upon new protein synthesis, while short-term memory is not (Davis and Squire 1984). 

Similarly, the induction of the early phase of LTP (E-LTP) does not depend on 

translation, while the late phase of LTP (L-LTP) requires new protein synthesis (Frey et 

al. 1988). Furthermore, L-LTP is subdivided into two parts: the early, induction part and 

the late, maintenance part. L-LTP induction requires local translation of pre-existing 

mRNAs in dendrites (Kelleher et al. 2004). L-LTP maintenance depends on new gene 

expression in the nucleus and on translation of the newly made mRNAs (Nguyen et al. 

1994). Analogously to long-term memory, while newly translated proteins are used 

immediately after induction of plasticity; transcriptional products are required only some 

time after plasticity is induced (Govindarajan et al. 2006).  

 

Translational regulation in synaptic plasticity: mTOR 

L-LTP can occur in a spatially-restricted manner, for example in isolated 

dendrites (Ho et al. 2011). How can the products of gene transcription be restricted to a 

subset of synapses and not be generalized for the entire neuron? Local mRNA 

translation or targeted mRNA translocation to dendrites can explain synapse-specific 

changes that occur after synaptic stimulation. Several RNA binding proteins, such as 

staufen, zipcode-binding protein 1 (ZBP1) and hnRNPA2, have been identified as 

transporters of RNAs in kinesin-dependent manner along microtubules to their targeted 

locations (Kiebler and Bassell 2006). The details of synaptic tagging and local RNA 

transport are still not well understood.    
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 Numerous studies have confirmed the existence of activity-dependent local 

protein translation. One mechanism that leads to local translation in synapses involves 

the cytoplasmic polyadenylation element binding protein (CPEB), which represses 

translation by binding to 3’ untranslated regions (3’UTRs). CPEB regulates translation of 

calcium/ calmodulin-dependent protein kinase II α (CamKIIα) mRNA in dendrites, 

upregulation of which is critical for synaptic plasticity (Wu et al. 1998). After synaptic 

stimulation, however, phosphorylation of CPEB causes it to recruit proteins that increase 

the polyadenylate (poly(A)) tails on mRNAs. This, in turn, promotes the interaction 

between eukaryotic translation initiation factor 4γ (eIF4G) and eukaryotic translation 

initiation factor 4E (eIF4E), which is the first step in the activation of the mammalian 

target of rapamycin (mTOR) pathway of local protein translation (Richter 2007; Zoncu et 

al. 2011). 

 

 An additional level of activity-dependent regulation of local translation in 

dendrites is via another mTOR pathway component, eIF4E-binding protein (4E-BP) 

(Zoncu et al. 2011). When 4E-BP is hypophosphorylated, it binds to eIF4E and blocks 

translation initiation. Phosphorylation of 4E-BP causes it to disassociate from eIF4E, 

which stimulates translation initiation. It has been shown that neuronal activity increases 

4E-BP phosphorylation and promotes local translation (Costa-Mattioli et al. 2009). New 

forms of 4E-BP have been identified in neurons, which are believed to control specific 

subgroups of mRNAs within dendrites (Jung et al. 2006; Napoli et al. 2008). 

 

 The activity-regulated local translation via the mTOR pathway is also controlled 

at the level of translational elongation. For example, the eukaryotic translation elongation 

factor 2 (eEF2) is regulated in synaptic plasticity by its phosphorylation. Spontaneous 
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release of neurotransmitter causes phosphorylation of eEF2, which decreases 

translational elongation. In contrast, action potentials decrease eEF2 phosphorylation, 

increasing translation (Sutton et al. 2006). This fascinating mechanism has been 

proposed to explain the role of spontaneous release in synapses, indicating that 

spontaneous neurotransmitter release stabilizes synapses by blocking translation (Ho et 

al. 2011). An inhibitor of the mTOR pathway, translational repressor poly(A)-binding 

protein (PABP)-interacting protein 2A (PAIP2A), presents another example of activity-

regulated translational elongation in synapses. PAIP2A is proteolysed by calpains in 

stimulated neurons after contextual memory training in mice (Khoutorsky et al. 2013) 

and will be discussed in more detail in chapter 2.    

 

Synapse-to-nucleus signaling in synaptic plasticity 

Long-lasting synaptic plasticity requires sustained gene transcription and protein 

translation. Since the synaptic signal originates far away from the nucleus, intracellular 

signaling cascades must relay the message back to the nucleus to stimulate 

transcription. This can be challenging, as the distances between the dendrites and the 

nucleus can be substantial in neurons. One rapid way for communication between 

cellular compartments is by electrical signaling. Ca2+ influx through voltage- and ligand-

gated ion channels can depolarize the cell and induce gene transcription (Greer and 

Greenberg 2008).  

 

A slower synapse-to-nucleus signal can be transported in a microtubule- and 

motor protein-dependent manner for sustained changes in gene expression (Ch'ng and 

Martin 2011). Many kinases and transcription regulators translocate into the nucleus 

upon synaptic stimulation to promote transcription. For example, the repressive form of   
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cAMP-responsive element-binding protein (CREB), activating transcription factor 4 

(ATF4) translocates from distal dendrites to the nucleus during LTD (Lai et al. 2008). 

This translocation is mediated by the importin α/β heterodimeric shuttling proteins, which 

recognize a nuclear localization sequence (NLS) within substrates for their nuclear 

import (Pumroy and Cingolani 2015). Furthermore, in neurons, nuclear factor kappa light 

chain enhancer of activated B-cells (NF-κB), which exists in a complex with p65 and 

p50, translocates into the nucleus upon glutamatergic stimulation via the importin-

mediated transport system that recognizes an NLS on p65 (Meffert et al. 2003). In 

addition, ApCAM-associated protein (CAMAP) phosphorylation by PKA in response to 

local synaptic stimulation triggers CAMAP translocation into the nucleus in Aplysia 

sensory neurons. All of the transcription regulators mentioned above induce the 

expression of specific activity-regulated genes, indicating that their temporal, spatial and 

stimulus-specific responses are crucial in transcriptional regulation in synaptic plasticity 

(Ho et al. 2011). Cytoplasm-to-nucleus signaling in synaptic plasticity will be discussed 

further in chapter 5. 

 

Transcriptional regulation in synaptic plasticity: epigenetics 

It is well established that transcription of genes is essential for long-term synaptic 

plasticity, learning and memory (Alberini and Kandel 2014). The upregulation of 

plasticity-induced genes is critical for the production of new proteins, necessary for the 

synaptic strengthening or the growth of new synaptic connections after external 

stimulation. These structural changes in the neurons mediate long-term memory 

formation and storage. Numerous plasticity-induced genes have been discovered, while 

the mechanisms of their upregulation are still an active area of research. One 

mechanism of transcriptional regulation in synaptic plasticity is via epigenetic 
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remodeling, which allows environmental stimuli to directly alter gene expression. Several 

levels of epigenetic regulation of gene expression have been described, including 

posttranslational histone modifications, DNA methylation and non-coding RNAs. Since 

epigenetic histone modifications in synaptic plasticity are the topic of chapters 3 and 4, 

this particular aspect of transcriptional regulation is introduced in the following section.  

 

Histone Modifications in Synaptic Plasticity, Learning and Memory 

One of the most intriguing questions in molecular biology is how cells containing 

identical genetic makeup differentiate into different cell types with distinct structures, 

functions, and gene expressions. A developmental biologist Conrad Waddington in 1957 

was the first to propose that there must be something “above the genome” to closely 

regulate cellular differentiation process (Borrelli et al. 2008). In the past few decades it 

has been proposed that heritable genetic information is not limited to the DNA sequence 

and that other processes, which alter the structure of DNA-protein complexes (or 

chromatin), are crucial in guiding gene expression (Jaenisch and Bird 2003; Martin and 

Zhang 2007; Borrelli et al. 2008). Such dynamic chromatin alterations that guide spatial 

and temporal sequence of gene expression in development and adult plasticity are 

referred to as epigenetic modifications.  

 

In eukaryotic cells, DNA wraps around octamers of histone proteins to form DNA-

protein structural units called nucleosomes. Each nucleosome is composed of 142 bp of 

DNA wrapped around two copies of each histone protein (H2A, H2B, H3 and H4).This 

tight packaging allows for space conservation needed to accommodate millions of base 

pairs of DNA into a small space of the nucleolus. At the same time, this packaging 

suppresses the accessibility of DNA by transcription machinery and serves as an 
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additional regulatory step in transcription process (Levenson and Sweatt 2005; Berger 

2007; Borrelli et al. 2008; Lubin 2011).  

 

The double stranded DNA can assume two folding states based on how closely it 

is associated with histone packaging proteins. In a heterochromatic state, strong DNA-

protein interactions lead to tightly coiled chromatin that is transcriptionally inactive. When 

the DNA assumes its euchromatic state, the chemical interactions between DNA and 

proteins are weakened, producing loosely coiled chromatin that is transcriptionally 

active. These different packaging states depend largely on posttranslational 

modifications (PTMs) of histone N-terminal tails that protrude from the nucleosomes. 

Covalent PTMs of histone tails induce conformational changes within the chromatin, 

allowing it to adopt condensed or relaxed states and inhibiting or stimulating 

transcription, respectively.  

 

Most common histone PTMs are acetylation and methylation, although other less 

common modifications such as histone ubiquitination and phosphorylation have been 

identified. PTMs occur on different histone types, amino acid residues and at different 

points alone the DNA strand. This wide variety of combinations of different PTM tags is 

thought to be a code that guides differential gene expression in cellular responses 

(Martin and Zhang 2005; Borrelli et al. 2008; Sweatt 2013). In addition, epigenetic 

modifications are considered to be the link between environmental influence and gene 

expression since factors such as diet, exercise and disease states can influence PTMs 

of histones (Martin and Zhang, 2005, Borrelli et al., 2008). 
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Histone Acetylation 

During histone acetylation an acetyl group from an acetyl-CoA molecule is 

transferred to a side-chain group of lysine residues within the histone tails. This transfer 

neutralizes a positive charge on the lysine side group. Because the DNA strand is 

negatively charged, neutralizing a positively charged protein weakens the DNA-protein 

interaction and promotes the open state of the chromatin. Histone acetyltransferase 

(HAT) enzymes catalyze histone acetylation and promote transcription. On the other 

hand, histone deacetylase (HDAC)  enzymes take off the acetyl groups from histone tails 

and repress transcription (Kimura et al. 2005).  

 

Both HATs and HDACs are represented by large families of proteins that have 

unique structures and functions and can acetylate/deacetylate histone and nonhistone 

proteins. HAT enzymes have been classified based on their nuclear or cytoplasmic 

localization and sub-classified based on their functions and substrates (Kimura et al. 

2005). The activity of different families of HATs has been correlated with specific cellular 

processes as well as diseases. For example, a cAMP response element binding (CREB) 

binding protein (CBP)/p300 family plays an important role in transcriptional activation 

during memory formation. Furthermore, disruption of CBP/p300 function causes 

Rubenstein-Taybi syndrome (RTS) and contributes to AD pathology (Fischer et al. 2010; 

Selvi et al. 2010a).  

 

HDACs are classified into three groups based on their function and homology to 

yeast proteins (Fischer et al. 2010; Selvi et al. 2010b). For example, class I HDACs 

(including HDAC1, HDAC2, HDAC3 and HDAC8) are responsible for the majority of 

histone deacetylation in the brain (Borrelli et al. 2008). Inhibiting HDAC activity and, 
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therefore, increasing gene transcription has been a major research focus in cancer, 

psychiatric disease, cognitive impairment and age-related memory decline (Tsankova et 

al. 2006; Fischer et al. 2010; Peleg et al. 2010; Atadja 2011).  

 

Histone Methylation 

Histone methylation occurs on lysine and arginine side-chain groups of H3 and 

H4 histone tails and is catalyzed by histone methyltransferase (HMT) enzymes 

(Levenson and Sweatt 2005; Martin and Zhang 2005). Lysine residues can be mono-, di-

, and trimethylated whereas arginine residues can be mono- and dimethylated. 

Depending on the methylation site and the number of methyl groups transferred, histone 

methylation can repress or stimulate transcription. For example, transcriptionally silent 

genes contain di- and trimethylated histone H3 at lysine9 (H3K9) whereas actively 

transcribed genes contain di- and trimethylated histone H3 at lysine4 (H3K4) (Sims et al. 

2003; Margueron et al. 2005; Martin and Zhang 2005; Vermeulen et al. 2007). On the 

other hand, arginine methylation serves for transcriptional activation only (Berger 2007). 

Just like histone acetylation, histone methylation is a reversible process. A wide variety 

of histone demethylating enzymes, specific to certain methylation sites and numbers of 

methyl groups have been identified (Martin and Zhang 2005). 

 

During histone methylation, a methyl group is transferred from a high-energy 

donor, S-adenosyl methionine. Unlike histone acetylation, this transfer does not 

neutralize a positive charge on the histone protein and, therefore, does not necessarily 

cause direct conformational changes within nucleosomes. It is hypothesized that histone 

methylation can cause chromatin modifications through binding of effector proteins. A 

particular histone methylation code could serve as a binding surface for effector proteins 
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that recruit other transcription co-factors  to guide transcriptional regulation (Berger 

2007). For example, studies in yeast have demonstrated that methylation of H3K4 

recruits a SAGA protein complex that contains acetyltransferase enzymes. Therefore, 

methylation of H3K4 promotes histone acetylation and specific gene transcription (Pray-

Grant et al. 2005; Berger 2007).  

 

Other histone epigenetic modifications 

In addition to acetylation and methylation, PTMs of histones also include 

ubiquitination and phosphorylation. During histone monoubiquitination, one ubiquitin 

molecule is attached to the side-chain group of a lysine residue. Histone 

monoubiquitination occurs at histones H2A, H2B and H3 (Levenson and Sweatt 2005; 

Berger 2007). Since ubiquitination requires the addition of a large and bulky moiety, 

sometimes two-thirds the size of the histone protein itself, histone ubiquitination may 

lead to radical structural changes within the chromatin. Depending on the ubiquitination 

site, different co-factors are recruited to ubiquitinated histones that facilitate up- or down-

regulation of transcription. For example, ubiquitination of histone H2B may recruit a 

proteasomal ATPase subunits, which in turn may recruit acetyl- and methyltransferases 

that promote histone acetylation, methylation and gene transcription (Lee et al. 2007; 

Bhat and Greer 2011). Histone ubiquitination has primarily been studies in yeast models. 

The role of histone ubiquitination in transcription in mammalian systems remains poorly 

understood.  

 

Histone phosphorylation occurs at serine and threonine residues and has been 

observed in numerous cellular processes such as transcription, mitosis, DNA repair and 

apoptosis (Levenson and Sweatt 2005; Berger 2007; Perez-Cadahia et al. 2010). 
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Histone phosphorylation facilitates both condensation and relaxation of chromatin; 

therefore, it can repress or induce transcription depending on the cellular context. One 

well-characterized histone phosphorylation event occurs on histone H3 at serine 

residues 10 and 28. This histone phosphorylation has been correlated to the activation 

of protein S6 kinase 2 (RSK2), extracellular signaling-regulated kinase (ERK) and 

mitogen-activated protein kinase 1 (MAPK1) signaling pathways in behavioral models of 

hippocampal-dependent memory (Levenson and Sweatt 2005; Berger 2007; Perez-

Cadahia et al. 2010).  

 

Histone PTMs in learning and memory 

Epigenetic modifications have been implicated in long-lasting changes in gene 

expression controlled by the environment. This concept is particularly important in 

molecular mechanisms underlying learning and memory. It is believed that synaptic 

strength depends on stable but changeable alterations in gene expression as a function 

of behavior (Levenson and Sweatt 2005; Mikaelsson and Miller 2011). Indeed, 

numerous epigenetic modifications have been identified in memory acquisition, 

consolidation, recall and extinction (Lubin et al. 2008; McQuown et al. 2011; Mikaelsson 

and Miller 2011; Jarome and Lubin 2014). Much effort has been put into identifying 

specific memory-induced genes and epigenetic tags that regulate their expression.  

  

Histone acetylation is the first chromatin remodeling modification identified in 

learning and memory work. In 2001, Swank and Sweatt showed an increase in histone 

H2A and H4 lysine acetylation along with the activation of ERK/MAPK signaling cascade 

in a rodent taste learning paradigm (Swank and Sweatt 2001). Their work suggested that 

ERK/MAPK signaling pathway stimulates activation of HATs (such as CBP), histone 
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acetylation, and subsequent long-term memory formation (Swank and Sweatt 2001). 

This study was further supported by findings that histone H3 acetylation is increased in 

hippocampal-dependent contextual fear conditioning in an ERK/MAPK-dependent 

manner (Levenson et al. 2004). These studies first highlighted a connection between 

learning-induced transcription and HAT activity in the brain. 

 

Subsequently, transgenic and knockout mouse models have been used to 

illustrate the importance of HATs like CBP/p300 in hippocampal synaptic plasticity and 

behavioral learning paradigms. For example, Alarcon and colleagues studied a knockout 

CBP+/- mouse model of RTS, a disease caused by a genetic mutation in CBP gene that 

is characterized by mental retardation (Alarcon et al. 2004). CBP+/- mice exhibit 

diminished in vitro L-LTP and impaired long-term memory in contextual fear conditioning. 

These deficits are correlated with reduced histone H2A acetylation and can be rescued 

by administration of an HDAC inhibitor (HDACi), suberoylanilide hydroxamic acid 

(SAHA). Other similar studies utilized transgenic mouse models with inactive 

acetyltransferase domains in CPB/p300 to illustrate their importance in hippocampal-

related memory tasks like contextual fear conditioning, MWM and novel object 

recognition (Korzus et al. 2004; Oliveira et al. 2007).   

 

In agreement with these findings, other studies showed that overexpression of 

particular HDACs prevent memory formation. Guan and colleagues (2009) have 

identified that selective HDAC2, but not HDAC1, overexpression in mouse hippocampi 

causes impaired memory formation in MWM (Guan et al. 2009). These memory 

impairments were correlated with decreased dendritic spine density, decreased synapse 

number in the CA1 region of the hippocampus as well as impaired synaptic plasticity. As 
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predicted, these effects were reversed with the administration of SAHA, further 

illustrating positive effects of HDACi’s on memory formation (Guan et al. 2009).  

 

Selective HDAC inhibition in wild-type mice has been used to develop animal 

“super-learners” (Fischer et al. 2007; Stefanko et al. 2009; McQuown et al. 2011). For 

example, one study used Cre-recombinase techniques to selectively knock down the 

expression of HDAC3 in the CA1 region of the hippocampus in naive mice (McQuown et 

al. 2011). After focal homozygous HDAC3 deletion, mice were exposed to a 

subthreshold learning event in an object recognition memory task. Selective deletion of 

HDAC3 correlated with an increase in histone acetylation at H4K8, increased gene 

transcription and improved long-term memory formation. Interestingly, following the 

subthreshold learning protocol, control mice displayed no long-term learning whereas 

HDAC3 knockout mice displayed long-term memory that persisted for 7 days. In 

addition, this study described the formation of transcriptional repressor complexes 

important in memory inhibition composed of HDAC3, HDAC4 and other co-repressors 

(McQuown et al. 2011). With the use of HDAC inhibitors, McQuown and colleagues 

improved memory capabilities in wild-type mice and identified transcriptional repressor 

complexes that could serve as future targets for memory enhancement.   

 

Another interesting line of research focuses on HDAC inhibitor use in treatment 

of age-related memory impairments. In one such study, Peleg and colleagues described 

a deficiency in H4K12 acetylation in old, cognitively impaired mice (Peleg et al. 2010). 

This lack of acetylation at H4K12 after contextual fear conditioning correlated with a 

downregulation of genes implicated in learning and memory pathways. The learning 

deficits and impaired gene transcription were rescued by the administration of an 
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HDACi, SAHA, which also increased H4K12 acetylation (Peleg et al. 2010). This 

particular epigenetic modification was presented as a biomarker of age-related cognitive 

decline. These findings have important implications for the role of epigenetic 

modifications in cognitive aging work.  

 

Both histone acetylation and methylation at particular promoter regions of 

learning-related genes, such as brain-derived neurotrophic factor (Bdnf), are important in 

the regulation of chromatin structure and gene expression in the nervous system 

(Tsankova et al. 2006; Bredy et al. 2007; Tian et al. 2009; Lubin 2011). Tsankova and 

colleagues have demonstrated an upregulation of histone methylation associated with 

transcriptional repression at H3K27, on Bdnf promoters III and IV in a behavioral mouse 

model of social defeat stress (Tsankova et al. 2006). This transcription-repressing 

chromatin modification was correlated with decreased Bdnf mRNA expression that was 

reversed by chronic antidepressant treatment. Surprisingly, the molecular effects of 

antidepressant treatment produced downregulation of HDAC5, which suggested a new 

link between histone methylation and acetylation.    

 

In the hippocampus, histone methylation at the promoter of another plasticity-

induced gene, Zif268, has been identified following contextual fear conditioning and has 

been correlated with facilitation of long-term memory formation (Gupta et al. 2010). 

Trimethylation of H3K4, a marker for transcriptional activation, is upregulated 1 h 

following contextual fear conditioning, whereas dimethylation of H3K9, a transcriptional 

silencing marker, is downregulated at the same time. Additionally, transgenic mice with a 

heterozygous deletion of histone methylation regulator, Mll, could not form normal long-

term memories. Most interestingly, Gupta and colleagues also demonstrated a functional 
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connection between histone methylation and HDAC activity, since administration of 

HDAC inhibitor, sodium butyrate (NaB), promoted H3K4 trimethylation and inhibited 

H3K9 dimethylation (Gupta et al. 2010). Such studies point out the interplay between 

different epigenetic modifications that may act in concert to regulate gene transcription 

during memory formation. 

 

 Although not as well characterized, other PTMs of histones have been 

implicated in learning and memory. For example, upregulated histone H3 

phosphorylation at serine 10 residue in the CA1 area of the hippocampus has been 

observed following contextual fear conditioning (Chwang et al. 2006). This rapid and 

time-dependent increase in H3 phosphorylation was paralleled by the time-course of 

ERK/MAPK pathway signaling after fear conditioning and was NMDA receptor-

dependent. In similar vein, another study showed that phosphorylation at CREB 

promoter was increased during novel object recognition task (Koshibu et al. 2009). 

These findings suggest that histone phosphorylation may be the target of intracellular 

signaling cascades associated with learning paradigms and may contribute to 

transcriptional regulation of memory-induced genes.  

 

Chromatin is a dynamic structure, which is modified by numerous intracellular 

signaling events in response to environmental stimuli, and is crucial for regulated gene 

expression.  The importance of several PTMs of histones such as acetylation, 

methylation and phosphorylation has been identified in transcriptional regulation 

underlying plasticity and memory. Current studies focus on identification of diverse 

combinations of histone modifications and their selectivity to improve memory function. 

In addition, deciphering the epigenetic code of diseases like AD and RTS or age-
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associated cognitive decline could provide potential biomarkers and therapeutic targets 

for cognitive enhancement. Epigenetic modifications associated with differential gene 

expression are a lot more complex than originally anticipated. Further research on 

different histone modifications, their location, regulation and interaction with other 

epigenetic mechanisms, such as DNA methylation and non-coding RNAs, is needed to 

unravel molecular mechanisms of memory encoding. 
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Figure 1. The ubiquitin-proteasome pathway. Key steps in ubiquitin conjugation to a 

substrate protein and degradation of the polyubiquitinated substrate. First, free ubiquitin 

(open red circles with straight tails) is activated by an E1 enzyme (ubiquitin-activating) to 

form a high-energy ubiquitin–AMP intermediate. Activated ubiquitin (closed red circles 

with straight tails) is passed on to an E2 enzyme (ubiquitin-carrier) and transferred to an 

E3 enzyme (ubiquitin ligase) that attaches the ubiquitin to the substrate. Other ubiquitin 

molecules are then attached through successive linkages to one another to form a 

polyubiquitin chain. Polyubiquitinated substrate is then degraded by a proteolytic 

complex called the 26S proteasome in an ATP-dependent manner. Finally, the 

polyubiquitin chain is disassembled by deubiquitinating enzymes (DUBs) and ubiquitin is 

recycled. Ubiquitination is a reversible process. Before degradation by the proteasome, 

DUBs can disassemble the polyubiquitin chain and the substrate can be spared. 
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Figure 2. Proteasome assembly. The proteasome consists of the 20S core and the 

19S regulatory complex. The 20S core contains the catalytic sites and comprises four 

stacked rings. The inner two rings have seven β-subunits (β1 – β7) and the outer rings 

have seven α-subunits (α1 – α7). The 19S regulatory cap is made of the base and the lid 

subcomplexes. 
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Abstract 

Proteolysis by the ubiquitin-proteasome pathway appears to have a complex role 

in synaptic plasticity, but its various functions remain to be elucidated. Using late phase 

long-term potentiation (L-LTP) in the hippocampus of the mouse as a model for long-

term synaptic plasticity, we previously showed that inhibition of the proteasome 

enhances induction but blocks maintenance of L-LTP. In this study, we investigated the 

possible mechanisms by which proteasome inhibition has opposite effects on L-LTP 

induction and maintenance. Our results show that inhibiting phosphatidyl inositol-3 

kinase or blocking the interaction between eukaryotic initiation factors 4E (eIF4E) and 

4G (eIF4G) reduces the enhancement of L-LTP induction brought about by proteasome 

inhibition suggesting interplay between proteolysis and the signaling pathway mediated 

by mammalian target of rapamycin (mTOR).  Also, proteasome inhibition leads to 

accumulation of translational activators in the mTOR pathway such as eIF4E and 

eukaryotic elongation factor 1A (eEF1A) early during L-LTP causing increased induction. 

Furthermore, inhibition of the proteasome causes a buildup of translational repressors, 

such as polyadenylate-binding protein interacting protein 2 (Paip2) and eukaryotic 

initiation factor 4E-binding protein 2 (4E-BP2), during late stages of L-LTP contributing to 

the blockade of L-LTP maintenance. Thus, the proteasome plays a critical role in 

regulating protein synthesis during L-LTP by tightly controlling translation. Our results 

provide novel mechanistic insights into the interplay between protein degradation and 

protein synthesis in long-term synaptic plasticity. 
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Introduction 

Synaptic plasticity allows the nervous system to store information. Short-term 

synaptic plasticity and memory depend on changes in neurotransmitter release and 

alterations in receptors and other pre-existing proteins (Kandel and Schwartz, 1982; 

Sossin, 2008). Long-term synaptic plasticity and memory, however, require protein 

synthesis (Byrne et al., 1991; Hernandez and Abel, 2008; Wang and Morris, 2010). In 

the recent past, several studies have established that protein degradation also plays a 

role in synaptic plasticity and memory (Hegde, 2010; Fioravante and Byrne, 2011; 

Jarome and Helmstetter, 2013). The precise roles of protein degradation and how 

proteolysis relates to protein synthesis are not clear, however. The requirement for 

protein synthesis has been well studied in a cellular model of long-term synaptic 

plasticity, late-phase long-term potentiation (L-LTP) (Frey et al., 1988; Nguyen et al., 

1994). Temporally, L-LTP can be divided into an ‘induction’ phase and a ‘maintenance’ 

phase. L-LTP induction requires translation of pre-existing mRNAs in dendrites 

(Kelleher, III et al., 2004b) while L-LTP maintenance depends on new transcription in the 

nucleus and on translation of the newly transcribed mRNAs in the cell body (Nguyen et 

al., 1994).  

 

The protein degradation that is critical for synaptic plasticity occurs primarily 

through the ubiquitin-proteasome pathway (UPP) (Hegde, 2010; Jarome and 

Helmstetter, 2013). In this pathway, protein substrates are marked by attachment of 

several ubiquitin molecules and are degraded by a proteolytic complex called the 

proteasome. Previously, we showed that proteasome inhibition differentially affects L-

LTP depending on the site of inhibition within the neuron. Dendritic proteasome inhibition 

enhances induction of L-LTP whereas nuclear proteasome inhibition blocks maintenance 
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of L-LTP (Dong et al., 2008).  Through a series of experiments, we previously obtained 

evidence indicating that L-LTP induction is enhanced because proteasome inhibition in 

dendrites stabilizes proteins translated from pre-existing mRNAs and that L-LTP 

maintenance is blocked by interference with transcription caused by nuclear proteasome 

inhibition (Dong et al., 2008). Additional experiments revealed that proteasome inhibition 

also blocks maintenance of L-LTP in isolated dendrites (Dong et al., 2008). Taken 

together, these data suggested that proteasome tightly controls translation by 

modulating both positive and negative regulators of translation.  

 

Local translation of pre-existing mRNAs in dendrites depends on the mammalian 

target of rapamycin (mTOR) pathway (Steward and Schuman, 2001). Therefore, we 

hypothesized that the proteasome regulates translation through interaction with the 

mTOR pathway and tested this idea by inhibiting different parts of the pathway. We 

found that inhibiting components of the mTOR pathway greatly reduced the 

enhancement of L-LTP induction caused by the proteasome inhibitor β-lactone. We then 

focused on four mTOR pathway components: eukaryotic initiation factor 4E (eIF4E) 

(Gingras et al., 1999) and eukaryotic elongation factor 1A (eEF1A) (Negrutskii and 

El'skaya, 1998), two translational activators; and eukaryotic initiation factor 4E-binding 

protein 2 (4E-BP2) (Pause et al., 1994) and polyadenylate-binding protein interacting 

protein 2 (Paip2) (Khaleghpour et al., 2001), two translational repressors. Here, we show 

that early during L-LTP, proteasome inhibition stabilizes the translational activators 

eIF4E and eEF1A and that at late stages of L-LTP, proteasome inhibition stabilizes the 

translational repressors 4E-BP2 and Paip2.  
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Materials and Methods 

Animals 

Mice were obtained from Harlan Laboratories (Frederick, MD) and used for 

experiments using a protocol approved by the Institutional Animal Care and Use 

Committee of Wake Forest University Health Sciences. 

 

Extracellular recording 

Using a tissue chopper, transverse hippocampal sections (400 µm) from 6 to 12-

week-old C57/BL6 male mice were prepared in an oxygenated and chilled artificial 

cerebrospinal fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 2.3 mM CaCl2, 1.3 mM 

MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, and 10 mM Glucose (pH 7.4). The slices 

were submerged at 32°C and superfused with ACSF (1.5 ml/min). All recordings were 

obtained from slices maintained at 32°C. For recording of field excitatory postsynaptic 

potential (fEPSP), in the CA1 region of the hippocampus, a bipolar stimulating electrode 

was used to stimulate the Schaeffer collateral pathway while recording in the stratum 

radiatum. The stimulation intensity was adjusted to give ~35% of the maximal fEPSP 

slope and the baseline responses were recorded at this intensity. L-LTP was induced by 

giving four 100 Hz trains spaced 5 min apart (Dong et al., 2008). Extent of LTP was 

expressed as percent increase relative to baseline in the fEPSP slope at different time 

points as stated in figure legends. For experiments with the proteasome inhibitor β-

lactone (Cayman Chemical Company, Ann Arbor, MI)  after recovery, the slices were 

pre-incubated with the reagent in oxygenated ACSF for 30 min. Inhibition of the 

proteasome by β-lactone is irreversible and therefore the inhibitory effect of the drug 

cannot be washed out. 



49 
 

The pharmacological reagents rapamycin, LY294002, 4EGI-1, U0126, U0124, 

and anisomycin (EMD Millipore, Billerica, MA), were prepared in dimethyl sulphoxide 

(DMSO). For these reagents the same concentration of DMSO alone was used for 

controls. All these reagents were applied to hippocampal slices before pre-incubation 

with β-lactone except anisomycin which was applied after pre-incubation with β-lactone. 

 

L-LTP in isolated dendrites  

We separated the dendrites by means of a surgical cut to the slice as described 

previously by others (Frey and Morris, 1997; Woo and Nguyen, 2003; Cracco et al., 

2005) and us (Dong et al., 2008). We placed the hippocampal slices in ice-cold ACSF 

containing sucrose instead of NaCl and MgCl2 instead of CaCl2 (replacement chemicals 

were of same molarity), and made a cut below the cell body layer of CA1 region. The 

slices were then placed in normal ACSF and allowed to recover for 2 h before the 

experiment. L-LTP was induced as described previously (Vickers et al., 2005; Dong et 

al., 2008). 

 

Immunohistochemistry 

After being subjected to an L-LTP inducing protocol (4 x 100 Hz), free floating 

hippocampal slices were fixed in 4% paraformaldehyde for 1 h followed by five 30 min 

washes with PBS at room temperature. Control slices for each L-LTP experimental 

condition were time-matched with respect to incubation in ACSF alone or in ACSF 

containing β-lactone. After washing, slices were blocked in a solution containing 4% 

normal goat serum (Vector Laboratories, Burlingame, CA), 0.4% Triton-X-100, and 

0.05% sodium azide in PBS at 4 °C for 5 h. Slices were then incubated in blocking 

solution containing polyclonal primary antibodies against eIF4E (1:80, Bethyl 
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Laboratories, Montgomery, TX), eEF1A (1:80, Abcam, Cambridge, MA), Paip2 (1:50, 

ProteinTech, Chicago, IL), or 4E-BP2 (1:50, Abcam) at 4 °C overnight. Following primary 

antibody incubation, slices underwent four 20 min washes in 0.2% Triton-X-100 in PBS 

and were incubated in Alexa 488-conjugated goat anti-rabbit secondary antibody (1:300, 

Invitrogen, Grand Island, NY) and To-Pro-3 (1:500, Invitrogen) at 4 °C for 8 h. Following 

secondary antibody incubation, slices underwent five 30 min washes in 0.2% Triton-X-

100 in PBS and were mounted with Prolong Gold antifade reagent (Invitrogen). Images 

were taken with a Carl Zeiss LSM510 laser scanning confocal microscope and analyzed 

using ImageJ (National Institutes of Health, Bethesda, MD). 

 

Metabolic labeling of hippocampal proteins with 35S-methionine 

Coronal hippocampal slices were made using a tissue chopper and allowed to 

recover in oxygenated ACSF at 32°C. After 1 h of recovery, slices were treated with 

rapamycin (1µM) or 4EGI-1 (100 µM) for 1 h prior to treatment with β-lactone (25 µM) for 

30 min. All slices were incubated in 15 µCi/mL 35S-methionine (1175 Ci/mmol) 

(PerkingElmer, Waltham, MA). Because the effect of 4EGI-1 has shown to be reversible 

(Moerke et al., 2007;McMahon et al., 2011), slices in the 4EGI-1 groups also had 4EGI-1 

added during the 35S-methionine incubation. Slices were collected at 30, 60, 90, and 

120 min after initiation of metabolic labeling and immediately frozen on dry ice. Slices 

were then homogenized with RIPA buffer (50mM Tris-HCl, pH 7.4, 1% NP-40, 0.5% Na-

deoxycholate, 0.1% SDS, 150 mM NaCl, 2mM EDTA, 50mM NaF) including 1x protease 

inhibitor cocktail (EMD Millipore, Billerica, MA). The homogenate was incubated on ice 

for 1 h, centrifuged at 15,000 x g for 30 min, and the supernatant was collected and 

processed for Bicinchoninic Acid (BCA) protein estimation assay (Thermo Scientific, 

Rockford, IL). After SDS-PAGE of 50 µg protein from each sample, the gels were 
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stained with Coomassie blue stain as a loading control measure. After destaining, gels 

were incubated for 1 h in En3Hance liquid autoradiography enhancer (PerkinElmer) and 

then rinsed in ice-cold water for 30 min, dried and exposed to Kodak BioMax Light film. 

The autoradiographic images were taken using GelDoc (BioRad, Hercules, CA), and 

optical density was quantified using ImageJ (National Institutes of Health, Bethesda, 

MD). Background was subtracted from each measurement, and protein loading 

differences were controlled for using the optical density from Coomassie blue gel stain. 

Experimental groups for each time-point were normalized to their time-matched control.  

 

Data analysis 

Data were analyzed by using one-way Analysis of Variance (ANOVA) followed by 

a post-hoc Tukey test or Student-Newman-Keuls test (pairwise multiple comparison 

procedure) as appropriate. In some cases, when the data were not normally distributed, 

we used Kruskal-Wallis one-way ANOVA on Ranks because under such circumstances, 

this is the most suitable alternative to classical ANOVA and provides higher statistical 

power compared to ANOVA (Lantz, 2013). For comparison between two groups, 

Student’s t-test was used. The values are expressed as mean ± standard error. The 

sample size (n) in each dataset corresponds to the number of animals (not slices) used 

to collect the data. 

  

Results 

Rapamycin pre-treatment significantly reduces the β-lactone-mediated increase in the 

early part of L-LTP in isolated dendrites 

Previously we showed that the enhancement in the early part of L-LTP 

(henceforth referred to as Ep-L-LTP), which encompasses the induction phase, brought 
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about by proteasome inhibition is blocked by prior incubation with rapamycin in intact 

slices (Dong et al., 2008). We also showed that proteasome inhibition enhances Ep-L-

LTP in isolated dendrites in the same way as it does in the intact hippocampal slices 

(Dong et al., 2008). These data provided indirect evidence that proteasome inhibition 

enhances Ep-L-LTP by stabilizing the locally translated proteins from the pre-existing 

mRNA in dendrites via the mTOR pathway. Before commencing to test this idea 

rigorously, it was important to obtain direct evidence that rapamycin inhibits the 

enhancement of Ep-L-LTP upon pre-incubation with β-lactone in isolated dendrites. To 

do this, we placed a surgical cut between the pyramidal cell bodies and dendrites in the 

stratum radiatum (Fig. 1A) and induced L-LTP after treatment with β-lactone alone or 

after incubation with rapamycin followed by treatment with β-lactone. We found that 

rapamycin pre-treatment significantly reduces the extent of Ep-L-LTP in isolated 

dendrites (at 30 min: control, 193% ± 20%, n=7; rapamycin, 148% ± 9%, n=8; p < 0.01, 

t-test) (Fig. 1B). 

 

These data suggest that in both intact slices and isolated dendrites, proteasome 

inhibition stabilizes the proteins whose translation is regulated by the mTOR pathway. 

Therefore, in the rest of this study we carried out a series of experiments to 

systematically test the role of the mTOR pathway in enhancement of Ep-L-LTP observed 

with proteasome inhibition. 

 

Phosphatidyl inositol-3 kinase (PI3K) inhibition markedly lowers β-lactone-mediated 

increase in Ep-L-LTP 

In the mTOR pathway, typically an extracellular ligand such as the insulin growth 

factor binding to its receptor activates PI3K which in turn activates mTOR complex 1 
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ultimately leading to activation of a translation initiation factor complex containing eIF4E 

(Zoncu et al., 2011; Hay and Sonenberg, 2004).  

 

To test the role of PI3K, we first characterized the effect of PI3K inhibitor 

LY294002 on L-LTP. Previous work by others has determined that LY294002 reduces 

the protein synthesis-independent early LTP (Opazo et al., 2003). Its effect on L-LTP 

has not been studied, however. Therefore, we first tested the effect of LY294002 on L-

LTP. Application of LY294002 (20 µM) prior to tetanization significantly reduced the 

amplitude of L-LTP (at 30 min: control, 178% ± 13%, n=6; LY294002: 131% ± 10%, n=8; 

p < 0.0001; At 180 min: control, 138% ± 5%, n=6; LY294002: 103% ± 5%, n=8; p < 

0.0001, t-test) (Fig. 2A). We found that pre-treatment with LY294002, however, does not 

affect basal synaptic transmission (Fig. 2B). 

 

Next, we tested the effect of LY294002 on the β-lactone-mediated increase in 

Ep-L-LTP. We pre-incubated the slices with LY294002 before applying β-lactone (25 

µM). We found that LY294002 significantly reduced the effect of β-lactone on Ep-L-LTP 

(at 30 min: β-lactone, 199% ± 11%, n=8; LY294002 + β-lactone, 121% ± 6%, n=8; p < 

0.0001, t-test) (Fig. 2C). 

 

Disruption of eIF4E-eIF4G interaction greatly decreases the β-lactone-mediated 

enhancement in Ep-L-LTP 

Our previous results provided several lines of evidence that the β-lactone-

mediated enhancement in Ep-L-LTP occurs because of stabilization of proteins locally 

translated from pre-existing mRNAs in dendrites. In addition, the experiments described 

above showed that rapamycin reduces the enhancement in Ep-L-LTP by proteasome 
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inhibition in isolated dendrites. These results suggest that the mTOR pathway plays a 

role in β-lactone-mediated augmentation of Ep-L-LTP. To test this hypothesis rigorously, 

we examined the role of some of the key components of the mTOR pathway 

downstream of PI3K (Hay and Sonenberg, 2004). 

 

Eukaryotic mRNAs have a special nucleotide, 7-methyl guanosine triphosphate, 

attached to their 5’ end which is referred to as the cap (Pestova et al., 2007). The 

process of translational initiation of mRNAs with a cap begins with binding of an initiation 

factor complex in which interaction between eIF4E and eIF4G plays a critical role 

(Gingras et al., 1999). Therefore, disrupting this interaction should reduce translation 

and thus decrease proteasome inhibition-mediated enhancement of Ep-L-LTP. To test 

this hypothesis, we used a small molecule called 4EGI-1 that inhibits eIF4E-eIF4G 

interaction (Moerke et al., 2007). Since the effect of 4EGI-1 on L-LTP has not been 

characterized, we tested its effect on L-LTP. We found that 4EGI-1 (100 µM) significantly 

inhibits L-LTP (at 30 min: control, 168% ± 7%, n=8; 4EGI-1: 129% ± 6%, n=9,  p < 

0.0001; At 180 min: control, 135% ± 9%, n=8; 4EGI-1: 114% ± 5%, n=9; p < 0.0001, t-

test) (Fig. 3A). Additionally, we found that 4EGI-1 does not have any effect on basal 

synaptic transmission (Fig. 3B). 

 

Next we tested the effect of 4EGI-1 on β-lactone-mediated increase in Ep-L-LTP. 

We pre-incubated the slices with 4EGI-1 before applying β-lactone. We observed that 

4EGI-1 significantly reduced the effect of β-lactone on Ep-L-LTP. (At 30 min: β-lactone, 

192% ± 19%, n=8; 4-EGI-1 + β-lactone, 127% ± 10%, n=10, p < 0.0001, t-test) (Fig. 3C). 
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Extracellular signal-regulated kinase (ERK) inhibition significantly decreases β-lactone-

mediated enhancement in Ep-L-LTP  

ERK (also called mitogen-activated protein kinase, MAP kinase) plays a role in 

regulating translation induced by neuronal activity and phosphorylation of some 

translation factors including eIF4E (Kelleher, III et al., 2004a).  In forskolin-induced L-

LTP, up-regulation of translation of mRNAs that contain 5’ oligopyrimidine tracts 

depends on mTOR, ERK and PI3K (Gobert et al., 2008).  Furthermore, ERK upregulates 

the components of the translation machinery in dendrites, such as eEF1A, that are 

regulated by the mTOR pathway (Tsokas et al., 2007). These observations suggest 

cross-talk between ERK and the mTOR pathway. Therefore we sought to test whether 

ERK plays a role in the increase in Ep-L-LTP brought about by proteasome inhibition. 

 

To test whether ERK plays a role in β-lactone-mediated enhancement of Ep-L-

LTP, we pre-incubated the slices with U0126 (20 µM), an inhibitor of MEK, a kinase that 

activates ERK. As control, we used an inactive analog U0124 (20 µM). We then treated 

the slices with β-lactone. We found that U0126 (but not the inactive analog U0124) 

significantly inhibits the β-lactone-mediated increase in Ep-L-LTP (at 30 min, U0126 + β-

lactone: 139% ± 15%, n=8; U0124 + β-lactone: 193% ± 15%; n=6; p < 0.001, t-test) (Fig. 

4A). 

 

Since the induction of L-LTP depends on protein translation in dendrites, it was 

important to test whether ERK function is critical for enhancement of Ep-L-LTP in 

dendrites caused by proteasome inhibition. Therefore, we tested the effect of U0126 and 

the inactive analog U0124 on hippocampal slices surgically cut to isolate dendrites (see 

Fig. 1A) before treating the slices with β-lactone. We observed that U0126 (but not 
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U0124) significantly inhibits the β-lactone-mediated increase in Ep-L-LTP in isolated 

dendrites (at 30 min, U0126 + β-lactone: 151% ± 10%, n=9; U0124 + β-lactone: 180% ± 

13%, n=6; p < 0.001, t-test) (Fig. 4B). 

 

Blockade of protein synthesis after proteasome inhibition in isolated dendrites prevents 

the decline in L-LTP maintenance brought about by proteasome inhibition alone 

The increase in Ep-L-LTP mediated by β-lactone is not maintained, and by about 

150 min after tetanization it starts to decline below L-LTP levels observed in untreated 

control slices. Previously we showed that in intact slices this decline is likely to occur 

because proteasome inhibition blocks the transcription required for L-LTP maintenance 

(Dong et al., 2008). We did, however, observe the decline in L-LTP with β-lactone even 

in isolated dendrites. What causes the decline in L-LTP maintenance in isolated 

dendrites? We hypothesized that initially translation activators are stabilized by β-lactone 

and in later stages, translation repressors are stabilized. We postulated that the 

synthesis of these repressors occurs at basal level (i.e. they are not translationally 

regulated) because earlier biochemical evidence suggested that translational activators 

are regulated by titratable repressors (Meyuhas, 2000). Therefore, inhibition of their 

degradation causes their buildup, leading to inhibition of translation at later stages; thus 

causing blockade of L-LTP maintenance. A corollary of this hypothesis is that, in the 

absence of the repressor buildup, the initial stabilization of translational activators by 

proteasome inhibition should be adequate for L-LTP maintenance. If these ideas are 

correct, then blocking protein synthesis after application of β-lactone to slices should 

prevent the decline in L-LTP maintenance. To test this hypothesis, we treated the 

surgically cut hippocampal slices (see Fig 1A) with β-lactone. We then incubated the 

slices with anisomycin (25 µM) for 1 h after which we induced L-LTP. After inducing L-



57 
 

LTP, we continued anisomycin application through the superfusion fluid for an additional 

hour (Fig. 5A). We found that application of anisomycin after incubation with β-lactone 

reversed the decline in L-LTP maintenance in isolated dendrites (At 180 min: β-lactone: 

103% ± 4%; β-lactone + anisomycin, 128%±12%; control, 131% ± 15%; F (2,16) = 

17.578,  p = 0.001, One-way ANOVA; β-lactone vs. Control:  p = 0.004; β-lactone vs. β-

lactone + anisomycin p < 0.001; β-lactone + anisomycin vs. Control;  p = 0.168; post-hoc 

Tukey test) (Fig. 5B). 

 

Expression of translational activators peaks early and that of repressors peaks later 

during L-LTP  

To test our hypothesis at the molecular level, we examined the quantities of two 

positive translational regulators eIF4E and eEF1A, and two negative translational 

regulators Paip2 and 4E-BP2 in the mTOR pathway. In non-neuronal cell types these 

proteins are known to be degraded by the ubiquitin-proteasome pathway (Murata and 

Shimotohno, 2006; Koiwai et al., 2008; Yoshida et al., 2006; Yanagiya et al., 2012). We 

chose 4E-BP2 because in hippocampal neurons 4E-BP1 expression is negligible and 

4E-BP2 is the predominant isoform (Banko et al., 2005). 

 

We first determined the time course of expression of these proteins. For eIF4E 

and eEF1A, we induced L-LTP with the 4-train protocol (4 x 100 Hz) and fixed the slices 

30 min, 45 min, 90 min and 120 min after tetanization. We then carried out 

immunohistochemistry with anti-eIF4E and anti-eEF1A antibodies and visualized the 

immunoreactivity by using confocal laser scanning microscopy.  Both eIF4E and eEF1A 

reached their peak level of expression at 45 min (eIF4E [all time points]: H(4) =17.996, p 

= 0.001, n=6, Kruskal-Wallis One-way ANOVA on Ranks; eIF4E [at 45 min]: 562 ± 
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145%, p < 0.05 compared to its time-matched control and other time points, Student-

Newman-Keuls post-hoc test; (eEF1A [all time points]: H(4) =15.116, p = 0.004, n=6, 

Kruskal-Wallis One-way ANOVA on Ranks; eEF1A [at 45 min]: 341 ± 93 %, p < 0.05 

compared to its time-matched control and other time points, Student-Newman-Keuls 

post-hoc test) (Fig. 6). 

 

For Paip2 and 4E-BP2, we induced L-LTP with the 4-train protocol and fixed the 

slices 30 min, 60 min, 90 min and 120 min after tetanization. We then carried out 

immunohistochemistry with anti-Paip2 and anti-4E-BP2 antibodies and visualized the 

immunoreactivity by using confocal microscopy. Both Paip2 and 4E-BP2 reached their 

peak level of expression at 90 min (Paip2 [all time points]: H(4) =23.672, p = 0.001, n=6, 

Kruskal-Wallis One-way ANOVA on Ranks; Paip2 [at 90 min]: 323 ± 33%, p < 0.05 

compared to its time-matched control and other time points, Student-Newman-Keuls 

post-hoc test; 4E-BP2 [all time points]: H(4) =13.468, p = 0.009, n=6, Kruskal-Wallis 

One-way ANOVA on Ranks; 4E-BP2 [at 90 min]: 263 ± 35%, p < 0.05 compared to its 

time-matched control and other time points, Student-Newman-Keuls post-hoc test) (Fig. 

7). 

 

Proteasome inhibition augments the quantities of translational activators and repressors 

The time-course results described above support the idea that early during L-LTP 

translational activators increase, and at later stages the translational repressors 

accumulate. If proteasome inhibition were to increase the quantities of these activators 

and repressors, then the enhancement of Ep-L-LTP and the blockade of L-LTP 

maintenance by β-lactone can be explained in molecular terms. Therefore, we first 

tested whether β-lactone treatment enhanced the amount of eIF4E and eEF1A during L-
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LTP. Since it would be difficult to reliably measure an increase over and above the peak 

expression level of these proteins, we chose a time point preceding the time when the 

expression of these proteins peaked during L-LTP. Given that the amounts of eIF4E and 

eEF1A peak at 45 min, we tested the effect of β-lactone at 30 min. Although β-lactone 

treatment caused an increase in eEF1A and eIF4E in control slices, in slices with L-LTP 

induction after incubation with β-lactone, the quantity of these proteins was significantly 

higher than treatment with β-lactone alone or L-LTP alone. (eIF4E: with L-LTP induction: 

257 ± 32%; β-lactone alone: 314 ± 42%; with L-LTP induction after β-lactone: 478 ±78% 

relative to time-matched control set at 100%; F(3,24) = 12.680, p = 0.001, n=7, One-way 

ANOVA;  LTP vs  β-lactone + LTP: p < 0.01; β-lactone vs β-lactone + LTP: p < 0.05, 

Student-Newman-Keuls post-hoc test;  eEF1A: with L-LTP induction: 152 ± 19%; β-

lactone alone: 253 ± 13%; with L-LTP induction after β-lactone: 363 ± 36% relative to 

time-matched control set at 100%; F(3,20) = 33.168, p = 0.001, n=6; One-way ANOVA;  

LTP vs  β-lactone + LTP: p < 0.001; β-lactone vs β-lactone + LTP: p < 0.001; Student-

Newman-Keuls post-hoc test) (Fig. 8). 

 

Next, we investigated the effect of β-lactone on Paip2 and 4E-BP2 at 60 min 

because these proteins reach their peak expression level at 90 min. While β-lactone 

treatment increased the amount of Paip2 and 4E-BP2 in control slices, in slices with L-

LTP induction after incubation with β-lactone the quantity of these proteins was 

significantly higher than treatment with β-lactone alone or L-LTP alone (Paip2: with L-

LTP induction: 232 ± 23%; β-lactone alone: 193 ± 30%; with L-LTP induction after β-

lactone: 345 ±45% relative to time-matched control set at 100%; F(3,20) = 12.008, p 

<0.001, n=6, One-way ANOVA;  LTP vs  β-lactone + LTP: p < 0.05; β-lactone vs β-

lactone + LTP: p< 0.01, Student-Newman-Keuls post-hoc test ; 4E-BP2: with L-LTP 
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induction: 207 ± 21%; β-lactone alone: 242 ± 30%; with L-LTP induction after β-lactone: 

467 ± 85% relative to time-matched control set at 100%; H(3) = 17.567, p <0.001, n=6, 

Kruskal-Wallis One-way ANOVA on Ranks; LTP vs  β-lactone + LTP: p < 0.05, n=6; β-

lactone vs β-lactone + LTP: p < 0.05, n=6; Student-Newman-Keuls post-hoc test) (Fig. 

9). 

 

Inhibition of mTOR pathway components blocks β-lactone-mediated increase in newly 

synthesized proteins 

Our electrophysiological data indicate that proteasome inhibition by β-lactone has 

its effects on L-LTP through modulation of the components of the mTOR pathway. To 

directly test the connection between the β-lactone effect and translation mediated by the 

mTOR pathway in the hippocampus, we measured the synthesis of new proteins by 

monitoring 35S-methionine incorporation over time. First, we measured the effect of β-

lactone and that of rapamycin. We found that β-lactone causes an increase in 35S-

methionine-labeled proteins and pre-incubation with rapamycin blocks this increase at all 

time points (for example, at 60 min, β-lactone: 158% ± 35%, rapamycin + β-lactone: 96% 

± 15%, rapamycin alone: 76% ± 32% relative to control set at 100%; H(3) = 15.299, p < 

0.01, n = 6, Kruskal-Wallis One-way ANOVA on Ranks; Control vs β-lactone, p < 0.05, n 

= 6; β-lactone vs rapamycin + β-lactone, p < 0.05, n = 6; Student-Newman-Keuls post-

hoc test) (Fig. 10 A & B). 

 

Next we carried out a time course experiment to test the effect of 4EGI-1 which 

inhibits interaction between eIF4E and eIF4G. We observed that pre-incubation with 

4EGI-1 prevents the increase in the amounts of 35S-methionine-labeled proteins caused 

by β-lactone at all time points (for example, at 60 min, β-lactone: 157% ± 63, 4EGI-1+ β-
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lactone: 53% ± 27%, 4EGI-1 alone: 59% ± 25%, relative to control set at 100%; H(3) = 

19.747, p < 0.001, n = 6, Kruskal-Wallis One-way ANOVA on Ranks; Control vs β-

lactone, p < 0.05, n = 6; β-lactone vs 4EGI-1+ β-lactone, p < 0.05, n = 6; Student-

Newman-Keuls post-hoc test) (Fig. 10 C & D). 

  

Discussion 

The role of the UPP in synaptic plasticity, although now generally accepted, is 

still not clear with respect to mechanistic knowledge. Through a series of 

electrophysiological experiments, we previously showed disparate roles for proteasome-

mediated degradation in dendrites and the nucleus. We found that in dendrites the 

proteasome limits synaptic plasticity, and therefore proteasome inhibition enhances Ep-

L-LTP (which includes the L-LTP induction phase), which depends on local protein 

translation from pre-existing mRNAs in dendrites. Earlier, we also obtained molecular 

evidence for an opposite role for the proteasome in the nucleus in facilitating 

transcription (Dong et al., 2008). Nuclear proteasome inhibition, therefore, blocks L-LTP 

maintenance by hindering the new gene transcription required for this process. In this 

study, we provide evidence for an important new role for the proteasome in control of the 

translation required for L-LTP through modulation of positive as well as negative 

translational regulators. 

 

 It must be noted that although others have investigated the effect of 

proteasome inhibition on synaptic plasticity, they failed to discover the enhancing effect 

of proteasome inhibition on what we call Ep-L-LTP. This is most likely because one 

study used nanomolar concentration of lactacystin (precursor of β-lactone) (Fonseca et 

al., 2006) even though the effective concentration is in the micromolar range (Dick et al., 
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1996; Fenteany et al., 1995). We previously systematically tested dose responses of β-

lactone and found that nanomolar concentrations did not affect either induction or 

maintenance of L-LTP but micromolar concentrations did (Dong et al., 2008). A second 

study used MG-132 (Karpova et al., 2006), which is not a highly specific proteasome 

inhibitor and is known to effectively inhibit other proteases such as calpain and cathepsin 

B (Chain et al., 1999; Tang and Leppla, 1999). These issues were discussed in-depth in 

our previous publication (Dong et al., 2008). Our current study provides new molecular 

evidence to support our earlier electrophysiological results and begins to provide a 

mechanistic explanation for the role of the proteasome in Ep-L-LTP as well as L-LTP 

maintenance. 

 

Proteasome-inhibition-mediated enhancement of Ep-L-LTP depends on the mTOR 

pathway and ERK function 

Previously, we had an indication that the mTOR pathway might be critical for 

enhancement of Ep-L-LTP because it was inhibited by rapamycin prior to treatment with 

β-lactone (Dong et al., 2008). The results of the present systematic study support a role 

for the mTOR pathway in mediating Ep-L-LTP increase upon β-lactone treatment.  A key 

signaling molecule that lies upstream of mTOR is PI3K. Our results showed that 

LY294002, an inhibitor of PI3K, significantly reduced the increase in Ep-L-LTP brought 

about by β-lactone. Moreover, a molecule that hinders the interaction between eIF4E 

and eIF4G, 4EGI-1, greatly reduced the enhancement in Ep-L-LTP caused by 

proteasome inhibition. Also, our 35S-methionine-labeling experiments showed that 

4EGI-1 blocks the β-lactone-mediated increase in newly synthesized proteins. Among 

the translational activators, eIF4G is thought to be a master effector of the mTOR 

pathway (Thoreen et al., 2012). Thus, our data support the idea that the proteasome 
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limits translation through the mTOR pathway, and therefore, proteasome inhibition 

enhances mTOR-mediated translation leading to an increase in Ep-L-LTP. 

 

Our experiments also showed that ERK is crucial for Ep-L-LTP enhancement 

mediated by proteasome inhibition. There are conflicting reports on the link between the 

mTOR pathway and ERK during LTP. A study showed that the kinase upstream of 

mTOR, PI3K, regulates induction of LTP through an ERK-independent mechanism 

(Opazo et al., 2003). This study, however, did not examine L-LTP. Hence, it is likely that 

protein synthesis-independent early LTP utilizes ERK through a different signaling 

pathway compared to L-LTP. In support of this idea, another study on L-LTP induced by 

forskolin also found a role for ERK, mTOR and PI3K (Gobert et al., 2008). We previously 

showed that proteasome-inhibition-mediated Ep-L-LTP enhancement depends on 

cAMP-dependent protein kinase (PKA) (Dong et al., 2008). Therefore, the signaling 

pathways that are in play in forskolin-induced L-LTP (which works through activation of 

PKA) are perhaps similar to the one in the electrical L-LTP paradigm used by us and 

many others. 

 

Enhancement of Ep-L-LTP by proteasome inhibition likely depends on stabilization of 

translational activators  

Previously we showed that incubation of hippocampal slices with anisomycin 

prior to treatment with β-lactone blocks the proteasome-inhibition-mediated 

enhancement in Ep-L-LTP (Dong et al., 2008). Proteasome inhibition likely stabilizes 

proteins that have a positive influence on L-LTP. Therefore, we hypothesized that the 

proteins that promote translation might be among these positive regulators of L-LTP. We 

chose to test our hypothesis by studying eIF4E and eEF1A both of which are known to 
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be substrates for the UPP in non-neuronal cell types (Murata and Shimotohno, 2006; 

Koiwai et al., 2008). Our time course studies on the expression of eIF4E and eEF1A 

showed that the peak induction time (45 min) roughly coincides with the peak of L-LTP 

induction. We observed increased expression of these proteins both in the cell body and 

dendritic layers. Proteasome inhibition augments the levels of eIF4E and eEF1A. This 

likely leads to enhanced translation of other positive regulators of L-LTP, thus leading to 

an increase in Ep-L-LTP.  

 

Blockade of L-LTP maintenance in dendrites by proteasome inhibition is likely due to 

stabilization of translational repressors  

In isolated dendrites, Ep-L-LTP is enhanced but is not sustained. Since 

application of anisomycin after treatment of the slices with β-lactone restores normal 

levels of L-LTP, we reasoned that the decay in L-LTP in isolated dendrites occurs 

because of slow build-up of translational repressors. Our immunohistochemical 

experiments on the time course of Paip2 and 4E-BP2 expression support this notion. 

The peak amount of these negative translational regulators is seen at 90 min which is 

before the decay of L-LTP. Application of β-lactone further increases the quantity of 

these repressors. Therefore, proteasome-inhibition-mediated decay in L-LTP 

maintenance in dendrites is likely due to increased activity of translational repressors 

such as Paip2 and 4E-BP2. 

 

Possible roles of protein degradation in regulating translation critical for L-LTP induction 

and maintenance 

Based on our earlier results and the present data, it appears that protein 

degradation by the UPP limits induction of L-LTP (and Ep-L-LTP) by degrading the 
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translational activators such as eIF4E and eEF1A.  These activators, as well as the 

positive regulators of synaptic plasticity whose synthesis these activators stimulate, are 

likely to be rapidly synthesized and degraded. Hence the new protein synthesis 

requirement for L-LTP induction reflects the need to overcome degradation in order to 

provide a net increase in these proteins. This notion is supported by the results showing 

that when we applied anisomycin after β-lactone, L-LTP was still induced. We postulate 

that this seeming protein synthesis-independence of L-LTP was due to the fact that the 

rapidly-turning-over proteins which otherwise would be degraded were now stabilized. 

This idea is supported by our 35S-methionine-labeling experiments which show that β-

lactone increases the quantity of newly synthesized proteins and inhibition of mTOR 

pathway components blocks this increase. 

 

Under physiological conditions, stimulations that are sufficient to induce L-LTP 

likely cause stabilization of these activators perhaps by phosphorylation of specific 

residues in these proteins. In support of this idea, several proteins are known to be 

made resistant to degradation by phosphorylation (Hegde, 2004). eIF4E and eEF1A are 

both known to be degraded by the UPP but the signals that trigger their degradation 

have not yet been identified. A well-studied Ser-209 phosphorylation of eIF4E does not 

affect its ubiquitination (Murata and Shimotohno, 2006). Thus, phosphorylation on 

different sites or other posttranslational modifications might make eIF4E a target for 

ubiquitination and degradation. In addition to stabilization of the activators, for the 

translation required for L-LTP to proceed, the repression by the negative regulators 

needs to be relieved. Degradation of translational repressors such as 4E-BP2 also might 

be regulated by phosphorylation, since degradation of a closely-related molecule 4E-
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BP1 is known to be regulated by phosphorylation in non-neuronal cell types (Yanagiya et 

al., 2012).  

 

Our studies have just begun to identify the elements of translational pathways 

regulated by ubiquitin-proteasome-mediated proteolysis during L-LTP. Degradation of 

translational activators likely plays a role in setting the threshold for induction of L-LTP in 

that only strong enough stimuli would cause stabilization of translational activators and 

allow adequate translation to proceed. It appears that degradation of repressors is also 

necessary for translation to continue. Eventual stabilization of repressors during late 

stages of L-LTP likely limits the duration of translation and may be important in 

preventing saturation of synaptic strengthening. Also, it is becoming clear that too much 

translation is harmful. For example, excessive protein synthesis that occurs in 

Drosophila Fragile X mutants blocks long-term memory (Bolduc et al., 2008). Also, 

increasing the levels of eIF4E in mice results in exaggerated cap-dependent translation 

and causes synaptic pathology and autism-like behavior (Santini et al., 2013; Gkogkas 

et al., 2013). Thus, ubiquitin-proteasome-mediated protein degradation is likely to be 

critical for physiological regulation of translation in the nervous system and therefore 

perturbation of proteolytic regulation of translation might lead to neuronal pathology.  

Dysregulation of proteolysis, which is often seen in neurodegenerative diseases (Gong 

et al., 2006; Dennissen et al., 2012), therefore might have an impact on neuronal 

function through its deleterious effect on protein synthesis as well. 
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List of Figures 

 

Figure 1. Rapamycin pre-treatment significantly reduces β-lactone-mediated 

enhancement in Ep-L-LTP in isolated dendrites. 

(A) Schematic illustration of surgical isolation of dendrites. A cut (black bar) is made just 

below the pyramidal cell body layer in the CA1 region. Recording electrode (Rec) 

is placed in the dendritic layer of pyramidal cells. Position of the stimulation 

electrode (Stim), and the layers stratum radiatum and stratum oriens are also 

indicated. DG: dentate gyrus.  
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(B) Treatment of cut slices with rapamycin prior to β-lactone treatment significantly (p < 

0.01) diminishes the magnitude of Ep-L-LTP relative to β-lactone treatment 

alone. Inset: Representative traces taken at different time points (1 = 30 min; 2 = 

180 min) for treatment with β-lactone alone and rapamycin + β-lactone. 
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Figure 2. PI3K inhibition reduces normal L-LTP and β-lactone-mediated enhancement of 

Ep-L-LTP. 
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(A) Pre-treatment with PI3K inhibitor LY294002 significantly (p <0.0001) reduces L-LTP. 

Inset: Representative traces taken at different time points (1 = 30 min; 2 = 180 

min) for no treatment ‘Control’ and treatment with LY294002. 

(B) Normal basal synaptic transmission in LY294002-treated hippocampal slices (n=7) 

compared to vehicle-treated control (n=7) slices. The graph shows input-output 

curves of fEPSP slope (mV/ms) versus stimulus at the Schaffer collateral 

pathway upon treatment with the vehicle (DMSO) or LY294002. 

(C) Incubation with LY294002 prior to β-lactone application significantly (p <0.0001) 

decreases the enhancement in Ep-L-LTP. Inset: Representative traces taken at 

different time points (1 = 30 min; 2 = 180 min) for β-lactone alone and LY294002 

+ β-lactone. 
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Figure 3. An inhibitor of eIF4E-eIF4G interaction decreases normal L-LTP and β-lactone-

mediated enhancement of Ep-L-LTP. 
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(A) Pre-treatment with 4EGI-1, an inhibitor of eIF4E-eIF4G interaction, significantly (p 

<0.0001) reduces L-LTP. Inset: Representative traces taken at different time 

points (1 = 30 min; 2 = 180 min) for no treatment ‘Control’ and treatment with 4-

EGI-1. 

(B) Normal basal synaptic transmission in 4EGI-1-treated hippocampal slices (n=8) 

compared to vehicle-treated control (n=7) slices. The graph shows input-output 

curves of fEPSP slope (mV/ms) versus stimulus at the Schaffer collateral 

pathway upon treatment with the vehicle (DMSO) or 4EGI-1. 

(C) Incubation with 4EGI-1 prior to β-lactone significantly (p <0.0001) decreases the 

enhancement in Ep-L-LTP. Inset: Representative traces taken at different time 

points (1 = 30 min; 2 = 180 min) for β-lactone alone and 4EGI-1 + β-lactone. 
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Figure 4. ERK function is essential for β-lactone-mediated enhancement of Ep-L-LTP in 

intact slices as well as isolated dendrites. 

(A) In intact slices, pre-incubation with MEK inhibitor U0126 prior to β-lactone treatment 

(but not with an inactive analog U0124) significantly (p <0.001) reduces Ep-L-

LTP. Individual traces taken at 30 min are shown in the inset. 
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(B) In isolated dendrites, pre-incubation with MEK inhibitor U0126 prior to β-lactone 

treatment (but not with an inactive analog U0124) significantly (p <0.001) reduces 

Ep-L-LTP. Individual traces taken at 30 min are shown in the inset. 
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Figure 5. Reversal of proteasome-inhibition-mediated decrease in L-LTP maintenance in 

isolates dendrites by subsequent inhibition of protein synthesis. 

(A) Schematic outline of the experiment: Hippocampal slices were pre-incubated with β-

lactone for 30 min and then they were incubated with anisomycin for 60 min. 

Anisomycin was also added to the ACSF used for superfusion and maintained for 

60 min after the first tetanus. 
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(B) Treatment with β-lactone alone (open diamonds) blocks L-LTP maintenance in 

isolated dendrites relative to L-LTP without any treatment i.e. control (open 

circles). Application of anisomycin after β-lactone treatment (filled triangles) 

reverses blockade of L-LTP maintenance and restores maintenance to normal 

levels seen in L-LTP without any treatment i.e. control (β-lactone vs. β-lactone + 

anisomycin p < 0.001; β-lactone + anisomycin vs. Control: p = 0.168). Inset: 

Representative traces taken at different time points (1 = baseline, 2 = 30 min; 3 = 

180 min) for β-lactone, β-lactone + anisomycin, and control. 
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Figure 6. Time course of eIF4E and eEF1A expression after L-LTP induction. Confocal 

images of eIF4E and eEF1A immunoreactivities in the CA1 region of 

hippocampal slices 30 min, 45 min, 90 min and 120 min after the first tetanus and 

their respective time-matched controls (Panels A & C; scale bar 20 µm). 

Quantification of eIF4E and eEF1A immunoreactivities relative to their time-

matched controls shows a peak at 45 min for both proteins (Panels B & D). *p < 

0.05 compared to controls (depicted by a dashed line). #p < 0.05 comparison 

between two given time points as indicated by horizontal lines. 
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Figure 7. Time course of Paip2 and 4E-BP2 expression after L-LTP induction. Confocal 

images of Paip2 and 4E-BP2 immunoreactivities in the CA1 region of 

hippocampal slices 30 min, 60 min, 90 min and 120 min after the first tetanus and 

their respective time-matched controls (Panels A & C; scale bar 20 µm). 

Quantification of Paip2 and 4E-BP2 immunoreactivities relative to their time-

matched controls shows a peak at 90 min for both proteins (Panels B & D). *p < 

0.05 compared to controls (depicted by a dashed line). #p < 0.05 comparison 

between two given time points as indicated by horizontal lines. 
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Figure 8. Proteasome inhibition causes accumulation of eIF4E and eEF1A early during 

L-LTP. Confocal images showing eIF4E (Panel A) and eEF1A (Panel C) 

immunoreactivities in the CA1 region of hippocampal slices: untreated (control), 

subjected to L-LTP induction, treated with β-lactone, and subjected to L-LTP 

induction after β-lactone treatment. L-LTP slices were fixed 30 min after the initial 

tetanus and the ‘Control’ and ‘β-lactone’ slices were time-matched to their 

respective L-LTP counterparts (scale bar 20 µm). Quantification of eIF4E (Panel 

B) and eEF1A (Panel D) immunoreactivities for the four experimental conditions 

is shown at right. *p < 0.05 & **p < 0.01 compared to controls (depicted by a 

dashed line). #p < 0.05 & ##p < 0.01 comparison between two given treatments 

as indicated by horizontal lines. 
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Figure 9. Proteasome inhibition causes accumulation of Paip2 and 4E-BP2 at late 

stages during L-LTP. Confocal images showing Paip2 (Panel A) and 4E-BP2 

(Panel C) immunoreactivities in CA1 region of hippocampal slices: untreated 

(control), subjected to L-LTP induction, treated with β-lactone, and subjected to 

L-LTP induction after β-lactone treatment. L-LTP slices were fixed 60 min after 

the initial tetanus and the ‘Control’ and ‘β-lactone’ slices were time-matched to 

their respective L-LTP counterparts (scale bar 20 µm). Quantification of Paip2 

(Panel B) and 4E-BP2 (Panel D) immunoreactivities for the four experimental 

conditions is shown at right. *p < 0.05 & **p < 0.01 compared to controls 

(depicted by a dashed line). #p < 0.05 & ##p < 0.01 comparison between two 

given treatments as indicated by horizontal lines. 
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Figure 10. β-lactone enhances the quantity of newly translated proteins in hippocampal 

slices and the enhancement is blocked by rapamycin and 4EGI-1. 

Autoradiographs (Panels A & C) showing incorporation of 35S-methionine at 30, 

60, 90 and 120 min after initiation of metabolic labeling indicating the amount of 

newly synthesized proteins when the hippocampal slices are treated with β-

lactone by itself or after prior treatment with rapamycin (Panel A) or 4EGI-1 

(Panel C). Quantification shows that rapamycin (Panel B) and 4EGI-1 (Panel D) 

block the β-lactone-mediated increase in 35S-methionine-labeled proteins (lanes 

2 compared to lanes 3 in Panels A & C and second bars compared to first bars in 

Panels B & D). Effect of rapamycin alone or 4EGI-1 alone on control slices (lanes 
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4 in Panels A & C and third bars in Panels B & D) is also shown. *p < 0.05 

compared to controls (depicted by a dashed line). #p < 0.05 comparison between 

two given experimental conditions as indicated by horizontal lines. 
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Abstract 

Histone modifications, such as lysine methylation, acetylation and ubiquitination, 

are epigenetic tags that shape the chromatin landscape and regulate transcription 

required for synaptic plasticity and memory. Here we show that transcription-promoting 

histone H3 trimethylated at lysine 4 (H3K4me3), histone H3 acetylated at lysine 9 and 14 

(H3K9/14ac), and histone H2B monoubiquitinated at lysine 120 (H2BK120ub) are 

enhanced after the induction of long-lasting chemically-induced long-term potentiation 

(cLTP) in the murine hippocampus. While H3K4me3 and H3K9/14ac were transiently 

upregulated, H2BK120ub levels oscillated after cLTP induction. In addition, we present 

results showing that blocking the proteasome, a molecular complex specialized for 

targeted protein degradation, inhibited the upregulation of these epigenetic tags after 

cLTP. Thus, our study provides the initial steps towards understanding the role of the 

proteasome in regulating histone modifications critical for synaptic plasticity. 
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1. Introduction 

Histone modification is an important epigenetic mechanism that underlies long-

term learning and memory [24]. Posttranslational modifications (PTMs) of histone 

proteins include lysine acetylation, mono-, di- and tri- methylation, and ubiquitination. 

Histone lysine acetylation is a transcription-activating tag that is added by histone 

acetyltransferases (HATs) and is removed by histone deacetylates (HDACs) [4]. Histone 

lysine mono-, di- and tri- methylation can activate or repress transcription, depending on 

the location and the number of methyl groups. Methylation is controlled by histone lysine 

methyltransferases (KMTs) and histone lysine demethylases (KDMs) [3]. Attachment of 

a single ubiquitin (monoubiquitination) to a lysine residue is associated with both 

transcriptional activation and repression when it occurs on H2B or H2A histones, 

respectively. Histone H2B monoubiquitination is thought to be a precursor to histone H3 

methylation [12, 23]. 

 

Histone PTMs in brain regions specialized for learning and memory, such as the 

amygdala, the hippocampus, the prefrontal cortex, and the entorhinal cortex (EC), 

provide mechanisms for long-term memory storage as a long-lasting, yet flexible 

epigenetic code [14, 15]. Decreased transcription-favoring histone acetylation and 

methylation in the hippocampus of animals is associated with poor performance on 

hippocampal-dependent memory tasks [21, 31]. Mice deficient in mixed-lineage 

leukemia 2 (MLL), a KMT responsible for trimethylation of histone 3 at lysine 4 

(H3K4me3), have impaired performance in contextual fear conditioning and water maze 

[16, 21]. Activation of HATs, such as CREB-binding protein (CBP), occurs in the 

hippocampus during consolidation of spatial memories [5]. To elucidate the mechanisms 
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of chromatin remodeling in synaptic plasticity, we explored the role of the ubiquitin-

proteasome pathway (UPP) in regulating histone PTMs.  

 

The UPP specializes in targeted degradation of intracellular proteins. In this 

pathway, proteins are tagged with a polyubiquitin chain that signals their degradation by 

the 26S proteasome. The proteasome consists of a 20S catalytic core and two 19S 

regulatory caps. The 19S cap contains ATPase subunits, Rpt1-6, that unfold the 

substrate protein and channel it through the 20S core for degradation [17]. Accumulating 

evidence suggests that the UPP plays an important role in synaptic plasticity and 

memory [17, 19, 34]. Proteasome inhibition in the hippocampus and the amygdala is 

associated with impaired consolidation of an inhibitory avoidance memory and fear 

memory, respectively [20, 26]. Our previous studies show that the maintenance of 

hippocampal late phase of long-term potentiation (L-LTP), that depends on new 

transcription and translation and underlies long-term memory, is blocked by a specific 

proteasome inhibitor clasto-lactacystin β-lactone (henceforth, β-lactone) [7, 8]. We 

previously showed that β-lactone blocks the upregulation of a CREB-mediated gene, 

brain-derived neurotrophic factor (Bdnf), in L-LTP, indicating that proteasomal activity is 

necessary for transcription in synaptic plasticity [8]. The mechanisms by which the 

proteasome can regulate transcription are still poorly understood. 

 

Studies in yeast and cancer cells showed that proteasomal subunits bind to 

promoters of active genes and physically interact with HATs and KMTs to regulate 

histone PTMs [2, 11, 12, 22, 23]. As a first step towards investigating the role of the 

proteasome in the regulation of histone PTMs in synaptic plasticity, we studied some of 

the transcription-favoring epigenetic modifications and monitored their levels after the 
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induction of chemical LTP (cLTP). We show that H3K4me3, H3 acetylated at lysine 9 

and 14 (H3K9/14ac), and H2B monoubiquitinated at lysine 120 (H2BK120ub) are 

dynamically regulated in synaptic plasticity and require proteasomal activity for their 

upregulation.   

 

2. Materials and Methods 

2.1  Induction of chemical long-term potentiation (cLTP)  

All experimental protocols were approved by the Institutional Animal Care and 

Use Committee of Wake Forest University Health Sciences. Male C57/Bl6 mice, 6-12 

weeks old, were obtained from Harlan Laboratories (Frederick, MD). Transverse 400 µm 

hippocampal slices were prepared using a tissue chopper in an oxygenated and chilled 

artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 2.3 mM CaCl2, 

1.3 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, and 10 mM glucose (pH 7.4). After 

recovery for 2 h, slices were transferred to Mg2+-free ACSF containing NMDA (200 nM) 

for 10 min followed by Mg2+-free ACSF containing cAMP elevating reagents, forskolin 

(50 µM) and rolipram (0.1 µM), for 15 min and then returned to normal ACSF [8]. Some 

hippocampal slices were treated with an irreversible proteasome inhibitor, β-lactone 

(25µM) [8], for 30 min (β-lactone alone) while other slices were subjected to cLTP 

induction after the 30-min β-lactone treatment (β-lactone + cLTP).  

 

2.2  Immunohistochemistry 

Immunohistochemistry was carried out as described previously [7] with primary 

antibodies specific for H3K4me3, H3K9/14ac (EMD Millipore, Temecula, CA) or 

H2BK120ub (Cell Signaling Technology, Danvers, MA). Images of the CA1 region of the 
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hippocampus were taken using Carl Zeiss LSM510 confocal laser scanning microscope 

and quantified using ImageJ software (National Institute of Health, Bethesda, MD). 

 

2.3  Statistical analysis 

All statistical analyses were carried out using one-way ANOVA followed by a 

Tukey’s Multiple Comparison post hoc test. The values are represented as mean ± 

standard error. The sample size (n) corresponds to the number of animals used to 

collect the data, not the number of hippocampal slices.   

 

3. Results 

3.1  H3K4me3 and H3K9/14ac levels increase transiently after cLTP induction   

The transcription-favoring histone PTMs, such as H3K4me3 and H3K9/14ac, are 

necessary for the induction of plasticity-related genes and memory formation [14, 31]. To 

test whether H3K4me3 and H3K9/14ac are upregulated in cLTP, we performed a time-

course experiment with hippocampal slices fixed 0, 15, and 30 min after the end of the 

cLTP protocol. We chose to induce LTP using chemical rather than electrical stimulation 

to enhance the number of activated synapses and to improve signal-to-noise ratio [8]. 

Our previous studies, by carrying out electrophysiological recording after cLTP induction, 

showed that cLTP protocol induces long-lasting LTP similar to electrically-induced L-

LTP. Also, plasticity-related genes, such as Bdnf, are upregulated in cLTP [8]. 

 

To study histone methylation and acetylation levels after cLTP induction, 

immunohistochemistry was carried out with antibodies specific for H3K4me3 (Fig. 1A) 

and H3K9/14ac (Fig. 1C). Quantification of immunoreactivity in the CA1 region showed a 
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significant upregulation of both methylation and acetylation at 0 min after cLTP induction 

(Fig. 1B, D; H3K4me3 [all time-points]: F(3,22) = 4.48, P = 0.01, n = 6; H3K4me3 [at 0 

min]: 2.59 ± 0.54 fold change, P < 0.05 compared with control; H3K9/14ac [all time-

points]: F(3,23) = 7.21, P = 0.001, n = 6; H3K9/14ac [at 0 min]: 2.42 ± 0.37 fold change, P 

< 0.01 compared with control). While histone methylation was no longer significantly 

upregulated at 15 min after cLTP induction compared to control (Fig.1B), histone 

acetylation at 15 min was still significantly elevated (Fig.1D; H3K9/14ac [at 15 min]: 2.13 

± 0.28 fold change, P < 0.05 compared with control). By the 30-min time-point, both 

methylation and acetylation levels returned to baseline. These data show that H3K4me3 

and H3K9/14ac are transiently upregulated after cLTP induction.  

 

3.2  Increase in H3K4me3 and H3K9/14ac levels observed during cLTP is regulated 

by the proteasome. 

Studies in yeast and cancer cells show that the proteasome regulates 

transcription by modulating histone PTMs [2, 12, 22, 23]. To test whether proteasomal 

activity is necessary for histone methylation and acetylation in synaptic plasticity, 

hippocampal slices were treated with β-lactone and fixed immediately after the end of 

the cLTP protocol (cLTP 0 min).  

 

We investigated the levels of methylation and acetylation of histones with 

proteasomal inhibition after cLTP using immunohistochemistry with antibodies specific 

for H3K4me3 (Fig. 2A) and H3K9/14ac (Fig. 2C). H3K4me3 and H3K9/14ac 

immunoreactivity was significantly upregulated with cLTP and this upregulation was 

brought down to control levels by β-lactone (Fig. 2B, D; H3K4me3: F(3,29) = 28.4, P < 

0.0001, n = 7; cLTP vs. β-lactone + cLTP P < 0.001; Control vs. β-lactone + cLTP P > 
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0.05; H3K9/14ac: F(3,24) = 9.68, P = 0.0002, n = 6; cLTP vs. β-lactone + cLTP P < 0.05; 

Control vs. β-lactone + cLTP P > 0.05). In addition, H3K4me3 immunoreactivity in the β-

lactone + cLTP condition was significantly upregulated compared to the β-lactone alone 

condition, indicating that proteasome inhibition may only cause a partial hindrance of 

histone methylation after cLTP (Fig. 2B; β-lactone + cLTP vs. β-lactone P < 0.05). 

Moreover, we observed a reduction in H3K9/14ac with β-lactone treatment of control 

slices; however, the effect of β-lactone was not significant (Fig. 2D; Control vs. β-lactone 

P > 0.05; β-lactone + cLTP vs. β-lactone P > 0.05). Together, these data indicate that 

activity-dependent histone methylation and acetylation during cLTP require a functional 

proteasome.   

 

3.3  H2BK120ub levels oscillate after cLTP induction and are regulated by the 

proteasome.    

Histone H2B monoubiquitination has been described as a precursor to histone 

H3 trimethylation [33]. In yeast cells, histone H2B monoubiquitination recruits a KMT, 

COMPASS (the homolog of the mammalian MLL), which tri-methylates H3K4 and 

promotes transcription [23]. Several other studies in yeast demonstrated an interaction 

between specific proteasomal ATPase subunits, Rpt4 and Rpt6, with COMPASS in a 

ubiquitin-dependent manner [9]. Based on these previous works suggesting that the 

proteasome facilitates the crosstalk between H2B monoubiquitination and histone H3 

methylation [9], we tested the effect of proteasome inhibition on histone ubiquitination.  

 

To determine whether H2BK120ub is upregulated after cLTP induction, we 

performed a time-course immunohistochemistry experiment with an antibody specific to 

H2BK120ub (Fig. 3A, C). An increase in H2BK120ub was observed at all cLTP time-
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points as compared to control slices; however, only cLTP 0 and 30 min time-points 

showed statistical significance (Fig. 3B; H2BK120ub [all time-points]: F(3,24) = 17.61, P < 

0.0001, n = 6; H2BK120ub [at 0 min]: 3.24 ± 0.81 fold change, P < 0.01 compared with 

control; H2BK120ub [at 30 min]: 5.09 ± 0.48 fold change, P < 0.001 compared with 

control). Furthermore, the 30 min time-point of cLTP showed a significant upregulation of 

H2BK120ub compared to both cLTP 0 and 15 min (Fig. 3B; cLTP 0 min vs. cLTP 30 min 

P < 0.05; cLTP 15 min vs. cLTP 30 min P < 0.01). These data indicate that amounts of 

H2BK120ub might oscillate because of successive ubiquitination and deubiquitination 

events. Consistent with this idea, previous studies in yeast suggested that rapid changes 

in H2B ubiquitination status are required for consecutive transcription initiation and 

elongation [29, 35, 36].  

 

Next, to determine whether histone ubiquitination is mediated by the proteasome, 

we compared immunostaining in the control, cLTP, β-lactone and β-lactone + cLTP 

hippocampal slices collected 30 min after the end of the cLTP protocol (Fig. 3C). The 30-

min time-point was chosen because it was the peak of H2BK120ub expression, 

compared to the other time-points examined. Upregulation of H2BK120ub 

immunoreactivity after cLTP was significantly inhibited by β-lactone (Fig. 3D; 

H2BK120ub: F(3,23) = 19.22, P < 0.0001, n = 6; cLTP vs. β-lactone + cLTP P < 0.001). 

H2BK120ub levels in the β-lactone alone group were not different from control or β-

lactone-treated cLTP groups (Fig. 3D; Control vs. β-lactone P > 0.05; β-lactone + cLTP 

vs. β-lactone P > 0.05). These data indicate that the increase in transcription-promoting 

H2BK120ub during cLTP is dependent on proteasomal activity, but basal 

monoubiquitination is not affected by the proteasome. 
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4. Discussion 

In the present study, we show that H3K4me3, H3K9/14ac and H2BK120ub are 

rapidly upregulated in the CA1 region of the hippocampus after induction of cLTP. The 

increase in methylation, acetylation and ubiquitination levels was dependent on 

proteasomal activity, since an irreversible proteasome inhibitor, β-lactone, blocked the 

upregulation of these epigenetic tags in cLTP. While H3K9/14ac and H2BK120ub 

appeared to be completely blocked by β-lactone, H3K4me3 showed only a partial 

inhibition with β-lactone pretreatment, indicating that other factors may contribute to the 

increase in H3K4me3 in synaptic plasticity. These results implicate the proteasome as a 

key regulator of transcription-favoring histone acetylation, methylation and ubiquitination.  

 

Furthermore, we showed that while H3K4me3 and H3K9/14ac increase 

immediately after cLTP induction and decrease to baseline by 30 min, the levels of 

H2BK120ub appear to oscillate after cLTP induction peaking at 30 min. These findings 

are in agreement with previous results in Aplysia showing that transient acetylation of 

histone H3 was critical during long-term synaptic plasticity [13, 24]. Therefore, lasting 

cellular changes in synaptic plasticity can be triggered by a transient histone modification 

signal. Rapid, stimulation-induced changes in histone modifications at gene promoters 

have been previously described in other model systems [6, 25, 32]. 

 

Although it is still unclear how proteasomal activity regulates histone 

modifications, there are several possible explanations. The most likely scenario is that 

proteasomal inhibition with β-lactone inhibits proteolytic degradation of chromatin 

remodeling enzymes. For example, one KDM responsible for the removal of H3K4 di- 

and tri- methylation, KDM5C (also known as JARID1C), has been identified as a target 
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for polyubiquitination and degradation by the proteasome [27]. Mutations in the KDM 

family of enzymes have been associated with neurological disorders such as X-linked 

mental retardation and autism [1, 18]. Thus, removal of transcription-repressing KDM5C 

by the proteasome may be necessary for normal synaptic plasticity and memory.  

 

Another way in which the proteasome can regulate PTMs in synaptic plasticity is 

through its non-proteolytic roles [2]. From work on yeast and cancer cells, proteasomal 

19S ATPases are known to bind to promoters of actively transcribed genes [12]. The 

19S ATPase subunits are found to regulate histone methylation and acetylation in yeast 

by interacting with HATs and KMTs [22]. They may also facilitate the crosstalk between 

histone H2B monoubiquitination and histone H3 methylation [9]. To inhibit the 

proteasome in our study we used β-lactone, which covalently modifies a specific subunit 

of the 20S catalytic core and irreversibly inhibits its chymotrypsin-like and trypsin-like 

activities, but is not known to affect the 19S. It has been hypothesized, however, that β-

lactone could cause a conformational change of the proteasome that is transmitted to 

other active sites [10]. Therefore, our data would suggest that the 19S regulates histone 

PTMs in synaptic plasticity if β-lactone were to inhibit the 19S allosterically. 

 

Other components of the UPP, such as free ubiquitin, could also influence 

histone PTMs in synaptic plasticity. Inhibition of the proteasome causes the 

accumulation of polyubiquitinated substrates and depletion of free ubiquitin pools [28]. 

Prevention of H2B monoubiquitination because of a lack of free ubiquitin could prevent 

recruitment of transcription activating complexes, such as MLL, to active chromatin and 

alter transcription [23, 30, 36]. 
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5. Conclusion 

Taken together, our study indicates that transcription-promoting histone 

methylation, acetylation and ubiquitination are dynamically regulated in synaptic 

plasticity and are modulated by the proteasome. Our study provides the first evidence 

that the proteasome can regulate epigenetic tags in synaptic plasticity.  
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List of Figures 

 

Figure 1. H3K4me3 and H3K9/14ac increase transiently after cLTP induction. Confocal 

images showing H3K4me3 (A) and H3K9/14ac (C) immunoreactivity in the nuclei 

of the CA1 region of untreated (control) hippocampal slices and hippocampal 

slices subjected to cLTP and fixed 0, 15, and 30 min after the end of cLTP 

induction protocol. Scale bars: 20 µm and 5 µm in low and high-power 

magnification images, respectively. Quantification of H3K4me3 (B) and 

H3K9/14ac (D) immunoreactivities for the four experimental conditions is shown 

at right. The values are expressed as mean ± SE. * P < 0.05, ** P < 0.01 

comparison with control (depicted by a dashed line); n = 6; one-way ANOVA; 

Tukey’s post hoc. 



104 
 

 

Figure 2. Increase in H3K4me3 and H3K9/14ac seen during cLTP is inhibited by β-

lactone. Confocal images showing H3K4me3 (A) and H3K9/14ac (C) 

immunoreactivity in the nuclei of the CA1 region of hippocampal slices in control, 

cLTP, cLTP after β-lactone pretreatment (β-lactone + cLTP), and β-lactone alone 

conditions. All slices were collected and fixed immediately after the end of cLTP 

induction protocol (0 min). Scale bars: 20 µm and 5 µm in low and high-power 

magnification images, respectively. Quantification of H3K4me3 (B) and 

H3K9/14ac (D) immunoreactivities for the four experimental conditions is shown 

at right. The values are expressed as mean ± SE. ** P < 0.01, *** P < 0.001 

comparison with control (depicted by a dashed line); # P < 0.05, ### P < 0.001 

(comparison between two groups indicated by a horizontal line); ns – not 
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significant; H3K4me3 n = 7; H3K9/14ac n = 6; one-way ANOVA; Tukey’s post 

hoc. 
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Figure 3. H2BK120ub levels oscillate after cLTP induction and are reduced by β-lactone. 

Confocal images showing H2BK120ub (A,C) immunoreactivity in the nuclei of the 

CA1 region of control hippocampal slices and hippocampal slices subjected to 

cLTP 0, 15, and 30 min after the end of cLTP induction protocol. Some 

hippocampal slices were pretreated with β-lactone prior to cLTP induction (β-

lactone + cLTP) or with β-lactone alone (C). Scale bars: 20 µm and 5 µm in low 

and high-power magnification images, respectively. Quantification of H2BK120ub 

(B,D) immunoreactivities for the experimental conditions is shown at right. The 

values are expressed as mean ± SE. ** P < 0.01 and *** P < 0.001 comparison 

with control (depicted by a dashed line); # P < 0.05, ## P < 0.01 and ### P < 

0.001 (comparison between two groups indicated by a horizontal line); ns – not 

significant; n = 6; one-way ANOVA; Tukey’s post hoc. 
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Abstract 

Brain-derived neurotrophic factor (Bdnf) is critical for synaptic plasticity and long-

term memory formation. Transcriptional regulation of the Bdnf gene is complex. In the 

murine hippocampus, several Bdnf mRNA variants are formed by the initiation of 

transcription at different promoter sites (PI – PV). We investigated the role of the 

ubiquitin-proteasome pathway (UPP), which is known for its function in protein 

degradation, in the regulation of transcription of Bdnf in the late phase of long-term 

potentiation (L-LTP), a model of long-term synaptic plasticity. Our study presents 

evidence for synaptic activity-dependent and proteasome-mediated transcription of Bdnf 

variants PI – PIII via the regulation of histone posttranslational modifications, histone H3 

trimethylated at lysine 4 and histone H3 acetylated at lysine 9 and 14. In addition, we 

show that activity of the proteasome is critical for the maintenance of basal levels of 

histone acetylation and methylation at Bdnf promoters. Our study implicates the UPP in 

transcriptional regulation and histone modification of plasticity-induced genes in 

hippocampal L-LTP.  
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1. Introduction 

Brain-derived neurotrophic factor (Bdnf) is a secreted neurotrophin that is known 

to play a major role in differentiation and survival of neurons in the central nervous 

system (CNS). More recently, Bdnf has been described as an important regulator of 

synaptic plasticity that underlies learning and memory (Lu et al. 2008). Bdnf gene 

expression is mediated by a cyclic adenosine monophosphate (cAMP) response 

element-binding (CREB) protein. Its expression is critical for the induction of the 

transcription- and translation-dependent late phase of long-term potentiation (L-LTP) 

(Cunha et al. 2010). Inhibition of Bdnf or its receptor, TrkB, impairs L-LTP (Lu 2003; 

Barco et al. 2005; Bramham and Messaoudi 2005) and memory consolidation in awake, 

behaving animals (Cunha et al. 2010).  

 

Bdnf gene consists of at least nine 5’ non-coding exons (I-IX) and one 3’ coding 

exon (Liu et al. 2006; Lubin 2011). Each non-coding exon has its own unique upstream 

promoter region (PI – PIX) where transcription initiation can take place. Through 

differential splicing, several Bdnf mRNA transcript variants are produced, which all code 

for the same mature Bdnf protein. This redundancy in Bdnf transcription provides tight 

control of Bdnf gene expression, since each particular transcript could be upregulated by 

a specific set of transcription factors (Roth and Sweatt 2011). Bdnf variants are 

differentially regulated by neuronal activity associated with physical exercise, seizures, 

ischemia, antidepressant treatment and fear learning (Cunha et al. 2010; Lubin 2011).  

 

Recent evidence suggests that Bdnf transcription is regulated by epigenetic 

modifications that occur at different Bdnf promoters. DNA methylation at CpG loci, which 

is a characteristic mark of gene repression, as well as posttranslational modifications 
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(PTMs) of histone proteins (for example, acetyl, methyl or ubiquitin tags) on lysine or 

arginine residues, which could be both transcription promoting or repressing, are all 

examples of epigenetic modifications. Epigenetic tags can change in response to 

external stimuli to guide transcription of genes. Epigenetic modifications that take place 

at Bdnf promoters guide differential expression of Bdnf mRNA in early life stress (Roth 

and Sweatt 2011), synaptic plasticity in aging (Zeng et al. 2011), fear conditioning (Lubin 

et al. 2008), memory extinction (Bredy et al. 2007), depression, and addiction (Tsankova 

et al. 2006). Current research questions focus on delineating specific mechanisms 

behind activity-dependent changes in transcription of Bdnf variants as a function of 

environmental influence. The main factors that regulate Bdnf transcription at specific 

promoter sites in particular cellular contexts remain to be elucidated.  

 

 In this study we tested the hypothesis that the activity of the proteasome, which 

is traditionally known to degrade intracellular proteins, is necessary for the induction of 

Bdnf transcript variants in synaptic plasticity. The ubiquitin-proteasome pathway (UPP) 

has been identified as a critical regulator of both transcription and translation in long-

term synaptic plasticity (Dong et al. 2008; Dong et al. 2014). Previous studies in our lab 

implicated proteasomal activity in the regulation of global levels of transcription-favoring 

histone tags (histone H3 trimethylated at lysine 4 (H3K4me3), histone H3 acetylated at 

lysine 9 and 14 (H3K9/14ac) and histone H2B monoubiquitinated at lysine 120 

(H2BK120ub)) in long-term synaptic plasticity (unpublished data). In this study, we 

investigated the role of the proteasome in transcriptional regulation of Bdnf variants after 

induction of long-lasting long-term potentiation induced by chemical stimulation (cLTP) in 

the murine hippocampus.  
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2. Materials and Methods 

2.1 Animals and slice preparation 

All experimental protocols were approved by the Institutional Animal Care and 

Use Committee of Wake Forest University Health Sciences. Male C57/Bl6 mice, 6-12 

weeks old, were obtained from Harlan Laboratories (Frederick, MD). Transverse 400 µm 

hippocampal slices were prepared using a tissue chopper in an oxygenated and chilled 

artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 2.3 mM CaCl2, 

1.3 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, and 10 mM glucose (pH 7.4). 

Slices were recovered in oxygenated ACSF for 2 h prior to experimental treatments.  

 

2.2 Induction of chemical long-term potentiation (cLTP)  

Transcription and translation-dependent cLTP was induced using bath 

application of NMDA (200 nM), forskolin (50 µM) and rolipram (0.1 µM) in Mg2+ free 

ACSF for 25 min to activate the NMDA receptors and to elevate intracellular cAMP 

levels in hippocampal slices (Dong et al. 2008). We chose to induce LTP using chemical 

rather than electrical stimulation to enhance the number of activated synapses and to 

improve the signal-to-noise ratio. Some hippocampal slices were treated with an 

irreversible proteasome inhibitor, 25µM β-lactone (Cayman Chemical, Ann Arbor, MI), 

for 30 min prior to cLTP induction (β-lactone + cLTP).  

 

2.3 Reverse transcription polymerase chain reaction (RT-PCR) 

Mouse hippocampal slices were used to isolate RNA for reverse transcription 

polymerase chain reaction (RT-PCR). RNA was isolated using TRIzol reagent (Thermo 

Fisher Scientific, Waltham, MA) and complimentary DNA (cDNA) was synthesized using 
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a reverse transcription kit (QIAGEN, Venlo, Limburg). Semi-quantitative and quantitative 

real-time RT-PCR was performed using a standard enzyme and master mix (Thermo 

Fisher Scientific, Waltham, MA) and SYBR Green master mix (Roche, San Francisco, 

CA), respectively. RT-PCR primers are listed in Table S1.  

 

2.3 Chromatin immunoprecipitation (ChIP) 

Mouse hippocampal slices were used to isolate chromatin for chromatin 

immunoprecipitation (ChIP). ChIP assay was performed using a ChIP kit (EMD Millipore, 

Temecula, CA) with antibodies specific for H3K4me3 and H3K9,14ac (EMD Millipore, 

Temecula, CA). Chromatin was sheared to 500 – 200 bp using S220 Focused-

ultrasonicator (Covaris, Woburn, Massachusetts) (Fig. S1) and immunoprecipitations 

were carried out overnight at 4°C with 1:100 antibody dilutions. DNA was purified with 

QIAamp DNA Mini Kit (QIAGEN, Venlo, Limburg) and PCR was carried out with a 

standard enzyme and master mix (Thermo Fisher Scientific, Waltham, MA).  2% agarose 

gels were imaged using the Gel Doc XR+ system (Bio Rad, Hercules, CA). ChIP PCR 

primers are listed in Table S1. 

 

2.4 Statistical analysis 

All statistical analyses were carried out using one-way ANOVA followed by a 

Tukey’s Multiple Comparison post hoc test. The values are represented as mean ± 

standard error. The sample size (n) corresponds to the number of animals used to 

collect the data, not the number of hippocampal slices.   
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3. Results 

3.1 Upregulation of Bdnf mRNA transcript variants PI – PIII after cLTP induction requires 

proteasomal activity. 

Previously, we found that pre-incubation of hippocampal slices with β-lactone, a 

general proteasome inhibitor, inhibits total Bdnf gene expression after L-LTP induction 

with electrical  or chemical protocols (Dong et al. 2008). Since the first five Bdnf mRNA 

transcript variants, generated from the first five Bdnf promoters (PI – PV), are highly 

expressed in the hippocampus (Liu et al. 2006), we investigated whether the 

proteasome mediates the expression of these splice variants. With primers specific for 

the first five Bdnf promoters, we used semi-quantitative (Fig. 1A) and quantitative real-

time (Fig. 1B) RT-PCR to measure the expression of five Bdnf mRNA variants in control, 

cLTP, and β-lactone-pretreated cLTP hippocampal slices. Even though the expression of 

all five Bdnf variants was elevated after cLTP, the upregulation of only the splice variants 

PI, PII, and PIII was statistically significant compared to control (Fig. 1B; PI: 2.02 ± 0.25, 

PII: 1.76 ± 0.18, PIII: 2.39 ± 0.23, P < 0.01 cLTP compared with control, n = 6, one-way 

ANOVA ,Tukey’s post hoc; PIV: 2.01 ± 0.40, PV: 2.36 ± 0.42, P > 0.05 cLTP compared 

with control, n = 6, one-way ANOVA, Tukey’s post hoc).  

 

Pretreatment of hippocampal slices with β-lactone significantly inhibited Bdnf 

mRNA induction of variants PI, PII, and PIII, whereas it did not affect the levels of PIV 

and PV (Fig. 1B; PI: 1.38 ± 0.17, PII: 1.25 ± 0.15, PIII: 1.37 ± 0.30, P < 0.05 cLTP 

compared with cLTP+β-lactone, n = 6, one-way ANOVA ,Tukey’s post hoc; PIV: 1.93 ± 

0.55, PV: 2.37 ± 0.51, P > 0.05 cLTP compared with cLTP+β-lactone, n = 6, one-way 

ANOVA, Tukey’s post hoc). These data suggest that upregulation of Bdnf mRNA 
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variants PI, PII, and PIII is mediated by the proteasome in cLTP, whereas expression of 

PIV and PV is not affected by β-lactone in cLTP.  

 

3.2 Basal histone acetylation and methylation levels at Bdnf promoters PII – PV are 

proteasome-dependent. 

Studies by others showed that numerous epigenetic modifications occur at Bdnf 

promoters to regulate its transcription (Tsankova et al. 2006; Bredy et al. 2007; Roth and 

Sweatt 2011; Zeng et al. 2011). In addition, previous work on yeast and cancer cells has 

implicated proteasomal activity in epigenetic regulation of genes (Bhat and Greer 2011). 

To investigate whether the proteasome plays a role in epigenetic modifications at Bdnf 

promoters under basal conditions (no LTP induction), we performed ChIP on untreated 

(control) or β-lactone pretreated control hippocampal slices using antibodies against 

transcription-favoring H3K4me3 and H3K9/14ac (Wu et al. 2008). ChIP assay showed 

that proteasome inhibition blocked histone acetylation (Fig. 2A) and hindered histone 

methylation (Fig. 2B) at Bdnf promoters PII – PV, but not PI. This study illustrates that 

the proteasome is essential for histone PTMs under basal conditions at Bdnf promoters. 

 

3.3 Histone acetylation and methylation are blocked by β-lactone at Bdnf promoters PI – 

PIII after cLTP induction. 

Synaptic activity-dependent reorganization of histone PTMs at Bdnf promoters 

could be responsible for the induction of Bdnf gene expression. Therefore, we 

investigated whether the proteasome activity is essential for the upregulation of 

transcription-promoting H3K4me3 and H3K9/14ac in long-term synaptic plasticity. Using 

ChIP assay we compared H3K4me3 and H3K9/14ac enrichment in hippocampal slices 

from control, cLTP, and β-lactone + cLTP conditions. We investigated acetylation and 
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methylation levels at the first three Bdnf promoters because we showed that the 

expression of Bdnf transcript variants PI – PIII is proteasome-dependent (Fig. 1A, B). 

 

H3K9/14ac was enriched after cLTP induction at PI and PII promoters and was 

completely blocked by β-lactone pretreatment in cLTP (Fig. 3A, top two rows). 

H3K9/14ac levels followed the same trend as PI and PII, although the changes in 

enrichment were small (Fig. 3A, row three). In addition, H3K4me3 was blocked or 

inhibited by β-lactone treatment in cLTP condition at all three Bdnf promoters (Fig. 3B). 

Furthermore, Bdnf PII showed enrichment in H3K4me3 after cLTP induction as 

compared to control (Fig. 3B, row two). These data indicate that proteasomal activity is 

necessary for histone acetylation and histone methylation at PI – PIII after cLTP 

induction. 

 

4. Discussion 

Taken together, these findings describe a novel role of the proteasome in 

mediating the expression of specific Bdnf transcript variants in long-term synaptic 

plasticity, possibly by modulating transcription-favoring histone acetylation and 

methylation. We showed that Bdnf mRNA variants PI – PIII are upregulated in cLTP and 

their induction is blocked by pretreatment with the proteasome inhibitor, β-lactone. Since 

the expression of PIV and PV remain unaffected by proteasomal inhibition (Fig. 1), 

transcription of these two variants in cLTP is probably not linked to the proteasomal 

activity. The increase in Bdnf PI – PIII transcription and its blockade with proteasome 

inhibition was mirrored by H3K9/14ac levels at Bdnf PI – PIII promoters and H3K4me3 

levels at the PII promoter (Fig. 3). These data suggest that activity-dependent and 
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proteasome-mediated histone lysine acetylation and methylation guide transcription of 

specific Bdnf transcript variants in cLTP (summarized in Table 1).  

 

Even though we did not detect an enrichment of H3K4me3 at Bdnf PI and PIII in 

cLTP, we did observe H3K4me3 blockade at PI and PIII with proteasome inhibition (Fig. 

3B), indicating that the maintenance of H3K4me3 is proteasome-dependent. In 

agreement with these findings, proteasome inhibition in control hippocampal slices 

blocked or reduced histone acetylation or methylation at Bdnf PII – PV, but not PI (Fig. 

2). These data suggest that in addition to activity-dependent increases of histone 

acetylation and methylation that drive gene expression, the proteasome also maintains 

epigenetic tag integrity under basal conditions that likely regulate basal gene expression 

levels.  

 

How can proteasome activity regulate histone modifications in synaptic plasticity? 

As the specialized machinery for protein degradation, the proteasome is known to 

remove some of the chromatin remodeling enzymes. One histone lysine demethylase 

responsible for the removal of H3K4 di- and tri- methylation, KDM5C (also known as 

JARID1C), has been identified as a target for polyubiquitination and degradation by the 

proteasome (Mersman et al. 2009). Knockdown of Jarid1c results in an increase in 

H3K4me3 levels at promoters of Bdnf (Vashishtha et al. 2013). In addition, mutations of 

histone lysine demethylases have been associated with neurological disorders such as 

X-linked mental retardation and autism (Iwase et al. 2007; Adegbola et al. 2008). Thus, 

removal of transcription-repressing KDM5C by the proteasome may be necessary for 

normal synaptic plasticity and memory.  
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Another target for proteasomal degradation, G9a, is a histone lysine 

methyltransferase (KMT), responsible for dimethylation of histone H3 lysine 9 

(H3K9me2), a transcription-silencing tag (Takahashi et al. 2012). G9a is implicated in 

transcriptional regulation of Bdnf in the EC and the hippocampus during memory 

consolidation (Gupta-Agarwal et al. 2012). Inhibition of G9a in the EC inhibits H3K9me2, 

enhances H3K4me3 and H3K9ac, and improves contextual fear learning (Gupta-

Agarwal et al. 2012). Therefore, proteasomal removal of enzymes that attach 

transcription-silencing epigenetic tags may also be necessary for synaptic plasticity and 

memory.  

 

It is important to note, however, that some histone acetyltransferases (HATs), 

like CREB binding protein (CBP), that are responsible for transcription-promoting histone 

lysine acetylation in synaptic plasticity (Valor et al. 2013), are also known targets for 

proteasomal degradation (St-Germain et al. 2008). This suggests that the proteasome 

must maintain a proper balance of transcriptional activators and repressors in synaptic 

plasticity. Since proteasomal inhibition blocks transcription of Bdnf PI – PII and inhibits 

H3K9/14ac enrichment, the proteasome might have a higher affinity for regulating 

transcriptional repressors rather than activators in cLTP.  

 

The proteasome can also regulate histone modifications at promoters of actively 

transcribed genes via its non-traditional, possibly non-proteolytic, roles. From work on 

yeast and cancer cells, ATPase subunits of the proteasomal 19S cap (termed Rpt1 – 

Rpt6) are known to bind promoters of actively transcribed genes (Gonzalez et al. 2002), 

are found to regulate histone methylation and acetylation by interacting with HATs and 

KMTs (Koues et al. 2008; Koues et al. 2010), and may facilitate the crosstalk between 
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different histone modifications (Ezhkova and Tansey 2004). In our study we inhibited the 

proteasome using β-lactone, which covalently modifies a specific subunit of the 20S 

catalytic core and may or may not affect the 19S cap (Fenteany et al. 1995). Thus, future 

studies are needed to determine the role of the 20S vs. the 19S proteasomal complexes 

in regulation of epigenetic tags at BDNF promoters in cLTP. 

 

5. Conclusion 

Our study provides first evidence that the UPP modulates transcription-promoting 

histone acetylation and methylation at Bdnf promoters to regulate Bdnf gene expression 

in synaptic plasticity. To specify the role of the proteasome in epigenetic remodeling of 

histone proteins, other transcription complexes that are targets for proteasomal 

degradation should be explored. The identification of distinct roles for the 20S vs. the 

19S proteasome would further help decipher their specific contributions to transcriptional 

regulation. Current research focuses on the development of drugs to enhance 

transcription-promoting histone PTMs, such as the histone deacetylase (HDAC) 

inhibitors, for treatment of neurocognitive disorders (Bahari-Javan et al. 2012; Graff et al. 

2014). Once the proteasomal control of histone PTMs is well understood, small 

molecules that target the proteasome or other components of the UPP could perhaps be 

used for therapeutic purposes in disorders of synaptic plasticity.  
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List of Figures 

 

Figure 1. Upregulation of Bdnf mRNA transcript variants PI – PIII after cLTP 

induction requires proteasomal activity. (A) Schematic representation of the Bdnf 

gene showing the 5’ non-coding exons (Ex I – Ex V) with unique promoter regions (PI – 

PV) and the 3’ open reading frame (ORF). Semi-quantitative (B) and real-time (C) RT-

PCR showing upregulation of Bdnf mRNA transcript variants PI – PIII after cLTP 

induction that is inhibited with β-lactone pretreatment. The induction of Bdnf transcript 

variants PIV and PV in cLTP was not significant compared to control. β-lactone 

pretreatment had no effect on PIV and PV expression compared to the cLTP group. 18S 

rRNA was used as an equal loading control for semi-quantitative RT-PCR (B). Real-time 

RT-PCR fold induction was normalized to 18S rRNA levels (C). Error bars represent 

SEM. ** P < 0.01 comparison with control (depicted by a dashed line); # P < 0.05 and ## 
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P < 0.01 comparison between two groups indicated by horizontal lines; n = 6; one-way 

ANOVA. 
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Figure 2. Basal histone acetylation and methylation levels at Bdnf promoters PII – 

PV are proteasome-dependent. Semi-quantitative PCR with primers specific for Bdnf 

promoters PI – PV after ChIP with antibodies against acetylated H3K9/14 (A) and 

trimethylated H3K4 (B) showed that proteasome inhibition with β-lactone blocks basal 

histone acetylation and hinders basal histone methylation at Bdnf promoters PII – PV, 

but not PI. Input was used to show equal chromatin loading. Normal IgG was used as a 

negative control. 

 

 

 



128 
 

 

Figure 3. Histone acetylation and methylation are blocked by β-lactone at Bdnf 

promoters PI – PIII after cLTP induction. Semi-quantitative PCR with primers specific 

for Bdnf promoters PI – PIII after ChIP with antibodies against acetylated H3K9/14 (A) 

and trimethylated H3K4 (B) in control, cLTP, and β-lactone + cLTP conditions. (A) 

H3K9/14ac levels were enriched at Bdnf PI – PIII promoters in cLTP compared to control 

and β-lactone pretreated cLTP conditions. (B) H3K4me3 levels were enriched at Bdnf 

PII in cLTP compared to control and β-lactone pretreated cLTP conditions. H3K4me3 

levels were also inhibited by β-lactone pretreatment at PI and PIII Bdnf promoters in 

cLTP. Input was used to show equal chromatin loading. 
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Table 1. Summary of changes in Bdnf observed with cLTP and β-lactone. 

Bdnf 

Variant 

Transcription 

(Figure 1) 

H3K9/14ac 

(Figure 3A) 

H3K4me3 

(Figure 3B) 

Interpretation 

PI ↑ cLTP 

↓β-lactone 

↑ cLTP 

↓β-lactone 

 

↓β-lactone 

Proteasome-mediated & histone 

acetylation-dependent transcription 

PII ↑ cLTP 

↓β-lactone 

↑ cLTP 

↓β-lactone 

↑ cLTP 

↓β-lactone 

Proteasome-mediated & histone 

acetylation- and methylation-

dependent transcription 

PIII ↑ cLTP 

↓β-lactone 

↑ cLTP 

↓β-lactone 

 

↓β-lactone 

Proteasome-mediated & histone 

acetylation- dependent transcription 

PIV No significant 

change 

N/A N/A Proteasome-independent transcription 

PV No significant 

change 

N/A N/A Proteasome-independent transcription 
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Figure S1. Sheared chromatin size check. Chromatin extracted from hippocampal 

slices was sheared to 500 – 200 bp using S220 Focused-ultrasonicator in preparation for 

ChIP assay.   
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Table S1. List of all primer sequences used.  

Experiment Primer Name Sequence 

mRNA Bdnf PI F: GGATGAGAGTTGAAGCTTTGCGGAT 

R: CAGATGCAGGAAGGTAATGTGTCT 

Bdnf PII F: GAGTCAGATTTTGGAGCGGAGCGTT 

R: GCCAAGAGTCTATTCCAGCCTACA 

Bdnf PIII F: CGGATGCTTCCTTGAGCCCAGTT  

R: CATTCACGCTCTCCAGAGTCCCAT  

Bdnf PIV F: CTTCTTTGCTGCAGAACAGGAGTA  

R: GGATGGTCATCACTCTTCTCACCT  

Bdnf PV F: GGGACCAGAAGCGTGACAACAAT 

R: GGATGGTCATCACTCTTCTCACCT 

ChIP Bdnf PI F: TGATCATCACTCACGACCACG 

R: CAGCCTCTCTGAGCCAGTTACG 

Bdnf PII F: CCGTCTTGTATTCCATCCTTTG 

R: CCCAACTCCACCACTATCCTC 

Bdnf PIII F: GTGAGAACCTGGGGCAAATC 

R: ACGGAAAAGAGGGAGGGAAA 

Bdnf PIV F: CTTCTGTGTGCGTGAATTTGCT  

R: AGTCCACGAGAGGGCTCCA 

Bdnf PV F: ACTCACACTCGCTTCCTCCT 

R: GCACTGGCTTCTCTCCATTT 
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Abstract 

 It is widely accepted that long-term synaptic plasticity, which underlies long-term 

memory, depends on new gene transcription as well as new protein synthesis. Emerging 

evidence suggests that protein degradation by the ubiquitin-proteasome pathway (UPP) 

also plays an important role in synaptic plasticity. In addition, the proteasome is known 

to have non-proteolytic roles in the nucleus that have not been well characterized. 

Several recent studies in yeast and cancer cells suggest that proteasomal ATPase 

subunits of the 19S regulatory complex enhance targeting of transcriptional co-activators 

to promoters of actively transcribed genes, independently from the 20S proteolytic core. 

It has been described that all proteasomal components are found in the cytoplasm and 

the nucleus; however, the mechanisms behind their nuclear translocation remain poorly 

understood. Here we describe a novel role of proteasomal ATPase subunits in activity-

dependent cytoplasm-to-nucleus signaling in long-term synaptic plasticity. We 

investigated the late phase of long-term potentiation (L-LTP), a well-characterized 

transcription and translation-dependent cellular model of long-term synaptic plasticity. 

We discovered that proteasomal ATPases, Rpt1 and Rpt6, translocate into the nucleus 

after L-LTP induction and bind to the promoter of a plasticity-related gene, brain-derived 

neurotrophic factor (Bdnf). Furthermore, we showed that Rpt1 subunit displays 

nucleocytoplasmic shuttling, which depends on its SUMOylation and phosphorylation, 

while Rpt6 subunit rapidly accumulates in the nucleus independently of SUMOylation or 

phosphorylation in L-LTP. These findings implicate proteasomal ATPases in cytoplasm-

to-nucleus signaling and provide a novel mechanism of how synaptic stimulation is 

coupled to transcriptional regulation in long-term synaptic plasticity. 
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1. Introduction 

The ubiquitin-proteasome pathway (UPP) is a major mechanism for regulated 

degradation of intracellular proteins. It controls most cellular processes by degrading 

regulatory proteins such as enzymes and transcription factors (Hegde 2010). First, the 

substrate protein is marked for degradation with a small protein called ubiquitin by three 

ubiquitin-conjugating enzymes (ubiquitin-activating E1, ubiquitin-carrying E2, and 

ubiquitin ligase E3). Then, a polyubiquitin chain is formed by sequential linkage of 

monoubiquitins to one another. The polyubiquitin chain is recognized by the 26S 

proteasome and the substrate is degraded. Ubiquitin itself is not degraded, but 

disassembled by deubiquitinating enzymes (DUBs) and recycled (Hegde 2010). 

 

Recently, a lot of attention has been focused on the roles of the proteasome in 

synaptic plasticity, which underlies learning and memory. Previous studies in our lab 

identified the proteasome as a crucial regulator of transcription and translation-

dependent hippocampal late phase of long-term potentiation (L-LTP), which serves as a 

cellular model for long-term memory. We showed that the proteasome is responsible for 

the removal of both translational activators and repressors after L-LTP in the dendrites of 

CA1 pyramidal neurons of the hippocampus (Dong et al. 2014). In addition, we showed 

that the proteasome removes the repressive form of cAMP-responsive element-binding 

protein (CREB), an important transcription factor necessary for the expression of 

plasticity-related genes, after the induction of L-LTP (Dong et al. 2008). Studies in live, 

behaving animals show that proteasome inhibition in the hippocampus and the 

amygdala causes impaired consolidation of an inhibitory avoidance memory and long-

term fear memory, respectively (Lopez-Salon et al. 2001; Jarome et al. 2011). 
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The proteasome is a multi-subunit complex. It consists of a 20S barrel-shaped 

catalytic core and two 19S regulatory complexes (19S RC) at each end of the barrel 

(Gallastegui and Groll 2010). The 19S recognizes polyubiquitinated proteins and directs 

them to the 20S proteolytic core for degradation. The 19S consists of the base and the 

lid components. The base connects the 19S to the 20S catalytic core and contains six 

AAA (ATPases associated with a variety of cellular activities)-ATPase subunits (Rpt1-

Rpt6) and two non-ATPase subunits (Rpn1 and Rpn2). The lid consists of non-ATPase 

subunits only and its physiological function remains unknown (Gallastegui and Groll 

2010; Bar-Nun and Glickman 2012). 

 

New emerging evidence suggests that in addition to degrading proteins, some 

components of the proteasome may also have non-proteolytic roles. For example, 

studies in yeast and cancer cells identified the nuclear 19S RC as a transcriptional 

regulator that acts independently from the 20S catalytic core (Hegde and Upadhya 2006; 

Bhat and Greer 2011; Keppler et al. 2011). ATPase subunits of the base of 19S allow 

the RC of the proteasome to have molecular chaperone activity (Braun et al. 1999). The 

19S can target transcription factors to promoters of genes, in order to alter the three-

dimensional structure of chromatin and influence transcription (Lee et al. 2005a; Koues 

et al. 2008). Previous studies identified two particular ATPase subunits, MSS1 and Sug1 

(referred to here, using the standard mammalian nomenclature, as Rpt1 and Rpt6, 

respectively), as components of transcription regulating complexes that directly interact 

with RNA Polymerase II (RNA Pol II) holoenzyme and act as transcriptional regulators 

(Shibuya et al. 1992; Rubin et al. 1996; Makino et al. 1999; Yanagi et al. 2000). All of the 

components of the UPP are conserved from yeast to mammals (Hegde 2010) .The role 
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of the proteasomal ATPases independent from the 20S complex has not been studied in 

the mammalian nervous system.  

 

Here we describe non-traditional roles of the proteasomal ATPase subunits, Rpt1 

and Rpt6, in CA1 pyramidal neurons of the hippocampus after the induction of L-LTP. 

Our results show that upon synaptic stimulation, Rpt1 and Rpt6 translocate into the 

nucleus with distinct translocation time courses and mechanisms for nuclear entry. In 

addition, we discovered that in the nucleus, Rpt1 and Rpt6 associate with promoters of 

actively transcribed genes, to, possibly, regulate transcription. Our study describes a 

novel role of proteasomal ATPase subunits in activity-dependent cytoplasm-to-nucleus 

signaling in long-term synaptic plasticity.  

 

2. Materials and Methods 

2.1 Animals 

All experimental protocols were approved by the Institutional Animal Care and 

Use Committee of Wake Forest University Health Sciences. Male C57/Bl6 mice, 6-12 

weeks old, were obtained from Harlan Laboratories (Frederick, MD, USA). 

 

2.2 Cell culture 

Cell cultures were prepared using standard procedures (Skinner et al. 2008). P3 

male C57/Bl6 mice were anesthetized using isoflurane and decapitated. Hippocampal 

tissue was collected in 1 ml Hibernate medium (Brain Bits) at 4 °C and treated with 

trypsin (0.05%) and DNAse I (50 μg/ml) (Sigma-Aldrich, St. Louis, MO, USA). The tissue 

was then gently triturated and incubated at 37 °C for 15 min. The cell suspension was 
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centrifuged at 200×g for 6 min and the supernatant removed. The pellet was then re-

suspended in Neurobasal plating medium containing B27 supplement (1×), antimycotic 

antibiotic solution (1×) and GlutaMax-1 supplement for L-glutamine (0.5 mM) 

(Invitrogen). The cells were plated on poly-D-lysine-coated glass cover slips in 24-well 

plates at a concentration of 0.5×106 per well. 

 

2.3 Rpt1 deletion mutants 

Rpt1 cDNA was amplified using RT-PCR from total hippocampal RNA from the 

mouse brain and cloned into pACGFP1 vector (Clontech) so that GFP is fused to the C-

terminus of the expressed Rpt1. Deletion constructs (Del. A, B, & C) were prepared by 

PCR with internal primers and Rpt1 cDNA as template. The deletion constructs were 

individually cloned into pACGFP1 vector and transfected using Lipofectamine 2000 

(Invitrogen) into hippocampal neurons in primary culture 14 days after the initiation of the 

culture. 

 

2.4 Induction of chemical long-term potentiation (cLTP)  

Transverse 400 µm hippocampal slices were prepared using a tissue chopper in 

an oxygenated and chilled artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 

3 mM KCl, 2.3 mM CaCl2, 1.3 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, and 10 

mM glucose (pH 7.4). Slices were recovered in an oxygenated ACSF at 32°C for 2 h. 

Slices were then transferred to Mg2+-free ACSF and treated with NMDA (200 nM) for 10 

min, as well as cAMP elevating reagents, forskolin (50 µM) and rolipram (0.1 µM), for 15 

minutes (Dong et al. 2008). After chemical stimulation slices were returned to normal 

ACSF for recovery and collected at different time points. For cLTP induction in cultured 
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neurons, the same procedures have been utilized, except all chemicals were dissolved 

in the Neurobasal plating medium instead of ACSF. 

 

2.5 Induction of electrical long-term potentiation using theta-burst stimulation (TBS) 

Transverse hippocampal slices were prepared as described above. After two 

hour recovery, theta-burst protocol to induce L-LTP was carried out as previously 

described (Lee et al. 2005b). All recordings were obtained from slices maintained at 

32°C. Stimulating electrode was placed in the Schaeffer collateral pathway in the CA1 

region of the hippocampus while recording in the stratum radiatum. The stimulation 

intensity was adjusted to give ~35% of the maximal field excitatory postsynaptic potential 

(fEPSP) slope, and the baseline responses were recorded at this intensity. The 

stimulation protocol consisted of four pulses at 100 Hz, with bursts repeated at 5 Hz, and 

each tetanus including three 10-burst trains separated by 30 sec. The same stimulus 

was repeated after 5 min (Lee et al. 2005b). 

 

2.6 Antibodies 

Mouse Rpt1 antibody was raised in rabbit against recombinant Aplysia Rpt1. The 

amino acid sequence of Aplysia Rpt1 and that of mouse Rpt1 are 86% homologous. The 

antibody was made against the entire length of the protein and was previously tested for 

specific recognition of mouse Rpt1. The remaining antibodies were purchased from the 

following sources: Rpt2 (S4) and Rpt5 (S6a) from Enzo Life Sciences, Farmingdale, NY; 

Rpt6 (Sug1) from Novus Biologicals, Littleton, CO. 
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2.7 Immunohistochemistry 

Immunohistochemistry was carried out as described previously (Dong et al. 

2014). Briefly, hippocampal slices were fixed in 4% paraformaldehyde for 1 h and 

washed with PBS for 30 min at room temperature. Slices were blocked for 5 h at 4°C 

and incubated with primary antibodies specific for Rpt1, Rpt2 (S4), Rpt5 (S6a), or Rpt6 

(Sug1), overnight at 4°C. Following 1 h washes with 0.2% Triton X-100 in PBS, slices 

were incubated with Alexa 488-conjugated goat anti-rabbit secondary antibody 

(Invitrogen) and To-Pro-3 (Invitrogen) at 4°C for 8 h. Slices were washed in 0.2% Triton 

X-100 in PBS for 2 h and mounted on glass slides with Prolong Gold antifade reagent 

(Invitrogen). Images of the CA1 region of the hippocampus were taken using Carl Zeiss 

LSM510 confocal laser scanning microscope and quantified using ImageJ software 

(National Institute of Health (NIH), Bethesda, MD). 

 

2.8 Chromatin immunoprecipitation (ChIP) 

Hippocampal slices (400µm) were collected and fixed with 1% paraformaldehyde 

in PBS at room temperature for 15 min. Slices were washed six times with PBS 

containing 1X protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) at 4°C and 

homogenized in cell lysis buffer (10mM tris-HCL, 150mM NaCl, 0.6% IGEPAL)  

containing 1X protease inhibitor cocktail. The homogenate was spun down at 600 x g for 

10 min to collect cellular debris and the supernatant was centrifuged at 10,000 x g to 

collect the nuclear pellet. Chromatin was re-suspended in SDS lysis buffer (1mM  EDTA, 

10mM tris-HCl, 0.25% SDS) containing 1X protease inhibitors and sheared using S220 

Focused-ultrasonicator (Covaris, Woburn, MA). Sheared chromatin was spun down at 

14,000 x g to pellet debris and diluted to 1:10 using ChIP dilution buffer (0.01% SDS, 

1.1% Triton x-100,1.2mM EDTA, 16.7mM tris-HCl, 50mM NaCl) containing 1X protease 
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inhibitor cocktail. Extracts were pre-cleared with magnetic Dynabeads Protein A (Thermo 

Fisher Scientific, Waltham, MA) for 1 h and frozen at -80 °C.  

 

Immunoprecipitations were carried out overnight at 4°C with antibodies specific 

to Rpt1 or Rpt6 (Sug1). Immune complexes were collected with Dynabeads Protein A 

(Thermo Fisher Scientific, Waltham, MA) and washed with low salt, high salt, LiCl and 

TE buffers sequentially (EMD Millipore, Darmstadt, Germany). Immune complexes were 

eluted with ChIP elution buffer (EMD Millipore, Darmstadt, Germany) and chromatin was 

de-crosslinked  with NaCl (0.2M final concentration) and RNase A (0.1 µg/µl final 

concentration, Affymetrix, Santa Clara, CA) at 65°C overnight. Following proteinase K 

(Affymetrix, Santa Clara, CA) digestion (100mg for 2 h at 37°C), DNA was extracted 

using a PrepEase DNA Clean-Up Kit (Affymetrix, Santa Clara, CA). Semi-quantitative 

PCR with primers specific for BDNF promoter I (sense: CCTGCATCTGTTGGGGAGAC; 

anti: GCCTTGTCCGTGGACGTTTA) was used to show enrichment of Rpt1 and Rpt6 at 

DNA. Total input and normal rabbit IgGs were used as positive and negative controls, 

respectively.  

 

2.9 Statistical analysis 

Statistical analyses were carried out using Student’s t-test or one-way ANOVA 

followed by a Tukey’s Multiple Comparison or Newman-Keuls Multiple Comparison post 

hoc tests, as indicated. The values are represented as mean ± standard error. The 

sample size (n) in each dataset corresponds to the number of animals used to collect the 

data, not the number of hippocampal slices.   
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3. Results 

3.1 Rpt1 and Rpt6 translocate to the nucleus upon synaptic stimulation. 

The 19S cap and the 20S core proteasomal components are known to exist 

separately from one another, both in the cytoplasm and the nucleus; however, their 

independent functions remain poorly understood (Tai et al. 2010). The mechanisms 

behind how the proteasome is able to enter the nucleus are still unknown. Some reports 

suggest that prior to its nuclear localization, the proteasome must first be disassembled 

into its subunits (Glickman and Raveh 2005). Since the subcellular localization of 

proteasomal ATPase subunits has never been studied in the nervous system, we 

performed immunohistochemistry in the hippocampal CA1 pyramidal neurons with 

antibodies specific for Rpt1 and Rpt6 subunits. TO-PRO-3 dye was used to indicate cell 

nuclei. We compared untreated control hippocampal slices with slices that underwent 

cLTP induction protocol. We chose to induce LTP using chemical rather than electrical 

stimulation to enhance the number of activated synapses and to improve signal-to-noise 

ratio (Dong et al. 2008). By carrying out electrophysiological recordings after cLTP 

induction, our previous studies showed that cLTP protocol induces long-lasting LTP 

similar to electrically-induced L-LTP. In addition, plasticity-related genes, such as Bdnf, 

are upregulated in cLTP (Dong et al. 2008). 

 

High- and low-power confocal microscopy images showed that under basal 

conditions CA1 nuclei had little Rpt1 or Rpt6 immunofluorescence, as indicated by low 

co-localization of TO-PRO-3 with anti-Rpt1 (Fig. 1A, B, top panels) or anti-Rpt6 (Fig. 1C, 

D, top panels) specific immunofluorescence. After the induction of cLTP, however, both 

Rpt1 and Rpt6 subunits translocated to the nuclei, as indicated by increased co-

localization of TO-PRO-3 with anti-Rpt1 (Fig. 1A, B bottom panels) and anti-Rpt6 
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(Fig.1C, D bottom panels) specific immunofluorescence. Moreover, after cLTP both Rpt1 

and Rpt6 subunits occupied the subnuclear space with the lowest density of TO-PRO-3 

staining (Fig. 1B, D bottom panels). TO-PRO-3 stain belongs to a family of monomeric 

cyanine dyes that bind to DNA by intercalation (Ploeger et al. 2008). Low TO-PRO-3 

staining is associated with subnuclear compartments that contain loosely-wound, 

transcriptionally-active chromatin (Shen et al. 2010). Together, these data indicate that, 

Rpt1 and Rpt6 subunits enter the nucleus after the induction of cLTP and occupy 

transcriptionally-active euchromatic subnuclear regions.   

 

To test whether synaptic activity is the driving force behind nuclear translocation 

of proteasomal ATPases, we induced LTP in the Schaeffer collateral pathway of 

hippocampal slices using theta-burst protocol (TBP). After electrical stimulation the 

slices were fixed and processed for immunohistochemistry with the anti-Rpt1 antibody. 

TBP is thought to mimic the theta wave, the natural rhythm of the hippocampal firing in 

behaving animals, and induce transcription-dependent late-phase of LTP (Dong 2008). 

Unstimulated CA1 pyramidal neurons showed a low co-localization of the TO-PRO-3 dye 

with anti-Rpt1 antibody (Fig. S1, top panel). Hippocampal slices after TBP, however, 

displayed mostly nuclear Rpt1 staining, as shown by the increased co-localization of TO-

PRO-3 and anti-Rpt1 in the merged image (Fig. S1, bottom panel). These data support 

the hypothesis that that proteasomal ATPase nuclear translocation is caused by 

enhanced synaptic stimulation. 
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3.2 Nucleocytoplasmic shuttling of the Rpt1 subunits and rapid nuclear accumulation of 

the Rpt6 subunit with cLTP induction. 

To monitor persistence of activity-dependent nuclear accumulation of Rpt1 and 

Rpt6 we treated hippocampal slices with cLTP-inducing reagents for 25 min, followed by 

a quick washout and recovery in ACSF. We collected and fixed hippocampal slices 

every 5 min during the recovery period for 30 min. Slices were processed for 

immunohistochemistry with anti-Rpt1 or anti-Rpt6 antibodies and TO-PRO-3 nuclear 

stain. Representative images from Rpt1 and Rpt6 nuclear translocation time courses are 

shown in figures 2A and 2D, respectively.  

 

Quantification of Rpt1 positive nuclei from six independent experiments showed 

that Rpt1 translocates into the nucleus immediately after cLTP induction (Fig. 2B; Rpt1 

[all time-points]: F(7,41) = 5.33, P = 0.0002, n = 6; Rpt1 [at cLTP 0 min]: 60.59 ± 10.5 % 

nuclear, P < 0.05 compared with control, one-way ANOVA, Tukey’s post hoc). This 

translocation was transient, however, and the amounts of nuclear Rpt1 decrease at 

cLTP 5 and 10 min to a level no longer significantly different from untreated controls 

(Fig. 2B; Rpt1 [at cLTP 5, 10 min]: P > 0.05 compared with control, one-way ANOVA, 

Tukey’s post hoc). By cLTP 15 min, the Rpt1 subunit again began to accumulate in the 

nucleus (Fig. 2B; Rpt1 [at cLTP 15 min]: 75.87 ± 6.5 % nuclear, P < 0.01 compared with 

control, one-way ANOVA, Tukey’s post hoc). Nuclear accumulation of Rpt1 peaked at 

cLTP 20 min (Fig. 2B; Rpt1 [at cLTP 20 min]: 82.84 ± 4.7 % nuclear, P < 0.001 

compared with control, one-way ANOVA, Tukey’s post hoc). By 25 and 30 min after the 

end of cLTP protocol, nuclear Rpt1 levels were decreased back to the levels comparable 

to those in untreated control slices (Fig. 2B; Rpt1 [at cLTP 25, 30 min]: P > 0.05 

compared with control, one-way ANOVA, Tukey’s post hoc). Nuclear accumulation of 
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Rpt1 at cLTP 20 min was statistically significant compared to cLTP 5 min and cLTP 30 

min, confirming that 20 min after the end of cLTP protocol was the peak of Rpt1 nuclear 

translocation (Fig. 2B; cLTP 5 min vs. cLTP 20 min P < 0.05; cLTP 20 min vs. cLTP 30 

min P < 0.05, one-way ANOVA, Tukey’s post hoc). 

 

For further investigation of Rpt1 nuclear shuttling, we sampled a later time point 

of cLTP (50 min) in a separate set of hippocampal slices. We found that nuclear Rpt1 

staining at 50 min after cLTP induction was again significantly increased compared to 

untreated control slices (Fig. 2C; Rpt1 [at cLTP 50 min]: 70.65 ± 11.4 % nuclear, P < 

0.01 compared with control, n = 3, t-test). These data suggest that cLTP induction 

causes nucleocytoplasmic shuttling of Rpt1 subunit for the duration of at least 50 min.  

 

In contrast to Rpt1, Rpt6 subunit entered the nucleus immediately after the end 

of cLTP induction protocol (cLTP 0 min) and remained nuclear for the duration of the first 

30 min. Rpt6 immunofluoresence showed co-localization with TO-PRO-3 at all time-

points (Fig. 2D). Quantification of two independent time-course experiments revealed 

that 95 to 100 % of nuclei at all cLTP time-points were positive for Rpt6, whereas only 25 

% of nuclei in the control slices were positive for Rpt6 staining (n = 2). Furthermore, a 

later sampled time-point of cLTP 50 min revealed that Rpt6 was still primarily nuclear 

(about 90%) (Fig. 2F). These data suggest that Rpt1 and Rpt6 subunits rapidly 

translocate into the nucleus independent of one another and, perhaps, use different 

mechanisms of nuclear entry.  
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3.3 cLTP induction triggers nuclear accumulation of the Rpt5 subunit and does not affect 

cytoplasmic localization of Rpt2 subunit.  

To monitor subcellular localization of other ATPase subunits after cLTP 

induction, we performed a shorter cLTP time-course experiment and collected 

hippocampal slices for immunohistochemistry with antibodies specific for Rpt2 and Rpt5 

subunits, as well as TO-PRO-3 nuclear stain (Fig. S2). We observed no significant 

nuclear Rpt2 immunofluorescence in control hippocampal slices or experimental slices 

for the first 30 min after cLTP induction (Fig. S2A, B). On the other hand, Rpt5 did show 

nuclear translocation upon cLTP induction (Fig. S2C, D). While control hippocampal 

slices had only about 25% nuclear Rpt5, immediately after cLTP induction nuclear 

immunofluorescence increased to about 75%, peaking at about 100% 25 min after cLTP 

(Fig. S2D). These data indicate that Rpt5 is another ATPase subunit that translocates to 

the nucleus upon synaptic activity, while Rpt2 subunit remains cytoplasmic after 

stimulation. Since all four ATPase subunits we examined occupy different subcellular 

compartments at specific time-points after cLTP induction, it could be inferred that their 

activity-dependent subcellular distribution is independent of one another.  

 

3.4 The N-terminus of Rpt1 is critical for activity-dependent nuclear translocation. 

Rpt1 is too large to enter the nucleus by passive diffusion; therefore, it must use 

a signal-mediated transduction system for its nuclear entry. For example, one mode of 

nuclear entry is via binding to nuclear transport receptors, called karyopherins or 

importins α and β (Cautain et al. 2014). Importins recognize and bind a classical nuclear 

localization sequence (NLS), comprising a short lysine-rich stretch of amino acid, within 

the substrate protein and facilitate nuclear import. Previous studies in yeast, however, 

argued that Rpt1 and Rpt6 do not have functional NLS domains (Wendler et al. 2004). 
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Moreover, we showed that blockade of importin-β with a small molecule inhibitor, called 

importazole (Soderholm et al. 2011), does not block Rpt1 translocation to the nucleus 

after the induction of cLTP in CA1 pyramidal hippocampal neurons (Fig. S3).  

 

To identify the amino acid sequence necessary for Rpt1 nuclear translocation, 

we constructed a series of deletion mutants (Fig. 3A). All proteasomal ATPases contain 

a highly homologous AAA domain, which is critical for unfolding protein substrates 

marked for degradation, and unique N- and C-termini (Bar-Nun and Glickman 2012). 

Therefore, we constructed deletion mutants lacking the N-terminus (Del. A), the C-

terminus (Del. B), or both the N-terminus and most of the AAA domain (Del. C) to 

determine which region of Rpt1 is necessary for its nuclear translocation (Fig. 3A). Each 

deletion mutant and the wild type (WT) Rpt1 had a GFP tag fused to the C-terminus. The 

deletion constructs were cloned into a pACGFP1 vector and transfected into 

hippocampal neurons in primary culture 14 days after the initiation of the culture. The 

WT Rpt1 and the deletion constructs fused to GFP were visualized using native GFP 

fluorescence (Fig. 3B). 

 

Our results indicate that WT Rpt1 is primarily cytoplasmic in untreated (control) 

cultured hippocampal neurons, as indicated by low co-localization of TO-PRO-3 with 

GFP-tagged WT Rpt1 (Fig. 3B, row 1). After the induction of cLTP, however, most of the 

GFP-tagged WT Rpt1 is co-localized with TO-PRO-3, indicating that WT Rpt1 

translocates to the nucleus upon cLTP induction in cultured neurons (Fig. 3B, row 2). 

While GFP-tagged Del. B mutant was still able to translocate to the nucleus upon cLTP 

induction, activity-dependent translocation was inhibited with GFP-tagged Del. A and 

Del. C mutants (Fig. 3B; rows 3, 4 and 5). These results suggest that the N-terminus of 
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Rpt1 contains the necessary signal sequence for activity-dependent nuclear 

translocation, while the C-terminus and the AAA domain do not play a role in nuclear 

translocation.  

 

3.5 Activity-dependent nuclear translocation of Rpt1, but not that of Rpt6, is dependent 

on phosphorylation. 

It is well established that proteasomal subunits are posttranslationally modified in 

different cellular contexts (Mason et al. 1998; Glickman and Raveh 2005; Jarome et al. 

2013). Posttranslational modifications of proteins, such as phosphorylation, have been 

described as pre-requisites for nuclear translocation (Cautain et al. 2014). Previous in 

vitro studies with proteasomal subunits purified from rat liver identified that Rpt1 is a 

target for phosphorylation (Mason et al. 1998).  Therefore, we tested whether 

phosphorylation of Rpt1 is necessary for its nuclear translocation.  

 

Using a potent cell-permeant inhibitor of a variety of protein kinases, 

staurosporine (200 nM) (Curci et al. 2014), to treat hippocampal slices prior to cLTP 

induction, we monitored the subcellular localization of Rpt1 through 

immunohistochemistry. We compared untreated control, cLTP 15 min and 

staurosporine-pretreated cLTP 15 min slices (staurosporine + cLTP 15 min) (Fig. 4A). 

The 15 min cLTP time-point was chosen because most CA1 nuclei are positive for Rpt1 

staining at that time (Fig. 2B).  

 

We confirmed that cLTP 15 min slices showed a significant increase in nuclear 

Rpt1 compared to control hippocampal slices (Fig. 4A, B; Rpt1 [all groups]: F(2,6) = 6.53, 

P = 0.03, n = 3; Rpt1 [at cLTP 15 min]: 51.98 ± 13.1 % nuclear, P < 0.05 compared with 
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control, one-way ANOVA, Newman-Keuls post hoc). Staurosporine treatment prior to 

cLTP induction blocked Rpt1 translocation into the nucleus and nuclear Rpt1 

immunoreactivity in this group was not significantly different from control. (Fig. 4A, B; 

Rpt1 [at staurosporine + cLTP 15 min]: 9.34 ± 1.4 % nuclear, P > 0.05 compared with 

control, one-way ANOVA, Newman-Keuls post hoc). The staurosporine-treated cLTP 

group had significantly less nuclear Rpt1 staining compared to cLTP alone (Fig. 4B; 

cLTP 15 min vs. staurosporine + cLTP 15 min P < 0.05, one-way ANOVA, Newman-

Keuls post hoc). These data indicate that phosphorylation is crucial for Rpt1 nuclear 

translocation after synaptic stimulation.  

 

Rpt6 phosphorylation in hippocampal neurons is known to regulate synaptic 

strength (Djakovic et al. 2012). Previous studies showed that phosphorylation of Rpt6 at 

Serine-120 is enriched in the amygdala following fear conditioning (Jarome et al. 2013). 

This phosphorylation was found to be mediated by CamKII and correlated with the 

enhancement of proteasomal activity (Jarome et al. 2013). To determine whether Rpt6 

phosphorylation is important for its nuclear translocation we pre-treated hippocampal 

slices with staurosporine and monitored subcellular distribution of Rpt6 subunits using 

immunohistochemistry (Fig. 4C, D).  

 

We confirmed that 15 min after the end of cLTP induction protocol, Rpt6 subunit 

was almost entirely localized in the nucleus, while untreated control hippocampal slices 

showed very little Rpt6 nuclear translocation (Fig. 4C, D; Rpt6 [all groups]: F(2,12) = 43.88, 

P < 0.0001, n = 3; Rpt6 [at cLTP 15 min]: 96.38 ± 3.7 % nuclear, P < 0.001 compared 

with control, one-way ANOVA, Tukey’s post hoc). Staurosporine treatment did not block 

Rpt6 nuclear translocation, since Rpt6 staining in staurosporine + cLTP 15 min was still 
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nuclear, compared to control (Fig. 4D; Rpt6 [at staurosporine + cLTP 15 min]: 91.64 ± 

5.4 % nuclear, P < 0.001 compared with control, one-way ANOVA, Tukey’s post hoc). 

Rpt6 immunofluorescence in the staurosporine + cLTP 15 min group was not 

significantly different from the cLTP 15 min group (Fig. 4D; cLTP 15 min vs. 

staurosporine + cLTP 15 min P > 0.05, one-way ANOVA, Tukey’s post hoc). These 

results indicate that the phosphorylation of Rpt6 does not regulate its nuclear 

translocation after synaptic stimulation.  

 

3.6 Activity-dependent nuclear translocation of Rpt1, but not Rpt6, is dependent on its 

SUMOylation.  

Our analysis of Rpt1 sequence revealed a putative sight for the attachment of 

SUMO, a small ubiquitin-like modifier, within the N-terminus (Fig. 6A). In the 

SUMOylation pathway, a SUMO molecule is attached to the substrate via the action of 

three enzymes (SUMO-activating E1, SUMO-conjugating E2, and SUMO ligase E3) in 

an ATP-dependent manner. SUMOylation of proteins is a posttranslational modification 

that serves a variety of different functions from modifying protein-protein interactions, to 

mediating DNA damage response, to directing the subcellular localization of proteins 

(Bologna and Ferrari 2013; Rodriguez 2014). Since we already determined that the N-

terminus of Rpt1 is important for its nuclear translocation (Fig. 3), we tested whether 

Rpt1 is SUMOylated and whether SUMOylation is necessary for Rpt1 nuclear 

translocation.  

 

In order to determine whether Rpt1 is SUMOylated, we performed an in vitro 

SUMOylation study. When Rpt1 was combined with E1, E2 and E3 SUMOylating 

enzymes in the presence of ATP, we saw a high molecular weight smear characteristic 

of SUMOylated substrate on the immunoblot (Fig. 5B; lane 3). This smear was not 
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present in the Rpt1 alone condition or when Rpt1 was combined with only the 

SUMOylating enzymes without ATP (Fig. 5B; lanes 1, 2). In addition, we used an 

unusual adenoviral protein, Gam1, as an inhibitor of the SUMO pathway (Boggio and 

Chiocca 2005). It has been shown that Gam1 blocks SUMOylation by interfering with the 

activity of E1 heterodimer (Boggio and Chiocca 2005). In the presence of Gam1, Rpt1 

SUMOylation was blocked, as indicated by the lack of a high molecular weight smear on 

the gel (Fig. 5B; lane 4). Therefore, we showed that Rpt1 subunit is likely to be 

SUMOylate in vitro. 

 

Rpt1 SUMOylation can serve as a signal for its nuclear translocation (Rodriguez 

2014). Therefore, we tested whether SUMOyation of Rpt1 is necessary for its nuclear 

translocation upon synaptic stimulation. We induced cLTP in hippocampal slices with 

and without pretreatment with a cell-permeant SUMOylation inhibitor, 2’,3’,4’-

trihydroxyflavone (2-D08) (Kim et al. 2014) and processed hippocampal slices for 

immunohistochemistry. While Rpt1 remained cytoplasmic in unstimulated slices, cLTP 

15 min slices showed primarily nuclear Rpt1 expression (Fig. 5C, D). When the slices 

were pretreated with 2-D08, however, Rpt1 failed to accumulate within the nucleus 15 

min after the induction of cLTP (Fig. 5C, D). These findings suggest that SUMOylation of 

Rpt1 is critical for its activity-dependent nuclear translocation.  

 

It is unknown whether Rpt6 has a putative SUMOylation domain.  Therefore, we 

performed a cLTP experiment in hippocampal slices with or without 2-D08 pretreatment 

and processed the slices for immunohistochemistry with anti-Rpt6 antibody and TO-

PRO-3 nuclear stain. As established earlier (Figs. 1 and 2), at 15 min after the end of 

cLTP protocol, Rpt6 showed entirely nuclear staining, while control hippocampal sliced 

had few Rpt6 positive nuclei (Fig. 5E, F). With 2-D08 pretreatment, Rpt6 staining 
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remained entirely nuclear in the cLTP 15 min condition (Fig. 5 E, F). Therefore, our study 

confirmed that 2-D08 does not block the nuclear translocation of Rpt6, indicating that 

SUMOylation does not play a role in Rpt6 nuclear translocation. 

 

3.7 Rpt1 and Rpt6 subunits are enriched at Bdnf PI promoter and co-immunoprecipitate 

from nuclear fractions after cLTP. 

Both Rpt1 and Rpt6 subunits have been identified as parts of transcription-

activating complexes in yeast. It has been hypothesized that proteasomal ATPase 

subunits have specific nuclear roles independent from their proteolytic roles as 

components of the proteasome (Shibuya et al. 1992; Rubin et al. 1996; Makino et al. 

1999; Lee et al. 2005a; Koues et al. 2008). Therefore, we investigated the nuclear role of 

Rpt1 and Rpt6 in synaptic plasticity as potential transcriptional co-factors that induce 

plasticity-related genes. Previous studies in our lab demonstrated that brain-derived 

neurotrophic factor, Bdnf, is a plasticity-induced gene that is upregulated in cLTP and its 

upregulation is blocked by proteasome inhibition (Dong et al. 2008).  

 

To test whether Rpt1 and Rpt6 play a role in transcription of plasticity-induced 

genes in cLTP, we performed chromatin immunopercipitation (ChIP) with control or cLTP 

15 min hippocampal slices. Using anti-Rpt1 and anti-Rpt6 antibodies and primers 

specific for Bdnf promoter I (PI) we investigated whether Rpt1 and Rpt6 subunits 

associate with PI after cLTP. The results of our ChIP assay showed that Rpt1 and Rpt6 

do not bind at Bdnf PI in control hippocampal slices but are enriched at Bdnf PI after 

cLTP induction (Fig. 6A). Moreover, we performed a co-immunoprecipitation with a 

nuclear extract of hippocampal slices after cLTP with anti-Rpt1 and Rpt6 antibodies. We 

identified that the two subunits interact inside the nucleus (Fig. 6B). These results 

suggest that upon synaptic stimulation, Rpt1 and Rpt6 enter the nucleus and associate 
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with promoters of actively transcribed genes, such as Bdnf PI, and that they may act 

together as a part of a transcription-activating complex.  

 

4. Discussion 

In this study we describe activity-dependent nuclear translocation of proteasomal 

ATPase subunits in hippocampal CA1 pyramidal neurons. We discovered that upon LTP 

induction using chemical or electrical stimulation, Rpt1 subunit displays rapid 

nucleocytoplasmic shuttling, with peaks in nuclear accumulation occurring about every 

20 min (Fig. 2A, B). We identified that the N-terminus of Rpt1, containing a putative 

SUMOylation domain, is important for its nuclear translocation, since an Rpt1 deletion 

mutant lacking the N-terminus was unable to translocate into the nucleus upon cLTP 

induction in cultured hippocampal neurons. In addition, we showed that nuclear 

accumulation of Rpt1 was dependent on phosphorylation and SUMOylation, but not 

importin-mediated transport (Figs. 4A, B; 5B, C; and S3). Also, we determined that the 

Rpt6 proteasomal ATPase subunit rapidly translocates into the nucleus upon cLTP 

induction and remains nuclear up to 50 min after the end of cLTP induction protocol (Fig. 

2D, E). Rpt6 nuclear translocation did not depend on phosphorylation or SUMOylation. 

The mechanism of activity-dependent nuclear translocation of Rpt6 remains to be 

determined.  

 

Furthermore, we showed that Rpt1 and Rpt6 subunits interact in the nucleus 

after cLTP induction (Fig. 6B). Together they may act as activity-dependent 

transcriptional co-factors, since both subunits were enriched at a promoter of plasticity-

induced gene, Bdnf, after cLTP, but not in control conditions (Fig. 6A). Our subcellular 

distribution analysis of two other proteasomal ATPases, Rpt2 and Rpt5, revealed that 
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Rpt2 subunit does not translocate into the nucleus upon cLTP induction, while Rpt5 

subunit has a different nuclear translocation time-course that peaks by 25 min after cLTP 

induction (Fig. S2). Together our findings indicate that, individual proteasomal ATPase 

subunits respond to synaptic stimulation and enter the nucleus to possibly regulate 

transcription of plasticity-related genes. Our main findings are summarized in Figure 7. 

 

One important mechanism of nuclear transport is via nuclear importins, such as 

the karyopherin α and β, that bind NLS on cytoplasmic cargoes and import them into the 

nucleus (Cautain et al. 2014). Previous studies in yeast examined both 20S and 19S 

proteasomal subunits for the presence of functional NLS domains. Lehmann and 

colleagues identified that 20S core particles are translocated into the nucleus as inactive 

precursors via the karyopherin α and β system (Lehmann et al. 2002). In addition, 

Wendler and colleagues argued that the 19S complex also utilizes karyopherin α and β 

for nuclear import because they identified two subunits of the 19S base, Rpt2 ATPase 

and Rpn2 non-ATPase, to harbor functional NLSs (Wendler et al. 2004).  

 

Our findings, however, suggest that each ATPase subunit of the 19S base enters 

the nuclei of the CA1 hippocampal neurons independently of one another because of the 

different nuclear translocation dynamics and time-courses (Figs. 2, S2). We showed that 

Rpt2 subunit does not enter the nucleus after synaptic stimulation (Fig. S2A, B). In 

addition, we illustrated that Rpt1 nuclear translocation is independent of importins (Fig. 

S3). Therefore, while karyopherin α and β may mediate nuclear transport in yeast, they 

are not likely to play a role in activity-dependent Rpt1 and Rpt6 nuclear import in CA1 

pyramidal neurons. It is possible, however, that proteasomal ATPases have non-
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classical NLSs, which have been identified in other components of the UPP (Julie et al. 

2012).   

 

Nucleocytoplasmic shuttling of transcription factors has been shown to regulate 

cell fate and modulate gene expression. For example, one recent study showed that 

nuclear vs. cytoplasmic localization of the extracellular signal-regulated kinase 1/2 (ERK) 

acts as a switch between proliferation and differentiation of muscle progenitors 

(Michailovici et al. 2014). Another study of a GATA transcription factor in social amoeba 

correlated rapid nucleocytoplasmic shuttling with transient bursts of transcription after 

cAMP stimulation (Cai et al. 2014). In synaptic plasticity, CREB-regulated transcriptional 

coactivator (CRTC1) is localized to synapses in silenced hippocampal neurons but 

translocates to the nucleus to regulate transcription of plasticity-related genes upon 

synaptic stimulation (Ch'ng et al. 2012). The activity-driven nuclear translocation of 

proteasomal ATPases may present another example of how synaptic activity is directly 

coupled with transcriptional regulation in the nucleus.  

 

Evidence in yeast and cancer cells describe a novel non-proteolytic function for a 

nuclear 19S RC in transcriptional regulation (Ferdous et al. 2001; Gonzalez et al. 2002; 

Koues et al. 2010; Maganti et al. 2014). Numerous experiments showed that 19S 

ATPases are recruited to actively transcribed genes to regulate transcription. For 

example, Lee and colleagues demonstrated that 19S RC alters a histone 

acetyltransferase complex, SAGA, and enhances its recruitment to promoters of genes 

to facilitate transcription in yeast (Lee et al. 2005a). Greer and colleagues found that 

Sug1 (Rpt6) targets transcriptional co-activators like class II transactivator (CIITA) and 

CREB binding protein (CBP) to the promoter region of major histocompatibility complex 
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class II (MHC-II) (Bhat et al. 2008; Koues et al. 2008). More recently, it has been shown 

that Sug1, S7 and S6a (also known as Rpt6, Rpt1 and Rpt2) are recruited to promoters 

and coding regions of induced CIITA (Maganti et al. 2014).  Sug1, S7 and S6a interact 

with phosphorylated RNA Pol II and transcription elongation factors in HeLa cells, 

suggesting that these subunits play a role in both transcriptional initiation and elongation 

(Maganti et al. 2014).  

 

Moreover, recent studies identified proteasomal subunits as parts of transcription 

activating complexes with histone acetyltransferase, such as  and methyltransferase 

activity (Lee et al. 2007; Koues et al. 2008; Koues et al. 2010). Our previous studies also 

demonstrated that the proteasome regulates transcription-promoting epigenetic tags, 

such as histone acetylation, methylation and ubiquitination, in CA1 pyramidal 

hippocampal neurons in cLTP (unpublished data). These studies suggest that, once 

inside the nucleus, ATPase subunits have non-proteolytic roles in regulating 

transcription of genes by targeting chromatin-remodeling machinery to transcriptionally 

active chromatin and modifying epigenetic tags.  

 

5. Conclusions 

Our study uncovered a novel non-proteolytic mechanism in which the 

proteasome regulates long-term synaptic plasticity. We showed that proteasomal 

ATPase subunits enter the nucleus in an activity-dependent manner and associate with 

promoters of plasticity-related genes. We identified ATPase subunits as potential 

activity-driven transcriptional co-factors. Further studies of ATPase nuclear-transporting 

mechanisms, as well as precise roles of ATPases in transcriptional regulation in synaptic 

plasticity are needed. Proteasomal dysregulation has been associated with numerous 
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neurodegenerative diseases, such as Alzheimer’s. Future investigations on the role and 

regulation of nucleocytoplasmic transport of proteasomal ATPases may provide novel 

therapeutic avenues for treatment of neurocognitive diseases. 
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List of Figures 

 

Figure 1. Rpt1 and Rpt6 proteasomal ATPases translocate into the nucleus upon 

cLTP induction. Confocal images showing Rpt1 (A, B) and Rpt6 (C, D) 

immunoreactivity (green) in the nuclei of the CA1 region of untreated (control) 

hippocampal slices and hippocampal slices subjected to cLTP. TO-PRO-3 DNA stain 

was used to indicate nuclei (red). Scale bars: 10 µm and 5 µm in low (A, C) and high (B, 

D) magnification images, respectively. 
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Figure 2. Time-courses of Rpt1 and Rpt6 nuclear translocation. Representative 

confocal images showing Rpt1 (A) and Rpt6 (D) immunoreactivity (green) in the nuclei of 
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the CA1 region of untreated (control) hippocampal slices and hippocampal slices 

subjected to cLTP and fixed 0, 15, and 30 min after the end of cLTP induction protocol. 

TO-PRO-3 DNA stain was used to indicate nuclei (red). Scale bars: 10 µm. (B, E) 

Quantification of nuclear translocation of Rpt1 (B; n = 6, one-way ANOVA, Tukey’s post 

hoc) and Rpt6 (E; n = 2): percent of nuclei showing Rpt1 and Rpt6 immunoreactivities for 

control slices as well as slices subjected to cLTP and collected every 5 min for the 

duration of 30 min. (C, F) Quantification of nuclear translocation of Rpt1 (C; n = 3, 

Student’s t-test) and Rpt6 (F; n = 1): percent of nuclei showing Rpt1 and Rpt6 

immunoreactivities for control vs. cLTP 50 min hippocampal slices. The values are 

expressed as mean ± SE. * P < 0.05, ** P < 0.01, *** P < 0.001 comparison with control; 

# P < 0.05 comparison between two groups indicated by a horizontal line.  
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Figure 3. The N-terminus of Rpt1 is critical for activity-dependent nuclear 

translocation. (A) Schematic diagrams of the wild type (WT) Rpt1 and constructed Rpt1 

deletion mutants lacking the N-terminus (Del. A), the C-terminus (Del. B), or the N-

terminus along with most of the AAA domain (Del. C). (B) Confocal images of cultures 

hippocampal pyramidal neurons showing GFP fluorescence (green) from WT Rpt1 and 

three deletion mutants, Del. A – C, in the untreated (control) condition or the cLTP 

condition. TO-PRO-3 DNA stain was used to indicate nuclei (red). Scale bars: 5 µm. 
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Figure 4. Nuclear translocation of Rpt1, but not that of Rpt6, is dependent on 

phosphorylation. Representative confocal images showing Rpt1 (A) and Rpt6 (C) 
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immunoreactivity (green) in the nuclei of the CA1 region of control hippocampal slices, 

slices subjected to cLTP, and slices pretreated with a general kinase inhibitor, 

staurosporine, prior to cLTP induction. All slices were fixed 15 min after the end of cLTP 

induction protocol. TO-PRO-3 DNA stain was used to indicate nuclei (red). Scale bars: 5 

µm (A) and 10 µm (C). Quantification of nuclear translocation of Rpt1 (B; n = 3, one-way 

ANOVA, Newman-Keuls post hoc) and Rpt6 (D; n = 3, one-way ANOVA, Tukey’s post 

hoc): percent nuclei showing Rpt1 and Rpt6 immunoreactivities for the three groups are 

shown at right. The values are expressed as mean ± SE. * P < 0.05 comparison 

between two groups indicated by a horizontal line; *** P < 0.001 comparison with control.  
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Figure 5. SUMOylation of Rpt1, but not Rpt6, is required for nuclear translocation. 

(A) A schematic diagram of Rpt1 with a putative SUMOylation domain indicated in its N-

terminal region. (B) Immunoblot showing SUMOylation of Rpt1 in vitro in the presence of 

Rpt1, SUMO enzymes E1 – E3, and ATP, and inhibition of Rpt1 SUMOylation with 
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Gam1, a  SUMOylation inhibitor. (C, F) Confocal images showing Rpt1 (C) and Rpt6 (F) 

immunoreactivity (green) in the nuclei of the CA1 region of control hippocampal slices, 

slices subjected to cLTP and slices pretreated with a SUMOylation inhibitor, 2-D08, prior 

to cLTP induction. All slices were fixed 15 min after the end of cLTP induction protocol. 

TO-PRO-3 DNA stain was used to indicate nuclei (red). Scale bars: 5 µm. (D, E) 

Quantification of nuclear translocation of Rpt1 (D) and Rpt6 (E): percent nuclei showing 

Rpt1 and Rpt6 immunoreactivities for the three groups are shown at left. 
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Figure 6. Rpt1 and Rpt6 are enriched at Bdnf PI promoter and co-

immunoprecipitate from nuclear fractions after cLTP. (A) ChIP assay with antibodies 

against Rpt1 and Rpt6 and primers specific for Bdnf PI promoter in control and cLTP 15 

min hippocampal slices. Input was used for equal loading measure. (B) Co-

immunoprecipitation of Rpt1 and Rpt6 from nuclear fractions of hippocampal slices after 

cLTP induction. IgG was used as a negative control. 
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Figure 7. Summary of nuclear translocation and function of proteasomal ATPases 

in cLTP. Based on the data presented here, we propose a non-proteolytic role of the 

proteasome in long-term synaptic plasticity: Upon the induction of cLTP, free ATPase 

subunits of the base of the proteasomal 19S regulatory complex (RC), Rpt1, 5 and 6, 

translocate from the cytoplasm into the nucleus (uni-directional arrows going into the 

nucleus). Rpt1 subunit displays cytoplasm-to-nucleus shuttling with nuclear 

accumulation occurring about every 20 min after cLTP induction (bi-directional arrow). 

Rapid Rpt6 nuclear accumulation occurs immediately after cLTP induction and persists 

for the duration of at least 50 min. Once inside the nucleus, Rpt1 and Rpt6 interact with 

each other and bind a promoter of actively transcribed plasticity-induced gene, Bdnf. 

Drawing from findings in yeast and cancer cells, we propose that Rpt1 and Rpt6 

subunits may drive transcription of Bdnf in cLTP by interacting with transcriptional 

activators (TA) (red oval), RNA polymerase II (Pol II) (blue oval), and other transcription 

factors (TFs) (green oval), such as cAMP-responsive element-binding protein (CREB ) 

(purple oval). In addition, Rpt1 and Rpt6 may be responsible for targeting histone 

acetyltransferases, such as CREB-binding protein (CBP)/ p300 (brown box), and histone 

methyltransferases (HMTs) (blue box) to Bdnf promoter to enhance histone acetylation, 

methylation and transcription. Furthermore, we showed that Rpt5 subunit gradually 
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accumulates in the nucleus and its nuclear accumulation peaks by 25 min after cLTP 

induction. Rpt2 subunit remains cytoplasmic after cLTP induction. Rpt3 and Rpt4 

subunits have not yet been studied (question marks).  
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List of Supplementary Figures 

 

Figure S1. Rpt1 proteasomal ATPase translocates into the nucleus upon L-LTP 

induction with TBP. Confocal images showing Rpt1 immunoreactivity (green) in the 

nuclei of the CA1 region of untreated (control) hippocampal slices and hippocampal 

slices subjected to L-LTP induction using theta-burst protocol (TBP). TO-PRO-3 DNA 

stain was used to indicate nuclei (red). Scale bars: 10 µm.  
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Figure S2. Time-courses of Rpt2 and Rpt5 nuclear translocation. Representative 

confocal images showing Rpt2 (A) and Rpt5 (C) immunoreactivity (green) in the nuclei of 

the CA1 region of untreated (control) hippocampal slices and hippocampal slices 

subjected to cLTP and fixed 0, and 15 min after the end of cLTP induction protocol. TO-

PRO-3 DNA stain was used to indicate nuclei (red). Scale bars: 10 µm. (B, D) 
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Quantification nuclear translocation of Rpt2 (B; n = 1) and Rpt5 (D; n = 1): percent of 

nuclei showing Rpt1 and Rpt6 immunoreactivities for control slices and slices subjected 

to cLTP and collected every 15 min  for the duration of 30 min (B) or every 5 min for the 

duration of 25 min (D).  
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Figure S3. Rpt1 nuclear translocation does not depend on importin-β. 

Representative confocal images showing Rpt1 immunoreactivity (green) in the nuclei of 

the CA1 region of control hippocampal slices, slices subjected to cLTP and fixed 15 min 

after the end of cLTP induction protocol, and slices pretreated with an importin-β 

inhibitor, importazole, prior to cLTP induction. TO-PRO-3 DNA stain was used to indicate 

nuclei (red). Scale bars: 5 µm.  
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CHAPTER 6 

General Discussion 

 

Numerous recent studies using various model organisms and scientific 

approaches have demonstrated a complex role of the ubiquitin-proteasome pathway 

(UPP) in long-term synaptic plasticity. Depending on the subcellular localization of 

protein substrates or the enzymes of the UPP, proteolytic degradation by the 

proteasome may have different and even opposite effects on synaptic plasticity. The 

major findings described in this work reinforce our previous observation that proteasomal 

inhibition enhances the induction part of the late phase of long-term potentiation (L-LTP), 

which depends on translation of pre-existing mRNAs in dendrites, and inhibits the 

maintenance part of L-LTP, which depends on both transcription and translation of newly 

synthesized mRNAs (Dong et al. 2008). In addition, here we describe that besides its 

usual role in protein degradation, the proteasome may also have non-traditional roles 

that further complicate its regulation of synaptic activity. Specifically, our findings 

illustrate a novel, possibly non-proteolytic, role of proteasomal ATPase subunits of the 

19S regulatory complex in activity-dependent synapse-to-nucleus signaling. Our major 

findings, conclusions and future directions are discussed in the following sections.  

 

Proteasome activity in the dendrites: regulation of local translation 

Our previous work showed that the application of a proteasome inhibitor, clasto-

lactacystin β-lactone (henceforth referred to as β-lactone), to hippocampal slices prior to 

induction of L-LTP causes an increase in the magnitude of the early, induction part, but 

an inhibition of the late, maintenance part of L-LTP (Dong et al. 2008). We established 

that the enhancement of the early phase of L-LTP is blocked by the translation inhibitor, 
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anisomycin, and a specific inhibitor of the mammalian target of rapamycin (mTOR) 

pathway, rapamycin, but not by the transcription inhibitor, actinomycin D (Dong et al. 

2008). In addition, the early part of L-LTP was enhanced by β-lactone treatment and was 

sensitive to rapamycin treatment even in apical dendrites of hippocampal pyramidal 

neurons isolated from their cell bodies by means of a surgical cut (Chapter 2; Figure 1) 

(Dong et al. 2008). Furthermore, β-lactone-mediated increase in the early part of L-LTP 

was dependent on the activation of several key mTOR pathway steps, such as the 

activation of the phosphatidyl inositol-3 kinase (PI3K) (Zoncu et al. 2011) and the 

interaction between the eukaryotic initiation factors 4E and 4G (eIF4E-eIF4G) (Gingras 

et al. 1999) (Chapter 2; Figures 2 and 3). Based on these data we hypothesized that 

proteasome inhibition enhances the early part of L-LTP by stabilizing plasticity-favoring 

proteins locally translated in dendrites from pre-existing mRNAs via the mTOR pathway.  

 

To explain the findings that β-lactone blocks the maintenance part of L-LTP we 

devised a two-part hypothesis. First, since L-LTP maintenance depends on new gene 

expression, application of β-lactone may inhibit transcription in the nucleus. This 

hypothesis will be discussed further in the next section on transcriptional regulation by 

the proteasome in synaptic plasticity. L-LTP maintenance was also blocked by the 

application of β-lactone in isolated dendrites (Dong et al. 2008). In this set of 

experiments, because the communication between the nucleus and the cytoplasm was 

interrupted, β-lactone treatment-triggered decrease in transcription could not have 

accounted for the blockade of L-LTP maintenance. Therefore, our second part of the 

hypothesis to explain the L-LTP maintenance blockade with proteasome inhibition is that 

stabilization of the local mRNA translation in isolated dendrites results in a buildup of 

plasticity-repressing proteins over time.   
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In support of the opposite roles of the proteasome on L-LTP induction vs. 

maintenance via local translational regulation of proteins in dendrites, we identified four 

key players of the mTOR pathway, which are stabilized by proteasome inhibition in L-

LTP (Chapter 2; Figures 6-9). Using immunohistochemistry followed by confocal 

microscopy in the CA1 region of the hippocampus, we visualized two translational 

activators, eIF4E and eukaryotic elongation factor 1A (eEF1A), and two translational 

repressors, polyadenylate-binding protein interacting protein 2 (Paip2) and eukaryotic 

initiation factor 4E-binding protein 2 (4E-BP2), at various time points after L-LTP 

induction. Proteasome inhibition with β-lactone caused the accumulation of translational 

activators, eIF4E and eEF1A, early during L-LTP, corresponding to the enhancement of 

the L-LTP induction phase (Chapter 2; Figure 8). On the other hand, translational 

repressors, Paip2 and 4E-BP2, were accumulated at later stages of L-LTP in response 

to proteasome inhibition, corresponding to the blockade of the maintenance part of L-

LTP (Chapter 2; Figure 9). The rapid accumulation of the translational activators and the 

gradual buildup of the translational repressors of the mTOR pathway after L-LTP were 

verified independently using time-course experiments (Chapter 2; Figures 6 and 7). In 

addition, the β-lactone-mediated enhancement of newly translated proteins in 

hippocampal slices was blocked by two inhibitors of the mTOR pathway, rapamycin and 

4EGI-1, further solidifying the role of the proteasome in the regulation of translation 

(Chapter 2; Figure 10). 

 

Many current studies support the local dendritic roles of the proteasome in 

synaptic plasticity (Hegde et al. 2014). For example, neuronal activity modestly 

increases the entry of the proteasome into dendritic shafts and drastically reduces their 

exit (Bingol and Schuman 2006). The proteasome is redistributed from dendritic shafts to 
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synaptic spines upon NMDA receptor stimulation through its association with the 

cytoskeleton (Bingol and Schuman 2006). Psychostimulant-induced protein, called 

NAC1, has been identified to complex with the proteasome and to modulate its 

recruitment into the dendritic spines in cortical neurons (Shen et al. 2007). In addition, 

proteasomal activation has been linked to the external calcium entry and the activation 

of the calcium/ calmodulin-dependent protein kinase II (CaMKII) (Djakovic et al. 2009). 

Another recent study has demonstrated that the CaMKIIα subunit acts as a scaffold for 

the proteasome and mediates the activity-dependent proteasome recruitment to 

dendritic spines in hippocampal neurons (Bingol et al. 2010).  

 

Local proteolysis by the proteasome has been shown to regulate many proteins 

essential for translation of mRNAs in dendrites. For example, the proteasome is known 

to degrade the fragile X mental retardation protein (FMRP), which is known to bind a 

subset of mRNAs and regulate their translation (Hou et al. 2006). Proteasome-mediated 

regulation of FMRP is essential for metabotropic glutamate receptor (mGluR) -

dependent long-term depression (LTD) (Hou et al. 2006). In addition, an NMDA 

receptor- and CaMKII-dependent increase in local proteasomal degradation facilitates 

spine outgrowth in cortical neurons (Hamilton et al. 2012). Also, in cultured hippocampal 

neurons, an RNA-induced silencing complex (RISC) factor-mediated protein, Mov10, 

which inhibits translation of key plasticity-related mRNAs such as CaMKIIα, has been 

shown to be degraded by the proteasome in activity- and NMDA-dependent manner 

(Banerjee et al. 2009).  

 

The physiological role of local proteasomal degradation of translational regulators 

is likely to create a threshold for induction of L-LTP, such that only strong enough stimuli 
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would allow adequate translation to proceed. Degradation of translational activators may 

serve as an initial regulatory step for maintaining low levels of protein synthesis in the 

absence of synaptic stimulation. Degradation of translational repressors, on the other 

hand, may serve as a second regulatory step during the maintenance of L-LTP that 

allows translation to continue, once it has been initiated. The buildup of translational 

repressors during late stages of L-LTP may also be important to limit duration of 

translation and prevent synaptic saturation. Previous studies showed that too much 

translation can be harmful. Increasing translation levels or the quantity of translational 

activators can block long-term memory (Bolduc et al. 2008) and cause synaptic 

pathology and autism-like behavior (Gkogkas et al. 2013; Santini et al. 2013). Therefore, 

aberrant proteolysis, often seen in neurodegenerative disease (Hegde and Upadhya 

2011), may have an adverse effect on neuronal function through perturbation of new 

protein synthesis in dendrites.    

 

Proteasome activity in the nucleus: regulation of transcription 

Previously we postulated that hippocampal L-LTP maintenance is blocked with β-

lactone treatment because of inhibition of transcription. This hypothesis stemmed from 

the observation that L-LTP maintenance is blocked only when β-lactone is applied prior 

to L-LTP induction, but not 2 h after the induction (Dong et al. 2008). The 2-h window 

has been previously described as the critical period for transcription required for 

maintenance of L-LTP (Nguyen et al. 1994). In addition, proteasome inhibition blocks 

gene expression induced by cyclic adenosine monophosphate (cAMP) response 

element-binding (CREB) protein, a transcription factor that has a crucial role in long-term 

synaptic plasticity and memory (Benito and Barco 2014). Treatment of hippocampal 

slices with β-lactone prior to chemically-induced LTP (cLTP) or electrically induced L-
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LTP with theta-burst protocol (TBP) blocks the upregulation of a CREB-inducible gene, 

brain-derived neurotrophic factor (Bdnf), that is necessary for maintenance of L-LTP 

(Barco et al. 2005; Dong et al. 2008). This observation was supported by the finding that 

a CREB repressor, activating transcription factor 4 (ATF4), is degraded by the 

proteasome during cLTP (Dong et al. 2008). Thus, proteasome inhibition causes a 

buildup of transcriptional repressors, such as ATF4, which blocks the upregulation of 

plasticity-related genes, such as Bdnf, and blocks the maintenance part of L-LTP (Dong 

et al. 2008). 

 

The study presented in chapter 3 provides further evidence for the negative 

effect of proteasome inhibition on transcription in synaptic plasticity. We described a 

novel role of the proteasome in modulation of epigenetic histone modifications, which 

are known to guides gene transcription in synaptic plasticity, learning and memory (Day 

and Sweatt 2011; Zovkic et al. 2013). Our study demonstrated that trimethylation of 

histone 3 at lysine 4 (H3K4me3), acetylation of histone H3 at lysines 9 and 14 

(H3K9/14ac), and monoubiquitination of histone H2B at lysine 120 (H2BK120ub) are 

enhanced immediately after cLTP induction and their enhancement is blocked by β-

lactone pretreatment (Chapter 3; Figures 2 and 3).  

 

H3K4me3 and H3K9/14ac are transcription-favoring epigenetic tags that have 

been identified as critical regulators of learning and memory in behavioral rodent models 

(Day and Sweatt 2011; Jarome and Lubin 2013; Zovkic et al. 2013); however, the 

mechanisms behind their addition and removal are still poorly understood. Our study 

illustrated the dynamic nature of these modifications, since both H3K4me3 and 

H3K9/14ac were upregulated immediately after cLTP induction and returned back down 
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to baseline after 30 min of recovery (Chapter 3; Figure 1). This histone remodeling time-

course was surprisingly fast. Transient histone modifications have been studied in the 

timescale of hours or days after synaptic stimulation or behavioral training (Levenson et 

al. 2004; Gupta-Agarwal et al. 2012). It is also known, however, that histone 

modifications can occur much more rapidly, in the timescale of minutes (Buro et al. 

2010; Lopez-Atalaya et al. 2013; Riffo-Campos et al. 2015). It has been previously 

hypothesized that lasting cellular changes in synaptic plasticity can be triggered by a 

transient histone modification signal (Levenson and Sweatt 2005). Previous results in 

Aplysia show that transient acetylation of histone H3 is critical during long-term synaptic 

plasticity (Guan et al. 2002). Therefore, transient spikes of proteasome-dependent 

histone acetylation and methylation may be sufficient to trigger long-lasting upregulation 

of plasticity-related genes.   

 

Our study was the first to characterize the role of the transcription-favoring 

H2BK120ub in synaptic plasticity (Minsky et al. 2008). We demonstrated that 

H2BK120ub levels oscillate after the induction of cLTP, since an increase of 

monoubiquitination was observed immediately after cLTP induction and at 30 min after 

cLTP induction, but not at 15 min (Chapter 3; Figure 3). This finding is consistent with 

previous studies of histone H2B monoubiquitination in yeast transcriptional regulation, 

where multiple rounds of histone ubiquitination and deubiquitination are required for 

transcription initiation and elongation, respectively (Wyce et al. 2007; Minsky et al. 2008; 

Weake and Workman 2008). Histone H2B monoubiquitination has also been described 

as a precursor for other histone modifications (Gonzalez et al. 2002; Lee et al. 2007). If 

H2BK120ub is the first link in a chain of events that precede initiation of transcription in 

synaptic plasticity, manipulating histone monoubiquitination at promoters of active genes 



189 
 

may serve as a therapeutic target for memory impairments. Two separate ongoing 

studies in the Lubin and the Nestler groups are underway to characterize H2BK120ub as 

a key player in mouse models of fear memory and drug addiction, respectively (Jarome 

et al. 2014; Rabkin et al. 2014).  

 

Besides characterizing global levels of proteasome-mediated epigenetic histone 

modifications in cLTP, we also examined H3K9/14ac and H3K4me3 at specific 

promoters of Bdnf along with the transcription of Bdnf mRNA variants in cLTP (Chapter 

4; Figures 1 and 3). The transcription of the first three Bdnf variants, driven by the first 

three promoters (PI – PIII), was dependent on proteasomal activity, while transcription of 

Bdnf variants IV and V, driven by PIV and PV promoters, was independent of 

proteasomal activity (Chapter 4; Figure 1). It is not surprising that the proteasome 

regulates some mRNA transcripts, but not others. It has been postulated that 

transcription of Bdnf mRNA variants is guided by different transcription activators at each 

specific promoter site (Aid et al. 2007; Martinez-Levy and Cruz-Fuentes 2014). This 

redundancy in Bdnf transcription provides more regulatory control of Bdnf gene 

expression for activity-dependent and tissue-specific activation. Bdnf variants are known 

to be differentially regulated by neuronal activity in physical exercise, seizures, ischemia, 

antidepressant treatment and fear learning (Cunha et al. 2010; Lubin 2011). 

 

Proteasome-mediated Bdnf PI – PIII mRNA expression in cLTP was also 

correlated with changes in H3K9/14ac and H3K4me3 at the three Bdnf promoters 

(Chapter 4; Figure 3, Table 2). We showed that histone acetylation is enriched in cLTP 

and is inhibited with β-lactone pretreatment at PI – PIII, while histone methylation is 

enriched in cLTP and is inhibited with β-lactone pretreatment at PII (Chapter 4; Figure 
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3). These findings suggest that Bdnf transcription of PI – PIII variants may be regulated 

by proteasome-mediated histone acetylation and/ or methylation in synaptic plasticity. 

While histone methylation was not enriched in cLTP at PI and PIII compared to control, it 

was still inhibited by proteasome inhibition. In addition, both histone acetylation and 

methylation were inhibited at Bdnf PII – PV under basal conditions (Chapter 4; Figure 2). 

These data suggest that the proteasome may also be critical for maintaining some basal 

levels of histone acetylation and methylation, besides its regulation of plasticity-related 

histone modifications. This study illustrates that epigenetic modifications at gene 

promoters are unique depending on the environmental circumstances and are 

dynamically regulated by the proteasome.  

 

Collectively, these finding are in agreement with the idea that a combination of all 

epigenetic tags at promoters of genes, brought upon by environmental stimulation, 

control gene expression and guide behavior (Day and Sweatt 2011). In the 

hippocampus, the regulation of chromatin structure through posttranslational 

modifications (PTMs) of histones may represent a “molecular code” for long-term 

memory (Levenson and Sweatt 2005). This flexible “molecular code” may mediate long-

term behavioral changes by controlling transcription of genes (Levenson and Sweatt 

2005). In our work, we illustrated the dynamic nature of global and specific histone 

modifications in cLTP, which may be the basis for the ever-evolving “molecular code” of 

plasticity.  

 

 Besides the identification of PTMs of histones that drive transcription of genes in 

synaptic plasticity and memory, it is also important to understand how these epigenetic 

tags are regulated (Sweatt 2013). What drives PTM of histones and the enzymes that 



191 
 

regulate their attachment or removal, like histone acetyltransferases (HATs), histone 

deacetylases (HDACs), histone methyltransferases (HMTs), and histone demethylases 

(HDMs)? Our study presented substantial evidence that the proteasome plays a critical 

role in the regulation of histone acetylation, methylation and ubiquitination in long-term 

synaptic plasticity. Although the mechanisms of proteasomal control of PTM of histones 

are still unclear, it is likely that the proteolytic degradation of some of the histone 

remodeling machinery is engaged after synaptic stimulation. For example, the 

proteasome is known to degrade HMTs, such as G9a (Takahashi et al. 2012), HDMs, 

such as JARID1C (Mersman et al. 2009), and HDACs (Du et al. 2014; Mano et al. 2014), 

which all cause transcriptional repression. It is important to note, however, that 

transcription-activating HATs, like CBP, are also known to be degraded by the 

proteasome (St-Germain et al. 2008). The spatial and temporal specificity of the 

molecular signal that determines which chromatin-remodeling complex needs to be 

degraded under which environmental condition is yet to be determined. Since the net 

result of proteasomal inhibition is blockade of transcription and blockade of the 

maintenance of L-LTP, it is possible that the proteasome regulates transcriptional 

repressors more readily than the activators.  

  

Activity-dependent cytoplasm-to-nucleus translocation of proteasomal subunits 

New emerging studies indicate that the proteasome has non-proteolytic activity 

(Hegde and Upadhya 2006; Bhat and Greer 2011; Keppler et al. 2011). Different 

components of the proteasome, such as the 19S cap and the 20S core are known to 

exist separately from one another, both in the cytoplasm and the nucleus; however, their 

independent functions remain poorly understood (Tai et al. 2010). The mechanisms 

behind how the proteasome is able to enter the nucleus are still unknown. Some reports 
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suggest that prior to its nuclear localization, the proteasome must first be disassembled 

into its subunits (Glickman and Raveh 2005). The molecular signals that drive 

proteasomal disassembly and redistribution between cellular compartments remain to be 

elucidated.  

 

 The study described in chapter 5 presents a novel role of proteasomal ATPase 

subunits in activity-dependent cytoplasm-to-nucleus translocation in long-term synaptic 

plasticity. We showed that the induction of cLTP causes ATPase subunits, Rpt1, Rpt5 

and Rpt6, to translocate from the cytoplasm into the nucleus (Chapter 5; Figures 1 and 

S2). We also showed that cLTP induction does not affect subcellular localization of Rpt2, 

which remains cytoplasmic, indicating that each ATPase subunit may have a unique 

function in synaptic plasticity (Chapter 5; Figure S2). Once inside the nucleus, the Rpt1 

and Rpt6 subunits are likely to occupy subnuclear compartments with transcriptionally 

active euchromatin (Chapter 5; Figures 1), since our immunohistochemical staining 

showed minimal overlap between Rpt1 and Rpt6 immunoreactivity with a 

heterochromatin stain, To-Pro-3 (Shen et al. 2010). Most importantly, our study 

demonstrated that both Rpt1 and Rpt6 are enriched at Bdnf promoter PI after the 

induction of cLTP, but not in control hippocampal slices (Chapter 5; Figure 6). We 

propose that proteasomal ATPases respond to the cytoplasmic signals, activated by 

synaptic activity, to stimulate gene transcription and facilitate L-LTP maintenance. 

 

  In support of these findings, previous studies in yeast and cancer cells showed 

that proteasomal ATPase subunits bind to promoters of actively transcribed genes and 

physically interact with HATs and KMTs to regulate histone PTMs (Ferdous et al. 2001; 

Gonzalez et al. 2002; Lee et al. 2005; Koues et al. 2008; Bhat and Greer 2011; Uprety et 
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al. 2012). In addition, the 19S ATPases have been described to connect histone H2B 

monoubiquitination and histone H3 methylation, because histone ubiquitination-

dependent recruitment of Rpt4 and Rpt6 to active chromatin is a prerequisite for histone 

methylation (Ezhkova and Tansey 2004). Furthermore, proteasomal ATPase subunits 

have been characterized as chromatin-modifying enzymes with chaperone-like activity 

(Braun et al. 1999; Gonzalez et al. 2002; Bhat et al. 2008; Maganti et al. 2014). Taken 

together with our observations, these studies suggest a novel, non-proteolytic role of 

Rpt1 and Rpt6 in transcriptional regulation in synaptic plasticity. We propose that Rpt1 

and Rpt6 are recruited to transcriptionally active chromatin via histone H2B 

monoubiquitination. Also, they may use ATP energy to act as chaperones and target 

transcriptional activators, such as HATs and KMTs, to promoters of actively transcribed 

genes and stimulate transcription in long-term synaptic plasticity. 

 

Detailed investigation revealed that the nuclear translocation dynamics of Rpt1 

differed from that of Rpt6. While Rpt6 entered the nucleus immediately after cLTP 

induction and remained there for at least one hour, Rpt1 displayed nucleocytoplasmic 

shuttling with cycles of nuclear entry occurring approximately every 20 min (Chapter 5; 

Figure 2). Although surprising at first, this biological oscillation makes sense if Rpt1 

subunit is a transcriptional regulator. Nucleocytoplasmic shuttling has been described for 

some known transcription factors, such as the GATA family transcription factor, GtaC, in 

social amoeba, Dictyostelium discoideum (Cai et al. 2014). Upon cAMP stimulation, 

GtaC repeatedly entered the nucleus in the timescale of 20 min and each nuclear exit 

was followed by a burst of transcription (Cai et al. 2014). Therefore, nucleocytoplasmic 

shuttling of some transcription factors may be necessary for optimal transcription levels. 

Similarly, a specific number of Rpt1 shuttling events may be required for transcriptional 
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initiation in synaptic plasticity. Rpt1 nucleocytoplasmic shuttling may introduce another 

regulatory level to the maintenance of L-LTP by the proteasome.  

 

 How do proteasomal ATPases enter the nucleus after synaptic stimulation? 

Previous analysis of Rpt1 and Rpt6 protein sequences concluded that neither subunit 

has a functional nuclear localization signal (NLS) (Wendler et al. 2004). The absence of 

the NLS indicates that Rpt1 and Rpt6 nuclear entry is independent of the nuclear 

transport receptors, importins α and β (Cautain et al. 2014). In support of this idea, 

pretreatment of hippocampal slices with importazole, an importin β inhibitor (Soderholm 

et al. 2011), did not inhibit nuclear translocation of Rpt1 (Chapter 5; Figure S3). 

Therefore, nuclear import of proteasomal ATPases may be mediated by a non-classical 

NLS that is recognized by other classes of trafficking proteins and may depend on their 

PTMs.   

 

Several PTMs are known to trigger activity-dependent nuclear translocation, such 

as phosphorylation and SUMOylation (Ch'ng et al. 2012; Rytinki et al. 2012; Michailovici 

et al. 2014). ATPase subunits of the proteasome are known to be posttranslationally 

modified under different physiological circumstances (Glickman and Raveh 2005). Our 

nuclear translocation study with Rpt1 deletion mutants concluded that the N-terminus of 

Rpt1 contains the molecular signal for its nuclear entry (Chapter 5; Figure 3). We also 

identified that Rpt1 nuclear translocation depends on its SUMOylation as well as 

phosphorylation (Chapter 5; Figure 4 and 5). Both of these PTMs are important 

regulators of synaptic plasticity and are known to play a role in neurodegenerative 

disease (Droescher et al. 2013; Krumova and Weishaupt 2013). For example, ataxin 1 

(ATX1) has been found to be SUMOylated in a phosphorylation-dependent manner and 
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mutant ATX1 facilitates pathogenic nuclear aggregates (Irwin et al. 2005; Riley et al. 

2005). The relationship between phosphorylation and SUMOylation of proteins prior to 

their nuclear translocation is still poorly understood. Plasticity-mediated increase in 

kinase activity early during L-LTP induction may be the molecular signal that triggers 

Rpt1 phosphorylation, SUMOylation and nucleocytoplasmic shuttling. This may be a 

potential mechanism by which non-proteolytic proteasomal activity links L-LTP induction 

and maintenance and stimulates transcription of plasticity-related genes.   

 

It is interesting to note that we were unable to identify any PTMs that mediate 

Rpt6 nuclear import. Our data show that Rpt6 nuclear translocation is not dependent 

upon its phosphorylation or SUMOylation (Chapter 5; Figures 4 and 5). Previous studies 

describe that Rpt6 is phosphorylated at serine 120 by CaMKIIα in an activity-dependent 

manner in hippocampal neurons (Djakovic et al. 2009; Djakovic et al. 2012). In addition, 

they showed that Rpt6 phosphorylation facilitates tethering of the proteasome to 

cytoplasmic components and regulated synaptic strength (Djakovic et al. 2012). The 

CaMKIIα-mediated increase in phosphorylation of Rpt6 along with an enhanced 

proteasomal activity was also observed in the amygdala of rats following fear 

conditioning (Jarome et al. 2013). Clearly, phosphorylation of Rpt6 subunit is an 

important regulatory step in synaptic plasticity, learning and memory. While the 

phosphorylated form of Rpt6, perhaps bound to the rest of the proteasome, seems to 

have a specific synaptic role in mediating plasticity, free and unmodified Rpt6 may have 

a different role in nuclear translocation and transcriptional regulation. Since Rpt6 

phosphorylation does not mediate its nuclear translocation, Rpt6 may also have another 

binding partner that aids in its nuclear entry. This further illustrates the complex roles of 
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each specific proteasomal ATPase subunit vs. the total 26S proteasome in activity-

dependent response to synaptic stimulation.  

 

Some researchers argue that the 19S ATPase subunits can facilitate 

transcription independently of the 20S catalytic core (Bhat and Greer 2011). Geng and 

Tansey, however, found that both the 19S cap and the 20S core are recruited to 

transcriptionally active chromatin (Geng and Tansey 2012). Also, the entire 26S 

proteasome has been shown to co-immunoprecipitate with RNA polymerase II, 

indicating that both parts of the proteasome are important in transcriptional regulation 

(Gillette et al. 2004). In our studies described in chapters 3 and 4 we used β-lactone to 

inhibit the proteasome, which acts directly on the 20S core and may have a role in 

inhibiting other proteasomal components (Fenteany et al. 1995), such as the 19S cap. 

Therefore, we cannot draw definitive conclusions as to whether the 20S or the 19S  

proteasome has a greater role in transcriptional regulation during long-term synaptic 

plasticity. To date, there are no inhibitors for specific ATPase subunits; thus, it is difficult 

to test the role of the 19S vs. the 20S proteasome. 

 

Conclusions and future directions 

Work presented here describes the diverse roles of the proteasome in different 

phases of L-LTP as well as different neuronal compartments.  We show evidence 

supporting our previously postulated hypothesis that the proteasome inhibition enhances 

the early part of L-LTP, by stabilizing translational activators, and blocks the late part of 

L-LTP, by stabilizing translational repressors and inhibiting transcription of plasticity-

related genes. Moreover, we show that the ATPase subunits of the 19S regulatory cap 

of the proteasome play a non-traditional role in cytoplasm-to-nucleus signal transduction 
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and, possibly, facilitate transcription of plasticity-related genes, further enhancing the 

maintenance of L-LTP. Taking into consideration all our findings, our working model for 

proteasomal regulation of synaptic plasticity is as follows (summarized in Figure 1).  

 

1. The proteasome keeps synaptic activity-dependent translation process in check 

by degrading translational activators, such as eIF4E and eEF1A. Therefore, only 

an appropriately strong synaptic signal allows for the induction of L-LTP. 

Proteasome inhibition lowers the threshold for L-LTP induction by stabilizing 

translational activators.  

 

2. Once L-LTP has been initiated, the proteasome helps maintain the translation 

process by removing translational repressors, such as 4E-BP2 and Paip1, which 

accumulate later during the L-LTP. Thus, once the sufficient synaptic activity has 

triggered L-LTP induction, the proteasome allows for its long-lasting 

maintenance. Proteasome inhibition stabilizes translational repressors and 

promotes L-LTP decay.  

 

3. During L-LTP induction, free proteasomal ATPase subunits, such as Rpt1, are 

posttranslationally modified with phosphorylation and SUMOylation and are 

marked for their nuclear import, while other subunits, such as Rpt2, remain in the 

cytoplasm. Once the free ATPases enter the nucleus, they may propagate the 

intracellular signal originated in the cytoplasm and initiate gene transcription, 

therefore linking the L-LTP induction and maintenance phases. ATPases that 

remain in the cytoplasm might have different roles in L-LTP induction or 

maintenance that is still unknown.    
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4. During L-LTP maintenance, nuclear ATPase subunits, such as Rpt1 and Rpt6, 

bind to promoters of actively transcribed genes to facilitate transcription-favoring 

histone acetylation, methylation and monoubiquitination and stimulate expression 

of plasticity-related genes, such as Bdnf. In addition, the entire 26S proteasome 

in the nucleus also degrades some transcriptional repressors, such as KMTs. 

Proteasome inhibition blocks PTMs of histones, inhibits transcription of plasticity-

related genes, and stabilizes the transcriptional repressors to block L-LTP 

maintenance.  

 

To gain further evidence in support of our current working model, several 

questions remain to be answered. For example, the specific signals for spatial and 

temporal regulation of the proteasome and its subunits in synaptic plasticity are still 

unknown. Many translational and transcriptional regulators that are substrates of the 

UPP still remain to be identified. To differentiate between nuclear vs. cytoplasmic roles 

of the proteasome, different binding partners and subcellular complexes that interact 

with the proteasome must be determined. The identification of plasticity-related genes, 

transcription of which is regulated by the proteasome, will provide further understanding 

of proteasome-dependent molecular processes underlying long-term synaptic plasticity 

and memory. The most challenging problem, however, is to differentiate between the 

proteolytic vs. the non-proteolytic roles of the proteasome in synaptic plasticity, because 

adequate proteasomal inhibitors that are specific for either the 19S or the 20S 

complexes are still lacking. These are just some of the exciting research questions 

needed to gain further understanding of complex proteasomal activity in the nervous 

system. To attempt to pursue these research questions, specific inhibitors that target 
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individual subunits of the proteasome as well as better antibodies for specific 

proteasomal subunits are needed.  

 

It is also important to note that all of our studies on proteasomal regulation of 

synaptic plasticity focused on the associative LTP in the Schaffer collateral pathway of 

the hippocampus. It is likely that other forms of plasticity, such as LTD or non-

associative LTP, different brain regions, such as the amygdala, and other pathways 

within the hippocampus, such as the mossy fiber pathway, are affected by manipulations 

to the UPP. Further studies are needed to decipher proteasomal contribution to different 

forms of plasticity in different areas of the brain.  

 

With regards to the regulation of intracellular signaling pathways in long-term 

synaptic plasticity, the proteasome is as handy as the Swiss Army Knife.  As a major 

regulator of many different processes in the nervous system, it is not surprising that the 

UPP is intimately linked to many disorders of the brain (Hegde and Upadhya 2011; 

Figueiredo-Pereira et al. 2014). Neurodegenerative diseases and “aggregopathies,” 

such as Alzheimer’s, Parkinson’s, Huntington’s diseases and Angelman syndrome, are 

associated with perturbation in the UPP. Therefore, understanding the role of the 

proteasome in long-term synaptic plasticity will help identify therapeutic targets and 

biomarkers of neurodegenerative diseases and disorders of plasticity and memory. 
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List of Figures 

 

 

Figure 1. Differential local roles of the proteasome in the dendrites, nucleus, and 

nucleocytoplasmic signaling. From left to right: 1. Proteasome activity in the nucleus 

upregulates transcription-promoting H3K4me3, H3K9/14ac, and H2BK120ub (upward 

arrows) and induces the expression of Bdnf, to promote transcription during the 

maintenance phase of L-LTP. Proteasome inhibition inhibits H3K4me3, H3K9/14ac and 

H2BK120ub (downward arrows), prevents Bdnf gene expression and blocks the 

maintenance of L-LTP. 2. Proteasomal ATPase subunits of the 19S RC, Rpt1, 5 and 6, 

respond to synaptic stimulation by translocating into the nucleus and initiating gene 

transcription, therefore linking L-LTP induction and maintenance. Upon LTP induction, 

Rpt1 subunit displays nucleocytoplasmic shuttling (bi-directional arrow), Rpt5 and 6 

subunits enter the nucleus and remain there for at least one hour (uni-directional arrow 
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going into the nucleus), while Rpt2 subunit remains in the cytoplasm (small slanting 

arrow). 3. Proteasome activity in the dendrites blocks the induction part of L-LTP, by 

rapid degradation of translational activators, eIF4E and eEF1A (broken green sphere), 

and enhances the maintenance part of L-LTP, by slow degradation of translational 

repressors, Paip2 and 4E-BP2 (broken red sphere). Proteasome inhibition stabilizes 

both translational activators (intact green sphere) and repressors (intact red sphere) to 

enhance the induction of L-LTP and block its maintenance. H3K4me3: trimethylation of 

histone 3 at lysine 4; H3K9/14ac: acetylation of histone H3 at lysines 9 and 14; 

H2BK120ub: monoubiquitination of histone H2B at lysine 120; Bdnf: brain-derived 

neurotrophic factor; 19S RC: 19S regulatory cap; eIF4E: eukaryotic initiation factor 4E; 

eEF1A: eukaryotic elongation factor 1A; Paip2: polyadenylate-binding protein interacting 

protein; 4E-BP2: eukaryotic initiation factor 4E-binding protein 2. 
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2014 Honorable Mention Poster Award, Neuroscience Student-Organized 
Wake Forest Research Day, Winston-Salem, NC 

2013 Runner-up Poster Award, 13th Annual Graduate Student Research Day; 
Wake Forest University Graduate School of Arts & Sciences, Winston-
Salem, NC 

2010 Fine Science Tools Travel Award for best abstract to attend the 2010 
Society for Neuroscience (SfN) meeting in San Diego, CA.  

2009 1st Place at the Annual New Mexico Highlands University Student Poster 
Competition; Las Vegas, NM 

2002 – 2006  Dean’s List (GPA≥3.5); New Mexico Highlands University, Las Vegas, 
NM  

2004 The American Chemical Society Award for outstanding performance in 
organic chemistry; New Mexico Highlands University, Las Vegas, NM 

 
PROFESSIONAL MEMBERSHIPS 
 

2010 – Present  Society for Neuroscience 
2010 – Present  Western North Carolina Society for Neuroscience 
2006   Phi Kappa Phi Honor Society 
2004 – 2006  Psi Chi Psychology Honor Society 
2003 – 2005  American Chemical Society 
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STUDENT MENTORSHIP / TRAINING 
 
2014 – Present J. Whitt Morgan, undergraduate intern, Wake Forest University 
Fall 2013  Brenna Beckelman, rotation PhD student, WFSM 
2013 – 2014   P. Ryan Tacon, undergraduate intern, Wake Forest University 
Spring 2012  Ashley Wagoner, rotation PhD student, WFSM 
Fall 2011  Dustin Fetterhoff, rotation PhD student, WFSM 
Summer 2011  Bryan Neth, rotation MD/PhD student, WFSM 
Fall 2010  Kathryn Haynes, rotation PhD student, WFSM 

 
TEACHING EXPERIENCE 
 

Fall 2014 Developmental / molecular neuroscience journal club co-director; 
Wake Forest School of Medicine. Course co-director: Carol 
Milligan, Ph.D. 

Fall 2014 Integrated neuroscience / child psychiatry course guest lecturer; 
Wake Forest School of Medicine. Course directors: Carol Milligan, 
Ph.D., Siham Muntasser, M.D. 

2013 – 2014  Developmental neuroscience graduate course guest lecturer; 
Wake Forest School of Medicine. Course directors: Ronald 
Oppenheim, Ph.D. (2013) / David Riddle, Ph.D. (2014) 

2011 – 2013 Neuroanatomy graduate course teaching assistant / guest 
lecturer; Wake Forest School of Medicine. Course director: Mary 
Lou Voytko, Ph.D. 

2008 – 2009 Human Anatomy and Physiology undergraduate course teaching 
assistant; New Mexico Highlands University. Supervisor: Ben 
Nelson, D.V.M. 

 
CURRENT GRANT SUPPORT 
 

F31NS081978   01/2013 – 01/2016 
Mentor: Ashok N. Hegde, Ph.D. 
Ruth L. Kirschstein National Research Service Award (NINDS) 
 

Novel Epigenetic Roles of the Proteasome in Long-term Synaptic Plasticity 
 

Several diseases of the brain, such as Alzheimer’s, Parkinson’s, and 
Huntington’s, characterized by learning and memory impairments, have been linked to 
disruptions of a molecular machinery, called the proteasome, known for degradation of 
intracellular proteins. This project is aimed at understanding how the proteasome 
influences gene expression important for long-term memory formation. Preliminary 
results indicate that the proteasome could mediate environmental influence to change 
gene expression, a phenomenon called epigenetics. The goal of this award is to receive 
training in a variety of molecular techniques to study gene expression, epigenetic 
modifications, protein expression and sub-cellular localization, as well as protein 
degradation in a mouse model of synaptic plasticity, long-term potentiation (LTP). 
 

Role: PI 
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COMPLETED GRANT SUPPORT 
 

T32NS007422   08/2010 – 08/2011  
PI: Ronald W. Oppenheim, Ph.D. 
Ruth L. Kirschstein National Research Service Award 
 

NIH Jointly Sponsored Predoctoral Training Program in Neuroscience 
 

The goal of this award is to receive broad based, interdisciplinary neuroscience 
training that provides a strong foundation for future research projects. Under this award I 
was trained to use biochemical and molecular biological techniques to examine the role 
of the proteasome in gene expression in a mouse model of long-term synaptic plasticity.   
 

Role: Graduate Student 
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Dong C*, Bach SV*, Haynes KA*, Hegde AN. Proteasome modulates positive and 
negative translational regulators in long-term synaptic plasticity. (2014) J Neurosci., 
34(9):3171-82. *Shared first authorship. 

Hegde AN, Haynes KA*, Bach SV*, Beckelman B*. Local ubiquitin-proteasome-
mediated proteolysis and long-term synaptic plasticity. (2014) Front Mol Neurosci., 7:96. 
*Shared second authorship. 

La Grange L, Hojnowski N, Nesterova S. Personality correlates of alcohol consumption 
and aggression in a Hispanic college population. (2007) Hispanic Journal of Behavioral 
Sciences, 29(4):570-580. 
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Nesterov VN, Wiedenfeld DJ, Nesterova SV, Daniels LM. Synthesis and X-ray structural 
investigations of 2-amino-7-methyl-4-(1-naphthyl)-5-oxo-4H,5H-pyrano[4,3-b]pyran-3-
carbonitrile  and  2-amino-4-(1-naphthyl)-5-oxo-4H,5H-pyrano[3,2-c]chromene-3-
carbonitrile.  (2005) J. Chem. Crystallogr., V35, pp. 917-922. 

Nesterov VN, Wiedenfeld DJ, Nesterova SV, Minton M. 2-Amino-4-(1-naphthyl)-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile and 2-amino-7,7-dimethyl-4-(1-naphthyl)-
5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile. (2004) ActaCrystallogr., C60, pp. 
o334-o337. 
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Nesterova SV, Wiedenfeld DJ, Nesterov VN. 5-Acetyl-2-amino-6-methyl-4-(1-naphthyl)-
4H-pyran-3-carbonitrile, methyl 6-amino-5-cyano-2-methyl-4-(1-naphthyl)-4H-pyran-3-
carboxylate and tert-butyl 6-amino-5-cyano-2-methyl-4-(1-naphthyl)-4H-pyran-3-
carboxylate. (2004) ActaCrystallogr., C60, pp. o559-o563. 

Nesterov VN, Viltchinskaia EA, Nesterova SV. [(2-Methoxy-anilino)methylene] 
malononitrile. (2003) ActaCrystallogr., E59, pp. o625-o627. 

Manuscripts Under Preparation 

Bach SV, Smith T, Tacon PR, Morgan JW, Hegde AN. Novel roles of the proteasome in 
activity-dependent nucleocytoplasmic signaling in long-term synaptic plasticity. 

Vashisht A*, Bach SV*, Morgan JW, Smith T, Hegde AN. Proteasome inhibition lowers 
the threshold for CREB phosphorylation and L-LTP induction. *Shared first authorship.  

 
ABSTRACTS 
 

Bach SV, Hegde AN. Proteasome regulates epigenetic histone modifications in 
hippocampal long-term synaptic plasticity. (2015, February) Poster presented at the 
Keystone Symposium on Neuroepigenetics, Santa Fe, NM. *Won 2nd place at 
Neuroscience Student-Organized Wake Forest Research Day Poster Competition 

Bach SV, Tacon PR, Morgan JW, Hegde AN. Proteasome modulates transcription-
favorable histone modifications at BDNF promoters in long-term synaptic plasticity. 
(2014, November) Poster presented at the Society for Neuroscience meeting, 
Washington, DC.  

Bach SV, Hegde AN. Proteasome differentially affects histone acetylation and 
methylation at BDNF promoters in long-term synaptic plasticity. (2014, April) Poster 
competition at Neuroscience Student-Organized Wake Forest Research Day, Winston-
Salem, NC. *Won Honorable Mention 

Bach SV, Upadhya SC, Hegde AN. Novel epigenetic roles of the proteasome in long-
term synaptic plasticity. (2013, March) Poster competition at 13th Annual Graduate 
Student Research Day, Winston-Salem, NC.*Won Runner-up 

Hegde AN, Upadhya SC, Bach SV, Haynes KA, Dong, C. Molecular correlates of early 
L-LTP enhancement mediated by proteasome inhibition. (2012, October) Poster 
presented at the Society for Neuroscience meeting, New Orleans, LA. 

Bach SV, Upadhya SC, Hegde, AN. Novel epigenetic roles of the proteasome in long-
term synaptic plasticity. (2012, October) Poster presented at the Society for 
Neuroscience meeting, New Orleans, LA. 

Pattison LP, Aston ER, Riegle MA, Rose JH, Spence TE, Skelly MJ, Jonston W, Haynes 
K, Bach S, Godwin DW. (2012, October) Wake Forest University’s Brain Awareness 
Council: Illuminating minds, one brain at a time. Poster presented at the Society for 
Neuroscience meeting, New Orleans, LA. 

Bach SV, Upadhya SC, Haynes K, Hegde AN. Epigenetic roles of the proteasome in 
long-term synaptic plasticity. (2012, March) Poster competition at 12thAnnual Graduate 
Student Research Day, Winston-Salem, NC. 
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Bach SV, Upadhya SC, Haynes K, Hegde AN. Epigenetic roles of the proteasome in 
synaptic plasticity. (2011, December) Poster competition at Annual Western North 
Carolina Chapter Society for Neuroscience Research Day, Winston-Salem, NC. 

Nesterova SV, Upadhya SC, Hegde AN. Blockade of transcription by proteasome 
inhibition during maintenance of late-phase long-term potentiation. (2010, November) 
Poster presented at the Society for Neuroscience meeting, San Diego, CA. *Won best 
abstract 

Nesterova SV and Hernandez Gifford JA. WNT and FSH act in synergy to stimulate 
aromatase gene expression. (2009, April) Poster competition at 2nAnnual New Mexico 
Highlands University Student Poster Competition, Las Vegas, NM. *Won best poster 

Nesterova SV, Wiedenfeld D, Nesterov VN, Huntley J. Synthesis and structural features 
of sterically hindered 1-naphthyl containing heterocyclic derivatives as potential bioactive 
materials. (2005, July) Poster presented at International Symposium Advances in 
Science for Drug Discovery (ASDD), Moscow, Russia. 

Nesterova SV, Wiedenfeld D, Nesterov VN, Huntley J. Synthesis of sterically hindered 
4-(1-Naphthyl)-4H-pyran derivatives and their structural features. (2005, June) Poster 
presented at Joint ACS 60th Northwest Regional & Small Chemical Businesses Meeting, 
Fairbanks, AK. 

Nesterova SV, Wiedenfeld D, Nesterov VN, Minton M. Synthesis of sterically hindered 
4-(1-naphthyl)-4H-pyran derivatives and their structural features. (2004, June) Poster 
presented at Joint ACS 59th Northwest & 18th Rocky Mountain Regional Meeting, Logan, 
UT. 

Nesterova SV, Wiedenfeld D, Nesterov VN, Minton M. Synthesis and structural 
investigations of 4-(1-naphthyl)-4H-pyran derivatives. (2004, April) Poster presented at 
NASA Ames & Gear Up 2nd Annual Student Symposium, Las Vegas, NM. 

Nesterova SV and Tingly E. The research basis of popular books on human sexuality. 
(2004, March) Poster presented at Rocky Mountain Psychology Association Conference, 
Reno, NV. 

 
PUBLIC SEMINARS AND GUEST LECTURES 
 

Spring 2015 Public defense: “Proteasome Regulates Transcription and Translation in 
Long-term Synaptic Plasticity,” WFSM, Winston-Salem, NC 

Spring 2015 Invited talk: “Proteasome and Synaptic Plasticity,” University of Southern 
California Children’s Hospital of Los Angeles, CA 

Spring 2015 Invited talk: “Novel Roles of the Proteasome in Hippocampal Long-term 
Synaptic Plasticity,” University of Alabama in Birmingham, AL 

Fall 2014 Invited talk: “Molecular Correlates of Long-term Synaptic Plasticity,” 
Mount Sinai Hospital Icahn Medical Institute, New York, NY 

Fall 2014 Invited talk: “Proteasome Regulates Histone Modifications in 
Hippocampal Long-term Synaptic Plasticity,” EMBO workshop on 
Epigenetic plasticity, Braga, Portugal 
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Fall 2014 Invited talk: “Epigenetics in the Nervous System,” Integrated 
neuroscience course for Wake Forest psychiatry residents, Winston-
Salem, NC 

Spring 2013 Seminar: “Novel Epigenetic Roles of the Proteasome in Long-term 
Synaptic Plasticity,” WFSM, Winston-Salem, NC 

Fall 2013 Seminar: “Nuclear Role of the Proteasome in Synaptic Plasticity,” WFSM, 
Winston-Salem, NC 

Fall 2012 Seminar: “Proteasome, Transcription and Synaptic Plasticity,” WFSM, 
Winston-Salem, NC 

Summer 2011 Seminar: “Blockade of Transcription by Proteasome Inhibition during 
Maintenance of Late Phase Long-term Potentiation,” WFSM, Winston-
Salem, NC 

Summer 2010 Seminar: “Identification of the BDNF Promoter Critical for Proteasome-
mediated Induction of BDNF mRNA During LTP,” WFSM, Winston-Salem, 
NC 

 
TECHNICAL PROFICIENCIES 
 
Chromatin immunoprecipitation (ChIP), co-immunoprecipitation (Co-IP), RNA isolation, 
quantitative RT-PCR, immunohistochemistry, confocal microscopy, Western blot, mass 
spectrometry, protein labeling with radioactive isotopes, induction of long-term 
potentiation (LTP) using chemical stimulation, hippocampal microdissection, various 
medical procedures in mice and rats (stereotactic surgery, perfusion, cervical 
dislocation), various behavioral assays (Morris Water Maze, contextual fear 
conditioning), cell culture, data analysis. 
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Ashok N. Hegde, Ph.D. 
Professor, Department of Neurobiology and Anatomy 
Wake Forest School of Medicine 
Medical Center Boulevard 
Winston-Salem, NC 27157 
Phone: 336.716.1372 
Email: ahegde@wakehealth.edu 
 
Carol Milligan, Ph.D. 
Director, Neuroscience Program 
Director, ALS Center Translational Science Unit 
Professor, Department of Neurobiology and Anatomy 
Wake Forest School of Medicine 
Medical Center Boulevard 
Winston-Salem, NC 27157 
Phone: 336.716.0499 
Email: milligan@wakehealth.edu 
 
Ronald W. Oppenheim, Ph.D. 
Former Director, Neuroscience Program 
Emeritus Professor, Department of Neurobiology and Anatomy 
Wake Forest School of Medicine 
Medical Center Boulevard 
Winston-Salem, NC 27157 
Phone: 336.716.4405 
Email: roppenhm@wakehealth.edu 
 


