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ABSTRACT 
 

 Highly specific activity-dependent neuronal responses are necessary for modulating 

synapses to facilitate learning and memory. I present evidence linking a number of important 

processes involved in regulating synaptic plasticity, suggesting a mechanistic pathway whereby 

activity-dependent signaling, through PKC-mediated phosphorylation of HuD, can relieve basal 

repression of Bdnf mRNA translation in dendrites, allowing for increased TrkB signaling and 

synaptic remodeling. I demonstrate that the neuronal ELAV (nELAV) family of RNA binding 

proteins associates in vivo with several Bdnf mRNA isoforms present in the adult brain in an 

activity-dependent manner, and that one member, HuD, interacts directly with sequences in the 

long Bdnf 3’ untranslated region (3’UTR) and co-localizes with Bdnf mRNA in dendrites of 

hippocampal neurons. HuD is a repressor of translation for dendritic mRNAs containing the long 

Bdnf 3’UTR, and activation of PKC can relieve this repression, a process that may depend on 

phosphorylation of HuD at threonine residues 149 and/or 165. I did not detect a role for HuD 

expression in the trafficking of Bdnf mRNAs to dendritic compartments, indicating a direct effect 

of HuD on regulating translation of dendritic Bdnf mRNAs to mediate local and activity-

dependent increases in dendritic BDNF synthesis. Furthermore, mice that do not produce long 

Bdnf 3’UTR mRNAs are impaired in a spatial memory task, indicating that regulatory elements 

present in this region are important for mediating BDNF-dependent learning and memory. 
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CHAPTER ONE: INTRODUCTION 
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BDNF structure and function 

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of secreted 

signaling molecules that includes nerve growth factor (NGF), neurotrophin-3 (NT3) and 

neurotrophin-4/5 (NT4/5). Signal transduction can occur through the binding of two distinct 

classes of receptor proteins, the tropomyosin receptor kinase (Trk) family of receptor tyrosine 

kinases, which includes TrkA, TrkB and TrkC, and the p75 neurotrophin receptor (p75NTR). The 

Trk receptors have different neurotrophins as their preferred ligands, with NGF binding to TrkA, 

BDNF and NT4/5 binding to TrkB and NT3 binding to TrkC, while all of the neurotrophins can 

bind p75NTR (Barbacid, 1994; Bibel and Barde, 2000; Reichardt, 2006). Neurotrophins play 

crucial roles during development and in the mature nervous system, influencing neuronal 

survival and differentiation as well as synapse formation and plasticity (Chao, 2003; Waterhouse 

and Xu, 2009). Perturbation of normal BDNF levels has been associated with many disease 

states, including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, schizophrenia 

and depression to name a few (Teixeira et al., 2010; Diniz and Teixeira, 2011; Satomura et al., 

2011). 

The Bdnf gene has a very complicated structure, having nine exons, the first eight of 

which contain 5’-untranslated regions (5’UTRs), with exon IX containing the entire coding 

sequence as well as the 3’-untranslated region (3’UTR) (Timmusk et al., 1993; Aid et al., 2007). 

Transcription can be initiated at any of the eight untranslated exons, which are spliced to the 

common coding exon IX, generating mRNA species with different 5’UTRs that code for the 

same protein. The number of potential transcripts is further increased by alternative splicing of 

exon II, initiation of transcription in the intron preceding exon IX, and polyadenylation at either 
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of two sites, one 350 bases downstream of the stop codon and the other at 2.85 kb. Although all 

transcripts encode the same protein, they are expressed differentially throughout development, 

have distinct spatial expression patterns, and respond uniquely to simulation. Bdnf mRNAs are 

found to be expressed in relative abundance in the adult rodent brain, with high levels of BDNF 

expression in pyramidal cells of the neocortex and hippocampus (Hofer et al., 1990; Yan et al., 

1997). Bdnf transcription is regulated by the activity of the cyclic AMP responsive element 

binding protein (CREB) and methyl CpG-binding protein 2 (MeCP2) (Tao et al., 1998; Chen et 

al., 2003). Recent studies investigating the relative importance of Bdnf mRNA sequences in 

directing mRNA trafficking have led to conflicting reports of which regions are involved, with 

work in our lab demonstrating a critical role for the long Bdnf 3’UTR in directing dendritic 

trafficking (An et al., 2008), while other labs have demonstrated the importance of coding and 

5’UTR sequences (Chiaruttini et al., 2009; Baj et al., 2011). Specifically, they found a 

constitutive dendritic-targeting signal in the Bdnf coding region that could be suppressed by 

sequences in the 5’UTRs of transcript isoforms I and IV. The temporal and spatial expression 

patterns of diverse Bdnf mRNA species allows for highly specific and fine-tuned regulation of 

BDNF synthesis.  

BDNF is initially synthesized as a pre-pro-neurotrophin, containing a signal peptide 

directing sequestration of the nascent protein to the endoplasmic reticulum (ER), after which the 

signal peptide is cleaved, leaving proBDNF (Halban and Irminger, 1994). ProBDNF then traffics 

through the Golgi apparatus where it can be sorted into two different types of secretory granules, 

small vesicles that fuse to the plasma membrane and release their contents constitutively, or 

larger vesicles whose fusion to the plasma membrane is regulated and depends on Ca2+ levels 



 

4 
 

(Lessmann et al., 2003). The requirement for post-translational modification and vesicle 

packaging of proBDNF has posed a problem for proponents of dendritic BDNF synthesis as an 

important regulator of synaptic plasticity, though recent work has demonstrated an extensive and 

complex dendritic ER network and the existence of Golgi outposts near dendritic spines 

(Ramirez et al., 2011), suggesting that dendritic proteins can be processed and sorted for 

membrane insertion or secretion. Indeed, NMDARs have been found to accumulate in dendritic 

ER and be processed in dendritic Golgi outposts prior to plasma membrane insertion (Jeyifous et 

al., 2009). Intracellular cleavage of proBDNF to generate mature BDNF (mBDNF) was observed 

in hippocampal neurons (Mowla et al., 1999), and for a time it was believed that only secreted 

mBDNF was biologically active. Recent work has demonstrated that tissue plasminogen 

activator (tPA), a secretory protein implicated in the late phase of long-term potentiation (L-

LTP), can lead to cleavage of secreted proBDNF to mBDNF by activation of plasmin, an 

extracellular protease (Pang et al., 2004). Furthermore, secretion of proBDNF is biologically 

relevant, as its binding to p75NTR can lead to long-term depression (LTD) (Woo et al., 2005). 

BDNF functions as a homodimer that can bind to and dimerize TrkB receptors, leading to 

their transphosphorylation on tyrosine residues located on their cytoplasmic domain (Patapoutian 

and Reichardt, 2001). This event triggers three different signaling cascades through activation of 

mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K) and 

phospholipase C-gamma (PLC) (Yoshii and Constantine-Paton, 2010). Signaling through the 

MAPK/Erk pathway leads to activation of CREB and upregulation of its target genes, as well as 

phosphorylation of eukaryotic initiation factor 4E (eIF4E), 4E-binding protein (4E-BP1) and 

ribosomal protein S6, playing an important role in the regulation of protein-synthesis dependent 
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synaptic plasticity. The PI3K pathway is an important regulator of synaptic protein synthesis and 

trafficking through the activation of Akt and the mammalian target of rapamycin (mTOR), which 

can phosphorylate 4E-BP1 to enhance translation. Activation of the PLC pathway leads to 

production of diacylglycerol (DAG), which can activate PKC, and inositol 1,4,5-triphosphate 

(IP3), which leads to the release of intracellular Ca2+ stores, resulting in the formation of PSD-

95/TrkB complexes and increasing CREB-mediated transcription.  

 

BDNF in learning and memory  

It has been suggested as far back as a century ago by Ramón y Cajal that the complex workings 

of learning and memory could be a result of changes in the synapses connecting neurons, and 

many investigators have since used long-term potentiation (LTP) and long-term depression 

(LTD) as model paradigms for these synaptic changes. Indeed, impairment of LTP and LTD in 

rats and mice is associated with learning and memory deficits (Wozniak et al., 2007; Ikarashi et 

al., 2011; Skucas et al., 2011; Tachibana et al., 2011). LTP can be characterized as a persistent 

increase in the evoked response of individual cells or populations of neurons as a result of 

previous stimulation, such as high-frequency stimulation (HFS) tetanus or theta-burst stimulation 

(TBS). It is generally considered to be governed by two basic properties, cooperativity and input-

specificity. Cooperativity describes the property that while a single weak pathway to a synapse 

may produce insufficient postsynaptic depolarization to induce LTP, the convergence of many 

weak pathways onto a common synapse can collectively push the depolarization past the 

required threshold. Input specificity refers to the observation that only those synapses receiving 

sufficient activation will be potentiated. 
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A specific form of LTP at excitatory synapses, termed NMDA receptor (NMDAR)-

dependent LTP, requires calcium influx through activated NMDAR channels (Harris et al., 1984; 

Artola and Singer, 1987). The action of calcium/calmodulin-dependent protein kinase II 

(CaMKII) is necessary to mediate this form of LTP (Lisman et al., 2002), while other proteins, 

including protein kinase C (PKC), and specifically the PKC isozyme protein kinase M zeta 

(PKM), MAPK, PI3K and the tyrosine kinase Src also play important roles (Ling et al., 2002; 

Man et al., 2003; Salter and Kalia, 2004; Sweatt, 2004).   LTP can be divided into early (E-LTP) 

and late (L-LTP) phases, with E-LTP lasting approximately 1 hour. E-LTP is protein-synthesis 

independent, and is characterized by post-translational modifications and trafficking of existing 

proteins (Bliss and Collingridge, 1993). An important mechanism governing the expression of E-

LTP is the activity-dependent recruitment and phosphorylation of NMDARs to activated 

synapses (Bredt and Nicoll, 2003). L-LTP depends on new protein synthesis, as well as increased 

transcription of select genes, and is responsible for synaptic potentiation that can last for hours 

and even days (Abraham and Williams, 2008). Several changes occur at synapses during L-LTP, 

such as F-actin polymerization and spine enlargement (Lin et al., 2005), a process that is 

dependent on protein synthesis and BDNF-TrkB signaling (Tanaka et al., 2008).  

HFS at glutamatergic synapses results in the release of synaptically-localized dendritic 

vesicles containing BDNF, a process that is dependent on activation of postsynaptic glutamate 

receptors and Ca2+ influx (Hartmann et al., 2001), allowing for paracrine or autocrine signaling 

through binding of either pre- or postsynaptic TrkB receptors. Synaptic BDNF secretion does not 

occur until some seconds after stimulation, suggesting the presence of a threshold for electrical 

activity that must be exceeded as a result of integrated synaptic activity. Interestingly, secretion 



 

7 
 

can persist for several minutes after stimulation has ceased, likely through BDNF-mediated 

increases in intracellular Ca2+ through PLC signaling, resulting in a positive-feedback loop. 

Thus short trains of LTP-inducing stimulation can lead to sustained BDNF-TrkB signaling, an 

important feature if the activated pathways are involved in the expression of LTP. Another 

interesting finding is that the relative importance of BDNF depends on the electrical stimulation 

used to induce LTP. While HFS has been shown to trigger release of dendritic BDNF, blocking 

TrkB signaling in hippocampal slices had no effect on HFS induction of LTP, though this 

treatment was able to impair TBS induction of LTP (Kang et al., 1997), suggesting that only the 

latter stimulation protocol results in BDNF-dependent LTP. Additionally, TBS stimulation 

resulted in significantly more spine-associated TrkB than HFS stimulation (Chen et al., 2010), 

allowing for increased BDNF-TrkB signaling at synapses undergoing LTP induced by this 

stimulation protocol. While a number of different applied electrical stimulation patterns can 

induce LTP in the laboratory, TBS is perhaps a more relevant stimulation reflecting actual 

learning and memory, as this pattern of neuronal activity has been observed in CA1 pyramidal 

cells of rats performing spatial memory or odor discrimination tasks (Otto et al., 1991). 

BDNF expression and activity is critical to both phases of LTP. BDNF-TrkB signaling 

has been shown to play a permissive role in LTP induction by inhibiting synaptic fatigue 

(Figurov et al., 1996), and in addition is directly involved in the expression of E-LTP in response 

to TBS as demonstrated by reduced LTP in hippocampal slices after inhibition of BDNF 

signaling two minutes before and after stimulation by focal BDNF antibody uncaging  (Kossel et 

al., 2001). Puff application of BDNF alone to the medial perforant path-granule cell synaptic 

region resulted in elevated intracellular Ca2+ in the dendrites and spines of granule cells paired 
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with a burst of somatic action potentials without affecting synaptic transmission, but when 

coupled with a weak HFS was able to induce LTP (Kovalchuk et al., 2002). This finding 

demonstrated the ability of BDNF to facilitate LTP induction, and suggests a postsynaptic route 

of action.  The importance of BDNF in the maintenance of LTP was demonstrated by the finding 

that L-LTP was impaired in hippocampal slices either treated with antibodies to block TrkB 

signaling or prepared from BDNF knockout mice (Korte et al., 1998). L-LTP can be rescued 

after inhibition of protein synthesis by exogenous application of mBDNF, indicating new BDNF 

synthesis and TrkB signaling is an important mediator of L-LTP expression (Pang et al., 2004). 

Arc is an immediate early gene (IEG) whose mRNA has been shown to be transported to 

activated spines following BDNF-mediated LTP, and translation of these newly localized 

transcripts is necessary for the cytoskeletal restructuring underlying LTP consolidation (Steward 

et al., 1998; Bramham et al., 2008), further demonstrating the involvement of BDNF in L-LTP. 

The involvement of BDNF in learning and memory can be extended from the molecular 

to the organismal level by looking at how behavioral paradigms that engage these processes 

affect BDNF expression, and how dysregulation of BDNF can impair the performance of 

animals in these tasks. Rats trained in a contextual-conditioning paradigm were found to have 

increased Bdnf mRNA expression in hippocampal CA1 pyramidal cells (Hall et al., 2000), and 

unsupervised learning was shown to result in an NDMA-dependent increase in phosphorylated 

TrkB receptors associated with postsynaptic densities (Chen et al., 2010), indicating increased 

BDNF signaling through TrkB. Training in a spatial memory task, the radial arm maze, increased 

hippocampal Bdnf mRNA expression, and intracerebroventricular infusion of antisense Bdnf 

reduced hippocampal Bdnf mRNA levels and resulted in impaired spatial learning (Mizuno et al., 
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2000). Inhibition of BDNF-TrkB signaling through bilateral infusion of a BDNF antibody into 

the hippocampal CA1 region of rats after training in an inhibitory avoidance (IA) task resulted in 

decreased ERK2 and CREB activation and impaired long-term memory (Alonso et al., 2002). In 

another study using IA, BDNF was found to act upstream of mTOR to mediate mRNA 

translation and increase synaptic GluR1 required for memory consolidation (Slipczuk et al., 

2009). In humans, the naturally occurring BDNF val66met polymorphism leads to impaired 

episodic memory and fMRI of these subjects reveals aberrant hippocampal activation, possibly 

due to a problem with regulated BDNF secretion associated with this allele (Egan et al., 2003). 

 

Post-transcriptional regulation of dendritic BDNF synthesis 

Recent work has brought to light a pathway involved in regulating activity dependent dendritic 

BDNF synthesis. Eukaryotic elongation factor 2 (eEF2) is an essential protein required for 

protein synthesis, and it can be phosphorylated by eukaryotic elongation factor 2 kinase (eEF2K) 

in a Ca2+-dependent manner to inactivate its participation in translational elongation (Ryazanov 

et al., 1991). Of note, while eEF2K phosphorylation of eEf2, which can be triggered in the 

hippocampal CA1 region after chemical LTP induction, results in a global decrease in protein 

synthesis, the translation of select mRNAs, such as those coding for CaMKIIα and Arc, is 

actually enhanced (Chotiner et al., 2003; Belelovsky et al., 2005), suggesting an important role 

for this pathway in mediating activity-dependent changes in synaptic plasticity. Knockdown of 

eEF2K leads to dendritic spine instability and reduced dendritic BDNF expression, while its 

overexpression facilitates spine maturation and increases dendritic BDNF synthesis (Verpelli et 

al., 2010). 
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 Another recent study revealed the presence of a translation-repressing element in the long 

3’UTR of Bdnf mRNAs. Luciferase reporter constructs with either the bovine growth hormone 

(BGH) 3’UTR as a control for expression or the short Bdnf 3’UTR showed similar levels of 

expression when transfected in CAD cells, a CNS cell line, but inclusion of the long Bdnf 3’UTR 

resulted in decreased translation, a finding that was also present when reporters were transfected 

in cultured hippocampal neurons (Lau et al., 2010), indicating the presence of a translationally 

repressive element in this region. Importantly, the reporter with the long Bdnf 3’UTR, but not the 

short Bdnf 3’UTR, showed increased local dendritic translation in response to stimulation, 

indicating the presence of an activity-dependent mechanism to relieve the repression of 

translation mediated by the long 3’UTR. Furthermore, it was observed that increased neuronal 

activity in rats as a result of pilocarpine-mediated seizure induction lead to increased association 

of Bdnf mRNAs containing the long 3’UTR with polysomes 30 minutes after onset of status 

epilepticus (SE), at which point no increases in long Bdnf 3’UTR mRNA levels were detected, 

suggesting existing dendritic Bdnf mRNAs present in non-translating pools are being recruited to 

undergo translation. The type of regulation observed for Bdnf mRNAs with the long 3’UTR is 

highly suggestive of the action of miRNA-mediated inhibition. 

The field of microRNAs (miRNAs) has been expanding rapidly in recent years, with 

greater than 60% of human protein-coding genes predicted to be targets for miRNA binding 

based on the presence of target sites in their 3’UTRs that are conserved above background levels 

(Friedman et al., 2009). Primary miRNAs (pri-miRNAs) are transcribed from miRNA genes and 

cleaved in the nucleus to form pre-miRNA hairpins, which are exported to the cytoplasm and 

cleaved by Dicer in complex with TRBP to form the mature ~22 nucleotide miRNA (Bartel, 
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2004; Winter et al., 2009). In mammals, miRNAs most commonly form imperfect hybrids with 

sites in the 3’UTRs of mRNAs, with the 5’ region of the miRNA containing a seed sequence 

(nucleotides 2-7) that is completely complementary to the target mRNA, or contains a single-

nucleotide bulge or mismatch that can be complemented by supplementary pairing in the 3’ 

region of the miRNA (Bartel, 2009). miRNAs have been shown to regulate gene expression 

either by repressing translation without affecting mRNA levels, or by initiating degradation of 

their mRNA targets (Filipowicz et al., 2008; Fabian et al., 2010). The sequestration of 

translationally-repressed mRNAs while maintaining their stability allows for relatively rapid 

bidirectional changes in protein synthesis since additional gene transcription and mRNA 

trafficking is not required to restore protein expression levels after repression, as is the case when 

target mRNAs are degraded. 

A number of predicted miRNA target sites are located in the Bdnf 3’UTR, several of 

which have been experimentally verified. The are two predicted miR-30 binding sites in the 

region specific to the long Bdnf 3’UTR, and neuronal cultures transduced with lentivirus to 

overexpress miR-30a,  a miRNA expressed in layer III pyramidal cells of the pre-frontal cortex, 

showed reduced BDNF expression (Mellios et al., 2008). Additionally, miR-30a, -b and -c have 

all been found to be expressed in the hippocampus (Redell et al., 2009; Mellios et al., 2010; 

Yuan et al., 2010). miR-195 has a single predicted binding site in the short Bdnf 3’UTR and has 

been shown to reduce luciferase expression of reporters containing sequences from the Bdnf 

3’UTR (Mellios et al., 2008), with its expression enriched in cerebellum (Bak et al., 2008). miR-

1, a muscle-specific miRNA (Zhao et al., 2005), has 2 predicted binding sites on Bdnf mRNAs, 

one located in the short 3’UTR and the other in the long 3’UTR, and has been found to regulate a 
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luciferase reporter containing the Bdnf 3’UTR in HeLa cells (Lewis et al., 2003). Lentiviral 

overexpression in NG108-15 cells of miR-124, which has 1 predicted binding site specific to the 

long Bdnf 3’UTR, resulted in decreased RNA and protein levels of BDNF (Chandrasekar and 

Dreyer, 2009). miR-124 is one of the most abundant miRNAs expressed in  rat hippocampus 

(Yuan et al., 2010) and has been detected in the dendrites of hippocampal neurons (Pena et al., 

2009). Expression of miR-210, which has one predicted binding site in the short Bdnf 3’UTR, 

decreased BDNF expression in HEK-293 cells, and antisense inhibition of endogenous miR-210 

increased BDNF levels (Fasanaro et al., 2009). Expression of miR-26a and -26b, with a predicted 

binding site specific to the long Bdnf 3’UTR in humans,  resulted in decreased activity of a 

luciferase reporter containing the Bdnf 3’UTR in HeLa cells (Caputo et al., 2011). 

mRNAs that are targeted for miRNA-mediated repression have been found to localize to 

mammalian processing-bodies (P-bodies), which are large mRNP complexes associated with 

mRNA decay, storage and silencing (Liu et al., 2005). P-bodies have been observed in the 

dendrites of cultured Drosophila motor neurons (Barbee et al., 2006), as well as in the dendrites 

of cultured rat hippocampal neurons (Vessey et al., 2006). The exact role of P-bodies in gene 

silencing is still an open question, though evidence suggests the presence of P-bodies is not 

essential for RNA-induced gene silencing, but rather a consequence of increased mRNP complex 

formation of silencing complexes associated with their target mRNAs (Eulalio et al., 2007). In 

HeLa cells, anchoring mRNAs to polysomes by halting translation elongation with 

cyclohexamide treatment decreased P-body formation (Andrei et al., 2005).  

mRNAs can shuttle back and forth between polysomes and P-bodies, as has been 

demonstrated in yeast (Brengues et al., 2005). Inducing translational arrest in yeast cells by 
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glucose deprivation leads to a decrease in polysomes, increased P-bodies accumulation, and 

increased association of reporter mRNAs with P-bodies as assessed by fluorescent labeling and 

sucrose gradient analysis. These changes can be reversed after restoration of glucose, even when 

new reporter mRNA transcription is prevented, indicating a shuttling of existing mRNAs rather 

than their degradation followed by association of newly-synthesized transcripts with polysomes. 

Interestingly, inhibition of translation initiation prevented the decrease in P-body accumulation 

and reformation of polysomes after glucose restoration, suggesting that translation initiation 

occurs in P-bodies and facilitates repressed mRNAs leaving these structures to engage in active 

translation. 

Argonaute1 (Ago1) and Argonaute2 (Ago2), important components of the RISC complex 

involved in effecting the silencing of miRNA targets (Hammond et al., 2001; Fabian et al., 

2010), also associate with P-bodies, and though they directly interact with some components of 

P-bodies (Dcp1a and Dcp2), disrupting their miRNA binding abilities prevents their 

accumulation in these complexes.  It may be that other proteins associated with miRNAs and/or 

their target mRNAs are required for these RNPs to be repressed and associate with P-bodies. 

Interestingly, the seed motifs of 2 of the miRNAs experimentally shown to target Bdnf mRNAs, 

miR-30 and miR-124, were among the most enriched sequences  found in mRNAs identified 

through high-throughput sequencing of RNAs isolated by Argonaute crosslinking 

immunoprecipitation ( Ago HITS-CLIP) from mouse P13 neocortical tissue (Chi et al., 2009). 

The ability of miRNAs to repress translation of their target mRNAs can be modulated by 

certain factors. HuR binding to the 3’UTR of cationic amino acid transporter 1 (CAT-1) mRNA 

can relieve miR-122-mediated repression, even when the HuR binding sites are shifted 
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downstream of the miR-122 binding site, in a manner that correlates with the amount of HuR 

binding (Bhattacharyya et al., 2006), a finding consistent with the view that HuR can stabilize its 

RNA targets and increase their translation. Conversely, HuR has been found to repress 

translation of c-Myc, binding to a region of the 3’UTR proximal to the let-7 miRNA binding site, 

and this repression depends on binding of let-7/RISC (Kim et al., 2009). Interestingly, the 

recruitment of RISC to c-Myc mRNA mediated by let-7 is lost when HuR is silenced, suggesting 

that this particular miRNA-mediated repression of translation is contingent on HuR binding. This 

may be accomplished by HuR interacting with a component of the RISC complex and stabilizing 

its association with the target mRNA, or by displacing another RBP that prevents RISC complex 

binding. Thus HuR might represent a class of RPBs that are necessary for some forms of 

miRNA-mediated silencing, adding another layer of regulation to further fine-tune gene 

expression under different contexts. It is possible that RBPs such as HuR might be the missing 

link responsible for association of silenced mRNP complexes with P-bodies. Based on the high 

degree of similarity between HuR and its neuron-specific homologs, the neuronal embryonic 

lethal abnormal vision (nELAV) family of RPBs, it is possible that they might have similar 

functions in facilitating miRNA inhibition in neurons. 

 

nELAV structure and function 

The nELAV family of RNA-binding proteins (RBPs) includes HuB, HuC and HuD, and these 

molecules have been implicated in regulating many aspects of mRNA metabolism, including 

splicing, transport, stability and translational efficiency (Pascale et al., 2008). They bind to 

adenine-uridine-rich elements (AREs), which are usually located in the 3’UTRs of mRNAs, and 
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have been demonstrated to enhance the stability and translation of their target transcripts. The 

nELAV RBPs are structurally similar, with approximately 70-85% sequence homology, and 

have three RNA recognition motif (RRM) domains. The first two are located at the N-terminus 

and are involved in recognition of the AU-rich sequences directing target mRNA binding, while 

the third is separated by a hinge region and located at the C-terminus, and is potentially involved 

in binding to poly(A) sequences and stabilizing complex formation. nELAV proteins have 

nucleocytoplasmic shuttling capabilities, containing both nuclear localization and export signals 

in their hinge region. They are thought to be able to bind pre-mRNA in the nucleus, influencing 

splicing and polyadenylation, and ultimately leading to cytoplasmic export. In the cytoplasm, 

nELAV proteins can be found in two distinct forms, either as small granules representing 

isolated mRNA-protein (mRNP) complexes or as high-density structures associated with the 

cytoskeleton and polysomes.  

 HuD is the most well-characterized of the nELAV RBPs. It is expressed at its highest 

levels during development, then declines postnatally, maintaining these decreased levels 

throughout adulthood, with expression primarily in large pyramidal-like neurons (Clayton et al., 

1998). In the hippocampus, HuD is primarily expressed in CA3 and CA1 pyramidal neurons and 

in the hilus, but not in dentate granule cells, and is associated with polysomes (Bolognani et al., 

2004). An important role for HuD in neuronal differentiation was demonstrated by the inhibition 

of NGF-mediated neurite extension in PC12 cells treated with an antisense oligonucleotide to 

knock down HuD expression (Dobashi et al., 1998). HuD can bind to an element in the 3’UTR of 

growth associated protein 43 (GAP-43), an important mediator of NGF-induced PC12 

differentiation, and in PC12 lines with decreased HuD expression, GAP-43 protein and mRNA 
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levels were reduced and neurite outgrowth was impaired (Mobarak et al., 2000), demonstrating a 

positive role for HuD in regulating mRNA stability and translation. This finding was extended in 

cortical cultures virally transduced to overexpress HuD, which lead to an increase in GAP-43 

mRNA levels and accelerated neurite formation (Anderson et al., 2001). HuD has also been 

shown to bind and positively regulating the stability and translation of neuroserpin, musashi-1 

(Msi1) and neuro-oncological ventral antigen 1 (Nova1) transcripts (Cuadrado et al., 2002; Ratti 

et al., 2006; Ratti et al., 2008). The importance of PKC activity in mediating the effects of 

nELAV proteins was demonstrated in human neuroblastoma SH-SY5Y cells, where inducing 

PKC activity through phorbol ester treatment resulted in increased nELAV expression, their 

colocalization with PKCα on the cytoskeleton, nELAV threonine phosphorylation, and increased 

GAP-43 mRNA stabilization and translation (Pascale et al., 2005). An additional post-

translational modification of HuD, arginine methylation by coactivator-associated arginine 

methyltransferase 1 (CARM1), was shown to regulate its function, resulting in decreased 

stability of target mRNAs, possibly through dissociation of the mRNP complex (Fujiwara et al., 

2006). 

In addition to its role as an enhancer of translation, HuD has been found to inhibit 

translation of some target mRNAs. HuD has a binding site in the 5’UTR of p27 mRNAs, and 

overexpression of HuD leads to decreased p27 translation (Kullmann et al., 2002). HEK-293 

cells co-transfected to express a reporter construct containing the mouse tau 3’UTR, a known 

target for HuD binding (Behar et al., 1995), and an EGFP-HuD effector showed decreased 

reporter expression as assayed by western blot analysis, with no change in reporter mRNA levels 

(Atlas et al., 2007). This suggests a role for HuD in repressing translation of target mRNAs in a 
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manner that can preserve the amount and spatial distribution of existing mRNAs, potentially 

allowing them to rapidly shift between translating and non-translating states in response to some 

signal without requiring the trafficking of additional mRNA transcripts or RBPs. This type of 

regulation is ideally suited to modulate the expression of key molecules involved in signaling 

pathways that must respond rapidly to local stimuli, increasing or decreasing their rate of protein 

synthesis in a defined compartment, as would be the case for the proteins mediating the synaptic 

changes thought to be required to facilitate learning and memory, such as BDNF. 

There is evidence showing that HuD can dynamically shift its association between sites 

of active translation and sites of mRNA silencing. HuD has been shown to associate with 

polysomes in P19 neurons using sucrose gradient analyses, and disruption of polysomes by 

EDTA results in a shift of HuD to lighter fractions (Atlas et al., 2007), indicating their 

aggregation into high-density complexes depends on their association with polysomes. Zinc 

treatment of P19 neurons can also lead to disruption of polysomes, concomitant with an increase 

in aggregation of Dcp1a, a key marker of P-bodies (Blumenthal and Ginzburg, 2008). In contrast 

to the EDTA treatment findings, zinc treatment of P19 neurons did not result in HuD shifting to 

lighter fractions, despite the collapse of polysomes to monosomes, suggesting HuD may change 

association to other high-density structures in this condition, such as the newly formed P-bodies. 

RNase A treatment of lysates from zinc-stimulated P19 neurons destabilizes Dcp1a aggregation, 

and results in a shift of HuD to lighter fractions, supporting the possibility that HuD can 

associate with P-bodies subsequent to polysome disruption. Furthermore, endogenous HuD and 

Dcp1a colocalize in the soma and processes of P19 neurons. Taken together, these results 

suggest that HuD and its associated target mRNAs can dynamically shift association from 
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polysomes to P-bodies, and thus from translationally permissive to non-permissive pools, 

respectively. 

Interestingly, HuD knockout mice are largely indistinguishable from their wild-type 

littermates, though they have some sensorimotor deficits (Akamatsu et al., 2005). One striking 

difference in these mutant mice is an increase in the pool of neural progenitor cells in embryos 

and adults, with impaired cell-cycle exit and terminal differentiation, suggesting a role for HuD 

in negatively regulating stem cell proliferation and promoting neuronal differentiation. A similar 

phenotype has been observed in our lab in mutant mice expressing a truncated BDNF mRNA 

that lacks most of the long 3’UTR, suggesting a common pathway for HuD and Bdnf mRNAs 

containing the long 3’UTR, though the relative position of these molecules in such a pathway 

cannot be inferred. 

 

nELAV proteins in learning and memory 

Rodents trained in a radial arm maze showed upregulation of hippocampal nELAV proteins 

associated with membrane and cytoskeletal fractions, as well as increased hippocampal GAP-43 

protein and mRNA levels, and antisense-mediated knockdown of HuC was able to impair long-

term memory as indicated by reduced performance during probe trials (Quattrone et al., 2001). 

HuD protein was found to be increased in hippocampal CA3 and hilar regions after contextual 

fear conditioning (Bolognani et al., 2004), and rats trained in the Morris water maze showed 

elevated hippocampal HuD levels, preferentially associated with the cytoskeletal fraction, with 

increased HuD mRNA levels in the CA1 region persisting one month after training, suggesting a 

role for HuD in long-term recall (Pascale et al., 2004). HuD overexpression in transgenic mice 
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lead to deficits in cued and contextual fear conditioning, as well as impaired recall in the Morris 

water maze (Bolognani et al., 2007), suggesting that the specific spatial and temporal pattern of 

increased HuD associated with learning and memory is critical. It is also possible that HuD is 

involved in basal repression of key proteins required for the formation of memory traces, and this 

repression can be relieved at stimulated synapses to facilitate LTP. Thus overexpression of HuD 

could lead to a situation where the de-repression machinery is saturated, resulting in impaired 

memory acquisition.  

 If HuD plays a role in mediating activity-dependent changes in the expression of proteins 

involved in synaptic plasticity, it might be expected that its subcellular distribution would be 

affected by neuronal activation. Indeed, it has been shown that KCl stimulation in hippocampal 

neurons can lead to dendritic trafficking of HuD, where it localizes near eIF4E and 

poly(A)binding protein (PABP) beneath spine-like protrusions (Tiruchinapalli et al., 2008). This 

is particularly interesting considering that eIF4E has been shown to rapidly traffic from dendrites 

to spine heads following induction of LTP or application of BDNF (Smart et al., 2003; Klann 

and Dever, 2004), suggesting that HuD might be involved in regulating translation of mRNAs in 

or near activated spines. Immunoprecipitation of HuD from KCl-stimulated cultures revealed 

increased association with several neuronal mRNAs, including Homer1a, GAP-43, Neuroligins, 

Verge and CaMKIIα (Tiruchinapalli et al., 2008), further implicating HuD in the regulation of 

synaptic plasticity.  

 

HuD as a potential regulator of BDNF expression 
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There is a large amount of evidence suggesting that HuD and BDNF may be involved in some of 

the same pathways. They have both been implicated in regulating activity-dependent synaptic 

plasticity and their dysregulation in animals results in impaired performance in learning and 

memory tasks. Dendritic BDNF expression can be increased in response to stimulation, and HuD 

has been shown to translocate to dendrites in an activity-dependent manner, where it can 

associate with target mRNA transcripts and recruit them to polysomes to increase their 

translation. Both Bdnf mRNAs and HuD protein have been found in two distinct pools, either in 

small non-translating mRNP granules or in larger complexes associated with polysomes and 

active translation. Bdnf mRNAs with the long 3’UTR are under miRNA-mediated repression in 

the hippocampus, where HuD, whose RNA binding sites highly correlate with transcripts 

undergoing miRNA repression, is expressed. Finally, a similar phenotype of increased neuronal 

progenitor pools with impaired terminal differentiation has been observed in mice that do not 

express long Bdnf 3’UTR mRNAs and HuD knockout mice. 

Genome-wide analysis of 3’UTR sequences associated with HuD in brain lysates yielded 

three motifs that follow the general rules of HuD binding to AREs (Bolognani et al., 2010). All 

three of these motifs are present throughout the long Bdnf 3’UTR, suggesting HuD may directly 

bind Bdnf mRNAs to regulate their local synthesis. HuD has been shown to be mediate both 

increased or decreased translation of its target mRNAs, and based on the increased expression of 

HuD and BDNF in response to neuronal activity it seems reasonable that HuD could be a 

positive regulator of BDNF expression. However, this could pose a problem for selective 

enhancement of BDNF synthesis near activated synapses since stimulation leads to a general 

increase of HuD in dendrites. An alternative mechanism with HuD repressing BDNF synthesis 
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could potentially avoid this problem, since increased dendritic HuD near quiescent synapses 

would further inhibit local BDNF expression, preventing potentiation, and possibly even leading 

to spine elimination, while HuD near active synapses could be triggered to relieve its repression, 

possibly through some post-translational modification mediated by local signaling molecules 

activated in these spines. 
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Research goals and hypotheses 

BDNF has long been implicated in learning and memory, with a demonstrated role in signaling 

through its TrkB receptor to increase local synthesis of a number of proteins involved in 

promoting the synaptic changes associated with LTP. Initiation of signaling cascades through 

binding to TrkB can lead to increased regulated secretion of BDNF, resulting in an autocrine 

positive feedback loop and depletion of dendritic BDNF stores. Recent evidence has indicated 

that dendritic BDNF synthesis can be activated by neuronal stimulation, but the exact 

mechanisms regulating this process are still unknown. In this study I investigated the role of 

HuD, a neuronal RNA-binding protein, in the regulation of Bdnf mRNA transcripts known to 

traffic to dendrites. 

Main hypothesis: HuD can interact directly with sequences in the long Bdnf 3’UTR to regulate 

activity-dependent local translation in dendrites. 

Aim 1: To investigate the association of HuD with Bdnf mRNAs. 

Aim 2: To determine whether HuD is involved in mediating activity-dependent regulation of 

Bdnf mRNAs in dendrites. 

Aim 3: To establish whether the Bdnf mRNA elements associate with HuD regulation are 

important for learning and memory. 
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DNA constructs. The human synapsin (hSYN) promoter was amplified from the lentiviral FSW 

plasmid, introducing a 5’ BglII site and a 3’ XhoI site, allowing insertion between these sites into 

the pcDNA3.1(-)/myc-His A vector (Invitrogen),  swapping out the cytomegalovirus (CMV) 

promoter and generating pSYN-cDNA3.1. A DNA fragment encoding the Src tyrosine kinase 

myristoylation sequence (MGSSKSKPK), atggggagtagcaagagcaagcctaag, was added to the 5’-

end of a PCR-amplified EGFP insert from plasmid pd1EGFP-N1 (Clonetech), which was cloned 

into pSYN-cDNA3.1 between the BamHI and NotI sites, generating pSYN-mdGFP. A DNA 

fragment encoding the SV40 large T antigen nuclear localization sequence (PKKKRKV), 

ccaaagaagaagagaaaggtt, was added to the 3’-end of a PCR-amplified EGFP insert from plasmid 

pSYN-mdGFP, which was cloned back into the plasmid to generate pSYN-mdGFPn. The mouse 

genomic sequences for the two Bdnf 3’UTRs A (short) and A*B (long), where the 

polyadenylation signal AATAAA for the first polyadenylation site was changed to TTTTTT, 

were derived as previously described (An et al., 2008) and cloned into pSYN-mdGFPn between 

the NotI and AflII sites, generating pSYN-mdGFPn-A and pSYN-mdGFPn-A*B. DNA 

sequences complementary to the 5’UTRs of Bdnf mRNA isoforms I, IIc, IV and VI were PCR 

amplified from mouse brain cDNAs, introducing a 5’ XhoI site and a 3’ EcoRI site, allowing for 

cloning into pSYN-mdGFPn-A*B between these sites. The following primers were used: f-exI 

(ctctctcgagtaaagcagtagccggctggt); r-exI (ctctgaattctgtggctttgctgtcctgga); f-exIIc 

(ctctctcgaggctttggcaaagccatccac); f-exIV (ctctctcgagacccactttcccattcaccg); f-exVI 

(ctctctcgagccaatcgaagctcaaccgaa); r-IIc,IV,VI (ctctgaattccactcttctcacctggtgga). 

 HuD shRNA knockdown constructs were generating by annealing the following 

oligonucleotides and inserting the dsDNA between the BglII and HindIII sites of pSuper 
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(Oligoengine), following the manufacturer’s protocol: shHuD-f 

(gatcccccgtccgagctcggcctcaattcaagagattgaggccgagctcggacgtttttggaaa); shHuD-r 

(agcttttccaaaaacgtccgagctcggcctcaattctcttgaattgaggccgagctcggacgggg). The entire mouse HuD 

coding region was PCR amplified from mouse brain cDNA, introducing a 5’ BamHI site and a 3’ 

NotI site, cloning between these sites into pcDNA3.1(-)/myc-His A to generate pcDNA3.1-

mHuD. Amino acids 149 and 165 of mouse HuD were found to be the highest ranked potential 

threonine targets for PKC phosphorylation using NetPhos 2.0 in silico prediction 

(http://www.cbs.dtu.dk/services/NetPhos/), and were substituted with alanine residues in 

pcDNA3.1-mHuD using the QuickChange II Site-Directed Mutagenesis Kit (Agilent 

Technologies), generating pcDNA3.1-mHuDpd. The EGFP coding region from pEGFP-N1 

(nucleotides 679-1398, BD Biosciences Clontech) was PCR amplified, introducing a 5’ XhoI site 

and a 3’ BamHI site, and cloned between these sites in pcDNA3.1-mHuD and pcDNA3.1-

mHuDpd. The hSYN promoter was then cloned into these two new constructs as described 

above, generating pSYN-GFP/HuD and pSYN-GFP/HuDpd. The sequences corresponding to 

HuD amino acids 3-385 from pcDNA3.1-mHuD and pcDNA3.1-mHuDpd were PCR amplified, 

introducing 5’ and 3’ BamHI sites for cloning into the overexpression vector pGEX-2T (GE 

Healthcare) to generate pGEX-2T/HuD and pGEX-2T/HuDpd, respectively. 

 To generate biotin-labeled and unlabeled sense riboprobes for RNA electrophoretic 

mobility shift assay (REMSA) experiments, sequences corresponding to the mouse Bdnf coding 

sequence and 3’UTR, as well as the mouse Nova1 3’UTR, were PCR amplified from mouse 

brain cDNA and cloned into the pBluescript II KS (-) plasmid (Stratagene). The following 

primers were used: f-CDS (tctgcgaattcatgaccatccttttccttac); r-CDS 
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(ttgatctcgagctatcttccccttttaatgg); f-A (tctgcgaattctggatttatgttgtatagat); r-A 

(ttgatctcgagaatctgttttctgaaagagg); f-B1 (tctgcgaattctctttcagaaaacagattaa); r-

B1(ttgatctcgagggccattcagtcctatttca); f-B2(tctgcgaattcctgcggaggctaagtggagc); r-

B2(ttgatctcgagcactcctaagatgaagcgat); f-B3(tctgcgaattcgaaaggaaacagaagtggac); r-

B3(ttgatctcgagtttgaaaatatatttaaaaa); f-Nova1A (tgatcgagctctgagtgtccccattatacgtcag); r-

Nova1A(ctgcaggatccagaaactgcactggctgctagcg). To generate DIG-labeled antisense and sense 

riboprobes for fluorescent in situ hybridization, the mouse cDNA sequence for the Bdnf coding 

region (GenBank accession number NM_001048139, nucleotides 521-1270) and the EGFP 

coding region from pEGFP-N1 (nucleotides 679-1398, BD Biosciences Clontech) were 

amplified by PCR and cloned into pBluescript II KS (-).  

 

mRNP immunoprecipitation. mRNPs were isolated as previously described (Ratti et al., 2006) 

with modifications, using forebrain tissue from male and female adult mice. For the activity-

dependent assays, mice were pre-treated with intraperitoneal (IP) injection of either 5 mg/kg 

atropine methyl nitrate (Sigma) alone, or in combination with 30 mg/kg Ro-32-0432 (Enzo Life 

Sciences) for the PKC inhibition condition, 30 min prior to IP injection of 400 mg/kg pilocarpine 

nitrate (MP Biomedicals, Inc). Mice were euthanized 30 min later. Isolated forebrain tissue was 

washed in ice-cold PBS, transferred to 1 ml RNP buffer (100 mM KCl, 5 mM MgCl2, 10 mM 

HEPES, 0.5% Nonidet P-40) supplemented with 200 U/ml RNasin (Promega), protease 

inhibitors (5 µg/ml aprotonin, 5 µg/ml leupeptin, 0.2 mM Na3VO4, 1 mM PMSF; all from 

Sigma) and 10 µM DTT, homogenized with 12 strokes in a dounce homogenizer and frozen at -

70°C. Lysate was thawed and clarified, reserving 5% for input normalization, and 200 µl (~6 mg 



 

27 
 

protein) was added to 200 µl protein A/G beads (Thermo Scientific) pre-coated with 5 µg of 

mouse α-nELAV antibody (16A11, Invitrogen) or 5 µg of mouse IgG isotype control (Santa 

Cruz Biotechnology), incubating for 2 hours with rotation at room temperature. Beads were 

washed 4X with NT2 and 1X with freshly prepared 1 M urea, treated with 50 µg proteinase K 

(Roche) for 30 min at 55°C, and RNA was isolated using TRIzol reagent (Invitrogen) following 

the manufacturer’s protocol, adding 5 µg glycogen prior to isopropanol precipitation. Following 

DNase I digestion and RNA isolation using TRIzol reagent, cDNA was generated using 

SuperScriptII reverse transcriptase (Invitrogen) and oligo dT primers.  

 

Quantitative real-time PCR. Real-time PCR was performed using 50 cycles with FastStart 

Universal SYBR Green Master (ROX) (Roche) on the StepOne Real-Time PCR System 

(Applied Biosystems) using oligonucleotide pairs designed on Primer Express 3.0 software 

(Applied Biosystems) to span introns. The primers used were: F-ExI 

(ACTGAGTCTCCAGGACAGCAAAG ); F-ExIIc (GTGGTGTAAGCCGCAAAGAA); F-ExIV 

(CAGAGCAGCTGCCTTGATGTT); F-ExVI (CAGAAGCGTGACAACAATGTGA); R-BDNF 

(CCTTCATGCAACCGAAGTATGA); F-Rpl10a (GAAGAAGGTGCTGTGTTTGGC); R-

Rpl10a (TCGGTCATCTTCACGTGGC). Reactions were carried out in triplicate for each 

sample. For the association assays ΔCt was calculated by subtracting the Ct for Rpl10a, a 

housekeeping gene whose mRNA does not associate with HuD (Ratti et al., 2008), and ΔΔCt was 

calculated as the ΔCt for the α-nELAV IP minus the ΔCt for the IgG isotype control IP, with 

fold-difference determined by 2-ΔΔCt. For the seizure-induction assays ΔCt was calculated by 

subtracting the Ct for the input (relative percent recovery), and ΔΔCt was calculated as the ΔCt 
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for the pilocarpine treatment minus the ΔCt for the PBS control treatment, with fold-difference 

determined by 2-ΔΔCt. 

 

RNA Electrophoretic Mobility Shift Assays (REMSA). RNA electrophoretic mobility shift 

assays were carried out as previously described (Ratti et al., 2008) with modifications. Sense 

riboprobes were synthesized from linearized plasmids using T7 RNA polymerases (Promega) 

and biotin-labeled or unlabeled ribonucleotides (Roche). In vitro transcription reactions were 

treated with 0.1% SDS and 50 µg proteinase K at 55°C for 30 min, diluted to 130 µl and treated 

with 15 µl ammonium acetate stop solution (5 M ammonium acetate, 100 mM EDTA), extracted 

with an equal volume of phenol/chloroform, isopropanol precipitated at -70°C for 20 min, 

washed with 75% ethanol, and resuspended in 20 µl DEPC-treated ddH2O. For standard REMSA 

assays 2 nM labeled riboprobes were incubated with 2 µM recombinant GST-HuD or GST-

HuDpd in 10 µl binding buffer (150 mM NaCl, 20 mM Tris, 1.5 mM MgCl2, 0.5 mM DTT, 0.5 

µg/µl tRNA) for 20 min at room temperature, and for competition assays 8 nM unlabeled 

riboprobes were incubated with protein as above for 15 min before adding 2 nM labeled Nova1 

A riboprobe and incubating an additional 20 min. Samples were run on a 5% polyacrylamide gel 

in TBE buffer and nucleic acids were transferred to positively-charged nylon membranes 

(Roche) followed by UV-crosslinking. Membranes were blocked in Odyssey blocking buffer 

(LI-COR) + 1% SDS for 30 min, incubated with streptavidin DyLight 800 (Thermo Scientific) 

diluted 1:10,000 in Odyssey blocking buffer + 1% SDS for 30 min, washed 3X for 5 min with 

PBS + 0.1% Tween 20 followed by a final wash with PBS, then imaged using the Odyssey 

infrared imaging system (LI-COR).  



 

29 
 

 

Culture and transfection of primary neurons. Hippocampal neurons were isolated and 

cultured according to a previously described procedure (Sala et al., 2000). Hippocampi were 

dissected from E18.5 rat embryos, digested with 0.125% trypsin in 1X Hank’s balanced salt 

solution (HBSS) at 37 °C for 15 minutes. Dissociated cells were plated on 15-mm-diameter 

coverslips coated with poly-D-lysine (37.5 μg/ml) and laminin (2.5 μg/ml) in Neurobasal 

medium containing 2% B27 supplement, 500 μM glutamine, and 12.5 μM glutamate. 1 day prior 

to transfection one half of the medium was removed and an equal volume of fresh medium 

without glutamate was added to both the culture well and the removed media (now conditioned 

media). 1-2 µg of each plasmid DNA and 2 μl of lipofectamine 2000 (Invitrogen) per plasmid 

were used to transfect neurons following the manufacturer’s protocol, incubating for 2 hours 

before completely removing the media and replacing with conditioned media. 

 

Local translation reporter assays. Primary dissociated hippocampal cultures were transfected 

with the indicated plasmids at 14 days in vitro (DIV) and assays were performed 48 hours later at 

16 DIV. Pre-warmed and CO2-equilibrated Neurobasal media was used for all media 

replacements. For KCl stimulation experiments, media was removed and replaced with 

Neurobasal containing 30 mM KCl for 5 min, which was then replaced with unsupplemented 

Neurobasal for an additional 55 min. For PMA stimulation experiments, media was replaced 

with Neurobasal containing 100 nM Phorbol 12-myristate 13 acetate (PMA) (Biomol 

International, LP) for 1 hour. For the assays with PKC inhibition, media was replaced with 

Neurobasal containing 1 µM GF 109203X for 30 min prior to KCl or PMA treatment as above, 
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with 1 µM GF 109203X included in the stimulation media. Cells were fixed and processed as 

described for in situ hybridization and immunocytochemistry. Neurons having pyramidal-like 

morphologies were selected, and apical dendrites were chosen for analysis based on structural 

properties. Images were acquired on a Nikon Eclipse E800 microscope using PictureFrame 

software (Optronics). 

 

Immunocytochemistry (ICC). Cultured neurons were fixed with 4% paraformaldehyde, 

blocked in blocking buffer (10% BSA, 0.1% Triton X-100 in PBS) for 1 hour at room 

temperature, and incubated with primary antibodies in the dilution buffer (1% BSA, 0.1% 

Triton X-100 in PBS) overnight at 4°C. Mouse monoclonal antibody to HuD (16C12, Santa 

Cruz Biotechnology, Inc.) was used at a 1:500 dilution for somatic expression analysis and at a 

1:250 dilution for dendritic expression analysis. Rabbit polyclonal antibody to GFP (Clontech) 

was used at a 1:2,000 dilution. After washes, the coverslips were incubated with the appropriate 

DyLight 488, 594 or 649 secondary antibody (Jackson Immunochemicals) at a 1:1,000 dilution, 

washed, mounted with gelvatol and analyzed by fluorescence or confocal microscopy.  

 

Fluorescent in situ hybridization (FISH). In situ hybridization of cultured neurons was 

performed as described (An et al., 2008) with modifications. Antisense and sense RNA probes 

were synthesized from linearized plasmids using T3 and T7 RNA polymerases (Promega) and 

DIG-labeled ribonucleotides (Roche). Cells were fixed for 1 hour in 4% paraformaldehyde, 

washed in PBST, permeabilized with 0.3% Triton X-100 in PBS for 10 min, and acetylated for 

10 min with 0.1 M triethanolamine hydrochloride/0.25% acetic anhydride (pH 8.0). The 
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coverslips were incubated with a pre-hybridization mixture (4 mM Tris-Cl, pH 7.5, 50% 

formamide, 80 µg/ml yeast tRNA, 0.5 µg/ml denatured salmon sperm DNA, 100 mM DTT, 

300 mM NaCl, 1x Denhart’s, and 1 mM EDTA) for 1 hour at 55 °C and then with the 

hybridization mixture (pre-hybridization mixture plus 10% dextran sulfate and riboprobe) for 16 

hours at 55 °C. Probe concentrations were 500 ng/ml for Bdnf mRNA and 100 ng/ml for GFP 

mRNA. After overnight hybridization, cells were treated with 25 µg/ml RNase A at 37  for 1 

hour and sequentially washed with 2X SSC, 1X SSC, 0.5X SSC and 0.1X SSC for 5 min each, 

followed by two high-stringency washes in 0.1X SSC for  30 min at 65°C. Endogenous 

peroxidase activity was quenched by incubation with 3% H2O2 and 10% methanol in PBST for 

30 min. The coverslips were incubated with Roche’s blocking buffer (Roche Applied Science) 

for 1 hour and then with α-DIG-POD Fab fragments (Roche Applied Science, 1:1000 dilution) 

in the blocking buffer overnight. For combined FISH and ICC, rabbit polyclonal antibody to 

GFP (Clontech) was included at a 1:2,000 dilution. Coverslips were washed four times for 10 

min in TNT buffer (100 mM Tris-Cl, pH7.5, 150 mM NaCl, and 0.05% Tween 20), and for 

combined FISH and ICC were incubated with secondary antibody as described above for ICC 

and washed again with TNT buffer, then in situ signals were amplified with the TSA Plus 

Fluorescein System (PerkinElmer) according to the manufacturer’s instructions. The coverslips 

were mounted onto slides with gelvatol  and examined by fluorescence or confocal 

microscopy. In situ hybridization images from the antisense probe and its sense control probe 

were taken with the same settings. Green fluorescence from GFP in transfected neurons was 

not detectable after the hybridization and wash steps. 
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Image analysis. All images were analyzed using ImageJ software (NIH). Background was 

subtracted using a “rolling ball” algorithm. Dendritic processes were straightened and binned 

into 50 µm sections for ICC or 20 µm sections for combined FISH and ICC. The mean 

fluorescence for each bin was calculated as the mean of the brightest pixel of each line 

transecting the dendrite crosswise, emphasizing puncta representing areas of local synthesis. A 

minimum of 30 dendrites for each of 3 separate experiments were analyzed for each condition. 

Co-localization experiments were analyzed by an intensity correlation coefficient-based (ICCB) 

method using the JACoP plugin (http://rsbweb.nih.gov/ij/plugins/track/jacop.html) for ImageJ. 

Confocal images of Bdnf mRNA FISH and HuD ICC were thresholded to include most of the 

dendritic process, and Pearson’s and Manders’ coefficients were calculated.  

 

Animals. Mice were maintained at 22°C on a 12 hour light/12 hour dark cycle on standard 

mouse chow (Purina diet 5001). Wild-type mice were C57BL6/J and Bdnfklox/klox strains were in 

this genetic background. All animal procedures were approved by the Georgetown University 

Animal Care and Use Committee. 

 

Rotarod. Motor coordination was determined by testing animals on a rotarod apparatus (Ugo 

Basile). Mice were trained for three consecutive days, with three trials each day and one hour 

between trials. Mice were placed on a rotating rod that accelerated from 4 to 40 rpm in 5 min. 

The latency for the mice to fall off the rod was recorded, with mice staying on the rod for longer 

than 5 min receiving a score of 300 s. The average of the three scores on the third day was used 

for analysis. 
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Spontaneous alternation in the T-maze. Animals were tested in a T-maze made of black 

plexiglas with a central arm (30 cm long × 10 cm wide × 15 cm high) and two lateral arms 

(20 cm long × 10 cm wide × 15 cm high) positioned at 90° relative to the central arm. The 

starting and end boxes (18 cm long × 18 cm wide) were separated from their connecting arms by 

a sliding door. Mice were tested in two successive trials each day for five days in the T-maze. 

For each trial, mice were first placed in the start box for 30 s and then allowed to choose between 

the left and right lateral arms. Mice were confined to the box attached to the chosen arm for 30 s, 

then removed and returned to the start box for the second trial. Waste was removed from the 

maze between trials, and the apparatus was cleaned with 70% ethanol between each mouse. Mice 

that chose a different arm during their second trial were given a score of 1, while mice choosing 

the same arm were scored 0, and the spontaneous alternation percent was calculated as the 

average score over the five days of testing. 

 

Fear conditioning. Fear conditioning was performed in a 20 × 6 × 9 cm chamber (Med 

Associates, Inc) and behavior was recorded under house light with a digital video camera 

mounted above the conditioning chamber. Analysis was performed using FreezeScan software 

(Clever Sys, Inc), which determines freezing by comparing changes in pixel intensity between 

video frames. On day 1, mice received three pairings between a tone-conditioned stimulus (CS; 

20 s, 3 kHz) and a coterminating shock (unconditioned stimulus, US; 1 s, 1.0 mA). Tones started 

at 100, 220, and 340 s. The chamber was cleaned with 70% ethanol before each trial. On day 2, 

the context was changed by covering the walls with orange plastic inserts and the floor with a 
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white plastic insert, and the chamber was cleaned with a nonalcohol disinfectant. Each mouse 

was placed in the chamber for 360 s, and the tone was presented for the last 180 s of the session. 

Percent freezing during the 180-s period before the tone was compared to freezing during the 

tone presentation. On day 3, mice were placed in the chamber with the same context used on day 

1 for 300 s, and freezing during this period was compared to freezing during the first 100 s of the 

day 1 trials.  
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Results 

Neuronal Hu proteins are associated with Bdnf mRNAs in the mouse forebrain 

Mouse Bdnf mRNAs can have either a short (0.35kb) or long (2.85kb) 3’UTR, depending on 

which of two polyadenylation sites is used for processing (Timmusk et al., 1993). The long Bdnf 

3’UTR has several AU-rich elements that could serve as binding sites for proteins that modulate 

RNA metabolism and translation. The neuronal ELAV (nELAV) family of RNA binding 

proteins (RBPs), consisting of HuB, HuC and HuD, has been previously demonstrated to interact 

with several mRNAs to regulate their expression (Chung et al., 1997; Ratti et al., 2006; Wang et 

al., 2011), and putative binding sites for these proteins are present within the long Bdnf 3’UTR, 

making them potential candidates for the trans-acting factors regulating local BDNF synthesis.  

 I immunoprecipitated mRNP complexes from lysates prepared from mouse forebrain 

using an antibody that recognizes all three nELAV RBPs. Real-time quantitative PCR analysis of 

the co-precipitated mRNAs was used to identify whether specific Bdnf mRNA isoforms were 

associated with the immunoprecipitated mRNPs, using Rpl10A mRNA for normalizing between 

samples, as it has been previously shown not to interact with nELAV proteins (Ratti et al., 2008). 

Primers for Bdnf mRNA isoforms I, IIc, IV and VI were used, as these species are found in 

relative abundance in adult mouse brain. ΔCt values were found to be significantly lower for 

mRNP IPs using the pan-nELAV antibody as compared to those using the mouse IgG isotype 

control, corresponding to a 12.4-, 16.9-, 13.3- and 17.3-fold change, respectively (Fig. 1A), 

demonstrating an in vivo association of nELAV RBPs with all four Bdnf mRNA isoforms 

examined. 
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 It has been previously demonstrated that BDNF expression can be regulated by neuronal 

activity (Timmusk et al., 1993; Hall et al., 2000), so I decided to test whether the association of 

nELAV proteins with Bdnf mRNAs could be regulated in a similar way, as might be expected if 

this interaction is important in mediating activity-dependent changes in BDNF expression. I used 

intraperitoneal (IP) injection of seizure-inducing doses of pilocarpine to elevate neuronal activity 

and prepared forebrain lysate 30 minutes post-injection for use in mRNP immunoprecipitations 

as described above. Ct values for samples from pan-nELAV antibody immunoprecipitations 

were normalized to Ct values for the corresponding total mRNP sample (pre-

immunoprecipitation), and found to be lower when mice were injected with pilocarpine as 

compared to negative control mice injected with PBS, resulting in a 1.8-, 2.0-, 2.0- and 2.2-fold 

change in percent recovery of Bdnf mRNA isoforms I, IIc, IV and VI, respectively (Fig. 1C). 

Since protein kinase C (PKC) has been shown to phosphorylate nELAV RBPs to regulate their 

trafficking and mRNA stabilizing properties (Pascale et al., 2005), I repeated the pilocarpine 

stimulation experiment in mice pre-treated with Ro-32-0432, a systemic inhibitor of PKC. This 

resulted in failure of pilocarpine stimulation to increase the recovery of Bdnf mRNA-containing 

mRNPs (Fig. 1D), implicating PKC activity as an important mediator of this effect. 
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Figure 1. Quantitative RT-PCR analysis of in vivo mRNPs containing neuronal Hu 

proteins. A, mRNPs were immunoprecipitated from mouse whole brain lysates using either the 

HuC/HuD neuronal protein antibody (16A11) or mouse IgG isotype control, and subjected to 

quantitative RT-PCR analysis using primers specific to Bdnf mRNA isoforms I, II, IV and VI, as 

well as primers for Rpl10a as reference control. Fold change was calculated as 2(-ΔΔCt), using 

values from the mouse IgG IP as control (Mean ± SEM; n=3; *, p<0.05; **, p<0.01; student’s t-

test). B, Schematic showing the drug injection protocol for seizure induction. Atropine MeNO3 

was injected alone or with Ro-32-0432 (systemic PKC inhibitor), followed 30 minutes later by 
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injection of pilocarpine for seizure induction or PBS as a negative control, and mice were 

euthanized 30 minutes later, collecting forebrain tissue for isolation of mRNPs. C, mRNPs were 

immunoprecipitated as in A, using lysates from mice injected with either pilocarpine or PBS. 

Percent recovery versus control was calculated as the ratio of the Ct for the IP sample to the Ct 

for the pre-IP sample, normalized to the value obtained from the PBS-injected mice (Mean ± 

SEM; n=3; *, p<0.05; **, p<0.01; student’s t-test). D, The experiment from C was repeated with 

the modification that all mice were pre-injected with Ro-32-0432, a systemic PKC inhibitor 

(Mean ± SEM; n=3; student’s t-test). 
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HuD interacts directly with Bdnf mRNA sequences 

mRNP complexes can be composed of multiple proteins and distinct mRNAs, and while the 

previous data has indicated potential association of nELAV proteins with Bdnf mRNAs, whether 

they interact directly is unknown. As detailed in the introduction, there is ample evidence 

suggesting that HuD might be a regulator of BDNF expression, so I decided to test whether this 

particular member of the nELAV family could bind to Bdnf mRNA sequences.  Since HuD is 

known to be phosphorylated by PKC, I also wanted to test the ability of a putative 

phosphorylation-deficient mutant of HuD to bind Bdnf mRNA sequences. In silico prediction of 

threonine phosphorylation sites in mouse HuD revealed five candidate residues, two with very 

high confidence scores, Thr149 and Thr165, which were substituted with alanine residues to 

generate the putative phosphorylation-deficient mutant (mHuDpd) (Fig. 2A). These substitutions 

are in the RRM2 domain, which is known to be important for target mRNA binding, and thus 

determining the competency of this mutant is essential for its use in further experiments to probe 

the importance of the substituted residues. I employed RNA electrophoretic mobility shift assays 

(REMSAs) to probe this interaction in vitro. Recombinant GST-HuD and GST-HuDpd fusion 

proteins were overexpressed and affinity-purified (Fig. 2B). Labeled RNA probes corresponding 

to the coding and 3’UTR sequences of Bdnf were synthesized by in vitro transcription, and 

putative HuD binding sites, as well as target sites of hippocampal miRNAs known to regulate 

BDNF expression, were mapped to the regions covered by the REMSA probes (Fig. 3A). 

Putative HuD binding sites occurred either singly or in tandem, overlapping repeats of three or 

more binding motifs. All of the probes corresponding to long Bdnf 3’UTR sequences, B1, B2 and 

B3, showed an upward shift in the presence of GST-HuD or GST-HuDpd, with the greatest 
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effect observed for probes B1 and B3, while the Bdnf coding sequence probe, CDS, and the short 

3’UTR probe, A, showed little or no shift (Fig. 3B,D). This is consistent with the mapping of the 

putative HuD binding sites, with the largest clusters of repeated and highly predictive motifs 

found in sequences B1 and B3, and sequence B2 having a single highly repeated, medium 

predictor of HuD binding. Sequence A had a single non-repeated, weakly predictive motif, while 

no binding sites mapped to sequence CDS.  

 To complement these results I performed competition REMSAs, adding a labeled probe 

corresponding to the Nova1 3’UTR, a known target of HuD (Ratti et al., 2008), to GST-HuD or 

GST-HuDpd that was pre-incubated with unlabeled Bdnf probes. Only the long Bdnf 3’UTR 

probes were able to compete for binding with the recombinant proteins and prevent an upward 

shift of the labeled Nova1 3’UTR probe (Fig. 3C,E). These findings demonstrate a direct 

interaction between HuD and sequences in the long Bdnf 3’UTR, and further show that 

substitution of the two threonine residues with alanines has no effect on the mutant protein’s 

ability to interact with its target mRNAs, validating its use in experiments to determine the 

relevance of the two residues as potential PKC phosphorylation sites. 
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Figure 2. Prediction of putative PKC phosphorylation sites on HuD and purification of 

recombinant GST-HuD fusion proteins. A, Schematic representing the mouse HuD protein 

with in silico-predicted threonine phosphorylation sites and their scores (RRM1-3, RNA 

recognition motifs; open triangles, predicted threonine phosphorylation sites; closed triangles, 

threonine-to-alanine substitutions). B, SDS PAGE of the purified recombinant GST-HuD and 

GST-HuDpd, stained with coomassie brilliant blue to show the extent of enrichment of the 

overexpressed GST fusion products.   
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Figure 3. HuD directly interacts with sequences in the long Bdnf 3’UTR, and this 

interaction is not impaired in a putative phosphorylation-deficient mutant. A, Schematic 

showing the regions of the Bdnf gene covered by the RNA probes used in the REMSA assay 

(CDS, A, B1, B2 and B3), as well as the mapping of putative HuD binding sites (M1: Motif 1, 

M2: Motif 2; M3: Motif 3; black text indicates a single occurrence of the motif, and red text 
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indicates at least three tandem, overlapping motif repeats; red arrows indicate perfect consensus 

with the motif, blue arrows indicate 1 nt mismatch, and black arrows indicate 2 nt mismatches) 

and target sites for hippocampal miRNAs shown to regulate BDNF expression. B, D, Biotin-

labeled RNA probes corresponding to the Bdnf mRNA regions shown in A were incubated with 

buffer (-) or the indicated purified recombinant GST fusion protein (+) and visualized on non-

denaturing PAGE using IRdye-conjugated streptavidin. C, E, Biotin-labeled RNA probe 

corresponding to the positive control Nova1 3’UTR sequence was incubated with buffer, the 

indicated GST fusion protein alone, or the protein pre-incubated with unlabeled competitor 

RNAs covering the sequences shown in A and visualized as described for B and D.  
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Bdnf 5’UTR sequences negatively regulate mRNA translation 

The trafficking of Bdnf mRNAs to dendrites and their subsequent regulation is still poorly 

understood, with some conflicting reports detailing which mRNA sequences are important (An et 

al., 2008; Baj et al., 2011). To establish an in vitro system to study the effects of nELAV RBPs 

on the regulation of mRNAs containing Bdnf sequences, I decided to include both 5’- and 3’-

UTR sequences in a reporter construct that expresses destabilized GFP modified to include a 

myristoylation peptide and a nuclear localization sequence (NLS), restricting movement of GFP 

signal distal to the site of synthesis and serving as a more accurate indicator of local translation. 

 Inclusion of the 5’-UTRs of Bdnf mRNA isoforms I, IIc, IV and VI reduced expression of 

a local translation reporter containing the long Bdnf 3’UTR with the first polyadenylation site 

mutated (A*B) so that only the long 3’UTR species is generated (Fig. 4A). The pattern of 

reduced expression of the local translation reporter was consistent between somatic and dendritic 

compartments (Fig. 4B-E), suggesting decreased translation or stability, rather than alterations in 

trafficking, of the mRNAs containing the different Bdnf 5’UTRs. The 5’UTR from Bdnf mRNAs 

transcribed from promoter VI resulted in the largest decreases in somatic and dendritic reporter 

expression, 96% and 95%, respectively, while the 5’UTR from Bdnf mRNAs transcribed from 

promoter IV resulted in the smallest somatic and dendritic decreases, 25% and 39%. To 

potentially minimize confounds resulting from negative regulation of local translation acting on 

5’UTR sequences I used the Bdnf 5’UTR from isoform IV in all further local translation reporter 

constructs. 
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Figure 4. Effect of Bdnf 5’UTR sequences on local reporter synthesis. A, Schematic 

representing the constructs used. SYN, human synapsin promoter; I, IIc, IV, VI, Bdnf 5’UTR 

sequences; dEGFP, destabilized EGFP; myr, myristoylation sequence; NLS, nuclear localization 

sequence; A, short Bdnf 3’UTR; B, long Bdnf 3’UTR; dashed line, non-functional mutated 

polyadenylation site. B, Somatic GFP fluorescence from dissociated rat hippocampal cultures 

transfected at 7 DIV with the indicated constructs and fixed and imaged at 9 DIV (scale bar, 20 
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µm). C, Mean ± SEM from images represented in B (n=30; *, p<0.05; **, p<0.01; ***, p<0.001; 

student’s t-test). D, Colorized dendritic GFP fluorescence from hippocampal cultures transfected 

at 7 DIV with the indicated constructs and fixed and imaged at 9 DIV, using min and max pixel 

values from representative images across all conditions to generate the color table (scale bar, 20 

µm). E, Mean ± SEM in 50-µm bins from images represented in D (n=20; *, p<0.001; student’s 

t-test). 
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PKC activation increases dendritic translation of mRNAs with the long Bdnf 3’UTR in an 

HuD-dependent manner 

It has previously been demonstrated that neuronal activity can increase local translation of Bdnf 

mRNAs in dendrites. This has been shown in hippocampal culture using chemical LTP induction 

through tetraethylammonium (TEA) treatment (Lau et al., 2010). In order to gain more insight 

into the interaction between nELAV RBPs and Bdnf mRNAs I investigated the role of PKC 

activation in local translation. The PKC pathway is known to be activated by TEA induction of 

LTP (Ramakers et al., 2000), and is important for the transport of nELAV RBPs to their sites of 

action (Pascale et al., 2005), and thus may play a role in mediating any effects HuD may have on 

regulating local translation of Bdnf mRNAs.  

 Rat dissociated hippocampal cultures were transfected at 14 DIV with local translation 

reporter constructs containing either the short (ExIV A) or long (ExIV A*B) Bdnf 3’UTRs (Fig. 

5A) and treated 2 days later for 1 hour with 30 mM KCl or 100 nM PMA.  Neurons transfected 

with ExIV A*B, but not ExIV A, showed significant increases in local dendritic translation 

compared to controls for both treatments (Fig. 5B-E). Furthermore, the effect of PMA treatment 

was completely abrogated in cultures pre-treated with the PKC inhibitor GF 109203X, whereas 

the effect of KCl stimulation was only partially reduced (Fig. 5F-G), suggesting other pathways 

besides PKC are involved in depolarization-dependent regulation of mRNAs with the A*B 

sequence. 

I investigated the importance of HuD in the PKC-mediated upregulation of the local 

reporter construct detailed above by co-transfecting hippocampal cultures with a plasmid 

encoding an shRNA specific to rat HuD mRNA. HuD protein levels as detected by 
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immunocytochemistry (ICC) using a monoclonal antibody against HuD were decreased by 40% 

in the soma of co-transfected neurons (Fig. 6A,B), though there may be some cross-reactivity 

with the other nELAV proteins, in which case the actual reduction in HuD would be even greater 

than estimated. In cultures co-expressing the local synthesis reporter construct and the rat HuD 

shRNA, PMA treatment failed to increase dendritic reporter expression (Fig. 6C,D), suggesting 

an important role for HuD in mediating this effect. Interestingly, the basal level of dendritic 

reporter expression was increased compared to controls with normal HuD protein levels. 

Recovery experiments were conducted by co-transfecting the reporter and shRNA constructs 

with plasmids overexpressing either wild-type mouse HuD (mHuD) or the putative 

phosphorylation-deficient mutant (mHuDpd). Overexpression of mHuD or mHuDpd in the 

presence of the shRNA lead to an increase in somatic HuD levels to 268% or 309% of control, 

respectively. Recovery with mHuD, but not with mHuDpd, restored the PKC-mediated increase 

in dendritic synthesis of the local reporter (Fig. 6C,D), indicating that the effect of the shRNA is 

specifically due to reduced HuD, and that one or both of the substituted threonine residues is a 

phosphorylation site of PKC necessary for mediating the ability of HuD to increase translation of 

its target mRNA. Recovery with mHuD resulted in a decrease in basal dendritic translation of the 

local reporter, while recovery with mHuDpd resulted in levels that were no different than those 

from the knockdown of HuD alone. These findings suggest that non-phosphorylated HuD 

inhibits translation of its target mRNAs, and this repression is relieved by PKC phosphorylation. 
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Figure 5. PMA treatment leads to PKC-dependent increases in dendritic translation of 

local reporter constructs with the long Bdnf 3’UTR. A, Schematic representing the constructs 

used. B,C, Colorized dendritic GFP fluorescence from dissociated rat hippocampal cultures 

transfected at 14 DIV with the indicated constructs and on 16 DIV treated for 1 hour with KCl, 
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PMA or vehicle, fixed and then imaged (scale bar, 20 µm). D,E, Mean ± SEM in 50-µm bins 

from images represented in B and C (n=25; *, p<0.05; **, p<0.01; student’s t-test). F, Colorized 

dendritic GFP fluorescence from hippocampal cultures transfected at 14 DIV with ExIV A*B 

and on 16 DIV pre-treated for 30 min with GF109203X, a PKC inhibitor, then treated for 1 hour 

with KCl or PMA, fixed and then imaged (scale bar, 20 µm). G, Mean ± SEM in 50-µm bins 

from images represented in F (n=25; *, p<0.001; student’s t-test). 
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Figure 6. PKC-dependent increases in dendritic translation of local reporter constructs 

with the long Bdnf 3’UTR are mediated by HuD. A, Immunocytochemistry of hippocampal 

cultures transfected with the indicated plasmids on 14 DIV, then fixed, stained with monoclonal 

anti-HuD antibody and imaged on 16 DIV (Control: ExIV A*B, pSuper, pcDNA; HuD 
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Knockdown: ExIV A*B, rHuD shRNA, pcDNA; mHuD Recovery: ExIV A*B, rHuD shRNA, 

mHuD; mHuDpd Recovery: ExIV A*B, rHuD shRNA, mHuDpd; scale bar, 20 µm). B, Mean ± 

SEMof soma from images represented in A (n=30; *, p<0.05; **, p<0.001; student’s t-test). C, 

Colorized dendritic GFP fluorescence from hippocampal cultures transfected at 14 DIV with the 

indicated plasmids, then on 16 DIV treated for 1 hour with PMA or vehicle, fixed and then 

imaged (scale bar, 20 µm). D, Mean ± SEM in 50-µm bins from images represented in C (n=40; 

*, p<0.05; **, p<0.01; ***, p<0.001; student’s t-test against control for each bin; †, p<0.001; 

student’s t-test against conditions underneath bar). 
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HuD can directly regulate local protein synthesis 

If HuD interacts with Bdnf mRNAs to regulate their dendritic translation, they should co-localize 

in these compartments. Hippocampal cultures were transfected to express a GFP-mHuD fusion 

protein, and co-localization of this protein with Bdnf mRNA was assessed using dual fluorescent 

in situ hybridization (FISH) and ICC. Intensity correlation coefficient-based (ICCB) analysis 

yielded a pearson’s coefficient of 0.864, with 95% of the GFP-mHuD signal overlapping with 

Bdnf mRNA (Fig. 7A), suggesting a high degree of dendritic association even in the absence of 

stimulation. If these mRNP complexes of Bdnf mRNA with HuD represent RNA transport 

granules, HuD could be involved in regulating target mRNA trafficking to dendrites. If this were 

the case, altering HuD levels through shRNA knockdown and heterologous overexpression 

would affect the dendritic localization of target mRNAs, potentially resulting in the observed 

differences in basal dendritic expression of the local reporter under decreased or elevated HuD 

levels. However, FISH with a probe directed against the Bdnf coding region showed no 

difference in Bdnf mRNA levels in the dendrites of hippocampal neurons after HuD knockdown 

or recovery (Fig. 7B,C), indicating that HuD is not involved in regulating the dendritic 

trafficking of mRNAs with the long Bdnf 3’UTR. 

Increased neuronal activation has been shown to increase Bdnf mRNA trafficking to 

dendrites (Tongiorgi et al., 1997), and it is possible that PKC activation induced by PMA 

treatment could result in the observed increase in dendritic reporter synthesis as a consequence of 

an increased pool of dendritic reporter mRNAs, rather than by directly affecting local translation 

of pre-existing dendritic mRNAs. To distinguish between these two mechanisms I performed 

FISH on control or PMA-treated cultures transfected with the local reporter, using probes 
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directed against the GFP coding sequence. After 1 hour of PMA treatment, the length of time 

used in previous experiments to assess local reporter synthesis, there was no detectable increase 

in dendritic reporter mRNA levels (Fig. 7D,E), indicating the increased local reporter synthesis 

after this treatment is a result of increased translation of pre-existing mRNAs. However, 3 hours 

of PMA treatment led to significantly increased dendritic reporter mRNA levels, suggesting a 

complex role for PKC in regulating dendritic translation of mRNAs with the Bdnf long 3’UTR, 

mediating both rapid, short-term increases by acting directly on local translation and slower, 

long-term increases through increased trafficking of mRNAs to sites of activity.  
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Figure 7. Changes in HuD expression and short-term PMA treatment do not affect levels of 

dendritic mRNAs with Bdnf 5’- and 3’UTRs. A, Dual Bdnf mRNA FISH and HuD ICC 

staining on hippocampal cultures transfected with recombinant GFP-mHuD at 14 DIV and fixed, 

stained and imaged at 16 DIV, using antisense probe against the Bdnf coding sequence for in situ 

and anti-GFP for ICC (n=30; scale bar, 20 µm). Co-localization data was obtained using the 
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JACoP plugin on ImageJ. B, Colorized dendritic in situ signal using a probe against the Bdnf 

mRNA coding sequence in hippocampal cultures transfected with the indicated plasmids at 14 

DIV and then fixed at 16 DIV (sense, sense in situ probe; scale bar, 20 µm). C, Mean ± SEM in 

20-µm bins from images represented in B, normalized to the mean dendritic signal from 20-40 

µm away from the soma of untransfected neurons on the same coverslip (n=30; *, p<0.05; **, 

p<0.01; student’s t-test). D, Colorized dendritic in situ signal using a probe against the GFP 

coding sequence in hippocampal cultures transfected with the reporter construct ExIV A*B at 14 

DIV and then treated for 1 or 3 hours with PMA or vehicle, then fixed at 16 DIV (sense, sense in 

situ probe; scale bar, 20 µm). E, Mean ± SEM in 20-µm bins from images represented in D 

(n=30; *, p<0.01; **, p<0.001; student’s t-test).  
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HuD dendritic localization requires threonine phosphorylation 

The trafficking of HuD has been reported to depend on its phosphorylation by PKC (Pascale et 

al., 2005). ICC with a monoclonal antibody directed against HuD revealed an increase in 

dendritically-localized HuD after overexpression of mHuD, but not mHuDpd (Fig. 8A,B), which 

is consistent with the observed changes in basal dendritic translation of the local reporter if HuD 

is a repressor of translation under resting conditions. Dendritic levels of HuD were further 

increased after PMA treatment only in neurons overexpressing mHuD (Fig. 8A,B), further 

demonstrating the likelihood that one or both of the substituted threonine residues in mHuDpd is 

phosphorylated by PKC to regulate its translocation to dendrites and relieve repression of its 

target mRNAs.   
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Figure 8. HuD transport to dendrites requires phosphorylation at T149 and/or T165. A, 

Colorized dendritic HuD ICC signal in hippocampal cultures transfected at 14 DIV with the 

indicated plasmids, then  on 16 DIV treated for 1 hour with PMA or vehicle, fixed, stained with 

monoclonal anti-HuD antibody and imaged (US, unstimulated; scale bar, 20µm). B, Mean ± 

SEM in 20-µm bins from images represented in A (n=30; *, p<0.05; **, p<0.01; student’s t-test 

against control for each bin; †, p<0.05; ††, p<0.01; †††, p<0.001; student’s t-test against 

conditions underneath bar).  
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Mice deficient in long Bdnf 3’UTR mRNA synthesis have impaired spatial memory 

Having demonstrating direct binding of HuD to sequences in the long Bdnf 3’UTR, and a 

requirement for HuD in de-repressing PKC-mediated local dendritic synthesis of mRNAs with 

these sequences, I next set out to investigate whether dendritic BDNF synthesis from long Bdnf 

3’UTR mRNAs is important for mediating learning and memory processes. I employed a Bdnf 

knockin mouse strain, Bdnfklox/klox, with three tandem SV40 polyadenylation signal sequences 

inserted slightly downstream of the first native polyadenylation site, resulting in failure to 

produce mRNAs with the long 3’UTR concomitant with a decrease in dendritic Bdnf mRNA 

levels in layer 5 cortex and hippocampal CA1 neurons, consistent with a role for the  long 

3’UTR in mediating dendritic trafficking (An et al., 2008). Importantly, these mice produce 

similar total levels of BDNF, with redistribution from dendrites to soma as compared to wild-

type mice. As these mice lack long Bdnf 3’UTR mRNAs, which have been shown to be basally 

repressed, and HuD is required for PKC-mediated de-repression, as would be expected to occur 

during neuronal stimulation, which leads to increased PKC activity, these mice are a good model 

for how learning and memory would be affected in the absence of HuD-mediated regulation of 

dendritic BDNF synthesis.  

 To determine whether these mice have any gross motor deficits that could impact their 

performance in behavioral tasks to probe learning and memory I tested their motor coordination 

skills using a rotarod apparatus. Bdnfklox/klox mice performed no differently than wild-type 

littermate control mice (Fig. 9A). I then tested the mice on a spontaneous alternation task, a test 

that is sensitive to hippocampal dysfunction (Deacon and Rawlins, 2006). Wild-type mice had 

normal spontaneous alternation, but Bdnfklox/klox mice performed significantly worse, with 



 

61 
 

spontaneous alternation reduced to chance levels (Fig. 9B), suggesting impaired hippocampal-

dependent spatial memory. Next I tested animals using two fear conditioning paradigms, 

contextual and cued fear conditioning. Both wild-type and Bdnfklox/klox mice showed increased 

freezing behavior when presented with the conditioned context or cue (Fig. 10A,C), with 

Bdnfklox/klox mice showing slightly higher baseline freezing, though the fold-change in their 

response during either test was no different (Fig. 10B,D).  
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Figure 9. Bdnfklox/klox mice have impaired spatial memory performance on the spontaneous 

alternation task. Wild-type (+/+) and Bdnfklox/klox (k/k) mice were tested for A, motor 

performance on the rotarod (n=10) and B, spontaneous alternation in the T-maze (n=12). Mean ± 

SEM; *, p<0.05; student’s t-test. 
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Figure 10. Bdnfklox/klox mice have normal performance in contextual and cued fear 

conditioning. +/+ and k/k mice were tested for A, contextual fear conditioning (n=12) and C, 

cued fear conditioning (n=12). B,D, Probe scores were normalized to baseline scores in A,C. 

Mean ± SEM; *, p<0.001; student’s t-test. 
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Discussion 
Bdnf mRNAs associate with neuronal Hu proteins in vivo, and interact directly with HuD 

in vitro 

The nELAV proteins are likely candidates for being trans-acting factors regulating the stability 

and expression of Bdnf mRNAs, based both on the presence of HuD-binding motifs in the long 

Bdnf 3’UTR (Bolognani et al., 2010) and related functional consequences arising from 

perturbations in HuD or BDNF expression (Quattrone et al., 2001; Akamatsu et al., 2005). I 

performed quantitative RT-PCR analysis on RNAs co-immunoprecipitated from mouse forebrain 

lysate with a pan-nELAV antibody and found enrichment of all Bdnf mRNA isoforms examined, 

indicating their in vivo association with nELAV proteins. I next sought to uncover whether this 

association could be modulated by neuronal activation, as might be expected if these proteins 

were involved in mediating activity-dependent changes in BDNF expression. I repeated the 

quantitative RT-PCR experiments using tissue from animals with elevated neuronal activity as a 

result of seizures induced by pilocarpine injection, in the presence or absence of a systemic 

inhibitor of PKC. Elevated neuronal activation significantly increased the percent of Bdnf 

mRNAs co-immunoprecipitated as a fraction of input RNA compared to animals with basal 

neuronal activity, and systemic inhibition of PKC completely reversed this increase, indicating 

the activity-dependent modulation depends on PKC phosphorylation. This increased co-

immunoprecipitation could result from increased formation of mRNP complexes containing 

nELAV proteins and Bdnf mRNAs, or the stabilization of existing complexes following nELAV 

phosphorylation by PKC. Indeed, nELAV proteins and their bound mRNAs can proceed down 

two distinct pathways depending on posttranslational modifications. PKC phosphorylation leads 
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to target mRNA stabilization and increased translation, while arginine methylation of nELAV 

proteins by CARM1 results in target mRNA decay. The elevated neuronal activity following 

seizure induction likely shifted the balance towards PKC phosphorylation and away from 

CARM1 methylation. 

To determine whether there is a direct interaction between nELAV proteins and Bdnf 

mRNA I performed REMSAs using recombinant, purified HuD and labeled RNA probes 

corresponding to sequences in the coding region and 3’UTR of Bdnf. I also performed 

competition assays using unlabeled Bdnf probes and a labeled probe corresponding to a sequence 

in the Nova1 3’UTR previously shown to interact with HuD (Ratti et al., 2008). Only probes 

corresponding to sequences in the long Bdnf 3’UTR were found to interact with HuD in both 

assays, indicating the presence of multiple HuD binding sites throughout this region, a finding 

that was consistent with the mapping of putative HuD binding sites in this region based on 

consensus motifs. A very interesting pattern was uncovered when adding target sites for 

hippocampal miRNAs that have been experimentally shown to regulate BDNF expression to the 

map. Putative HuD binding sites were found in close proximity to miR-30 and miR-124 binding 

sites. A similar pattern was observed in the 3’UTR of c-Myc mRNA, where HuR binds in close 

proximity to the let-7 miRNA binding site, and HuR binding is a requirement for let-7/RISC 

recruitment and miRNA-mediated silencing (Kim et al., 2009). It is possible that HuD may 

function in a similar way, facilitating miRNA-mediated inhibition of Bdnf mRNAs. Repeating 

the REMSA experiments with a putative phosphorylation-deficient HuD mutant yielded identical 

results, indicating the RNA binding properties of the mutant are intact and validating its use in 

experiments to investigate the mutated sites as targets of PKC phosphorylation. 
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The physiological relevance of these results is highlighted by the similar subcellular 

distributions of Bdnf mRNAs and HuD, with both found either in translationally repressed 

mRNP complexes or associated with polysomes, sites of active translation (Antic and Keene, 

1998; Lau et al., 2010). Activation of PKC results in the nucleocytoplasmic shuttling of nELAV 

proteins, their threonine phosphorylation, and increased association of the cytoskeleton and 

polysomes (Pascale et al., 2005), establishing a pathway whereby neuronal activity could lead to 

an HuD-mediated increase in BDNF synthesis.   

 

Bdnf 5’UTRs repress translational efficiency 

I found that including 5’UTRs from Bdnf isoforms I, IIc, IV and VI in a local reporter construct 

decreased both somatic and dendritic reporter expression, with the relative changes being similar 

between the two compartments. The isoform IV 5’UTR conferred the least reduction in 

translation, while the isoform VI 5’UTR almost completely blocked expression. These two Bdnf 

isoforms are among the most abundant in adult rat hippocampus (Malkovska et al., 2006; Lau et 

al., 2010), with isoform IV expression being more activity-dependent than that of isoform VI 

(Timmusk et al., 1993; Poulsen et al., 2004). It has also been reported that isoform VI, but not 

isoform IV, is targeted to dendrites after neuronal activation, and that the 5’UTR of isoform IV 

contains an element that represses dendritic trafficking (Chiaruttini et al., 2008; Chiaruttini et al., 

2009). It seems contradictory that the Bdnf mRNA isoform least increased by activity would be 

most localized to distal dendrites, where activity-dependent local translation could be an 

important process leading to synaptic remodeling, while the isoform most upregulated in 

response to activity would be restricted to the soma. 
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There is still much we don’t know about the regulatory elements present in Bdnf 5’UTR 

sequences, and in an effort to reproduce Bdnf mRNA structure as completely as possible in our 

local reporter construct I incorporated the 5’UTR sequence from isoform IV, as it is one of the 

most highly expressed in the hippocampus of adult animals while still allowing reporter 

expression. The ability of stimulation to increase dendritic synthesis of the local reporter was not 

impaired in constructs containing the isoform IV 5’UTR as compared to constructs with no 

5’UTR sequences (data not shown), indicating any cis-acting regulatory elements present in this 

5’UTR are permissive for the assays performed in this study, and may be important for some of 

the results reported. 

 

PKC activation can increases local dendritic translation of RNAs with the long Bdnf 3’UTR 

Expression of a local reporter with the long, but not the short, Bdnf 3’UTR was increased in the 

distal dendrites of hippocampal neurons stimulated either by KCl depolarization or PMA-

mediated PKC activation. This result is in agreement with a previous finding that chemical LTP 

induction through tetraethylammonium (TEA) treatment can selectively increase dendritic 

expression of a local translation reporter with the long, but not the short, Bdnf 3’UTR (Lau et al., 

2010). Pre-treatment of cultures with an inhibitor of PKC completely abolished the increased 

dendritic translation after PMA treatment, as expected if PMA is acting through PKC, and was 

able to reduce, but not block, the increased reporter synthesis after KCl stimulation, suggesting 

that depolarization can trigger PKC-dependent and –independent pathways to increase 

translation of RNAs with the long Bdnf 3’UTR. Dendritic reporter translation could be 

modulated either by a change in the pool of dendritic reporter mRNAs or by a direct effect on the 
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rate of translation of pre-existing dendritic mRNAs. The 1 hour PMA treatment used in reporter 

assay experiments did not result in any significant increase in reporter mRNA levels in dendrites, 

though I found that 3 hours of PMA treatment was able to significantly increase dendritic 

reporter mRNA abundance, suggesting that the PKC activity-dependent increase in reporter 

expression I observed is due to a mechanism operating to increase the translation of pre-existing 

local mRNAs, rather than increasing their dendritic trafficking, though it appears that over a 

longer period of time both mechanisms may be active, potentially playing an important role in 

the expression of L-LTP. 

 The regulation of BDNF synthesis in dendrites by PKC may be an important pathway 

involved in learning and memory. Disruption of PKC cascades results in impaired performance 

in various behavioral tasks, including spatial learning and memory, contextual fear memory and 

conditioned avoidance (Sun and Alkon, 2010). PKC activity has been shown to be increased 

during both the induction and maintenance phases of LTP at Schaffer collateral-CA1 synapses 

(Klann et al., 1993), and postsynaptic action of the constitutively active, atypical PKC isozyme, 

PKM, is necessary and sufficient for the maintenance phase of LTP, as demonstrated by the 

findings that postsynaptic introduction of PKM was able to stably increase synaptic efficacy 

and occlude tetanic induction of LTP, while introduction of a dominant negative PKM, PKM-

K281W, had no effect on baseline synaptic transmission but completely blocked tetanic 

induction of LTP (Ling et al., 2002). These results, taken together with the observation that 

BDNF application alone is sufficient to restore L-LTP after inhibition of protein synthesis, are 

highly suggestive of a role for PKC activity in mediating BDNF synthesis, perhaps locally near 

activated synapses, required for stable expression of L-LTP.  
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Endogenous BDNF expression is very low, and prolonged regulated secretion, as would 

occur during LTP, could rapidly deplete the pool of dendritic BDNF-containing vesicles. 

Although it has been shown that exogenous BDNF can undergo endocytosis and be recycled for 

use in activity-dependent secretion (Santi et al., 2006), the extent to which dendritic stores of 

BDNF can be replenished in this manner under physiological conditions is unclear, and thus new 

dendritic synthesis of BDNF may be a crucial step in the induction and maintenance of LTP. 

Indeed, in mice deficient in the synthesis of long Bdnf 3’UTR mRNAs, and consequently having 

decreased dendritic Bdnf mRNA levels, dendritic BDNF protein expression is lower, regulated 

BDNF secretion is decreased, and while CA1 LTP can be induced by TBS or HFS, by one hour 

after stimulation synaptic efficiency fell to near-baseline levels (An et al., 2008), indicating 

impaired expression of L-LTP, and possibly E-LTP as well. These mice have higher than normal 

somatic BDNF levels, indicating a requirement for dendritically synthesized BDNF in mediating 

the expression of LTP, rather than somatically-derived BDNF that is transported to dendrites. 

Additionally, in cultured hippocampal neurons experiencing elevated activity induced by 

potassium depolarization, Bdnf mRNAs are actively transported to dendrites, concomitant with 

increased dendritic protein expression (Tongiorgi et al., 1997), which is consistent with a role for 

increased dendritic BDNF translation in the expression of L-LTP. While LTP induction with 

strong stimulation protocols does not require protein synthesis, weaker trains of stimulation, as 

might be expected to occur in the neuronal circuits of organisms undergoing experience-

dependent plasticity, could be augmented by increased dendritic BDNF synthesis, secretion and 

autocrine signaling to facilitate the induction of LTP, suggesting a potential physiological role 

for dendritic BDNF synthesis in E-LTP as well as L-LTP. 
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PKC activity can relieve HuD-mediated translational repression of mRNAs with the long 

Bdnf 3’UTR 

Knocking down endogenous HuD in rat hippocampal cultures blocked the ability of PKC 

activation to increase dendritic translation of mRNAs with the long Bdnf 3’UTR. Unexpectedly, 

this also resulted in a significant increase in dendritic expression of the local reporter in 

unstimulated cultures. Rescue with wild-type mouse HuD, mHuD, increased dendritic HuD 

above control levels and restored the response of the local reporter to PKC activation, while 

decreasing its basal dendritic translation. These data are consistent with HuD either restricting 

dendritic trafficking of mRNAs with the long Bdnf 3’UTR or inhibiting their translation under 

basal conditions. Rescue with the putative phosphorylation-deficient mutant, mHuDpd, had no 

effect on dendritic HuD levels, failed to restore the response of local reporter expression to PKC 

activation, and resulted in elevated basal reporter expression similar to levels observed from 

HuD knockdown alone. One or both of the threonine residues substituted in the mutant are likely 

PKC phosphorylation sites, as PKC activation was able to increase dendritic localization of the 

overexpressed wild-type HuD, but not the mutant. These results also argue against a role for 

HuD in mediating trafficking of mRNAs with the long Bdnf 3’UTR. Rescue with mHuD lead to 

increased dendritic HuD levels, but decreased dendritic reporter synthesis, while rescue with 

mHuDpd resulted in no change in dendritic HuD concomitant with a 3-fold increase in somatic 

HuD, yet dendritic reporter synthesis was increased. Furthermore, I did not observe any changes 

in endogenous Bdnf mRNA levels in hippocampal dendrites after knockdown or overexpression 

of HuD. Since mHuDpd was unable to traffic efficiently to dendrites, rescue with this protein 
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resulted in dendrites functionally indistinguishable from those with knockdown of HuD alone, 

and I cannot draw any conclusion about whether phosphorylation at either of the substituted 

residues is the signal triggering PKC-mediated de-repression of dendritic mRNAs with the long 

Bdnf 3’UTR. 

 Our data suggests a model where HuD represses translation of mRNAs containing the 

long Bdnf 3’UTR, with PKC activation in stimulated spines resulting in the relief of this 

repression, possibly by direct phosphorylation of HuD itself (Fig. 9). With respect to input-

specificity, activity-driven increases in dendritic HuD levels would only result in increased Bdnf 

mRNA translation in stimulated spines, since PKC is not activated in unstimulated spines and 

HuD would remain as a repressor. While many reports on HuD find that it increases translation 

of its target mRNAs (Anderson et al., 2000; Anderson et al., 2001; Ratti et al., 2008), it has also 

been found to inhibit translation of p27 (Kullmann et al., 2002) and tau (Atlas et al., 2007), and 2 

of its RNA binding sites have been identified as the most overrepresented motifs in the 3’UTRs 

of mRNAs downregulated after expression of miRNAs, and in the 3’UTRs of mRNAs bound by 

Argonaute (AGO) (Jacobsen et al., 2010), an integral component of P-bodies, sites of 

translational repression (Kulkarni et al., 2010). Thus HuD could be an inhibitor of translation in 

certain contexts, such as for genes regulated by miRNA inhibition, like Bdnf (Mellios et al., 

2008; Chandrasekar and Dreyer, 2009). Notably, the long Bdnf 3’UTR has been found to repress 

basal translation (Lau et al., 2010), and our results indicate HuD has multiple binding sites 

throughout this region, and these sites are in close proximity to target sites of hippocampal 

miRNAs known to downregulate BDNF expression. An example of this pattern of Hu protein 

binding in proximity to a target miRNA site can be found in the 3’UTR of c-Myc, where HuR 
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binding is actually required for recruitment of let-7/RISC binding and mRNA silencing. Further 

studies are necessary to demonstrate whether the absence of HuD binding can increase the 

proportion of Bdnf mRNAs associated with polysomes, and if PKC phosphorylation on either of 

the two threonine residues mutated in this study is the signal leading to polysome association. 
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Figure 11. Model illustrating the proposed mechanism of the PKC-mediated component of 

activity-dependent upregulation of local Bdnf mRNA translation in dendrites. 
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Dendritic BDNF synthesis is critical for some forms of spatial memory 

The availability of the Bdnfklox/klox mouse allowed us to probe the importance of dendritic BDNF 

synthesis, a process that I have shown can be regulated by HuD, in learning and memory. A key 

feature of this mouse is the maintenance of global BDNF protein synthesis with a selective 

impairment in dendrites. Previous attempts to evaluate the phenotype of reduced dendritic BDNF 

employed heterozygous Bdnf knockout mice, which have reduced BDNF expression in the soma 

as well as in dendrites, thus making it impossible to distinguish between effects arising from 

dendritically- versus somatically-synthesized BDNF. The decrease in dendritic BDNF protein 

levels in these mice, associated with decreased dendritic Bdnf mRNA, suggests that at least some 

dendritic BDNF is the result of local dendritic BDNF synthesis, since these mice have above 

normal amounts of somatic BDNF, and if all dendritic BDNF was derived from protein 

trafficked distally from the soma this decrease would not be present. This mouse is preferable to 

using an HuD knockout or overexpression strain, as HuD can potentially regulate a large number 

of genes involved in synaptic plasticity, and thus any phenotype observed in these animals would 

be impossible to attribute to a direct effect of impaired HuD regulation of Bdnf mRNAs. 

Furthermore, HuD regulation of Bdnf mRNAs in the soma may be involved in regulating a 

completely different set of pathways as compared to those regulated in dendrites, and there may 

be no way to selectively change HuD trafficking to dendrites without also affecting its ability to 

enhance target mRNA translation, as PKC phosphorylation may be responsible for mediating 

both of these effects. If activation of HuD is required for allowing activity-dependent dendritic 

synthesis of Bdnf mRNAs, as our data suggest, the Bdnfklox/klox mouse is an appropriate model of 

what would happen if HuD-mediated de-repression of these mRNAs was impaired. 
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 The finding that spontaneous alternation, a task sensitive to hippocampal dysfunction, 

was impaired in Bdnfklox/klox mice is in agreement with our model of dendritic BDNF synthesis 

being important in the expression of LTP, and consequently a regulator of learning and memory. 

This is the first demonstration of a specific requirement for long Bdnf 3’UTR mRNAs in 

regulating a behavior dependent on learning and memory. The normal performance of the 

Bdnfklox/klox mice in both cued and contextual fear conditioning could be explained by several 

phenomena. Both tests rely on amygdala function for conditioning fear responses, but only 

contextual fear conditioning is sensitive to hippocampal function, being required for the 

association of more complex, polymodal events (Phillips and LeDoux, 1992), and thus I might 

not expect to see impairment in cued learning and recall. Mice bred to have elevated anxiety-

related behaviors have stronger fear memory, showing increased conditioned freezing behavior 

in response to both contextual and cued stimuli (Sartori et al., 2011). If Bdnfklox/klox mice have 

increased anxiety, any learning and memory impairments in these tasks could be masked. A 

mutant mouse homozygous for the Bdnf Val66Met polymorphism, which has been shown to lead 

to impaired regulated secretion of BDNF, similar to what is observed in Bdnfklox/klox mice, 

exhibited increased anxiety-related behaviors, and it is possible that Bdnfklox/klox mice may share a 

similar phenotype, potentially explaining their apparently normal behavior during fear 

conditioning despite indications that they should demonstrate an impairment. More refined and 

controlled behavioral experiments would be required to fully elucidate the memory defects 

associated with these animals, the scope of which is beyond the expertise in our laboratory. 
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