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Abstract 

Regulation of translation in neuronal function and development 

By Anthony G. Lau 

 Brain development and function requires sophisticated regulation of gene 
expression achieved by both transcriptional and post-transcriptional mechanisms.  While 
transcriptional regulation can have long-term effects on gene expression, rapid and local 
changes in protein levels, far beyond the capabilities of transcription, are due to intricate 
mechanisms of post-transcriptional regulation and essential for brain function.  However, 
key mechanisms underlying post-transcriptional regulation in neurons remain poorly 
understood.  In this dissertation, the roles of both cis- and trans-acting factors controlling 
translation and subcellular localization of mRNA were explored during brain 
development and function.  First we examined the ability of distinct 3’ untranslated 
regions (3’UTRs), long or short, in differential regulation of translation and subcellular 
localization of transcripts encoding the brain-derived neurotrophic factor (BDNF) upon 
neuronal stimulation.  We showed that the short 3’UTR restricts BDNF mRNA in 
neuronal soma and supports active BDNF translation while the long 3’UTR promotes 
dendritic localization and represses translation of BDNF mRNA at rest.  We further 
demonstrated that, neuronal activation releases translational repression of the long 3’UTR 
BDNF mRNA, which is accompanied by a rapid activation of the tropomyosin kinase 
receptor B in the hippocampus.   
 We next explored the role of the fragile X mental retardation protein (FMRP), a 
selective RNA-binding protein, in hippocampal development.  Loss of FMRP resulted in 
dysregulated translation of the microtubule associated protein 1B, which is associated 
with abnormal projection of mossy fiber axons in the neonatal hippocampus, which offers 
a comprehensive model for the functional consequence of translational dysregulation in 
abnormal neuronal network development due to FMRP deficiency.  Lastly, in an effort to 
elucidate trans-acting factors mediating translational regulation of the long 3’UTR BDNF 
mRNA, we found that the long 3’UTR BDNF mRNA is associated with FMRP as well as 
a specific microRNA, miR-128.  In addition, miR-128 suppresses translation of luciferase 
reporter in a BDNF long 3’UTR -dependent manner, and neuronal activation causes 
significant down-regulation of miR-128.  Taken together, these data provide novel 
insights regarding cis- and trans-acting factors that control translation to accommodate 
brain development and function. 
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1.1 Introduction: regulation of mRNA translation and localization governs neuronal 

development and plasticity. 

 Brain development and function requires precise control of gene expression.  

Neuronal development requires the establishment of sophisticated cellular polarity 

consisting of dendrites and axons, which shape the basis for the formation of numerous 

synapses necessary for neuron-to-neuron communication.  Gene expression in the brain 

can be regulated transcriptionally, post-transcriptionally and/or post-translationally.  

While transcription provides a means to intricately regulate gene expression, it cannot 

completely accommodate the necessary requirement of temporal and spatial control 

needed for the function of brain neurons, especially the rapid synapse-specific neuronal 

activity in response to stimulation.  Thus, post-transcriptional mechanisms for gene 

regulation play particularly important roles in controlling brain development and function 

as compared to other tissues.   

  The proper establishment of the neural network is critical for brain function in 

regards to learning and memory formation and is dependent upon increases in protein 

synthesis.  In early work from the 1960’s, intracerebral injection of puromycin, a 

translation inhibitor, caused a loss of both short-term and long-term memory formation in 

mice (Flexner et al., 1963; Flexner et al., 1962).  Many years later, in an experiment by 

Miller and colleagues, a mouse lacking dendritic targeting and translation of the 

calcium/calmodulin-dependent kinase IIα (CAMKIIα) revealed deficits in spatial 

memory and fear conditioning (Miller et al., 2002).  Taken together, these data not only 

show a necessity of increased protein synthesis for learning and memory but that the 
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proper spatial increase in protein synthesis is highly important.  However, the 

mechanisms regulating local protein synthesis remain poorly understood.  To this end, 

this dissertation addresses the translational regulation and functional consequences of two 

important proteins involved in synaptic plasticity and mental function, the brain-derived 

neurotrophic factor (BDNF) and the fragile X mental retardation protein (FMRP).   

1.1.1 Activity-dependent protein synthesis and local mRNA translation in 

synaptic plasticity  

How do changes in protein synthesis in the central nervous system (CNS) lead to 

the formation and storing of memory?  It has long been postulated that use-dependent 

changes in synaptic strength or efficacy (chemical plasticity), and numbers of synapses in 

the functional circuitry (structural plasticity), are underlying mechanisms behind learning 

and memory (Abel et al., 1997; Kandel, 2001).  Two major alterations in synaptic 

strength exist in the mammalian brain, long-term potentiation (LTP) and long-term 

depression (LTD), which can be induced chemically by glutamate or electrically by 

stimulating at high and low frequency, respectively (Sutton and Schuman, 2005).  In 

addition, LTP can also be induced chemically by molecules such as BDNF and dopamine 

(Sutton and Schuman, 2005).  LTP is a process of increasing synaptic strength and can 

last for varying amounts of time, from hours to weeks to even years (Abraham et al., 

2002; Racine et al., 1983).  LTP can be broken down into two different phases: early-

phase LTP (E-LTP) and late-phase LTP (L-LTP).  E-LTP lasts ~1-2 hours and is 

mediated by post-translational modifications of existing proteins (Pfeiffer and Huber, 

2006), independent of new protein synthesis.  In contrast, L-LTP expression requires 
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gene transcription and is dependent on new protein synthesis (Frey et al., 1988; Sutton 

and Schuman, 2005).  More recently, knockout of genes that negatively regulate 

translation like GCN2, an eukaryotic initiation factor 2α (eIF2α) kinase, were shown to 

enhance memory formation (Costa-Mattioli et al., 2005), suggesting a need for new 

protein synthesis in memory.  Conversely, LTD is the process of decreasing synaptic 

strength, which also is dependent on rapid protein synthesis (Waung et al., 2008).  In both 

cases of LTP and LTD, local protein synthesis at the postsynaptic sites is believed to be 

necessary for the altered synaptic strength.  The first evidence that local protein synthesis 

is sufficient to support LTP was demonstrated by a seminal study from the Schuman lab, 

in which application of BDNF, known to induce LTP, to severed dendrites in 

hippocampal slices resulted in strengthened synaptic transmission which was blocked by 

protein synthesis inhibitors (Kang and Schuman, 1996).  Likewise, (RS)-3,5-

dihydroxyphenylglycine (DHPG) induction of LTD through activation of the group 1 

metabotropic glutamate receptors (mGluRs) requires protein synthesis at the dendrites 

and not the cell body as evidenced by robust mGluR-LTD induction in isolated dendrites 

from the CA1 region of the hippocampus (Huber et al., 2000).   

These studies demonstrate a need for new protein synthesis in dendrites to 

maintain both LTP and LTD, which poses the question of how to increase protein levels 

specifically in activated synapses.  One possible solution came from electron microscopy 

studies in the early 1980’s that demonstrated localization of polyribosomes at the base of 

dendritic spines of the granule cells of the dentate gyrus (Steward and Falk, 1985; 

Steward and Levy, 1982).  Furthermore, synaptosome preparations, which isolate 

synaptic components away from the neuronal soma, were able to incorporate radiolabeled 
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amino acids into newly synthesized proteins, indicating active translation in the synaptic 

compartment (Rao and Steward, 1991; Torre and Steward, 1992; Weiler and Greenough, 

1991).  Moreover, upon neuronal activation, polyribosomes in the dendritic shafts are 

shifted into or beneath dendritic spines (Ostroff et al., 2002).  These studies, together with 

the marked increase in the number of synapses containing polyribosomes, suggest 

increased protein synthesis specifically in activated synapses (Ostroff et al., 2002).  

Additionally, poly-adenylated mRNAs were detected in distal dendrites, near synaptic 

sites in cultured neurons (Bruckenstein et al., 1990; Kleiman et al., 1993), and in 

biochemical preparations of post synaptic density (Martone et al., 1996), further 

supporting the idea that localized protein synthesis may occur in distal dendrites and 

perhaps even near synaptic terminals to promote synapse-specific plasticity.  In fact, a 

number of mRNAs encoding essential proteins for synaptic plasticity, represented by 

CAMKIIα (Blichenberg et al., 2001; Mori et al., 2000) and the activity-regulated 

cytoskeletal associated protein (Arc) (Kobayashi et al., 2005; Steward and Worley, 

2001), were found localized to dendrites in hippocampal neurons in vivo and in culture.  

More importantly, neuronal activation results in an increase in dendritic translation of 

such synaptic proteins, including CAMKIIα, elongation factor 1a (EF1a), and Arc, which 

is predicted to underlie changes in synaptic plasticity (Huang et al., 2005; Steward and 

Halpain, 1999; Tsokas et al., 2005). 

Many of the new translated synaptic proteins play important roles in regulating 

the surface expression of AMPA receptors, as well as the size and the number of 

dendritic spines, all of which are associated with changes during LTP and LTD.  The 

induction of LTP results in increased surface expression of AMPA receptors, which in 
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turn heightens response to glutamate signaling thus leading to the strengthening of 

individual synapses (Bourne and Harris, 2008).  Conversely, LTD decreases the surface 

expression of the AMPA receptor to reduce synaptic excitability (Bourne and Harris, 

2008).   In addition, the increased or decreased surface expression of AMPA receptors 

coincides directly with an increase or decrease in the size of the postsynaptic density 

(PSD) and a concomitant change in spine head size seen during LTP and LTD, 

respectively (Bourne and Harris, 2008).  Treatment with anisomycin, a protein synthesis 

inhibitor, blocked spine enlargement during LTP (Fifkova et al., 1982; Kelleher et al., 

2004), indicating the functional requirement of new protein synthesis for structural 

synaptic plasticity.  Furthermore, LTP is also marked by an increase in spine number, 

while LTD causes a decrease in the number of spines (Bourne and Harris, 2008). Such 

vigorous remodeling of the neuronal network upon synaptic plasticity is an important 

mechanism for long-term modulation (LTM) that can last for days and even years, and is 

believed to be the basis for long-term memory.   

1.1.2 Synaptic circuitry and function of hippocampal neurons 

Its well-characterized synaptic circuits make the hippocampus an ideal model 

system to study synapse development and plasticity.  The hippocampus is a part of the 

limbic system and is thought to be involved in long-term memory formation and spatial 

learning.  The axons of the perforant pathway, which originate from neurons in layer II of 

the entorhinal cortex, synapse with the dendrites of the granular cells of the dentate gyrus 

(DGCs).  The dentate gyrus (DG) serves as the “gatekeeper” of inputs into the 

hippocampus and is also the only brain region besides the subventricular zone that 
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harbors neurogenesis in the adult brain (Ming and Song, 2005).  During learning tasks 

and epileptogenesis, neurogenesis is markedly increased in the subgranular zone of DG 

(Ma et al., 2009).  Reciprocally, ablation of neurogenesis causes abnormality in multiple 

learning and memory tasks associated with hippocampal function (Jessberger et al., 2009; 

Saxe et al., 2006). However, the exact role of increased neurogenesis in learning and 

memory remains unknown.  Once the input is received by the DGCs, a signal is 

transmitted by the mossy fibers that are axonal projections from DGCs forming synapses 

with the dendrites of pyramidal cells in the CA3 region.  Developmentally, the mossy 

fibers begin to form after birth with rapid growth occurring between postnatal day 5-9 

(Amaral and Dent, 1981), while the connections with the dendritic spines of the CA3 

pyramidal cells occur between postnatal day 10-15 giving rise to the “thorny 

excrescences” characteristic of mature mossy fibers (Stirling and Bliss, 1978).  The CA3 

pyramidal cells then project axons (Schaffer collaterals) to synapse on dendrites of 

pyramidal cells of the CA1 region.  Finally the pyramidal cells of the CA1 region project 

back to the entorhinal cortex.  

1.1.3 Cis- and trans-acting factors that control mRNA translation and 

localization 

 Cis-acting factors, particular nucleotide sequences contained within the 

transcripts, are essential for proper post-transcriptional regulation of mRNAs.  Both the 

5’ and 3’ untranslated regions (UTRs) as shown in Figure 1-1, can play important roles in 

regulating mRNA translation and subcellular localization.  For example, the 3’UTR of 

CAMKIIα mRNA regulates the localization and translation efficiency of its transcript  
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Figure 1-1:  Cis and trans-acting factors.  Schematic illustrating the 5’ and 3’UTRs 

ability to regulate translation, subcellular localization, and stability of mRNA through 

binding to different trans-acting factors such as RNA-binding proteins (RBP) and 

microRNA.  ORF indicates the open reading frame and 7mG is the 7-methylguanosine 

cap. 
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Figure 1-1 
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(Mayford et al., 1996).  In fact, a mutant mouse lacking the localization element found in 

3’UTR of CAMKIIα prevents the localization and subsequent local translation of 

CAMKIIα mRNA, leading to deficits in LTP (Miller et al., 2002).  Similarly, many 

synaptically localized mRNAs; such as MAP2 (Blichenberg et al., 1999; Garner et al., 

1988), Arc (Kobayashi et al., 2005; Steward and Worley, 2001) and β-actin (Eom et al., 

2003; Zhang et al., 2001a), rely on localization sequences in their 3’UTRs to be 

transported into the dendrites.  Recently, we showed that the long 3’UTR of BDNF 

transcript is sufficient for localization of BDNF mRNA to dendrites and essential for 

maintaining dendritic LTP (An et al., 2008), leading us to hypothesize that the long 

3’UTR may regulate the translation of BDNF mRNA, possibly in a localized manner.  In 

this dissertation, we tested the hypothesis that cis-acting mechanisms exist to 

differentially regulate the translatability of BDNF transcripts (Chapter 2). 

 The cis-acting elements located in the 5’ and 3’ UTRs act as binding sites to 

facilitate interaction with trans-acting factors, either proteins or non-coding RNAs (i.e. 

microRNAs), to regulate mRNA translation and/or subcellular localization.  Examples of 

trans-acting factors are cytoplasmic polyadenylation element binding protein (CPEB), 

fragile X mental retardation protein (FMRP), and microRNAs.  CPEB is a selective RNA 

binding protein that facilitates dendritic localization and induces translation of target 

mRNAs upon neuronal stimulation by binding to CPE sites in the 3’UTR and increasing 

the length of the poly-A tail (Atkins et al., 2004; Huang et al., 2003; Huang et al., 2002b).  

Likewise, FMRP is a selective RNA-binding protein that can repress the translation and 

promote subcellular localization of target mRNAs through binding to either the 5’UTR or 

3’UTR (Feng, 2002; Jin and Warren, 2003).  The function of FMRP-mediated translation 
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repression during development is the focus of Chapter 3 of this dissertation.  Lastly, 

microRNA are a class of small non-coding RNAs that bind to the 3’UTR with imperfect 

sequence complementarity to repress translation of target mRNAs (Bartel, 2004).  In 

Chapter 4, we examined the ability of microRNAs to repress the translation of BDNF 

mRNA.   

 

1.2 Brain-Derived Neurotrophic Factor (BDNF) expression and the functional link 

to translational regulation  

1.2.1 BDNF gene expression and post-translational processing 

 In 1982, BDNF was isolated from pig brains by Barde and colleagues as a novel 

neurotrophic factor capable of supporting the survival of cultured sensory neurons (Barde 

et al., 1982).  BDNF is a member of the secreted neurotrophin family, including NGF, 

NT3, and NT4/5. These proteins are expressed in both the developing and mature brain 

(Hofer et al., 1990; Maisonpierre et al., 1990; Phillips et al., 1990).  BDNF is widely 

expressed throughout CNS with the highest levels found in the hippocampus, neocortex, 

amygdala, and cerebellum (Hofer et al., 1990; Maisonpierre et al., 1990).   

The BDNF gene is comprised of nine exons whose transcription can be driven by 

different promoters, which can be activated by various cellular and developmental cues 

(Aid et al., 2007; Liu et al., 2006; Liu et al., 2005b).  For example, promoter VI displays 

robust mRNA expression in the heart and lung (Timmusk et al., 1993), which is not seen 

by any of the other promoters.  Similarly, in the different brain regions, the promoters are 

preferentially activated. For example, promoter I is preferentially active in the cerebellum 
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and promoter IV in the hippocampus (Tian et al., 2009b).  Once transcribed, the donor 

site of the upstream exon is spliced to the acceptor site ~20 base pairs upstream of the 

open reading frame and 3’ UTR, which are found in exon IX (Figure 1-2a).  The BDNF 

transcript is then processed at one of the two poly-adenylation sites giving rise to two 

distinct 3’UTRs; a short or long, 0.35kb and 2.85kb, respectively (Timmusk et al., 1995).  

A total number of 18 BDNF mRNA isoforms have been identified due to the various 

combination of the nine alternative 5’UTRs and the two 3’UTRs (Figure 1-2a), all of 

which encode the same BDNF protein.   

The BDNF protein, like the rest of the neurotrophic factors, is initially translated as pre-

pro-BDNF, which first requires the removal of the signal peptide upon sequestration in 

the endoplasmic reticulum (ER).  From the ER, pro-BDNF is transported to the trans-

Golgi network or immature secretory vesicles where it is further cleaved at the N-

terminus to produce the mature form (Figure 1-2b), which is sorted into regulatory 

secreted vesicles for activity dependent BDNF secretion (Hartmann et al., 2001; Kohara 

et al., 2001; Kojima et al., 2001).  As a consequence, neurons primarily release mature 

BDNF, although BDNF is also expressed in glia (Dai et al., 2001; Zafra et al., 1992).  

Emerging evidence indicates, however, that BDNF can be secreted by neurons in both the 

pro and mature BDNF forms; with pro-BDNF more abundantly released in developing 

mice and mature BDNF in adult mice (Nagappan et al., 2009; Yang et al., 2009).  

Importantly, released pro-BDNF can be cleaved in the synaptic cleft by extracellular 

proteases such as matrix metalloproteases (MMPs) and plasmin, whose activity is 

increased upon neuronal stimulation (Lee et al., 2001; Nagappan et al., 2009; Pang et al.,  
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Figure 1-2:  BDNF gene structure and protein processing.  a) Schematic of the BDNF 

gene structure, made up of nine exons (top panel).  Exon IX contains the open reading 

frame and the 3'UTR which can be processed at two alternative polyadenylation sites, 

resulting in either a long or short 3'UTR.  The transcription of each exon is driven by its 

own promoter, followed by splicing to the open reading frame.  The bottom panel depicts 

the 18 potential transcripts generated by the BDNF gene.  b) Schematic of the processing 

of the BDNF protein.  Translation of BDNF mRNA initially yields a BDNF protein 

containing a signal sequence (SS), necessary for localization to the ER, and the proBDNF 

sequence.  The SS is cleaved off in the ER leaving proBDNF, which is further cleaved to 

mature BDNF.   
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Figure 1-2 
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2004), providing a mechanism for controlling mature BDNF expression and subsequent 

function.  

1.2.2 BDNF signaling and physiological functions  

  Release of mature BDNF activates the high affinity tropomyosin-related kinase B 

(TrkB) receptor, whereas pro-BDNF binds to and activates the low affinity, promiscuous 

p75 neurotrophin receptor (p75NTR), which is common for all members of the 

neurotrophin family.  p75NTR is a member of the tumor necrosis receptor superfamily 

(TNF).  The p75NTR is composed of 4 cysteine rich motifs, which are responsible for 

neurotrophin binding, a single transmembrane region, and a cytoplasmic domain, which 

contains a “death” domain similar to other members of the tumor necrosis receptor 

superfamily (Underwood and Coulson, 2008).  Unlike other neurotrophin receptors, 

p75NTR has no known enzymatic property, thus requiring adapter proteins to initiate 

signaling cascades.  Binding of pro-BDNF to the p75NTR can initiate several different 

signaling cascades, which can lead to apoptosis (Bertrand et al., 2008; Teng et al., 2005), 

axonal pruning (Singh et al., 2008), and increased filiapodia length (Gehler et al., 2004) 

while negatively modulating dendritic spine number and complexity (Zagrebelsky et al., 

2005).  In this regard, activation of p75NTR may functionally antagonize the more 

common mature BDNF signaling through the high affinity TrkB receptor.   

 TrkB is a member of the tropomyosin-related kinase (Trk) receptor family and 

binds to a homodimer of mature BDNF.  There are three major Trk receptors, namely 

TrkA, TrkB, and TrkC.  Unlike p75NTR that can be activated by all neurotrophins, the 

Trk family receptors are highly specific for the corresponding ligands. NGF specifically 
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activates TrkA, BDNF and NT4 activate TrkB, and NT3 activates TrkC.  Due to the low 

abundance of NT4 and its low affinity to TrkB, BDNF is the primary physiological 

ligand for TrkB.  Binding of mature BDNF results in homodimerization of TrkB 

receptors followed by autophosphorylation of multiple tyrosine residues.  Three major 

signaling cascades are activated upon BDNF binding to TrkB: 1) Ras pathway, 2) 

phosphotidyl-inositol 3 kinase (PI3K) pathway, and 3) phospholipase C-γ pathway (Lu, 

2003b; Reichardt, 2006; Segal, 2003).  The end consequence of these pathways is to 

increase cell survival, differentiation, and neurogenesis (Chan et al., 2008; Huang and 

Reichardt, 2001; Lipsky and Marini, 2007).  Aside from the general growth factor role 

BDNF plays, both BDNF and TrkB proteins are localized to neuronal synapse (Tongiorgi 

et al., 1997), where they play key roles in governing synaptic formation and plasticity. 

1.2.3 Role of BDNF in the synapse 

In the synapse, BDNF enhances the growth of dendrites and axons (Danzer et al., 

2002; Jin et al., 2003; Scharfman et al., 1999), facilitates dendritic spine maturation 

(Murphy et al., 1998), advances synapse formation (Vicario-Abejon et al., 1998), and 

promotes LTP (Minichiello et al., 2002; Patterson et al., 1996).  It was recently 

demonstrated that activity-induced structural plasticity of individual dendritic spines is 

strongly dependent on BDNF action (Tanaka et al., 2008).  Furthermore, BDNF 

facilitates synaptic transmission (Levine et al., 1998; Li et al., 1998; Tyler and Pozzo-

Miller, 2001) and neurotransmitter receptor clustering (Elmariah et al., 2004), which has 

profound functional impacts in brain function, including learning/memory behavior 

(Lipsky and Marini, 2007; Rattiner et al., 2004).  The positive reinforcement on synaptic 
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function and development are mediated by activation of the TrkB receptor.  Interestingly, 

BDNF is involved in both protein synthesis dependent LTP, through activation of the 

mTOR pathway, and protein synthesis independent L-LTP (Pang et al., 2004).  In 

contrast, signaling of p75NTR by pro-BDNF can facilitate NMDA-dependent 

hippocampal LTD (Woo et al., 2005), allowing for a bidirectional control of hippocampal 

synaptic plasticity.   

Furthermore, mutations or knockouts of either BDNF or its receptors lead to 

improper synapse formation and function, ultimately leading to alterations in learning and 

memory. A mutation in pro-BDNF val66met, which prevents the sorting of BDNF into 

the regulated secretory vesicles, fails to localize BDNF to synapse, leading to impairment 

of hippocampal function and episodic memory (Egan et al., 2003).  Likewise, mice with 

TrkB conditional knockout demonstrated a significant reduction in LTP and impaired 

spatial memory (Hennigan et al., 2009; Minichiello et al., 2002).  In addition, a novel 

conditional knockout of TrkB receptor in specific regions of the hippocampus possessed 

fewer dendrites and enlarged dendritic spines, which indicates an important role for 

BDNF-TrkB signaling in neural network formation of the hippocampus (Danzer et al., 

2008). In contrast, homozygous knock out of p75NTR resulted in enhanced LTP in the 

Schafer collateral synapse, and enhanced spatial memory (Barrett et al., 2010), which 

again demonstrates a bidirectional regulation of BDNF function in regulating synaptic 

plasticity.   
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1.2.4 Regulation of BDNF expression 

1.2.4.1 Transcriptional regulation  

Activity-dependent cleavage and secretion of BDNF allows for the instantaneous 

effects of BDNF.  However, prolonged elevation of BDNF function requires increased 

expression of the BDNF gene.  Upon neuronal stimulation, the levels of both BDNF 

mRNA and protein are dramatically increased (Tongiorgi et al., 2004).  The complexity 

and multitude of promoters affords a mechanism by which transcription of the BDNF 

gene can be differentially controlled by various stimulation cues.  For example, in the 

hippocampus, chemically-induced seizures upregulate the expression of transcripts 

containing exon I, II, and IV (Aid et al., 2007; Kokaia et al., 1994; Timmusk et al., 1993), 

while acute stress increases the transcription of exon IV BDNF transcripts (Molteni et al., 

2009) and physical activity increases the expression of exon I BDNF transcripts (Russo-

Neustadt et al., 2004; Russo-Neustadt et al., 2000).  Of the nine different BDNF 

promoters, four (I, II, IV, VI) have been studied extensively in relation to activity-

dependent regulation, with promoters I and IV showing the greatest increase in levels 

upon robust neuronal stimulation (Timmusk et al., 1994).  Several transcription factors, 

including methyl cytosine-binding protein 2 (MECP2), repressor element-1 (RE-1)-

silencing transcription factor (REST), and Ca++/cyclic adenosine monophosphate (cAMP) 

responsive element binding protein (CREB), play important roles in regulating BDNF 

transcription driven by the individual promoters.  Under basal conditions, MECP2, which 

binds to DNA with methylated cytosines, associates specifically to promoter IV, thus 

reducing the transcription from this promoter (Chen et al., 2003).  Likewise, REST binds 



 

  

 

19 

to a neural-restrictive silencer element (NRSE)/RE-1 sequence of 21 nucleotides in the 

intron between promoters I and II, aiding to decrease transcription initiated by either 

promoter (Tabuchi et al., 1999; Timmusk et al., 1999).  Upon neuronal activity, 

transcription from promoters I and IV of BDNF is derepressed through the release of 

REST and MECP2, respectively, by phosphorylation of the transcription factor and by 

reducing histone methylation, thus leading to activity-dependent increase in BDNF 

expression (Chen et al., 2003; Tian et al., 2009a; Tian et al., 2009b; Zhou et al., 2006). 

Release of the transcription repressors MECP2 and REST is closely followed by 

binding of the transcription activator CREB (Tao et al., 1998).  The phosphorylation of 

CREB, which promotes binding to CRE-sites in genomic DNA, is mediated by several 

different signaling processes; such as Ca++ influx through voltage gated Ca++ channels or 

ligand-gated channels (i.e. NMDA receptors), increased cAMP levels through G-protein 

coupled receptors (GPCRs), and neurotrophic activation of tyrosine kinase receptors, all 

of which are involved in neuronal activation (Alberini, 2009).  Once phosphorylated, 

CREB activates transcription at promoters I and IV of the BDNF gene (Shieh et al., 1998; 

Tian et al., 2009a), thereby further enhancing activity-dependent transcription of BDNF 

mRNA.  Despite the complex regulation occurring at the BDNF promoters in response to 

stimulation, the activity-dependent transcriptional regulation of BDNF cannot completely 

account for the known temporal and spatial regulation of BDNF.  In particular, 

transcriptional regulation of BDNF cannot explain the synapse-specific modulation by 

BDNF. This raises an intriguing argument that post-transcriptional mechanisms may also 

play important roles in controlling BDNF protein expression in neurons. 
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1.2.4.2 Post-transcriptional regulation of BDNF mRNA 

Post-transcriptional regulation of BDNF mRNA can occur at several stages:  1) 

stability, 2) translation, and 3) subcellular localization.  Each of these regulatory 

mechanisms could be controlled by neuronal activity, providing a means for regulating 

BDNF during synaptic plasticity and neuronal development in addition to and possibly 

uncoupled from BDNF transcription.  Very little is known about the stability of the 

individual BDNF mRNA transcripts, except that the long 3’UTR BDNF mRNA 

transcript has a shorter half-life (t1/2= ~23 min) compared to that of the short 3’UTR 

BDNF transcripts (t1/2= ~132 min) (Castren et al., 1998).  The half-life of neither the 

short nor long 3’UTR BDNF transcripts was affected upon kainic acid induced neuronal 

stimulation, in cultured hippocampal neurons (Castren et al., 1998) .  However, whether 

BDNF mRNA stability is differentially regulated in specific neuronal populations in 

response to activity changes still remains elusive at this point.  

 Just as is the case with stability, very little is known as to whether translation of 

BDNF mRNA is regulated to accommodate neuronal activity.  The translatability of the 

BDNF mRNA was examined in a crude polysome fractionation obtained from rat brain 

followed by ribonuclease protection assay to detect exons I, II, IV, and VI as well as the 

long 3’UTR message (Timmusk et al., 1994).  All the transcripts containing the four 

individual exons were more abundant in the polyribosomal fraction than in the total RNA 

fraction, while the long 3’UTR BDNF mRNA was reduced in the polyribosomal fraction 

as compared to total RNA.  These data suggest that the long 3’UTR BDNF mRNA is 

poorly translated in the rat brain.  Given that many dendritically localized mRNAs are 

transported as translationally dormant complexes with RNA-binding proteins (Huang et 
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al., 2002b; Huttelmaier et al., 2005; Kiebler and Bassell, 2006), translation suppression of 

the long 3’UTR BDNF mRNA might help to promote subcellular localization of BDNF 

mRNA and regulate expression of BDNF protein. 

One way for BDNF to control synaptic function may be through transporting the 

BDNF mRNA into dendrites, which enables local synthesis of BDNF protein in or near 

activated synapses.  Using radiolabeled in situ hybridization; Dugich-Djordjevic and 

colleagues discovered that BDNF mRNA showed intense staining at the border between 

the granular cells and molecular layers of the dentate gyrus after kainate-induced 

seizures, providing the first evidence of dendritic localization of the BDNF mRNA 

(Dugich-Djordjevic et al., 1992).  However, this study was done after neuronal activation, 

leaving the question of what the subcellular localization is at rest compared to the 

neuronal-activity induced localization.  In 1997, Tongiorgi and colleagues demonstrated 

the presence of BDNF mRNA in the proximal dendrites of cultured hippocampal neurons 

and that treatment with high concentration of KCl, which causes depolarization of 

neurons, resulted in accumulation of BDNF mRNA in the distal dendrites, suggesting that 

neuronal-activity mobilizes BDNF mRNA into dendrites (Tongiorgi et al., 1997).  

Furthermore, both physiological and robust seizure-induced neuronal activity show a 

similar ability to localize BDNF mRNA to the dendrites of hippocampal and cortical 

neurons in vivo (Capsoni et al., 1999; Tongiorgi et al., 2004).  Interestingly, in addition to 

KCl and seizure-inducing chemicals (pilocarpine and kainate), BDNF-TrkB signaling is 

likewise capable of inducing dendritic localization of BDNF mRNA (Righi et al., 2000).  

Given the possibility of 18 different BDNF transcripts, the cis and/or trans-acting factors 

that mediate the subcellular localization remain unknown and provide enormous 
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complexity to achieve dendritic localization of the BDNF mRNA.  Recently, the ability 

of different 5’UTRs, denoted by exon incorporation into the transcript, to regulate 

localization of the BDNF transcripts has been demonstrated such that exon I and IV (old 

III) are found primarily within the soma, whereas exon II and VI are distributed in both 

the soma and dendrites (Chiaruttini et al., 2008; Pattabiraman et al., 2005).  Conversely, 

emerging evidence proposes that the long 3’UTR is sufficient to preferentially mediate 

dendritic localization of BDNF mRNA, while the short 3’UTR is sequestered in the 

neuronal soma (Chapter 2.2.1)(An et al., 2008).  Regardless of the mechanism of 

transport, once in the dendrite, BDNF mRNA is able to associate with polyribosomes in 

the shaft and spines (Tongiorgi et al., 2004), suggesting the ability and necessity for 

localized BDNF protein synthesis.   

Several lines of evidence suggest that BDNF production may be regulated at the 

level of translation (Katoh-Semba et al., 1999; Nanda and Mack, 2000; Timmusk et al., 

1994).  For example, following chemical-induce seizures, BDNF mRNA is robustly 

increased 1 hour and 8 hours after injection, while the BDNF protein levels remain 

unchanged (Nanda and Mack, 2000), suggesting translational repression of BDNF 

mRNA after PTZ treatment. Similarly, kainate-induced seizures show a robust increase 

of BDNF mRNA 3 hours after injection, which significantly declines at 8 hours, and 

returns to basal levels 24 hours later.  However, the increase in BDNF protein level does 

not occur until 4 hours after kainate treatment, reaching peak expression 12 to 24 hours 

later, after the transient increase in mRNA levels has returned to basal levels (Katoh-

Semba et al., 1999). Such differential temporal profiles of BDNF mRNA and protein 

suggest regulation either at the level of translation of BDNF mRNA or stability of the 
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BDNF protein.  However, the ability of neuronal stimulation to modulate translation of 

BDNF mRNA and possible factors underlying translational regulation of BDNF remains 

unknown.  In this dissertation, the ability of the distinct 3’UTRs of BDNF mRNA to 

differentially regulate BDNF mRNA translation in response to changes in neuronal 

activity is explored along with a potential role in seizure development (Chapter 2).  

1.2.5 BDNF in disease 

Given the multitude of BDNF functions and the complex regulation of its 

expression levels, abnormality in BDNF expression and BDNF-TrkB signaling could 

have direct consequences on brain function and development, manifesting in a wide 

range of neurological and neuropsychiatric diseases.  Indeed, decreases in BDNF protein 

and mRNA levels have been associated with a wide variety of neurodegenerative 

diseases, such as Alzheimer’s disease, Parkinson’s disease, Rett’s Syndrome and 

Huntington’s disease (Hu and Russek, 2008).  In addition, the role of BDNF-TrkB 

signaling in epilepsy has been intensively explored.  Epilepsy is defined as a brain 

disorder characterized by recurrent seizures. The hippocampus plays central roles in 

epileptogenesis, the process by which a normal brain becomes epileptic, and is the most 

extensively studied brain region for physiological as well as pathological plasticity (Joels, 

2009; Zhao and Overstreet-Wadiche, 2008).  The protein and mRNA levels of BDNF are 

rapidly and drastically increased upon seizure induction in the hippocampus (Katoh-

Semba et al., 1999; Timmusk et al., 1993).  Despite the trophic effect of BDNF in 

neuronal survival and synaptic formation, overexpression of BDNF in the mouse brain 

results in enhanced seizure severity and in spontaneous seizures (Croll et al., 1999).  
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Conversely, a decrease in BDNF levels in the heterozygote BDNF knockout mouse 

lessens seizure formation (Kokaia et al., 1995), suggesting overproduction of BDNF is an 

important factor for epileptogenesis.  Interestingly, the loss of TrkB signaling in 

hippocampal DG and CA3 regions in a TrkB conditional knockout mouse completely 

abolishes kindling-induced seizure development (He et al., 2004), indicating a key role of 

TrkB signaling in epileptogenesis through the mossy fiber (MF) synapse.  Structurally, 

sprouting of hippocampal MFs is observed in nearly all experimental models of epilepsy 

and in the epileptic human hippocampus (Sutula and Dudek, 2007). In addition, 

hippocampal neuron loss and ectopic generation of hyperexcitable DGCs integrated into 

the existing neural network are also commonly observed in epilepsy development (Dudek 

and Sutula, 2007).  BDNF clearly promotes all the aforementioned pathological 

reconstruction observed in epileptogenesis (Koyama et al., 2004).  By understanding 

molecular mechanisms that can regulate BDNF expression and/or TrkB signaling, 

potential therapeutic targets could be discovered epilepsy and other neurodegenerative 

disorders.  

 

1.3 The fragile X mental retardation protein (FMRP) governs neuronal translation 

and brain function 

1.3.1 Fragile X syndrome and the role of FMRP in translation regulation  

 Fragile X Syndrome (FXS) is the most common form of inherited mental 

retardation affecting 1 in 4000 males and 1 in 8000 females (Jin and Warren, 2003; 

O'Donnell and Warren, 2002; Turner et al., 1996).  Patients with FXS display cognitive 
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deficits, impaired social skills, anxiety, hyperarousal to sensory stimuli, and an increased 

susceptibility to seizures during childhood (Berry-Kravis, 2002; Garber et al., 2008; 

Musumeci et al., 1999; Sabaratnam et al., 2001).  Since no effective therapy is available 

to cure this devastating disease, current therapies for FXS are aimed at managing the 

symptoms.  Thus, understanding the cause and mechanisms underlying the disease are of 

vast importance.  FXS results from the loss of function of the fragile X mental retardation 

protein (FMRP).  In most cases of FXS, the loss of FMRP is due to the expansion of the 

CGG trinucleotide repeat in the 5’UTR of the fragile X gene.  The normal population 

carries from 5 to 55 CGG repeats (Fu et al., 1991; Snow et al., 1993); while the full 

mutation arises when the number of repeats is greater than 200 (Fu et al., 1991; Snow et 

al., 1993).  The fully expanded repeats result in DNA hypermethylation of the 5’UTR and 

CpG island in the FMR1 locus, leading to a subsequent transcriptional silencing of the 

gene (Sutcliffe et al., 1992).   

FMRP is a selective RNA-binding protein that is expressed ubiquitously, with the 

highest levels found in the testis and brain (Devys et al., 1993).  It has been shown that 

FMRP associates with about 4% of total brain mRNA, many of which encode key factors 

for neuronal development and synaptic plasticity, represented by post-synaptic density 

protein-95 (PSD-95), CAMKIIα, microtubule associated protein 1B (MAP1B), and Arc 

(Lu et al., 2004; Steward and Worley, 2001; Todd et al., 2003; Zalfa et al., 2007; Zalfa et 

al., 2003). The primary role of FMRP is to repress translation of its bound mRNA and to 

mediate neuronal activity-dependent translation, possibly via translational de-repression 

of its targets. Interestingly, FMRP follows its mRNA ligands to polyribosomes during 

translation (Corbin et al., 1997; Feng et al., 1997a; Khandjian et al., 2004; Stefani et al., 
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2004).  However, the precise mechanism by which FMRP regulates translation remains 

undefined.  

FMRP is found primarily in the neuronal soma, but can shuttle in and out of the 

nucleus due to a nuclear localization signal (Eberhart et al., 1996).  Nonetheless, FMRP 

does not appear to be necessary for nuclear export of its mRNA ligands.  In addition, both 

FMRP and its message are found localized to dendrites and dendritic spines, suggesting a 

role of FMRP in local protein synthesis (Feng et al., 1997b).  Recently, FMRP has been 

found to localize to axonal growth cones in cultured neurons (Antar et al., 2006) and 

developing neuropils of olfactory and hippocampal neurons in vivo (Christie et al., 2009) 

(more details discussed in Chapter 3).  Taken together, these data suggest that FMRP can 

play an important role in both pre- and post- synaptic development via regulating 

translation.   

Binding of mRNA by FMRP is potentially mediated through two different 

binding domains: an RGG box (denoted by repeats of an arginine-glycine-glycine motif), 

and heterogeneous nuclear ribonucleoprotein K-homology domains (KH domains).  The 

RGG box interacts with a specific RNA structural element in vitro, called G-quartet 

(Brown et al., 2001; Darnell et al., 2001; Ramos et al., 2003), while the KH domains may 

interact with a distinct RNA structural motif known as a “kissing” complex (Darnell et 

al., 2005).  Many of the FMRP’s mRNA ligands contain a G-quartet element, but no 

mRNA targets of FMRP have been shown to contain the “kissing” element (Darnell et 

al., 2005).    Interestingly, a patient with the point mutation, isoleucine-304 to asparagine 

(I304N), in the second KH domain of FMRP displayed the most severe form of FXS 

(Siomi et al., 1994), indicating a crucial role of the KH domain in FMRP function in 
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binding to both polyribosomes and target mRNAs (Feng et al., 1997a; Zang et al., 2009).  

Besides direct binding to the mRNA targets, both Drosophilia and mammalian FMRP 

were shown to associate with microRNAs as well as key components of the microRNA 

machinery, including Argonaute2, the p68 RNA helicase, and active Dicer (Jin P. 2004, 

Caudy AA 2002, Ishizuka A 2002), further implicating a role for FMRP to regulate the 

translation of target mRNAs, perhaps in collaboration with microRNAs.   

Indeed, the protein levels of many of the mRNA targets of FMRP are abnormally 

elevated in the Fmr1 knockout (Fmr1 KO) mouse (Lu et al., 2004; Zalfa et al., 2003).  

One of the best-characterized FMRP targets is the mRNA encoding MAP1B, which 

stabilizes microtubules and plays key roles in axonal pathfinding and extension (Bouquet 

et al., 2004; Brugg et al., 1993).  Importantly, MAP1B protein levels, but not MAP1B 

mRNA, are aberrantly elevated during neonatal hippocampal development in the Fmr1 

KO mice (Lu et al., 2004), suggesting that FMRP represses the translation of MAP1B 

mRNA.  Despite the increased steady state protein levels in Fmr1 KO mice, suggesting 

that FMRP is a translation repressor, a recent publication cited a novel function for 

FMRP as a positive modulator of translation of superoxide dismutase 1 (SOD1) (Bechara 

et al., 2009).  How FMRP may exert opposing roles in modulating translation of distinct 

mRNAs and the functional significance of such diverse regulation in brain function is not 

understood.   

Many mRNA targets of FMRP, such as CAMKII and PSD-95, are localized to 

dendrites (Blichenberg et al., 2001; Muddashetty et al., 2007). FMRP and target mRNAs 

form large granules with other proteins that can interact with the kinesin motor protein 

(Davidovic et al., 2007; Dictenberg et al., 2008), thereby facilitating transport of mRNAs 



 

  

 

28 

to distal dendrites in a translationally repressed state.  Once FMRP has transported the 

target mRNA to the synapse, the translational repression can be released by activation of 

mGluR and other signaling pathways, leading to localized protein synthesis of selected 

mRNAs (Muddashetty et al., 2007; Todd et al., 2003; Volk et al., 2007).  However, in 

Fmr1 KO mice, the basal steady state protein levels of FMRP targets, like PSD-95, 

CAMKIIα, MAP1B and Arc, are increased in the synapse without a subsequent increase 

in mRNA level, suggesting increased local translation at steady state (Liao et al., 2008; 

Lu et al., 2004; Muddashetty et al., 2007; Zalfa et al., 2003).  Furthermore, subsequent 

activation of mGluRs can no longer induce local translation in Fmr1 KO mice 

(Muddashetty et al., 2007; Weiler et al., 2004).  Combined, the increased basal protein 

levels in the synapse and the inability to induce local translation upon neuronal activity is 

believed to underlie the developmental and cognitive impairments in FXS.   

1.3.2 FMRP in synaptic development and function 

If FMRP is involved in regulating translation and transport of target mRNAs in 

dendrites and synapses, then loss of FMRP could have profound effects on synapse 

development and function.  Indeed, one of the more profound pathological phenotypes of 

FXS patients and Fmr1 KO mice is an increase in the number of immature dendritic 

spines, characterized by longer and thinner spines with reduced spine heads as compared 

to that in normal subjects (Comery et al., 1997; Grossman et al., 2006; Irwin et al., 2000; 

Nimchinsky et al., 2001).  While much of the focus has been on FMRP-induced changes 

in the post-synaptic morphology, recent evidence has implicated a potential role in pre-

synaptic and axonal development.  FMRP was found to localize to axonal growth cones 
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of cultured hippocampal neurons, along with one of its target mRNAs, MAP1B (Antar et 

al., 2006).  In Drosophilia, loss of dFMR in the mushroom bodies (MB), the center of 

learning and memory in flies, increases the number of axonal branches, the length of 

axons and leads to abnormal synapse formation (Pan et al., 2004).  In the developing 

mammalian brain, FMRP appears to localize in axons of hippocampal and olfactory 

neurons as larger granules, designated as fragile X granules (FXG) (Christie et al., 2009).  

However, the function that FMRP and/or the FXGs play in axonal development has not 

been reported.  We show in Chapter 3 that FMRP and MAP1B mRNA colocalize to the 

axonal terminals of hippocampal mossy fibers during the critical window of mossy fiber 

projection and formation of synapses with CA3 dendrites.  The loss of FMRP in the 

hippocampal mossy fibers leads to increased MAP1B protein and abnormal projection of 

the infrapyramidal bundle of the mossy fibers. This is the first evidence that indicates a 

role of FMRP in mediating the development of both the pre- and post-synaptic sides in 

mammalian brain.  

Deficits in learning and memory are thought to arise from changes in synaptic 

plasticity.  LTP and LTD are the commonly used physiological readouts for measuring 

synaptic plasticity (more details described in 1.1.2).  Interestingly, Fragile X knockout 

mice display alterations in both forms of plasticity.  The most widely studied abnormality 

in Fmr1 KO mice is the metabotropic glutamate receptor-dependent LTD (mGluR-LTD) 

in the CA1 region of the hippocampus.  mGluR-LTD is protein synthesis dependent and 

mediated by a decrease in the surface expression of the AMPA receptor (Huber et al., 

2000).  Activation of group I-mGluRs by (RS)-3,5-dihydroxyphenylglycine (DHPG) 

increases the protein synthesis of dendritically localized mRNAs (Hou et al., 2006), many 
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of which are potential FMRP targets.  Several of these mRNAs play important roles in 

AMPA receptor internalization.  For example, MAP1B, an mRNA target of FMRP, 

interacts with the GluR2 interacting protein (GRIP-1), a protein that stabilizes AMPA 

receptor in the plasma membrane (Seog, 2004).  The MAP1B protein levels and the 

MAP1B-GRIP-1 interaction are increased upon DHPG, an mGluR1 agonist, stimulation 

in wild type mice, which causes GRIP-1 to dissociate from AMPA receptors, promoting 

AMPA internalization (Davidkova and Carroll, 2007).  The loss of FMRP in the synapse 

likely increases the levels of these “LTD proteins”, represented by MAP1B, which are 

necessary for regulating the endocytosis of AMPA receptors.  Indeed, loss of FMRP 

results in decreased surface expression of AMPA receptors (Nakamoto et al., 2007), 

which leads to enhanced mGluR-LTD in the CA1 region of the hippocampus (Huber et 

al., 2002).  Interestingly, unlike normal mGluR-LTD, the enhanced mGluR LTD in Fmr1 

KO mice does not require protein synthesis (Nosyreva and Huber, 2006), suggesting the 

importance of FMRP-mediated localized translation repression in regulating this form of 

synaptic plasticity.    

 Conversely, the reduction in cell surface expression of GluR1-containing AMPA 

receptors in the Fmr1 KO mice could attenuate LTP induction.  In fact, LTP is 

completely abolished in the neocortex of Fmr1 KO mice (Wilson and Cox, 2007).  

Contrary to initial reports indicating no change in LTP in the hippocampus of Fmr1 KO 

mice (Godfraind et al., 1996; Huber et al., 2002), emerging evidence suggests an 

impairment of LTP induction in hippocampus of Fmr1 KO mice (Lauterborn et al., 2007; 

Shang et al., 2009; Zhang et al., 2009).  The impairment of LTP in both the hippocampus 

and neocortex in Fmr1 KO mice could stem from the loss of surface expression of 
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GluR1-containing AMPA receptors through the loss of the Ras signaling cascade (Hu et 

al., 2008), which is important for insertion of AMPA receptors in the plasma membrane.  

Additionally, alterations in the synapse formation could play a key role in LTP induction.  

Aside from the appearance of immature dendrites in Fmr1 KO mice, the function of 

FMRP in synaptogenesis and neuronal network formation remains unclear and is 

explored further in Chapter 3.   

1.4  MicroRNA in neurons 

1.4.1 MicroRNA, a novel class of small non-coding RNA that controls brain 

development and function 

MicroRNAs are small, noncoding RNAs (19-23 nucleotides) that function to 

repress translation and/or degrade target mRNAs through binding to the 3’UTR of the 

mRNA targets with imperfect sequence complementarity (Ambros, 2004; Bartel, 2004; 

Jing et al., 2005).  Lengthy pri-precursor microRNAs are transcribed in the nucleus by 

RNA polymerase II (Lee et al., 2004) and then cleaved by Drosha, an RNase III family 

member, into the smaller precursor form (70-80nt, pre-microRNA) (Lee et al., 2003).  

The pre-microRNA is predicted to fold into a stem-loop structure that contains the 

microRNA within its stem, and is exported from the nucleus by exportin 5 (Bohnsack et 

al., 2004; Lund et al., 2004; Yi et al., 2003).  In the cytoplasm, another RNase III family 

member, Dicer, further cleaves the pre-microRNA (Bartel, 2004), liberating the mature 

microRNA (19-23 nt).  The mature microRNA is then incorporated into the RNA-

induced silencing complex (RISC), thereby mediating translational suppression (Bartel, 

2004).  The mechanism used by microRNA to repress the translation of its target mRNAs 
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remains largely unknown.  Several potential mechanisms; including blocking translation 

initiation (Kiriakidou et al., 2007; Pillai et al., 2005), preventing elongation (Maroney et 

al., 2006; Olsen and Ambros, 1999), and by deadenylation of the poly-a tail (Wakiyama 

et al., 2007; Wu et al., 2006), have been demonstrated, suggesting that the protein 

composition of the RISC complex might play a role in determining how translation is 

repressed.   

Bioinformatic analysis suggests the existence of several hundred microRNAs 

encoded in the mammalian genome (Berezikov et al., 2005), many demonstrating 

developmentally regulated expression profile.  In fact, the first two microRNAs 

discovered, lin-4 and let-7, are required for proper timing of C. elegans development (Lee 

et al., 1993; Reinhart et al., 2000; Wightman et al., 1993).  Let-7 is one of the many 

microRNAs that are highly expressed in the brain and promotes neuronal differentiation 

(Sempere et al., 2004; Zhao et al., 2010).  It has been postulated that ~70% of detectable 

microRNAs are expressed in the brain and that close to half of those are only found in the 

brain, where their transcription is controlled during both development and neuronal 

activity, implicating a role for microRNA in neuronal differentiation, development, and 

function (Nelson et al., 2004; Sempere et al., 2004).  Indeed, the lsy-6 microRNA has 

been shown to determine left-right chemosensory neuron development in C. elegans 

(Chang et al., 2004; Johnston and Hobert, 2003).  Emerging evidence also demonstrates 

the ability of microRNA to regulate cell survival.  Indeed the lack of microRNA 

production in conditional Dicer knockout mice is associated with increased apoptosis in 

the cortex during the early postnatal stages and microcephaly, or decreased head 

circumference (Davis et al., 2008).   
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1.4.2 MicroRNA in synaptic development and function  

 In situ hybridization studies and microarray analysis have demonstrated the 

presence of mature microRNAs within the neuronal synapse, suggesting a function for 

microRNAs in regulating synaptic development and function (Lugli et al., 2008; Siegel et 

al., 2009).  In fact, a Dicer conditional knockout, which abolishes microRNA production, 

resulted in reduced dendritic branch elaboration and large increases in dendritic spine 

length with no concomitant change in spine density (Davis et al., 2008). In addition, the 

loss of Dicer leads to improper targeting of dendrite and axons in the Drosophilia 

olfactory projections neurons to the proper brain centers (Berdnik et al., 2008).  While 

both of these approaches ablate microRNA production, several specific microRNAs have 

been implicated in dendritic spine formation (Impey et al., 2009; Schratt et al., 2006; 

Siegel et al., 2009).  For example, miR-132 promotes neurite extension in both 

hippocampal and cortical neurons (Vo et al., 2005; Wayman et al., 2008).  Furthermore 

miR-132 is necessary for dendritic spine formation in cultured hippocampal neurons 

(Impey et al., 2009).  Contrary to the positive role miR-132 plays in dendritic spine 

development, miR-134, which is localized to dendrites, was found to decrease the volume 

of dendritic spines by repressing the translation of lim kinase, a protein that regulates 

actin filament dynamics (Schratt et al., 2006).  Interestingly, stimulation of hippocampal 

neurons by BDNF leads to the de-repression of lim kinase translation that is mediated by 

miR-134 (Schratt et al., 2006), suggesting that microRNA-mediated translation 

repression could be alleviated upon neuronal stimulation.  Curiously, emerging evidence 

indicates that not only are mature, but also precursor microRNAs are found in the 

synapse, along with Dicer and eIF2c, a component of the RISC complex (Lugli et al., 



 

  

 

34 

2005; Lugli et al., 2008).  Interestingly, Dicer localized to postsynaptic densities has no 

RNAse III enzymatic activity.  However, NMDA-dependent Ca++ influx leads to the 

activation of calpain, a Ca++ dependent protease, which in turn cleaves Dicer to restore 

RNAseIII activity (Lugli et al., 2005).  Taken together, these data indicate a function for 

microRNA in proper synapse formation and that neuronal activity could serve to further 

repress mRNA translation through local production of microRNAs or by alleviating the 

translation repression allowing for the synapse-specific protein synthesis.  

1.5 Goals for Dissertation 

 The ability to regulate translation of a wide range of mRNAs is vastly important 

in the development and function of the CNS.  Abnormalities in protein expression levels 

in response to neuronal activity changes resulting from dysfunction in the regulatory 

mechanisms that maintain mRNA translation can ultimately lead to cognitive deficits as 

well as a multitude of neurological and psychological diseases. Thus, understanding the 

mechanisms that control translation in neurons and the functional importance of such 

regulation in normal neuronal development and under pathological conditions is an 

important and challenging task, and will provide important insights for the treatment of 

brain disorders.   To this end, my thesis project focuses on translational regulation of 

BDNF mRNA and the role of FMRP-mediated translation, two well-known molecules 

that govern normal brain development and function whose abnormalities are the cause of 

mental and cognitive disorders. 

Traditionally, regulation of BDNF expression was thought to be mediated by 

intricate transcription driven by multiple different promoters.  However, transcription 
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cannot fully account for the rapid, localized expression of BDNF, suggesting a role for 

post-transcriptional mechanisms to mediate the spatial and temporal regulation.  All 

BDNF transcripts can be grouped into two pools based upon the size of its 3’UTR, either 

short or long (Timmusk et al., 1995).  These distinct 3’UTRs provide an opportunity for 

unique posttranscriptional regulation of BDNF expression, which has been overlooked.  

We show here that the presence of cis-acting factors contained specifically within the 

long 3’UTR of BDNF mRNA promote dendritic localization and repress translation of 

BDNF mRNA, while the short 3’UTR BDNF mRNA is actively translated to maintain 

basal BDNF expression under resting conditions.  Furthermore, neuronal activity results 

in the rapid translational derepression of the long 3’UTR BDNF mRNA to sustain BDNF 

protein levels in response to neuronal stimulation before the increase in transcription.  

The activity-dependent increase in translation of the long 3’UTR BDNF mRNA 

coincides with a robust and rapid activation of TrkB in the hippocampal mossy fibers.  

The activation of TrkB in the hippocampal mossy fiber is necessary for seizure 

development (He et al., 2004), posing the question of what role the activity-dependent 

translational derepression of the long 3’UTR BDNF mRNA might play in seizure 

formation.  In mice lacking the long 3’UTR BDNF, seizure development is delayed, 

suggesting a role for activity-dependent BDNF expression in epileptogenesis.  These data 

provide a novel mechanism by which the synthesis of the same protein is differentially 

regulated at rest and after neuronal activity.    

Secondly, we examined the effects FMRP, a trans-acting repressor of translation, 

has on the development of the hippocampus.  A hallmark morphological change in 

patients and mice lacking FMRP is an increase in the number of dendritic spines, which 
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are immature in appearance (Grossman et al., 2006; Irwin et al., 2001).  This indicates a 

postsynaptic role for FMRP in synapse formation.  However, the role of axonal localized 

FMRP (Antar et al., 2006; Christie et al., 2009) in synapse formation remains unknown.  

Here we show that FMRP represses the translation of MAP1B mRNA, with the loss of 

FMRP leading to increased MAP1B protein levels in the hippocampal mossy fibers (MF) 

during neonatal development.  Subsequently, the loss of FMRP results in the increased 

length and abnormal projection of the axons comprising the infrapyramidal bundle, which 

is temporally associated which the increased MAP1B protein expression in MFs.  

Furthermore, loss of FMRP leads to increased zinc transporter 3 (ZnT3), a protein that 

pumps zinc into synaptic vesicles (Palmiter et al., 1996), levels in the axonal terminals of 

the mossy fibers, suggesting an increase in synaptic vesicle density.  These data suggest a 

role of FMRP in synaptogenesis and neuronal network formation in the hippocampus.   

Lastly, we aimed to understand possible trans-acting factors that mediate the 

translational repression/derepression of the long 3’UTR BDNF mRNA in response to 

neuronal activity level.  FMRP and BDNF have very similar roles in neuronal 

development and synaptic plasticity, leaving the possibility that FMRP might repress the 

translation and promote the localization of the long 3’UTR BDNF mRNA.  To this end, 

we show a preferential association of the long 3’UTR BDNF mRNA with FMRP in the 

mouse brain.  Besides RNA-binding proteins, we also explored the possible involvement 

of microRNA in regulating BDNF translation via the long 3’UTR.  We found a particular 

microRNA, miR-128, that has multiple predicted binding sites in the BDNF long 3’UTR 

and can specifically repress translation of a luciferase reporter containing the BDNF long 

3’UTR.  In addition, both physiological and pathological neuronal stimulation leads to a 



 

  

 

37 

decrease in the levels of miR-128, suggesting the possibility that this microRNA is 

involved in the repression/derepression of the long 3’UTR BDNF mRNA.  Combined, 

these data suggest two mechanisms that might regulate the translation of the long 3’UTR 

BDNF mRNA.   
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CHAPTER 2: The distinct 3’UTRs differentially regulate subcellular 

localization and translation of BDNF mRNA in the hippocampus. 
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2.1     Introduction 

 Brain-derived neurotrophic factor (BDNF) is known to elicit a plethora of 

functions in the brain, ranging from neuronal survival and differentiation to circuit 

development and synaptic plasticity (Huang and Reichardt, 2001; Kuipers and Bramham, 

2006; Lu et al., 2008; Segal, 2001; Wirth et al., 2003; Zheng and Quirion, 2004; Zhou et 

al., 2006).  Abnormalities in BDNF function have been implicated in both neurological 

and psychiatric disorders (Binder et al., 2001; Lu and Martinowich, 2008; Martinowich 

and Lu, 2008; Martinowich et al., 2007).  To accommodate such diverse functions, a 

variety of mechanisms have evolved that tightly control BDNF expression.  Transcription 

of the BDNF gene can be initiated from nine distinct promoters in mammals, allowing for 

sophisticated regulation by divergent extracellular and developmental cues (Aid et al., 

2007; Liu et al., 2006; Liu et al., 2005b).  However, transcriptional regulation cannot 

completely account for changes in BDNF levels in relation to the diverse functions of 

BDNF in soma versus dendritic compartments.  Moreover, the BDNF transcripts can be 

processed at two alternative polyadenylation sites in all tissues examined, giving rise to 

two pools of BDNF mRNAs that harbor either a short or a long 3’UTR of 0.35 kb and 

2.85 kb in length respectively (Liu et al., 2006; Liu et al., 2005b).  Each BDNF mRNA 

isoform encodes the same BDNF protein.  However, the relative abundance of the short 

and long 3’UTR BDNF mRNAs differ in various brain regions (An et al., 2008), 

regardless which promoter is used for transcription.  These different 3’UTRs in BDNF 

messages offer a mechanism to increase the capacity and complexity for regulation of 
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BDNF expression at posttranscriptional levels, such as translation and subcellular 

localization, which is beyond the traditional view of transcriptional regulation.    

 Hundreds of mRNAs are localized and translated in the dendrites of hippocampal 

and cortical neurons (Eberwine et al., 2001; Poon et al., 2006; Zhong et al., 2006).  

Several of these mRNA, such as the α subunit of the Ca2+- and calmodulin- dependent 

protein kinase II (CAMKIIα), the activity regulated cytoskeleton associated protein (Arc) 

and the microtubule associated protein 2 (MAP2) contain cis-acting elements in their 

3’UTRs, which are necessary to target the messages to dendrites for activity-dependent 

local translation (Blichenberg et al., 2001; Blichenberg et al., 1999; Kobayashi et al., 

2005; Mori et al., 2000; Steward and Worley, 2001).  Another mRNA localized to 

dendrites is the BDNF transcript (Righi et al., 2000; Tongiorgi et al., 2004; Tongiorgi et 

al., 1997).  In fact, BDNF mRNA levels in dendrites and the maximal distance of BDNF 

mRNA from the cell body increase upon chemically-induced neuronal activity (Tongiorgi 

et al., 1997), revealing a possible mechanism to control the spatial expression of BDNF 

protein as a means of controlling localized BDNF function.  Interestingly, upon neuronal 

activity the increased temporal or spatial expression levels of BDNF protein cannot be 

completely explained by increased levels of BDNF mRNA (Katoh-Semba et al., 1999; 

Nanda and Mack, 2000), which leads to the question of what cis-acting factors can 

mediate subcellular localization and translation of the BDNF message both at rest and 

after neuronal stimulation.  The production of the two distinct BDNF 3’UTRs, long or 

short, leads to the hypothesis that the different 3’UTRs can uniquely regulate both the 

localization and translation of BDNF mRNA to control spatial and temporal expression 

of BDNF protein in response to neuronal activity. 
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  In this study, we show that the long and short 3’UTRs play opposing roles in 

regulating the translation and localization of BDNF mRNA in the hippocampus.  The 

long 3’UTR BDNF mRNA preferentially localizes to the dendrites while the short 3’UTR 

BDNF mRNA is restricted to the soma.  Given that neuronal activity-dependent 

transcription is quite prominent for the BDNF gene, it is difficult to study whether 

neuronal activity can control BDNF translation. At basal conditions, the short 3’UTR 

BDNF mRNA is actively translated, serving as the primary source of BDNF production. 

In contrast, the long 3’UTR BDNF mRNA is translationally suppressed at rest, but 

undergoes robust translational activation upon neuronal stimulation.  Moreover, the long 

BDNF 3’UTR is essential for the rapid activation of the tropomyosin-related tyrosine 

kinase B (TrkB) in hippocampal mossy fibers upon seizure induction. We further show in 

mutant mice lacking the BDNF long 3’UTR (Bdnfklox/klox) and activity-induced BDNF 

translation, seizure development is significantly hampered. These results provide the first 

evidence for activity-dependent control of BDNF translation in TrkB activation and 

neuronal function. 

 

2.2 Results 

2.2.1   Long 3’UTR BDNF mRNA is preferentially localized to dendrites in 

primary cultured neurons 

 To assess the ability of the different BDNF 3’UTRs to control subcellular 

localization, we obtained total RNA isolated from the soma and neurite fractions, which 

contain both dendrites and axons, of a high-density culture of primary cortical neurons as 
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illustrated in Figure 2-1a.  However, at this age of culture (DIV21), mRNA from the 

neurite fraction corresponds to mRNA localized to dendrites because the axons are 

mature and thus contain no mRNA.  The quality of the fractionation was assessed by 

western blotting for specific protein markers, such as NeuN (soma only), synaptophysin 

(enriched in neurites), and GluR5 (highly enriched in neurites); and also by RT-PCR for 

specific mRNAs, i.e. γ-actin and GFAP (soma only), and MAP2 and BC1 RNA (soma 

and neurites) (Figure 2-1b).  From these fractions, the relative levels of pan BDNF 

mRNA, which is an indication of total BDNF mRNA as measured by coding region 

primers, and the long 3’UTR BDNF mRNA were simultaneously measured by semi-

quantitative, radiolabeled RT-PCR from both fractions (Figure 2-1c).  Quantification of 

the ratio of long 3’UTR BDNF mRNA to pan BDNF mRNA demonstrates a 7-fold 

enrichment in dendrites compared to that in the soma (Figure 2-1c), suggesting a 

preferential localization of the long 3’UTR BDNF mRNA in the dendrites of cultured 

neurons.  Further, An and colleagues confirmed our findings that revealed distinct roles 

of the long and short 3’UTRs in controlling the localization of reporter mRNAs fused to 

the long or short BDNF 3’UTR and the abundance of BDNF protein in neuronal soma 

and dendrites (An et al., 2008).  In particular, the long 3’UTR is responsible for targeting 

the BDNF mRNA into neuronal dendrites, thus leading to the regulation of dendritic 

spine development and long-term potentiation (LTP) (An et al., 2008).  Together, these 

findings raise another intriguing question as to whether the long and short 3’UTRs may 

differentially regulate BDNF translation in the somatal and dendritic compartments.  
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Figure 2-1:  Preferential dendritic localization of the long 3’UTR BDNF mRNA.    a) 

Schematic of cellular fractionation of high-density primary cortical neuronal cultures.  

The cultures are subjected to papain and manual disruption of the neuronal network, 

followed by sucrose fractionation and centrifugation to yield the soma fraction (P1) and 

the dendritic fraction (P2) (right panel).  The left panel is a visual representation of the 

corresponding fractions.  b) Purity of isolation technique was determined by western blot 

analysis (left) which shows the absence of the nuclear protein NeuN and the glial marker, 

GFAP but the presence of synaptophysin and GluR5 in the P2 fraction.  The right panels 

show RT-PCR analysis revealing γ-actin and GFAP mRNA only in the soma fration, P1 

whereas MAP2 and BC1 mRNA in both the P1 and P2 fractions.  c) 32P-semi-quantitative 

RT-PCR of the long 3’UTR BDNF mRNA and pan BDNF mRNA from total RNA 

isolated from the individual fractions (top panel), indicated in (a).  The “-“ RT was used 

as a negative control.  The bottom panel shows the quantification of the ratio of the 

intensities of the radiolabeled PCR bands of the long 3’UTR BDNF mRNA to the pan 

BDNF mRNA, which indicates a higher fraction of the long 3’UTR BDNF mRNA in the 

neurites compared to the soma.  (Student’s t-test, P<0.05, n=3).  
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Figure 2-1 
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2.2.2  The long 3’UTR of BDNF mRNA is a bona fide cis-acting translation 

repressor at rest 

  To directly test whether the two distinct 3’UTRs may differentially influence 

translation, we constructed reporter plasmids in which the firefly luciferase coding region 

is fused with either the full length BDNF 3’UTR containing both polyadenylation sites 

(full), the long 3’UTR lacking the proximal polyadenylation site (long), or the short 

3’UTR (short) (Figure 2-2a).  The parental luciferase construct that carries the bovine 

growth hormone (BGH) 3’UTR for highly efficient translation was used as a reference in 

parallel experiments (Figure 2-2a). When transfected into the immortalized cortical 

neuron cell line CAD, the short BDNF 3’UTR construct displayed a high level of 

luciferase translation activity, similar to that of the highly active BGH 3’UTR construct 

(Figure 2-2b).  In contrast, translation activity from the long BDNF 3’UTR construct was 

significantly lower as compared to that from either the short BDNF 3’UTR construct or 

the parental BGH 3’UTR construct (p<0.05, Figure 2-2b). The BDNF full length 3’UTR 

construct that can be processed at both polyadenylation sites mediated an intermediate 

level of luciferase translation (Figure 2-2b), further supporting the conclusion that the 

long 3’UTR mediates poor translation. Moreover, a significantly reduced level of reporter 

translation was observed from the BDNF long 3’UTR construct as compared to that from 

the short 3’UTR construct when expressed in primary cultured hippocampal neurons 

(Figure 2-2c).  No differences in reporter mRNA expression level was detected in the 

long or the short BDNF 3’UTR transfected cells. These results indicate that the BDNF  
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Figure 2-2:  The BDNF long 3’UTR is a bona fide cis-acting translation suppressor.  

a) Schematic of luciferase reporter constructs harboring full length BDNF 3’UTR, short 

BDNF 3’UTR, and a deletion mutant that only produces BDNF long 3’UTR.  Asterisks 

indicate polyadenylation sites.  b) Reporter constructs in (a) were transfected into CAD 

cells.  RT-PCR shows the expression of the corresponding mRNAs with or without the 

long 3’UTR as expected (top panel).  Expression levels of luciferase mRNAs were 

determined by qRT-PCR reading normalized to GAPDH mRNA. The luciferase activity 

was normalized to the qRT-PCR reading of reporter mRNA to evaluate translation of the 

aforementioned reporters and displayed in the bottom panel.  Error bars in all figures 

indicate s.e.m. A significant reduction of reporter translation was observed from the 

reporter mRNAs that carry the BDNF long 3’UTR or full 3’UTR as compared to either 

the bovine growth hormone (BGH) 3’UTR or the short BDNF 3’UTR. (P<0.05 by One-

way ANOVA analysis, * indicates p<0.05 between the indicated groups based on 

Tukey’s analysis, n=4). c) Primary hippocampal neuron cultures (DIV3) were transfected 

with the firefly luciferase reporter constructs harboring either the short or long BDNF 

3’UTR, shown in (a), along with pRL-TK that encodes the renilla luciferase.  The firefly 

luciferase activity was normalized to the renilla luciferase activity in each transfection. 

Significantly reduced luciferase activity was detected from cells transfected with the 

BDNF long 3’UTR construct as compared to the BDNF short 3’UTR construct. (* 

indicates p<0.05 by Student’s t-test, n=6).
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Figure 2-2 
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3’UTRs harbor distinct intrinsic cis-acting properties that differentially control translation 

in neurons.  

 Because all BDNF mRNA isoforms encode the same BDNF protein, the influence 

of the individual 3’UTRs on BDNF translation in vivo cannot be assessed by simply 

measuring changes in BDNF protein expression. Therefore, we performed a linear 

sucrose gradient fractionation assay, a commonly used approach that assesses translation 

efficiency of an mRNA by measuring its ability to carry translating polyribosomes 

(Prendergast, 2003; Zalfa et al., 2006).  Sedimentation of ribosome-free messenger 

ribonucleoprotein (mRNP) complexes (fraction 1-3), the 80S monoribosome (fraction 3) 

and polyribosomes engaged in translation elongation (fraction 4-10) in mouse 

hippocampal lysates are monitored by absorption at the wavelength of 254 nm (Figure 2-

3a top panel).  qRT-PCR analysis of RNA isolated from the individual fractions revealed 

that approximately half of the endogenous long 3’UTR BDNF mRNA was sequestered 

into translationally dormant mRNPs in the resting hippocampus, not associated with 

polyribosomes (predominantly in fraction 2, Figure 2-3a middle panel).  It is known that 

a majority of the BDNF mRNA in the hippocampus carries the short 3’UTR (An et al., 

2008).  In hippocampal RNA isolated from the cytoplasmic extracts used for 

fractionation, the long 3’UTR BDNF mRNA comprised less than 20% of the pan BDNF 

mRNA (2.21 + 0.59 femtograms of long 3’UTR BDNF mRNA and 11.65 + 3.13 

femtograms of pan BDNF mRNA in 1µg total RNA).  Interestingly, in contrast to the 

long 3’UTR BDNF mRNA, the pan BDNF mRNA is predominantly associated with 

translating polyribosomes (fraction 4-10), similar to the actively translated GAPDH  
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Figure 2-3: Endogenous long 3’UTR BDNF mRNA is translationally repressed in 

mouse hippocampus.  a) Cytoplasmic extracts from mouse hippocampi were prepared in 

the presence of MgCl2 for linear sucrose gradient fractionation (15-45%) to separate 

translating polyribosomes (4-10) from non-translating components including dormant 

mRNPs, ribosome subunits and monoribosomes (fraction 1-3) monitored by absorption at 

OD254 (top panel).  qRT-PCR was performed to determine the distribution of the pan 

BDNF mRNA, the long 3’UTR-BDNF mRNA and the house keeping GAPDH mRNA in 

each gradient fraction (middle panel). In addition, 32P -labeled semi-quantitative RT-PCR 

products of the aforementioned mRNAs were electrophoresed on polyacrylamide gels 

and visualized by a phosphorimager (bottom panel).  b) Hippocampal lysates were treated 

with EDTA to release mRNAs from polyribosomes to ribosome-free mRNPs. Note the 

disappearance of mono- and polyribosomes, and the accumulation of released 40S and 

60S ribosome subunits on the linear sucrose gradient (top panel). qRT-PCR and 32P-

labeled semi-quantitative RT-PCR products for the pan BDNF mRNA, long 3’UTR 

mRNA, and GAPDH mRNA were indicated in the mid and bottom panels respectively. 
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Figure 2-3 
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mRNA (Figure 2-3a).  Thus, unlike the translationally repressed long 3’UTR BDNF 

mRNA, the short 3’UTR BDNF mRNA, which comprises a majority of the pan-BDNF 

mRNA in hippocampus, must be engaged in active translation.  EDTA-treatment, which 

dissociates all ribosomes into subunits, released both the long 3’UTR BDNF mRNA and 

pan BDNF mRNA into ribosome-free mRNP complexes (fraction 2, Figure 2-3b). The 

similar sedimentation of BDNF long 3’UTR complexes under physiological conditions 

and EDTA-treatment indicates that the long 3’UTR BDNF mRNA is indeed sequestered 

into translationally dormant mRNPs not associated with ribosomes (Figure 2-3a). The 

identification of the BDNF long 3’UTR mRNA in dormant mRNPs extends the previous 

observation showing a low abundance of this mRNA in crude polyribosome pellet 

(Timmusk et al., 1994), suggesting that the long 3’UTR may suppress translation 

initiation of BDNF. Semi-quantitative RT-PCR allows visualization of these mRNA 

species in the gradient fractions (Figure 2-3a and 2-3b, bottom panels), confirming the 

translation status of the aforementioned mRNAs. Together, these data suggest that while 

the short 3’UTR mediates active translation of BDNF mRNA at rest, the long 3’UTR is a 

bona fide cis-acting translation suppressor in vitro and in vivo. 

2.2.3    Neuronal activity causes translation derepression of the long 3’UTR 

BDNF mRNA.   

We next questioned how the distinct BDNF 3’UTRs govern reporter translation in 

response to neuronal activity changes.  A reporter construct that encodes destabilized 

EGFP (d2EGFP) (Aakalu et al., 2001), which harbors an amino-terminal membrane 

insertion tag for limiting diffusion of newly synthesized d2EGFP from the site of 
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translation, was fused with the long or short BDNF 3’UTR, or the SV40 3’UTR and were 

individually transfected into primary cultured hippocampal neurons at 16 days in vitro 

(DIV 16).  The shorter half-life of d2EGFP (2 hr) than that of standard EGFP (26 hr) is 

suitable for detecting rapid changes in protein synthesis.  At DIV21 when the synaptic 

network was well formed, the culture was exposed to tetraethylammonium (TEA) for ten 

minutes, a well-established stimulation paradigm broadly used for inducing LTP in the 

hippocampus (Aniksztejn and Ben-Ari, 1991). Neuronal activation upon TEA-treatment 

was evidenced by the robust up-regulation of c-fos (Figure 2-4a).  Interestingly, live cell 

laser confocal imaging demonstrated that TEA-treatment produced a rapid increase of 

d2EGFP expression as compared to that at the basal level before TEA-treatment in a 

BDNF long 3’UTR-dependent manner (Figure 2-4bvii-ix). In particular, the elevated 

d2EGFP expression from the BDNF long 3’UTR construct was clearly visualized in 

dendrites (inset of Figure 2-4bvii-ix), consistent with the long 3’UTR-mediated dendritic 

localization of BDNF mRNA (An et al., 2008) and potential local translation.   

Quantitative analysis indicated that TEA causes increased fluorescence intensity of 

d2EGFP reporter in both the soma and dendrites from cells transfected with the BDNF 

long 3’UTR construct (Fig 2-4c and d).  In contrast, neither the short BDNF 3’UTR nor 

the SV40 3’UTR could mediate activity-dependent d2EGFP expression (Figure2-4bi-bvi, 

Fig 2-4c and d).  

            To delineate whether and how neuronal activation may regulate translation of 

endogenous BDNF mRNAs in vivo, we performed linear sucrose gradient fractionation of 

hippocampal lysates derived from pilocarpine-treated rats, a paradigm known to evoke  
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Figure 2-4: The long 3’UTR is sufficient for activity-induced expression of d2EGFP 

reporter construct.  a) Increased cfos mRNA levels in primary cultured hippocampal 

neurons upon TEA-induced neuronal activity. The cfos mRNA level was determined by 

qRT-PCR and normalized to the qRT-PCR units for the GAPDH mRNA in each sample 

(Student’s t-test:  * indicates P<0.05; n=4).  b) Laser confocal imaging of cultured 

hippocampal neurons (DIV21) expressing d2EGFP fused with the SV40 3’UTR (i-iii), 

the short (iv-vi) or long BDNF 3’UTR (vii-ix) was performed before and after 10 min 

exposure to 25 mM TEA.  Each neuron was imaged by z-sectioning through the entire 

cell (10-15 optical slices) and projected into a 2D image (max intensity). For clarity, each 

cell is presented in three panels, with the first panel in grayscales and the other two in 

pseudocolors encoding fluorescent intensities (see the color bar). First and middle panel: 

before TEA (i, ii, iv, v, vii, viii); third panel: after 10 min TEA treatment (iii,vi,ix).  The 

regions enclosed by dotted boxes are magnified (2X) and shown as insets.  Scale bars = 

40 um.  c) and d) Quantification of the changes in d2EGFP reporter fluorescence after 

TEA treatment.  The total integrated fluorescent density in the soma and dendrites of the 

same cell before and after 10 min exposure to TEA was measured.   The % change of 

fluorescence was calculated by normalizing the integrated density after TEA-treatment 

against that in the same cell before TEA treatment and the results were displayed 

graphically for the soma (c) and dendrites (d).  The decrease of fluorescence for reporters 

that carry the BDNF short 3’UTR and the SV40 3’UTR reflects photobleaching during 

confocal imaging.  (One-way ANOVA analysis:  p<0.05 for both soma and dendrites, 

n=4)
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Figure 2-4 
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rapid and robust BDNF up-regulation (Tongiorgi et al., 2004).  A single dose of 

pilocarpine reliably induces stage V seizure, characterized by rearing, loss of postural 

control and hind limb clonus (Racine, 1972). This is followed by increased seizure 

intensity, duration and frequency, designated as status epilepticus (SE). As shown in 

Figure 2-5a, both the long 3’UTR BDNF mRNA and the pan BDNF mRNA were 

markedly increased in animals that experienced 90 minutes SE upon pilocarpine-

treatment.  Consistent with previous reports (Katoh-Semba et al., 1999), BDNF mRNAs 

returned to basal levels 24 hours later.  A slight increase of pan BDNF mRNA was 

detected 30 minutes after the initial onset of a stage V seizure, whereas no detectable 

changes were observed of the long 3’UTR BDNF mRNA (Figure 2-5a).  However, prior 

to the drastic increase of the BDNF transcripts, a robust translation activation of the 

BDNF long 3’UTR mRNA was observed 30 min after the induction of stage V seizure  

(Figure 2-5b).  Almost all the translationally suppressed BDNF long 3’UTR mRNA 

(fraction 1-3) was shifted to the polyribosomal fractions (fraction 4-10). In contrast, the 

pan BDNF mRNA, in which the majority harbors the short 3’UTR, was translationally 

repressed, evidenced by a decrease in polyribosome-association and a concomitant 

accumulation in the ribosome-free mRNPs (fraction 1-3, Figure 2-5c). The opposing 

responses mediated by the two 3’UTRs on BDNF translation upon neuronal activation in 

pilocarpine-induced seizure was further evidenced by the reciprocal changes in the ratio 

of polyribosome-associated and polyribosome-free complexes harboring the long 3’UTR 

BDNF mRNA or the pan BDNF mRNA (Figure 2-5d).   

             To further validate whether the long 3’UTR BDNF mRNA is indeed incorporated 

into actively translating polyribosomes in response to pilocarpine-induced neuronal  
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Figure 2-5: Pilocarpine-induced SE results in translational de-repression of BDNF 

specifically mediated by the long 3’UTR.  a) Fold increase of steady state levels of pan 

BDNF mRNA and long 3’UTR BDNF mRNA in rat hippocampus 30 min, 90 min and 24 

hours after pilocarpine-induced SE.  BDNF mRNA levels in each sample were measured 

by qRT-PCR and normalized to that of GAPDH mRNA.  Dotted line indicates average 

BDNF mRNA level in vehicle-treated rats, which was set at 100% for normalization.   b-

c) Polyribosome association profiles of long 3’UTR BDNF mRNA (b), and pan  BDNF 

mRNA (c) as determined by linear sucrose gradient fractionation followed by qRT-PCR 

using hippocampal extracts isolated from control  (closed squares) or pilocarpine-treated 

rats (open triangles) 30 min after seizure induction.  d) Quantification of the ratio of 

BDNF mRNAs that harbor either the long or the short 3’UTR in actively translating 

polyribosomes (fraction 4-10) to that in translationally dormant complexes (fraction 1-3) 

in control and pilocarpine-treated rats 30 minutes after seizure induction. (Two-way 

ANOVA analysis: p<0.05, n=3,).  e) Percent distribution of the long 3’UTR BDNF 

mRNA, as measured by qRT-PCR, derived from pilocarpine-treated rats on linear 

sucrose gradient after incubation with puromycin (top).  Puromycin treatment results in 

dissociation of translating polyribosomes into subunits and monoribosomes, as indicated 

by distribution of 28S and 18S ribosomal RNAs detected by agarose gel electrophoresis 

after ethidium bromide-staining (middle).  32P-labeled semi-quantitative RT-PCR 

products showing distribution of the long 3’UTR BDNF mRNA on linear sucrose 

gradient with and without puromycin-treatment (bottom). 
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Figure 2-5 
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activation, we performed linear sucrose gradient fraction after puromycin-treatment, 

which terminates translation elongation and specifically dissociates polyribosomes that 

are engaged in active translation elongation (Stefani et al., 2004; Theodorakis et al., 

1988).  As expected, puromycin-dependent polyribosome dissociation was evidenced by 

a shift of ribosomal RNAs from polyribosomal fractions  (fraction 4-10) into fractions 

containing ribosome subunits and monoribosomes (fraction 2 and 3) (Figure 2-5e, middle 

panels).  In response to puromycin-treatment, the BDNF long 3’UTR mRNA was also 

shifted into ribosome-free mRNPs (fraction 2 and 3, Figure 2-5e top and bottom panels).  

This result clearly indicates that pilocarpine-induced neuronal activation enhances the 

engagement of the long 3’UTR BDNF mRNA with actively translating polyribosomes. 

 Multiple promoters generate BDNF transcripts with distinct 5’UTRs (Aid et al., 

2007; Liu et al., 2006), among which exon IV and VI transcripts were the most abundant 

in adult rat hippocampus (Figure 2-6a).  Transcription of exon IV BDNF mRNA and 

dendritic localization of the exon VI BDNF mRNA are regulated by neuronal activity 

(Hong et al., 2008; Pattabiraman et al., 2005; Sakata et al., 2009).  To examine whether 

the 5’UTRs encoded by exon IV and VI contribute to translational regulation, we 

examined polyribosome-association by the exon IV and VI transcripts; each includes the 

long and the short 3’UTR BDNF mRNA. At rest, these transcripts were predominantly 

associated with translating polyribosomes; only low levels were present in translationally 

dormant mRNP fractions (Figure 2-6b and 2-6c).  Upon pilocarpine-induced seizure, the 

association of exon IV and VI transcripts with polyribosomes was decreased, 

accompanied by a concomitant increase in the mRNP fractions (Figure 2-6b). This was in 

contrast to the dramatically enhanced polyribosome-association of the long 3’UTR  
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Figure 2-6: The most prominent 5’UTRs of BDNF mRNA are not responsible for 

pilocarpine-induced translational de-repression.  a) Semi-quantitative RT-PCR of the 

5’UTRs in BDNF mRNA indicates that exon IV and VI are the major 5’UTRs expressed 

in the adult rat hippocampus.  b-c)  Polyribosomal profiles of exon IV (b), and exon VI 

(c) determined by linear sucrose gradient fractionation-qRT-PCR assay using 

hippocampal lysates from control or pilocarpine-treated rats 30 minutes after seizure 

induction (top).  Semi-quantitative RT-PCR products for the exon IV and VI containing 

BDNF mRNA from sucrose gradients were displayed in the bottom panel.
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Figure 2-6 
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BDNF mRNA upon pilocarpine-induced SE (Figure 2-5b).  BDNF mRNAs harboring 

other 5’UTRs were expressed at low levels and did not yield clear signals on the linear 

sucrose gradient. Hence, no specific 5’UTRs appear to be responsible for the activity-

dependent translational de-repression of BDNF.  The decreased polyribosome-association 

by exon IV and VI transcripts upon pilocarpine-induced seizure recapitulates that from 

the pan BDNF mRNA that comprises primarily of the short BDNF mRNA, most likely 

due to the translational suppression mediated by the BDNF short 3’UTR (Figure 2-5c). 

2.2.4    The BDNF long 3’UTR is essential for seizure-induced rapid TrkB 

activation in hippocampal mossy fibers  

 BDNF is the primary neurotrophin that activates the TrkB receptor in the CNS 

(Lu, 2003a). Consistent with this, the BDNF protein is enriched in the hippocampal 

mossy fiber (MF) tract, which are the axons extending from the granular cells of the 

dentate gyrus and synapse with the dendrites of the pyramidal cells of the CA3 region 

where BDNF is released in an activity-dependent manner (Danzer and McNamara, 2004).  

We then examined the regions of the hippocampus that express the long 3’UTR BDNF 

mRNA to determine possible sites of action for the activity-dependent long 3’UTR-

mediated translation de-repression of BDNF mRNA.  To this end, we performed in situ 

hybridization using a BDNF long 3’UTR specific riboprobe (Figure 2-7a).  To test the 

specificity of our BDNF long 3’UTR riboprobe, we performed in situ hybridization on 

CAD cells transfected with the luciferase reporter constructs fused with the long or short 

3’UTRs.  As expected the antisense long 3’UTR probe resulted in increased staining of 

the CAD cells transfected with the long 3’UTR reporter construct and not the short  
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Figure 2-7:  Hippocampal localization of long 3’UTR BDNF mRNA.  a) Schematic of 

long 3’UTR specific riboprobe (blue).  The * indicate polyadenylation sites.  b) In situ 

hybridization with the long 3’UTR riboprobe in (a) of CAD cells transfected with 

luciferase reporter constructs containing the long or short BDNF 3’UTR.  The left panel 

shows robust staining of CAD cells transfected with the long 3’UTR reporter construct 

using the antisense long 3’UTR riboprobe.  The sense long 3’UTR riboprobe, which was 

used as a negative control, showed no staining in long 3’UTR transfected CAD cells 

(middle panel).  To show specificity, CAD cells transfected with the short 3’UTR 

reporter construct showed minimal staining, which was due to endogenous long 3’UTR 

BDNF mRNA present in the CAD cells (right panel).  c) In situ hybridization of wild 

type and Bdnfklox/klox brain slices with a long 3’UTR BDNF mRNA specific riboprobe in 

(a).  Through the alkaline phosphatase staining, as indicated by purple color, the long 

3’UTR BDNF mRNA is highly enriched within the dentate gyrus granular cells and CA3 

pyramidal cells of the hippocampus.  
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Figure 2-7 
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3’UTR reporter construct, which should detect only the endogenous levels of the long 

3’UTR BDNF mRNA in CAD cells (Figure 2-7b, right and left panels).  As a negative 

control, the long 3’UTR sense probe was used resulting in the detection of no signal in 

CAD cells expressing the long 3’UTR reporter construct (Figure 2-7b, middle panel), 

demonstrating that our long 3’UTR riboprobe is specific for the long 3’UTR BDNF 

mRNA.  Using the BDNF long 3’UTR specific antisense probe, in situ hybridization 

showed an enrichment of the long 3’UTR BDNF mRNA in the granular cells of the 

dentate gyrus and pyramidal cells of the CA3 region of wild type mice, which was 

ablated in the Bdnfklox/klox mice (Figure 2-7c).  This data indicates a possible role of long 

3’UTR-mediated translation regulation in activity-dependent signaling between the CA3 

pyramidal cells and the dentate gyrus granular cells, which are connected via the 

hippocampal mossy fiber tract.   

 Interestingly, in the control rats, minimal TrkB activation, measured by a specific 

anti-phospho-TrkB antibody pY816 (Bath et al., 2008; Jeanneteau et al., 2008) (Figure 2-

8a, top panel), was detected at the MF synapses. Consistent with the previous report 

(Jeanneteau et al., 2008), pY816 signals were also clearly detected in the subgranular 

zone of DGCs (Figure 2-8b).  Remarkably, when translation de-repression of BDNF was 

induced from the long 3’UTR mRNA 30 min after pilocarpine-induced seizure (Figure 2-

5b), a robust activation of TrkB was observed in the MFs (Figure 2-8a, bottom panel). At 

this time point, translation from the short 3’UTR BDNF mRNA was largely repressed 

(Figure 2-5c).  Similarly, a robust but transient TrkB activation was detected in the MFs 

30 minutes after kindling-induced seizures in wild type mice, which declined to a low  
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Figure 2-8: Increased p-TrkB staining in pilocarpine treated rats.  a) 

Immunofluorescent staining indicates a robust increase of pY816-TrkB (green) in the 

hippocampal mossy fibers (MF) in a pilocarpine-treated rat 30 minutes after achieving 

stage V seizure as compared to that in the control rat.  b) Immunofluorescent staining of 

pY816-TrkB (green) can be clearly detected in the subgranular layer (SGL) of the dentate 

granule cells (DGCs).  For both (a) and (b), DAPI (blue) staining marks nuclei.  
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Figure 2-8 
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Figure 2-9: Loss of the BDNF long 3’UTR in Bdnfklox/klox mutant mice attenuates 

activity-stimulated TrkB activation and delays kindling development.  a) 

Immunofluorescent staining of pY816-TrkB in wild type and Bdnfklox/klox mouse 

hippocampi.   A robust increase in p-TrkB signals was detected in the mossy fiber track 

of the wild type animal 30 min after the last kindling induction, which is ablated in the 

Bdnf klox/klox mice.  Twenty-four hours after the last kindling, pY816-TrkB declines to a 

low level in wild-type mice, which is comparable to that in the Bdnf klox/klox mice. 

Quantitative analysis of the p-TrkB signaling in the CA3 by Image-J was graphically 

displayed on the right (n=4). (One-way ANOVA analysis:  p<0.05.)  b) The growth of 

afterdischarge duration during kindling development is slowed in Bdnfklox/klox (red 

squares) compared to wild type (blue diamonds) mice.  c) The growth of seizure severity 

during kindling development is delayed in Bdnfklox/klox mice (red squares) compared to 

that in wild type mice (blue diamonds).  (Two-way ANOVA analysis:  * - indicates 

p<0.05, ** - indicates p<0.01, and *** - indicates p<0.001).  
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Figure 2-9 
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level 24 hours later (Figure 2-9a).  In contrast, mutant mice that lost the BDNF long 

3’UTR (Bdnfklox/klox) (An et al., 2008) and thus lack the activity-stimulated BDNF 

translation, failed to exhibit rapid synaptic TrkB activation in the MFs (Figure 2-9a), 

despite the successful induction of full scale seizure (Figure 2-9c).  However, Bdnfklox/klox 

mice express normal levels of BDNF protein at rest (An et al., 2008), suggesting that the 

rapid TrkB activation in the MF synapse requires the functional long 3’UTR-mediated, 

activity-dependent BDNF translation for TrkB signaling during kindling-induced 

seizures.   

 Besides the critical role of TrkB signaling in neuronal survival and synaptic 

plasticity (Huang and Reichardt, 2001), repetitive activation of TrkB in hippocampal 

MFs is predicted to be a critical underlying mechanism for epileptogenesis (Danzer et al., 

2004; He et al., 2004).  We then examined whether and how the impairment of activity-

dependent BDNF translation by the long 3’UTR may impact kindling-induced 

epileptogenesis in the Bdnfklox/klox mice.   It is important to point out that only the rapid 

TrkB activation was affected in the Bdnfklox/klox mutant mice, because the pY816 signal 

intensity 24 hours after kindling induced seizure was comparable to that in wild-type 

controls (Figure 2-9a).  Nonetheless, the electrical stimulation-enhanced afterdischarge 

duration (AD) during kindling was reduced in the Bdnfklox/klox mutant (Figure 2-9b). 

Moreover, kindling-induced seizure development was significantly attenuated (Figure 2-

9c), resulting in a delay of full scale seizure in the Bdnfklox/klox mutant. These results reveal 

a functional role of neuronal activity-dependent, long 3’UTR-mediated BDNF translation 

in TrkB signaling.  Furthermore, the delayed seizure development upon electrical 

stimulation in the Bdnfklox/klox mutant mice suggests that activity-dependent BDNF 
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translation immediately upon kindling induction may have an important impact in the 

pathogenesis of epilepsy. 

2.3     Discussion 

              Our studies indicate that the long and short 3’UTRs harbor distinct abilities to 

govern BDNF mRNA localization and translation (Figure 2-1 to 2-3).  In addition, our 

results provide the first example that alternative 3’UTRs can differentially control 

translation of the same protein in response to rapid neuronal activity changes. Further, we 

show that the long 3’UTR mediates activity-dependent translational de-repression of 

BDNF in vivo as well as activity-stimulated reporter translation in primary cultured 

hippocampal neurons (Figure 2-4 and 2-5), a finding that may have important 

implications in normal synaptic plasticity and pathogenesis of epilepsy. Considering the 

fact that the short 3’UTR restricts the BDNF mRNA to the neuronal soma whereas the 

long 3’UTR can target the BDNF mRNA to the dendrites (Figure 2-1) (An et al., 2008), 

our current results suggest the following model (Figure 2-10).  Under physiological 

conditions (Figure 2-10a and 2-10b), the short 3’UTR mediates active BDNF translation 

in the soma, which supports constitutive BDNF release and a basal level of TrkB 

activation.  In contrast, a significant fraction of the long 3’UTR BDNF mRNA is 

translationally repressed as dormant mRNPs, which can be transported to dendrites 

(Figure 2-1) (An et al., 2008) for local translation of BDNF in response to synapse-

specific stimulation under physiological conditions, such as LTP in apical dendrites (An 

et al., 2008).  However, upon robust neuronal activation, the BDNF long 3’UTR imparts 

a rapid translation de-repression in both soma and dendrites while the short 3’UTR  
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Figure 2-10: A model for somatodendritic BDNF translation mediated by the two 

distinct 3’UTRs.  a) At resting conditions, the short 3’UTR BDNF mRNA (blue line) is 

restricted to neuronal soma and actively translated, which is the primary source for 

BDNF protein production for constitutive release as well as for storage in synaptic 

vesicles (blue triangles).  In contrast, the long 3’UTR containing BDNF mRNA (red 

lines) is translationally repressed in the soma and is present mainly in translationally 

dormant mRNP complexes, which can be transported to dendrites.  The green region 

indicates the BDNF coding region. b) Upon synaptic stimulation, the dendritically 

localized long 3’UTR BDNF mRNA undergoes translational de-repression to produce 

BDNF protein (red triangles) at the selected postsynaptic sites.  Such synapse-restricted 

activity unlikely affects active translation of the short 3’UTR BDNF mRNA in the soma.  

c) Seizure-induced robust neuronal activation leads to translational reduction of BDNF 

from the short 3’UTR in the soma. At the same time, a global translation de-repression 

occurs on the long 3’UTR BDNF mRNA in both the soma and dendrites, which may be 

important against seizure-induced insult. However, repetitive and/or prolonged 

translation de-repression of BDNF from the long 3’UTR may lead to pathological over-

activation of neuronal circuitry in the hippocampus, which may contribute to 

epileptogenesis.
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Figure 2-10 
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BDNF is translationally repressed (Figure 2-10b and 2-10c).  Hence, the long 3’UTR 

mRNA may serve as the primary source of BDNF production upon the onset of seizure.  

However, repetitive translation de-repression from the BDNF long 3’UTR mRNA in 

chronic seizure paradigms may lead to aberrant somatodendritic BDNF 

production/secretion and pathological over-activation of TrkB, represented by that in the 

MF pathway (Figure 2-9a) that contributes to epileptogenesis (Figure 2-9c).  Thus, the 

long BDNF 3’UTR-mediated translation regulation has dual significance in both 

physiological and pathological plasticity. 

            The activity-dependent translational de-repression of BDNF via the long 3’UTR 

was rapid and robust (Figure 2-4 and 2-5b). Moreover, the BDNF long 3’UTR is 

sufficient for mediating translation suppression at rest and activity-stimulated translation 

of reporter genes (Figure 2-2 and 2-4).  In pilocarpine-induced seizure, activity-

dependent translational regulation of BDNF occurred before a detectable increase of the 

long 3’UTR mRNA (Figure 2-5a). Although the long 3’UTR BDNF mRNA can be 

deposited into dendrites, a majority can still be detected in the soma (An et al., 2008).  

Thus, translation de-repression of BDNF most likely occurs in both soma and dendrites 

upon robust neuronal activation.  Considering that the BDNF mRNA is promptly 

localized into dendrites upon seizure induction (Chiaruttini et al., 2008; Tongiorgi et al., 

2004) and the prolonged up-regulation of BDNF protein after transcription of BDNF 

declines to basal levels (Mhyre and Applegate, 2003), the translation de-repression 

mediated by the long 3’UTR in seizure paradigms may be sustained, perhaps in the 

dendritic compartment of a selected neuronal population that are tagged for long term 

plasticity.  
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 Besides the long 3’UTR, the 5’UTRs encoding Exon II and VI are also thought to 

direct dendritic localization of the BDNF mRNAs, whereas Exon I and IV BDNF 

transcripts are largely retained within the soma (Chiaruttini et al., 2008).  All the 

alternatively expressed 5’UTRs can be linked with either the short or and long BDNF 

mRNA (Timmusk et al., 1993; Timmusk et al., 1994).  Exon IV and VI BDNF mRNAs 

are the most abundant in the resting adult rat hippocampus (Figure 2-6a), but neither is 

responsible for the activity evoked translation de-repression of BDNF upon pilocarpine-

induced seizure (Figure 2-6b and 2-6c). This is consistent with the observation that the 

BDNF long 3’UTR is sufficient for mediating synaptic activity-dependent translation of 

the reporter gene in the TEA stimulation paradigm without BDNF 5’UTRs (Figure 2-

4bvii-ix). However, whether and how 5’UTRs may facilitate the long 3’UTR-dependent 

translation regulation and/or dendritic localization still needs to be elucidated by future 

studies.  

             The fact that the long 3’UTR mediates dendritic localization of BDNF mRNA 

(Figure 2-1) (An et al., 2008), translation suppression of BDNF protein at rest, and 

activity-dependent BDNF translation (Figure 2-3 to 2-5) suggests that these 

posttranscriptional regulations may be tightly linked.  Interestingly, a number of mRNAs 

are transported to dendrites in the form of translationally repressed granules, represented 

by the β-actin mRNA and the CamKIIα mRNA (Huang et al., 2002b; Huttelmaier et al., 

2005; Kiebler and Bassell, 2006).  It is believed that these translationally dormant 

mRNAs will be activated locally upon synaptic stimuli (Bassell and Kelic, 2004).  

Moreover, selective RNA-binding proteins that are known to suppress translation can 

facilitate dendritic localization of their target mRNAs, represented by the zip code-
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binding protein (ZBP1) (Huttelmaier et al., 2005) and the cytoplasmic polyadenylation 

element (CPE)-binding protein (CPEB) (Huang et al., 2002b; Wu et al., 1998). Whether 

translation suppression of BDNF in the soma by the long 3’UTR may facilitate dendritic 

localization of this BDNF mRNA is an intriguing possibility to be explored.  In addition, 

whether the same or distinct elements in the long 3’UTR are responsible for dendritic 

localization and translation regulation, and what trans-acting factors may coordinate 

dendritic transport and translation regulation of the BDNF mRNA, are the next 

challenges for future studies. 

            Sophisticated mechanisms that regulate BDNF expression eventually converge on 

TrkB activation, which is the key for governing normal synaptic plasticity and 

neurogenesis (Huang and Reichardt, 2001). Deficiency of BDNF and TrkB signaling is 

implicated in a number of learning/memory disorders and cognitive diseases (Buckley et 

al., 2007; Lu and Martinowich, 2008; Pillai, 2008).  However, pathological TrkB over-

activation, particularly in the hippocampal MFs, may trigger the development of epilepsy 

in the kindling model (He et al., 2004).  Indeed, selective elimination of TrkB specifically 

from dentate gyrus and CA1 in hippocampus completely abolished kindling-induced 

seizure (He et al., 2004). In addition, conditionally removing the BDNF gene from the 

aforementioned hippocampal regions (conditional BDNF-/-) causes a moderate delay of 

kindling development, despite the potential functional complementation by increased 

NT3 expression (He et al., 2004).   

 Unlike the conditional BDNF-/- mutant, mice lacking the long 3’UTR in the 

BDNFklox/klox mutant produce similar levels of total BDNF protein in the hippocampus as 

compared to that in wild type controls (An et al., 2008).  However, these mutants fail to 
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achieve the rapid TrkB activation upon kindling-induced full-scale seizure (Figure 2-9a).  

It is known that TrkB activation can be achieved via BDNF-independent mechanisms, 

such as zinc-mediated transactivation of TrkB (Huang et al., 2008).  However, zinc 

transporter 3 (ZnT3), the driving forcing for zinc deposition into presynaptic vesicles 

(Cole et al., 1999; Palmiter et al., 1996), is expressed at normal levels in the MFs of 

BDNFklox/klox mutant (data not shown). Thus, the defect in TrkB activation in MF 

synapses of the BDNFklox/klox mutant (Figure 2-9a) is unlikely due to deficiency of 

presynaptic zinc.  Rather, TrkB activation in MFs most likely requires immediate and 

perhaps also sustained BDNF translation upon seizure induction, which cannot be 

replaced by BDNF-independent mechanisms. In fact, the moderate delay of kindling 

development in the BDNFklox/klox mutant is similar to the phenotype in the mutant that lost 

the entire BDNF gene in dentate gyrus and CA3 (He et al., 2004), suggesting the 

functional importance of activity-dependent regulation of BDNF via the long 3’ UTR and 

the immediate TrkB activation in epilepsy development. Whether TrkB activation is 

triggered by BDNF translated in the presynaptic dentate gyrus granular cells or the 

postsynaptic CA3 neurons, or both, still remain elusive.  The loss of long 3’UTR-

mediated regulation of BDNF may also cause defects in neural network formation and 

perhaps aberrant storage/release of BDNF upon activation, which could also contribute to 

the impairment of TrkB signaling. Nonetheless, the delayed kindling development in the 

BDNFklox/klox mutant (Figure 2-9c) suggests that the long 3’UTR BDNF transcript is a key 

factor contributing to the pathogenesis of epilepsy. Taken together, translational 

regulation mediated by the distinct BDNF 3’UTRs provides a novel means for precise 

control of BDNF expression in response to neuronal activity changes. Such a regulatory 
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mechanism could be employed by the increasing numbers of neuronal mRNAs identified 

that harbor alternative 3’UTRs, including the GluR2 mRNA (Irier et al., 2009), which 

can govern somatodendritic translation of the same encoded protein in order to 

accommodate sophisticated neuronal function in response to various extracellular stimuli. 

2.4     Materials and Methods 

Constructs 

 The luciferase coding sequence from the pGL3-basic vector (Promega) was 

inserted into the pcDNA3 vector (Invitrogen), designated pLuci3.  The short 3’UTR 

including the proximal BDNF polyadenylation site (750bp-1113bp) was generated by 

PCR amplification from mouse genomic DNA and inserted between the Xho and Xba 

sites downstream of the luciferase coding region in pLuci3. The 2.9 kb full length 3’UTR 

was subcloned into pLuci3 between the same restriction sites. The long 3’UTR lacking 

the proximal polyadenylation site was generated by PCR amplification of two fragments, 

750bp-1013bp and 1147bp to 3604bp, from mouse genomic DNA and sequentially 

inserted into pLuci3.  Fragments containing the aforementioned 3’UTRs were subcloned 

into the d2EGFP vector individually (kindly proved by Dr. Bassell) (Aakalu et al., 2001). 

Cells, transfection, and luciferase assay 

 CAD cells were maintained in DMEM/F12 (Cellgro) containing 10% FBS 

(Atlanta Biologicals) as previously described (Wang et al., 2008).  The cells were 

cultured in 24 well dishes and then transfected with 200 ng of each of the aforementioned 

firefly luciferase reporter constructs and with 100ng of pTK-Renilla plasmid (Promega) 

to ensure comparable transfection efficiency using Lipofectamine 2000 (Invitrogen).  
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Twenty-four hours after transfection, the cells were harvested per the manufacturers 

protocol.  Briefly, the cells were washed once with PBS and then incubated with 100µL 

of 1X passive lysis buffer (Promega) at room temperature for 15 min on a rotating shaker.  

Then 10µL of cell lysates were subjected to dual luciferase assay per manufacturer’s 

protocol (Promega).  The 10µL of cell lysate was aliquoted in duplicate into a white  96-

well flat bottom microtiter plate.  To read luminescence, 50µL of Luciferase Assay 

Reagent II (LARII, Promega) was injected into well followed by 5s integration time then 

firefly luciferase activity was measured in a Mediators phL luminometer.  Immediately 

after firefly reading, 50µL of Stop&Glo reagent, which quenches firefly activity and 

measures renilla luciferase activity, (Promega) was injected followed by 5s integration 

time and then renilla activity was quantified by the Mediators phL luminometer.  An 

aliquot of the cells was used to prepare total RNA with TRIzol (Invitrogen).  After RNA 

isolation but before qRT-PCR, the total RNA was subjected to DNAse (Promega) 

treatment for 30 min at 37°C, to remove any genomic or plasmid DNA, followed by 

phenol chloroform extraction and ethanol precipitation.  Translation activity from each 

construct was estimated by normalizing the firefly luciferase readings to firefly luciferase 

mRNA levels determined by qRT-PCR.   

 Primary hippocampal neurons were isolated from E18 Sprague Dawley rats, as 

previously described (Banker and Cowan, 1977) and plated on poly-L-lysine coated 24-

well dishes.  The cells were co-transfected at DIV3 using 4µL of Lipofectamine 2000 

(Invitrogen) with 700ng of firefly luciferase reporter constructs along with 300ng of 

renilla luciferase plasmid, pRL-TK (Promega), to control for transfection efficiency.  Cell 

lysates were harvested 24 hours after transfection as described above.  The cell lysates 
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were subjected to dual luciferase assay (Promega) in a 20/20n luminometer (Turner 

Biosystems) as above except the samples were tested in microcentrifuge tubes instead of 

96-well plate, all volumes and times remained the same.  The firefly luciferase activity 

was normalized to that of the renilla luciferase and statistical analysis was performed as 

described in the corresponding figure legends.   

Dendrite fractionation assay 

 Three week-old high-density cultures of rat cortical neurons were prepared as 

previous described (Torre and Steward, 1992) and treated with papain (0.1 mg/mL) for 5 

minutes at room temperature. The cultures were rinsed 3 times with PBS and covered 

with 3 ml/dish of a buffer containing 10 mM Tris-HCl (pH 7.4), 0.5 mM EGTA and 0.35 

M sucrose, and passed through a wide bore pipette to break down the network. The 

fractions were pooled and mixed 1:1 with a 0.8 M sucrose solution prepared in the same 

buffer and centrifuged at 1,500 x g for 10 min. The pellet (P1) contains cell bodies and 

probably large dendritic fragments. The supernatant was recovered and centrifuged at 

28,000 x g for 10 min to produce a pellet (P2), which was free of somatic contamination 

and enriched in pre- and post-synaptic structures.  The total RNA was then isolated for 

the individual fractions, soma and dendrites, by Trizol (Invitrogen) per manufacturer’s 

protocol.  Then approximately 5% and 100% of total RNA isolated from the soma 

fraction and the dendrite fraction, respectively, were reverse transcribed followed by 

semi-quantitative PCR using 32P-labeled primers specific for the long 3’UTR or the 

coding region, described below. The 32P radioactivity was determined based on 

phosphorimager reading. 

Pilocarpine induced seizure 
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 Adult male Sprague Dawley rats (Charles River Labs, Wilmington, MA), 40-50 

days of age and 200-250 gram body weight, were used in all experiments. Animals were 

treated according to NIH regulations under the approval of the Emory University 

IACUC. Status epilepticus (SE) was induced in these rats as previously described (Huang 

et al., 2002a).  Briefly, rats were injected with a mixture of methylscopolamine and 

terbutaline (2.5 mg/kg i.p.). After 20 min, rats were injected with pilocarpine HCl (380-

400 mg/kg s.c.) or an equivalent volume of saline. Pilocarpine reliably induced stage V 

seizures, characterized by distinct motor behaviors including forelimb clonus, loss of 

postural control, rearing and falling. Animals presenting these behaviors with increased 

seizure intensity, duration and frequency 20- 40 min after the injection of pilocarpine 

were declared to be in SE.  The rats were anesthetized with isoflurane before having head 

removed by guillotine.  The hippocampi were then dissected from control or pilocarpine-

treated rats 30 minutes after the initial on set of stage V seizure and processed for sucrose 

gradient analysis as described below. Additional rats were processed 90 min or 24 hr 

after achieving SE.  

Linear sucrose gradient fractionation 

 Hippocampal tissues were homogenized and lysed in gradient buffer (20 mM Tris 

pH7.5, 100mM KCl, 5mM MgCl2) containing 100 µg/ml cycloheximide to arrest 

polyribosome migration and then lysed with 1% Triton X-100.  Cytoplasmic extracts 

were loaded on 15–45% (wt/vol) sucrose gradient, centrifuged at 39,000 rpm in a SW41 

rotor for 60 min at 4°C and fractionated as previously described(Feng et al., 1997a).  To 

dissociate polyribosomes, EDTA-treated lysate was centrifuged on a parallel gradient 

lacking MgCl2 but containing 1 mM EDTA.  For puromycin treatment, the hippocampi 
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were briefly homogenized in gradient buffer lacking cycloheximide but containing 2mM 

puromycin (Sigma) and incubated for 30min at room temperature followed by incubation 

on ice for 2 hours.  The hippocampal suspension was then lysed by the addition of 1% 

Triton X-100 and processed as described above.  After linear sucrose gradient 

fractionation, total RNA was extracted from each fraction by phenol-chloroform 

extraction then divided into 3 equal fractions to which 1/10 of the volume of 3M sodium 

acetate and 1ml of 100% ethanol was added and incubated at -80°C overnight.  The 

samples were centrifuged at 14000rpm for 30 minutes, and then washed with 75% 

ethanol.  The resulting RNA pellets were air-dried and resuspended in 10µL of RNAse-

free dH2O.  cDNA was then made from the entire 10µL of RNA using the superscript 

reverse transcriptase II kit (Invitrogen) before performing either real time or semi-

quantitative RT-PCR described below.  

Tetraethylammonium (TEA)-evoked neuronal activation.  

 Primary hippocampal neurons from E18 Sprague Dawley rats cultured on 

coverslips (Banker and Cowan, 1977) were transfected using CalPhos Mammalian 

Transfection Kit (Clontech) with d2EGFP reporter constructs fused with either the SV40 

3’UTR, the BDNF short 3’UTR, or the BDNF long 3’UTR on DIV 16 and imaged on 

DIV 21. Before imaging, neurons were changed from culture medium to HEPES buffered 

recording solution (HBS) (140mM NaCl, 5mM KCl, 2mM CaCl2, 1.5mM MgCl2, 10mM 

glucose, 25mM HEPES, pH 7.4).  Coverslips with cells were mounted onto a heating 

chamber and warmed to 37°C during imaging.  Images were acquired using a Nikon C1 

laser scanning confocal system on a Nikon inverted microscope. The first image was 

taken while neurons were incubated in HBS before being changed to chemical long term 
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potentiation (cLTP) medium (140mM NaCl, 5mM KCl, 5mM CaCl2, 0.1mM MgCl2, 

10mM glucose, 25mM HEPES, pH 7.4 and 25mM TEA); a second image was then taken 

10 minutes after incubation with cLTP medium.  To reliably detect any changes in 

fluorescence, each cell was imaged before and after cLTP with the exact same parameters 

(laser power, pinhole size, gain, contrast, and section number). 

Kindling 

 A twisted bipolar stainless steel stimulation/recording electrode was implanted in 

the right olfactory bulb using the following coordinates with the confluens sinuum as 

reference: 1.0 mm anterior, 1.0 mm right, and 1.2 mm ventral from dura. The surgery was 

performed under avertin (tribromoethanol 1.9%; 0.25 ml/g BW; i.p.) anesthesia. After a 7 

day recovery period the kindling procedure was started with determination of the after 

discharge threshold (ADT), i.e. the lowest stimulation intensity at which an 

electrographic seizure > 5 sec can be elicited. The biphasic constant current stimulation 

consisted of a 1s train of 1ms single pulses applied at 60 Hz. The starting current for the 

ADT determination was 20 mA and subsequent increases were done in 20 mA steps. No 

significant difference in ADT was detected in the wt and the BNDF klox/klox mutant groups. 

Thereafter, two daily stimulations at least 7 hrs apart, were given at the ADT current 

intensity. Evaluation of the afterdischarge durations (AD) in response to stimulation was 

performed offline and blinded for the genotype. In addition, EEG and behavioral seizures 

were observed and recorded. Behavioral seizures were scored according to a modified 

seizure classification scale (Racine et al., 1972) as follows: Stage 1: arrest and facial 

clonus; stage 2: head nodding; stage 3: unilateral forelimb clonus; stage 4: rearing and 

bilateral fore limb clonus; stage 5: rearing, loss of postural control, fore and hind limb 
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clonus; stage 6: running and/or bouncing. Animals were stimulated until reaching a fully 

kindled stage (criterion: 10 stage 5 seizures). The mice were sacrificed for further 

processing in immunohistochemistry at either 30 min or 24 hrs after the last seizure, with 

the genotype in each animal blinded until all the images were quantified.  

Immunocytochemistry 

 pTrkB staining:  Brain slices were blocked in PBS containing 0.01% Triton X-

100, 2% BSA and 1mM sodium orthovanadate (Sigma) for 1 hour before being incubated 

overnight at 4˚C with p-TrkB antibody (1:200) in blocking solution.  After washing 3X10 

minutes in PBS containing 1mM sodium orthovanadate, the slices were incubated with 

anti-rabbit-FITC (1:1000 from Jackson Immunoresearch) in PBS containing 1mM 

sodium orthovanadate at room temperature for 1 hour.  After washing 3X10 minutes with 

PBS containing 1mM sodium orthovanadate, the brain slices were mounted with a DAPI-

containing mounting solution.  Fluorescent signals were detected using the Zeiss 

(Oberkochen, Germany) LSM 510 confocal microscopic imaging system.  The 

fluorescent intensity was measured using ImageJ (NIH).   

In situ hybridization 

 The probe for in situ hybridization was constructed by isolating a 350 bp fragment 

of the long 3’UTR BDNF mRNA using mouse hippocampal cDNA as a template for 

PCR using BDNF long specific primers described below.  The resulting fragment was 

cloned into pDrive (Qiagen) and sequenced for orientation and fidelity of probe.  The 

vector containing the fragment was linearized by XhoI for T7 transcription (antisense 

strand – sense probe) or by PstI for SP6 promoter (sense strand – antisense probe).  The 
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linearized plasmid was then in vitro transcribed with digoxigenin labeled rUTP using T7 

or SP6 polymerases (Stratagene) following manufacturer’s protocol.    

 In situ hybridization was performed on 30 µm thick brain slices from both wild 

type and Bdnfklox/klox mice as previously described (Tongiorgi et al., 1998) with some 

minor modifications.  Slices were incubated in 4% paraformaldehyde (PFA) at room 

temperature for 3 hours.  Then the slices were washed 2X5 min in PBST (1XPBS + 0.1% 

Tween-20) and then quickly with deionized H2O (dH2O), before permeablization with 

2.3% Na meta-periodate (Sigma) in dH2O for 5 min at room temperature.  Followed by a 

quick wash with dH2O, then incubated with 1% NaBH4 (Sigma) in 0.1M Tris pH 7.5 for 

10 min at room temperature.  After 2X3 min washes with PBST, the slices were treated 

with 8µg/mL of proteinase K in PBST for 15 min at room temperature and then washed 

2X5 min in PBST.  The slices were fixed in 4% PFA for 5 min at room temperature and 

then washed 3X10 min with PBST.  After these steps, the slices were prehybridized by 

incubating at 55°C in hybridization buffer (20mM Tris pH 7.5, 1mM EDTA, 1X 

Denhardt’s solution, 300mM NaCl, 0.5mg/mg salmon sperm DNA, 0.5 mg/ml yeast 

tRNA, and 50% formamide) for 1 hour.  The brain slices were then hybridized overnight 

at 55°C in hybridization buffer containing 10% dextran sulfate and 100 ng/mL of the full 

length sense or antisense digoxigenin labeled riboprobes, described above.  The next day 

the slices were washed as follows:  1) 2X 30 min in 2X SSCT (2XSSC +0.1% Tween-20) 

containing 50% formamide at 55°C.  2) 1X 20 min in 2X SSCT at 55°C.  3) 1X 30 min in 

0.2X SSCT at 60°C.  4) 1X 30 min in 0.1X SSCT at 60°C.  5) 3X 5 min in TBS (50mM 

Tris pH 7.5 and 150mM NaCl).  After these washes, the slices were blocked in 1X 

blocking solution (Roche), diluted in TBS, for 2.5 hours at room temperature.  The slices 
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were incubated overnight at 4°C with anti-digoxigenin-IgG (Roche, 1:500) in blocking 

solution.  The next day, slices were washed 5X 10 min with TBST (TBS with 0.1% 

Tween-20) at room temperature followed by incubation with mouse IgG coupled to 

alkaline phosphatase (Jackson, 1:2000).  The slices were then washed 4X 10 min in 

TBST and 1X 10 min in TBST containing 1mM levamisole (Sigma), to block 

endogenous alkaline phosphatase activity.  The signal was detected by incubating the 

slices with one step NBT/BCIP (4-nitro blue tetrazolium/5-brom-4-chloro-3-indolyl-

phosphate) (Promega), until a purple color was observed.  After washing the slices 3X 

5min in TE buffer (10mM Tris pH 7.5, 1mM EDTA) to stop the reaction, they were 

mounted onto slides using AquaPolymont (Polysciences, Inc.) and covered with a glass 

cover slip.  Images of the stained hippocampus were taken with Retica digital camera 

attached to light microscope.   

RT-PCR and real-time RT-PCR 

 Total RNA extracted by Trizol was quantified by OD260 reading and quality was 

confirmed by ethidium bromide-stained agarose gel electrophoresis prior to RT-PCR. 

Reverse transcription was performed using 2µg of total RNA with random primers 

(Promega) and Superscript II RNaseH-reverse transcriptase (Invitrogen), followed by 

PCR analysis.  The following primers were used to detect pan BDNF mRNA: 5’-

tggctgacacttttgagcac-3’ (forward), 5’-ccagccaattctctttttgc-3’ (reverse); BDNF long 

3’UTR mRNA:  5’-tggcctaacagtgtttgcag-3’ (forward), 5’-ggatttgagtgtggttctcc-3’ 

(reverse). Previously published primers were used to detect BDNF mRNAs that carry 

various 5’ exons (Aid et al., 2007)  and  GAPDH mRNA was detected as described 

previously (Zhao et al., 2006).  
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 Semi-quantitative PCR was performed by 32P-radiolabeling of the forward primer 

by T4 Polynucleotide kinase (NEB).  Briefly, 5 pmoles of the forward primer was 

incubated with 32P-γATP and 10 units of T4 Polynucleotide Kinase for 20 min at 37°C.  

The reaction was stopped by heat-inactivation for 10 min at 65°C.  PCR was performed 

by adding 0.5µL of 32P-labeled primer to the standard reaction mixture.  Normal PCR 

conditions were used with 20 cycles of amplification.  Then 10µL of reaction was run on 

a 12% polyacrylamide gel, which was then exposed to phosphoscreen.  The radiolabeled 

signal was then detected by Typhoon phosphoimager and signal quantified by using the 

Qimager program.   

 Real time PCR was performed using iCYCLER (BioRad) and SYBR-green 

master mix (NEB), per manufacturer’s protocol.  Basically, 5µL of template was mixed 

with 5µL of 2.5µM mixed primer set then 10µL of 2X reaction buffer was added. 

Standard curves were established for all primers using reverse transcribed cDNA from 

serial dilutions of a 50 ng/µL mouse hippocampal total RNA.  The following primer pairs 

were used for real-time detection:  pan BDNF: 5’-gccgcaaacatgtctatgagggtt-3’ (forward), 

5’-ttggcctttggataccgggacttt-3’ (reverse); long 3’UTR BDNF: 5’-caggaggaatttctgagtggcca-

3’ (forward), 5’-gcagaaggcctaagcaacttgaca-3’ (reverse); GAPDH: 5’-

cacagtcaaggctgagaatgggaa-3’ (forward), 5’-gtggttcacacccatcacaaacatg-3’ (reverse); 

firefly luciferase:  5’-aagattcaaagtgcgctgctggtg-3’ (forward), 5’-ccgcttccccgacttccttagag-

3’ (reverse), and cfos:  5’-agaaggggcaaagtagagcag-3’ (forward), 5’-

cgcagacttctcgtcttcaagt-3’ (reverse).
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Chapter 3:  Deficiency of the fragile X mental retardation protein 

results in dysregulated MAP1B translation and aberrant mossy fiber 

projection during hippocampal development 
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3.1 Introduction 

Fragile X Syndrome (FXS), the most common inherited form of mental 

retardation, results from the loss of the fragile X mental retardation protein (FMRP) 

(Bardoni and Mandel, 2002; Jin and Warren, 2003; O'Donnell and Warren, 2002).  

FMRP is a selective RNA-binding protein highly expressed in brain neurons (Devys et 

al., 1993), transported with its mRNA ligands into dendrites and developing axonal 

growth cones, and known to regulate translation of its target mRNAs (Antar et al., 2006; 

Miyashiro et al., 2003; Muddashetty et al., 2007). Translational dysregulation in the 

somatodendritic compartments, as a result of lacking functional FMRP, is believed to 

underlie the pleotropic clinical phenotypes in FXS patients, including learning and 

memory deficits, autism, and increased susceptibility to epilepsy since early childhood 

(Berry-Kravis, 2002; Garber et al., 2008; Musumeci et al., 1999; Sabaratnam et al., 

2001).   Close to 400 mRNA targets have been identified for FMRP, many of which play 

important roles in neuronal development and synaptic plasticity (Brown et al., 2001; 

Darnell et al., 2001; Miyashiro et al., 2003; Zalfa et al., 2003).  Indeed, FMRP-dependent 

protein synthesis in response to neuronal stimulation is demonstrated to be essential for 

governing normal metabotropic glutamate receptor-mediated long-term depression 

(mGluR-LTD) in mouse hippocampus (Huber et al., 2000).  In addition, the lack of 

FMRP causes defects in dendritic spine maturation in FXS patients as well as Fmr1 

knockout (Fmr1 KO) mice (Comery et al., 1997; Grossman et al., 2006; Irwin et al., 

2000; Irwin et al., 2001; Nimchinsky et al., 2001; Reiss et al., 1991), indicating the 

functional importance of FMRP in controlling synaptic development.  Moreover, 
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emerging evidence also suggests a pre-synaptic role of FMRP (Antar et al., 2006; 

Christie et al., 2009), which conceivably may play equally important functions in 

controlling synapse formation and function as shown in a Drosophila model of FXS 

(Gatto and Broadie, 2008; Michel et al., 2004; Pan et al., 2004).  However, whether and 

how FMRP indeed governs axonal development in the mammalian brain has not been 

demonstrated. Moreover, no comprehensive model is currently available to connect 

dysregulated translation of FMRP mRNA targets to synaptic development. 

An extensively characterized mRNA target of FMRP encodes the brain specific 

microtubule associated protein (MAP) 1B, which is the first MAP expressed in the 

embryonic brain (Ma et al., 1997; Ohyu et al., 1997) and plays key roles in early neuronal 

development (Dehmelt and Halpain, 2004; Gonzalez-Billault et al., 2004; Gordon-Weeks 

and Fischer, 2000). Vigorous up-regulation of MAP1B drives active neuronal processes 

extension (Gonzalez-Billault et al., 2002; Goold and Gordon-Weeks, 2001; Gordon-

Weeks and Fischer, 2000), followed by a gradual decline of MAP1B when robust axonal 

growth is largely completed and synapse formation begins (Lu et al., 2004; Ma et al., 

1997). Precise production of MAP1B is crucial for proper neuronal network formation, 

likely via modulating microtubule dynamics. Indeed, MAP1B deficiency results in a 

range of deficits in axonal extension and path finding (Bouquet et al., 2004; Brugg et al., 

1993; Edelmann et al., 1996; Gonzalez-Billault et al., 2001; Meixner et al., 2000; Takei et 

al., 2000), and over production of MAP1B in fragile X mouse neurons leads to aberrant 

microtubule stability (Lu et al., 2004).  However, whether and how FMRP indeed 

represses MAP1B translation, and the functional consequence of MAP1B dysregulation 

in brain development due to FMRP deficiency still remains elusive.   
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Here we show that acute knockdown of FMRP by siRNA increased MAP1B 

translation in culture and significantly enhanced neurite extension.   In addition, the lack 

of FMRP results in abnormal up-regulation of MAP1B protein in the mossy fibers (MFs), 

the projection of axons from the dentate gyrus granular cells that form synapses with 

CA3 dendrites.  Importantly, elevated MAP1B in Fmr1 KO MFs is accompanied by 

aberrant MF projection and significantly increased deposition of the zinc transporter 3 

(ZnT3) in MFs. Taken together these data provide the first evidence that FMRP plays 

important roles in axonal development in the mammalian brain. The temporal association 

of MF developmental abnormality with MAP1B dysregulation suggests that MAP1B is a 

pathologic target contributing to the abnormality in early neuronal network development 

due to the loss of FMRP. 

3.2 Results 

3.2.1 FMRP represses translation of MAP1B mRNA 

 Previous studies clearly indicated that FMRP associates with the MAP1B mRNA 

in the brain and the lack of FMRP in Fmr1 KO neurons results in elevated MAP1B 

protein expression without altering the levels of MAP1B mRNA (Brown et al., 2001; 

Darnell et al., 2001; Lu et al., 2004; Zalfa et al., 2003; Zhang et al., 2001b).  However, 

direct evidence for FMRP repression of MAP1B translation has not been demonstrated. 

To address this question, we chose to acutely knock down FMRP, thus avoiding potential 

adaptations in Fmr1 KO neurons that may indirectly affect MAP1B translation.  The 

immortalized cortical neuron cell line CAD is an ideal model system, which harbors high 

levels of FMRP and MAP1B expression as seen in embryonic neurons, can be transfected 



 

  

 

91 

with high efficiency and induced for rapid neurite outgrowth in a synchronized manner.  

As shown in Figure 3-1a, Fmr1 siRNA-treatment, by two distinct siRNAs, markedly 

reduced FMRP protein levels and increased MAP1B protein expression at the steady state 

as compared to that in cells treated with a negative control siRNA that harbors no 

sequence complementarity with any mammalian mRNA (Figure 3-1a). No change in 

MAP1B mRNA levels was detected in the Fmr1 siRNA-treated cells by quantitative 

RNase protection analysis (Figure 3-1b). Furthermore, we directly measured the function 

of FMRP on translation of MAP1B based on metabolic labeling. In this experiment, 35S-

Met pulse-labeled MAP1B in Fmr1 siRNA-treated cells and negative siRNA-treated cells 

were immunoprecipitated and quantified by scintillation count (Figure 3-1c). A 

significant increase of the newly synthesized MAP1B protein was detected in response to 

FMRP knockdown (Student’s t-test, P<0.01, n=4), providing direct evidence that FMRP 

indeed repress translation of MAP1B.   

3.2.2 FMRP siRNA promotes neurite extension and resistance to neurite 

retraction in response to microtubule disruption in cultured cells.  

Considering the role of MAP1B in promoting neurite growth, we next questioned 

whether FMRP knockdown might influence neurite development.  Fmr1 siRNA or the 

negative control siRNA was transfected into proliferating CAD cells along with a 

plasmid encoding the green fluorescent protein (GFP) to mark transfected cells, which 

routinely yields ~50-75% cells expressing GFP.   Cells were induced for differentiation 

24 hrs after transfection, and images of GFP-positive cells in random fields at various 
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Figure 3-1:  FMRP represses translation of MAP1B mRNA.  a) Western blot analysis 

showing knockdown of FMRP by two different siRNAs leads to increased levels of 

MAP1B expression.  eIF5α was used as a loading control.  b) RPA analysis illustrates 

that fmr siRNA does not alter MAP1B mRNA levels.  The MAP1B mRNA level was 

normalized to that of GAPDH and the average result was depicted underneath of the 

representative image.  c) Metabolic labeling of Fmr1 siRNA treated cells indicates 

increased translation of MAP1B mRNA.  Immunoprecipitation of labeled MAP1B was 

quantified by scintillation counts (Student t-test: * indicates p<0.01, n=4).  The inset 

shows a representative image of 35S-MAP1B on SDS-PAGE. 
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Figure 3-1 

 

 

  



 

  

 

94 

time points of differentiation were captured for quantitative analysis of total neurite 

length, longest neurite and number of neurites.  

As shown in Figure 3-2a, Fmr1 siRNA-treated cells, marked by GFP, harbor 

longer neurites.  Quantitative analysis revealed that the total neurite length in Fmr1 

siRNA-treated cells was increased 31% and 75% after 24 and 65 hours of differentiation, 

respectively (Figure 3-2b). In addition, a 42% and 75% increase after 24 and 65 hours, 

respectively, was also observed when measuring the longest neurite of Fmr1 siRNA-

treated cells as compared to that in control siRNA-treated cells (Figure 3-2c).  

Furthermore, the number of protruding neurites was moderately reduced in the Fmr 

siRNA treated cells than control siRNA treated (Figure 3-2d).  These results clearly 

indicate that knocking down FMRP leads to increased neurite extension.  

Since MAP1B stabilizes microtubules (Takemura et al., 1992; Tint et al., 2005) 

and FMRP knockdown increases MAP1B protein levels (Figure 3-1a), we tested whether 

FMRP knockdown may attenuate neurite retraction in response to microtubule disruption. 

Considering the fact that MAP1B is particularly effective in protecting microtubules from 

depolymerization caused by nocodazole (Noiges et al., 2002), a commonly used 

microtubule destabilization reagent, we exposed Fmr1 siRNA-treated and control siRNA-

treated cells that had undergone 65 hrs of differentiation to nocodazole in parallel 

experiments.  As shown in Figure 3-3a, obvious neurite shortening was detected in 

nocodazole-treated cells as compared to mock-treated cells.  Interestingly, nocodazole 

caused more than 40% of control siRNA-treated cells to lose their neurites, whereas only 

~10% of Fmr1 siRNA-treated cells lost neurites.  Quantitative analysis further revealed 

that in control siRNA-treated cells the neurite length was shortened 56% after nocodazole 



 

  

 

95 

 

Figure 3-2: Knockdown of FMRP by siRNA increases neurite extension in 

differentiating CAD cells.  a) Representative light images of CAD cells transfected with 

either control (ctr) siRNA or Fmr siRNA at 24 hours after differentiation. b) Transfection 

of Fmr siRNA into CAD cells significantly increases the total neurite length at 24, 36, 

and 65 hours after differentiation as compared to that in ctr siRNA treated cells 

(Student’s t-test, * indicates p<0.05 and **p<0.01).  c) Knock down of FMRP in CAD 

cells by siRNA increases the length of the longest neurite upon induced differentiation 

for 36 or 65 hours compared to ctr siRNA (Student’s t-test was performed on each time 

point, *indicates p<0.05 and ***indicates p<0.001).  For (b) and (c), three independent 

experiments were conducted.  More than 70 cells from randomly selected fields were 

measured in each experiment.  d) The number of neurites in control siRNA-treated and 

Fmr siRNA-treated cells. Results represent measurement from three independent 

experiments, each contain more than 50 randomly selected cells that were subjected to 

neurite counting (Two-way ANOVA, p>0.05).
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Figure 3-2 
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Figure 3-3: Knocking down FMRP by siRNA leads to increased resistance to neurite 

retraction caused by microtubule depolymerization.  a) Control- and Fmr1-siRNA-

treated cells that underwent 65 hrs of differentiation were exposed to mock-treatment or 

60 nM of nocodazole (Noc) for 4 hrs.  b) Quantification of percentage of neurite 

retraction in control-siRNA-treated and Fmr1-siRNA-treated cells in response to 

nocodazole-treatment, calculated based on comparison with the average total neurite 

length in the corresponding mock-treated cells.  More than 50 randomly selected cells 

were measured in each group. (** indicates P<0.01 by student t-test) 
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Figure 3-3 
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treatment, whereas in Fmr1 siRNA-treated cells the neurite length was reduced 36% 

(Figure 3-3b). Therefore, knocking down FMRP expression significantly increased the 

resistance to neurite shortening in response to microtubule depolymerization, a predicted 

consequence of elevated MAP1B production. 

3.2.3 Knocking down MAP1B expression results in aberrant neurite protrusion 

in culture. 

To understand the function of MAP1B in neuritogenesis, we designed a double 

stranded small interfering RNA that is predicted to knockdown MAP1B expression by 

RNA interference (RNAi). This siRNA was transfected into proliferating CAD cells 

together with a plasmid encoding the green fluorescent protein (GFP) to monitor 

transfection efficiency. In addition, a negative control siRNA that does not harbor 

sequence complementarities with any mammalian mRNA was employed in parallel 

transfection.  24 hrs after transfection, cells were induced for differentiation, and images 

of GFP-positive cells in random fields at various differentiation stages were captured for 

quantitative analysis. 

As shown in Figure 3-4a, the MAP1B siRNA clearly leads to reduced MAP1B 

protein expression as compared to that in control siRNA-treated cells. The translation 

initiation factor 5α (eIF5α) was used as a loading control because it was abundantly 

expressed at steady levels during CAD cells differentiation.  Interestingly, reduction of 

MAP1B did not ablate neurite outgrowth. Instead, many cells aberrantly protrude more 

short primary neurites after 24 hrs of differentiation (Figure 3-4b). Quantitative analysis 

revealed that more than 50% of MAP1B siRNA-treated cells harbor 5-8 primary neurites, 
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Figure 3-4:  Knocking down MAP1B by siRNA results in aberrantly increased 

neurite protrusion.  a) Immunoblot analysis detects a marked reduction of MAP1B by 

siRNA.  24 hrs after transfection, cells were induced for differentiation for 24 hrs before 

harvested for immunoblot analysis.  The translation initiation factor 5α (eIF5α) was used 

as a loading control.  b) Representative image of control- or MAP1B-siRNA-tretaed cells 

after 60 hrs of differentiation. The increased protrusions of filiapodia from primary 

neurites are marked by the white arrows in the MAP1B-siRNA-treated cell.  c) 

Quantitative analysis of neurite numbers in control-siRNA-treated cells or MAP1B-

siRNA-tretaed cells. More than 70 cells from randomly selected fields in three 

independent experiments were analyzed. Percentage of cells carrying various numbers of 

neurite was calculated and graphically displayed.  (Two-way ANOVA, * indicates 

p<0.05).   
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Figure 3-4 
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whereas in control siRNA-treated cells greater than 90% of cells harbor no more then 4 

primary neurites  (Figure 3-4c).  Neurites in MAP1B siRNA-treated cells were able to 

extend, however with more filopodia protrusions as compared to that in control siRNA-

treated cells (Figure 3-4b), consistent with a previous report showing increased growth 

cones in primary cultured neurons derived from a hypomorphous MAP1B mutant 

(Gonzalez-Billault et al., 2001). 

3.2.4 Loss of FMRP leads to aberrantly elevated MAP1B protein levels in 

hippocampal mossy fiber axons during neonatal development  

 Development of the hippocampal MF axons starts during the first few postnatal 

days in mice (Stirling and Bliss, 1978).  Between postnatal days 5-9 (P5-9), MF axons are 

rapidly projected from the DGCs, passing the hilus and approaching the CA3 area 

(Amaral and Dent, 1981).  By P15, MF buttons have formed synapses with CA3 

pyramidal neurons and spikes can be elicited in the CA3 dendrites (Bliss et al., 1974).  

Maturation of MF terminals is indicated by the deposition of zinc into synaptic vesicles 

(Slomianka and Geneser, 1997), which can be detected by Timm staining, the classical 

method for zinc detection in the MF tracks (Danscher, 1981; Danscher and Zimmer, 

1978). As shown in Figure 3-5a, no Timm staining was observed at P7 in normal 

hippocampus. However, robust Timm signals were clearly detected at the age of P15, 

indicating vigorous maturation of the MF terminals in the second postnatal week. Our 

previous studies showed that in P7 Fmr1 KO hippocampus, abnormal increase of 

MAP1B protein was mainly detected in the hilus where MFs just begin to form (Lu et al., 

2004).  At the age of P15 when MFs are fully projected to the CA3 region, MAP1B 
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Figure 3-5: Abnormally elevated MAP1B protein in the hippocampal mossy fibers 

of P15 Fmr1 KO mice.  a) Timm staining of wild type hippocampus at postnatal day 7 

shows little to no zinc deposition.  However, the P15 wild type hippocampus 

demonstrates increased zinc in the suprapyramidal (Sup) and infrapyramidal (IP) mossy 

fiber projections emanating from the dentate gyrus to the CA3 of the hippocampus, 

indicating synapse formation and maturation.  b) Immunostaining of MAP1B in 

hippocampus from wild type and Fmr1 KO mice at P15.  MAP1B expression is 

demonstrated at low levels in the hilus (arrowhead), with a majority of staining in the 

suprapyramidal mossy fiber bundle (arrows), with a marked increase in the Fmr1 KO 

mouse. 
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Figure 3-5 
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declined to low levels in the hilus, but became concentrated in the suprapyramidal (SPB) 

and infrapyramidal (IFB) bundles of the MF tracts (Figure 3-5b, left panel), suggesting a 

role of MAP1B in extension and maturation of MF axons. Importantly, it was the MF 

bundles that harbor elevated MAP1B expression in the Fmr1 KO mice at this age (Figure 

3-5b, right panel).  Thus, in the hippocampus the MF track is the major location for 

dysregulated MAP1B as a result of FMRP deficiency.   

3.2.5 Colocalization of FMRP and MAP1B mRNA in the mossy fiber terminals 

 Previous studies showed that FMRP could be detected in axonal growth cones in 

cultured neurons (Antar et al., 2006) and in the CA3 stratum lucidem of the hippocampus 

(Christie et al., 2009), raising a hypothesis that FMRP may regulate translation locally 

within the developing axons. To explore whether FMRP and MAP1B mRNA can be 

colocalized to hippocampal MF axons, we performed immunofluorescent staining for 

FMRP simultaneously with fluorescent in situ hybridization (FISH) for MAP1B mRNA 

in P15 hippocampus. The specificity for FMRP detection (red, Figure 3-6a,i) was 

confirmed by the complete absence of signal in Fmr1 KO controls (Figure 3-6a, ii and v).  

Consistent with previous reports, a majority of FMRP was detected in the somata of CA3 

neurons. However, colocalization of FMRP with zinc transporter 3 (ZnT3, green), which 

is responsible for loading free zinc into synaptic vesicles (Palmiter et al., 1996) thereby 

marking the MF axonal terminals, can be clearly detected in the stratum lucidem of the 

hippocampal CA3 region (Figure 3-6a, iii) as well as in the SPB and IFB along the CA4 

neurons  (Figure 3-6a, iv).  The colocalized signal of FMRP and ZnT3s in the 

aforementioned regions can be determined using the Coloc Software from Imaris.  In  
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Figure 3-6:  Colocalization of FMRP and MAP1B mRNA in axonal terminals.  a) 

Immunostaining of FMRP (red) localizes with the synaptic vesicle targeted zinc 

transporter 3 (ZnT3, green) in the CA3 stratum lucidem (sl, part i, iii) and also the 

suprapyramidal (SPB) and infrapyramidal (IFB) bundles (iv).  Fmr1 KO mice slices were 

used as negative control for FMRP staining (ii, v).  b) Colocalization of FMRP (red) and 

MAP1B mRNA (green) in the CA3 region of mouse hippocampus (i). Colocalization of 

FMRP and MAP1B mRNA with calbindin (axonal marker, purple, ii) in the axonal 

terminals in the stratum lucidem.  Magnified image shows colocalization of FMRP-

MAP1B mRNA-calbindin (yellow arrows, iii) of a section of the stratum lucidem (ii).
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Figure 3-6 
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Figure 3-7:  Overprojection of hippocampal mossy fibers with increased ZnT3 in 

Fmr1 KO mice.  a) Staining of the hippocampus of P15 wild type and Fmr1 KO mice 

with ZnT3 (green) indicates overprojection of infrapyramidal bundle (IFB) in Fmr1 KO 

mice (DAPI – blue).  The white line represents measurement of the suprapyramidal 

bundles (SPB) and yellow line the measurement for the IFB used for quantification in 

(B).  b) Quantification of the increased ratio of IFB length normalized to that of SPB in 

Fmr1 KO mice compared to wild type.  (Student’s t-test, *** indicates P<0.001, n=5).  c) 

Quantification of increased staining of ZnT3 in the stratum lucidem (SL) of the CA3 

region in the fmr1 KO mice.  (Student’s t-test, *** indicates P<0.001, n=5).  d) 

Measurement of ZnT3 staining in the suprapyramidal (SBP) bundle above CA4 shows no 

significant change between wild type and Fmr1 KO mice.  (Student’s t-test, p>0.05, n=5).  
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Figure 3-7 
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addition, colocalization of the MAP1B mRNA FISH signal (green) with FMRP (red) can 

be detected in the CA3 soma as well as in the MFs in the CA3 stratum lucidem (Figure 3-

6b, i). Furthermore, the extracted colocalization of FMRP and MAP1B mRNA signals 

(white, Figure 3-6b, ii) was superimposed to MF axons marked by calbindin (pink, Figure 

3-6b, ii) (Abraham et al., 2009), which shows colocalized FMRP and MAP1B mRNA in 

the MF terminals (yellow arrows, Figure 3-6b, iii).  These data suggest a possibility that 

FMRP may also regulate local translation of MAP1B in the developing MFs, which in 

turn controls MF projection and synapse formation.   

3.2.6 Abnormal projection of MFs and increased ZnT3 in the mossy fibers of 

Fmr1 KO mice during hippocampal development 

 The well-known role of MAP1B in controlling axon extension and path finding 

(Bouquet et al., 2004; Brugg et al., 1993; Edelmann et al., 1996; Gonzalez-Billault et al., 

2001; Meixner et al., 2000; Takei et al., 2000) and the aberrantly increased MAP1B in 

Fmr1 KO MFs (3.2.5) led us to explore whether Fmr1 KO mice display abnormalities in 

MF development.  P11-15 is a particularly interesting time window as it is the peak for 

synapse formation between MFs and CA3 dendrites (Amaral and Dent, 1981).  The ratio 

of the length in the IFB and the SPB is a well accepted measurement to examine 

abnormal MF projection (Bagri et al., 2003), which is then employed to examine MF 

projection marked by immunofluorescence of ZnT3 in wt and Fmr1 KO mice in parallel. 

As shown in Figure 3-7a, abnormal appearance of the IFB is observed in a P15 Fmr1 KO 

mouse as compared to that in the wt littermate, characterized by the inability of the IFB 

to cross the CA4 soma layer and overprojection toward CA3 stratum pyramidal.  Results 
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derived from multiple independent experiments clearly showed an increase in the ratio of 

IFB length to SPB length in the Fmr1 KO mice as compared to that in wt controls at P15 

(Figure 3-7b). A similar trend of IFB over projection was also observed at the age of P11, 

although not reaching statistical significance (data not shown). This result is consistent 

with the known function of MAP1B in promoting axonal extension and the enhanced 

MAP1B translation and neurite growth as a result of FMRP deficiency (3.2.1 -3.2.3).   

Besides the aberrant MF projection, we were intrigued to find that ZnT3 staining 

intensity was significantly increased in Fmr1 KO MFs as compared to that in wt controls. 

At the age of P15, the increased ZnT3 signal is significant in the stratum lucidem of Fmr1 

KO mice (Figure 3-7c, d), which is the location for synapse formation by these MF 

axons.  Consistent with the temporal profile of MF development, a similar level of ZnT3 

intensity was detected in the SPB above CA4 at P11 (data not shown).  Considering the 

fact that ZnT3 is responsible for zinc deposition into presynaptic vesicles, the increased 

ZnT3 expression in Fmr1 KO MFs most likely will lead to increased zinc release upon 

presynaptic activation. 

We next questioned whether the ZnT3 mRNA is a potential target of FMRP and 

whether the increase of ZnT3 in MFs is due to a general up-regulation of ZnT3 protein 

expression in the Fmr1 KO hippocampus. As shown in (Figure 3-8a), the ZnT3 mRNA 

does not associate with the immunoprecipitated-FMRP complexes isolated from P15 wt 

hippocampus.   In addition, the loss of FMRP does not affect the global expression of 

either ZnT3 mRNA (Figure 3-8b) or protein (Figure 3-8c) in the Fmr1 KO hippocampus.  

Thus, the specific increase of ZnT3 in the Fmr1 KO MF tracts is most likely a result of 

over-growth of MFs or increased presynaptic vesicles similar to what was reported in the 
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Figure 3-8:  Loss of FMRP does not effect global ZnT3 mRNA or protein levels.  a) 

RT-PCR analysis of ZnT3 and MAP1B mRNA from total input lysate (input) and 

immunoprecipitated FMRP-RNA complexes (IP).  A reaction lacking reverse 

transcriptase (-RT) was performed as a negative control.  b) Real time RT-PCR 

quantification of total mRNA isolated from hippocampus of P15 wild type and fmr1 KO 

mice demonstrates no change in ZnT3 mRNA levels. (Student’s t-test, P>0.05. wt n=3, 

ko n=5).  c) Western blot analysis for ZnT3 of hippocampal lysates from P15 wild type 

and Fmr1 KO mice (top).  β-actin was used as a loading control.   Quantification of ZnT3 

protein levels normalized to β-actin shows no change in ZnT3 expression levels between 

wild type and Fmr1 KO mice (bottom).  (Student’s t-test, P>0.05, wt n=3, ko n=5). 
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Figure 3-8 
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axonal bouton of dfmr1 flies (Pan et al., 2004). Considering the role of zinc in activating 

MMP- 9, which in turn suppresses dendritic spine maturation, the increased ZnT3 in 

Fmr1 KO MFs potentially contributes to the delayed dendritic spine maturation and 

aberrant synapse formation (Bilousova et al., 2009). Furthermore, over-projection of the 

MFs in Fmr1 KO mice may provide the pathological structural base for the epileptiform 

in CA3 (Chuang et al., 2005), reminiscent to the well-known malformation of 

neurocircuitry designated as MF sprouting in epileptogenesis.   

 

3.3 Discussion 

 Our studies directly demonstrated that FMRP indeed acts to suppress MAP1B 

translation, and FMRP deficiency causes elevated MAP1B production.  The 

colocalization of FMRP with MAP1B mRNA in the developing MFs further suggests the 

possibility for FMRP to control local MAP1B translation. Consistent with the role of 

MAP1B in promoting neuronal processes extension and axonal path finding, increased 

MAP1B production as a result of FMRP deficiency is accompanied by over-growth of 

neurites in culture and abnormal projection of hippocampal MF axons.  Finally, the 

increase of ZnT3 in the Fmr1 KO MFs and the abnormality in MF projection provide an 

explanation of the defects in synaptic maturation at CA3 dendrites in Fmr1 KO mice.  

Taken together, these findings provide the first evidence that FMRP indeed governs 

presynaptic development in the mammalian brain, which is an important factor in 

synaptic development and the pathogenesis of FXS. 
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It is important to note that fragile X patients and Fmr1 KO mice only display mild 

neural pathologies, which to this point are characterized by deficits in dendritic spine 

maturation. It has been proposed that the functional consequence of lacking FMRP in 

neuronal development is partly compensated by the FXRPs, which are closely related 

family members of FMRP (Kaufmann et al., 2002). In this regard, the rapid knockdown 

of FMRP by RNAi and the synchronized induction of neuritogenesis in CAD cells 

presumably maximized the effect of FMRP on neuritogenesis.  However, since FMRP 

binds multiple mRNA targets (Brown et al., 2001; Darnell et al., 2001; Miyashiro et al., 

2003), it is conceivable that the enhanced neurite extension caused by FMRP RNAi is 

mediated by additional mechanisms besides elevated MAP1B production. 

On the other hand, FMRP-mediated translational suppression of MAP1B offers a 

counteracting mechanism to govern the precise production of MAP1B during neurite 

development, as indicated by the elevated MAP1B translation in response to RNAi-

mediated FMRP knockdown (Figure 3-1a).  This is a direct extension of our previous 

observation that FMRP is required to inhibit MAP1B translation during the 

developmentally programmed decline of MAP1B (Lu et al., 2004), which suggests that 

FMRP-mediated translation suppression also occurs during MAP1B up-regulation in the 

early phase of neuronal development.  The role of FMRP in suppressing MAP1B 

translation appears to be evolutionally conserved, since FMRP deficiency in Drosophila 

causes abnormally elevated expression of the MAP1B homologue Futsch, synaptic 

overgrowth and aberrant neuronal network elaboration (Pan et al., 2004; Zhang et al., 

2001b).  
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In fact, the FMRP-mediated changes in both dendrites and axons could alter the 

wiring of the neuronal network in the hippocampus.  The mossy fiber axons begin to 

develop and extend shortly after birth (Stirling and Bliss, 1978).   However, rapid growth 

of the mossy fibers occurs between postnatal days 5-9 (Amaral and Dent, 1981), which 

could be further increased in the absence of FMRP.  Interestingly, synaptic connections 

between the mossy fibers (presynaptic side) and the dendrites of the CA3 occur between 

P10 and P15 (Stirling and Bliss, 1978), leading to the question of what effects 

overprojection of the mossy fibers has on synaptogenesis and neuronal network 

formation.   

 An intriguing result that came from this study was the increased levels of ZnT3 in 

the stratum lucidem of the CA3.  Since ZnT3 primarily localizes to synaptic vesicles 

(Palmiter et al., 1996), the increased levels of ZnT3 could indicate an increase in synaptic 

vesicles.  This leads to the question of whether the increased vesicles are indicative of an 

increased number of axons originating from the dentate gyrus or increase in the vesicle 

pool.  In Drosphilia, the loss of dFMRP results in an enlargement of the presynaptic 

bouton and an increase in the accumulation of synaptic vesicles (Pan et al., 2004).  The 

presence of more ZnT3 in the axonal terminals of the hippocampal mossy fibers (Figure 

3-7c) could lead to increased loading of zinc into synaptic vesicles and/or an increase in 

the overall number of zinc containing vesicles.  Either scenario demonstrates the ability 

to increase zinc release into the synaptic cleft upon neuronal activity, where it acts as a 

neuromodulator affecting the function of a wide range of ion channels and receptors 

(Bitanihirwe and Cunningham, 2009).  The changes in levels of zinc could have profound 

effects on both physiological and pathological plasticity seen in Fmr1 KO mice.  



 

  

 

117 

Increasingly, activation of the tropomyosin kinase receptor B (TrkB) has been found to 

be important in both forms of plasticity (Hennigan et al., 2009; Minichiello et al., 2002).  

Emerging evidence demonstrates activation of TrkB by zinc causes an increase in long-

term potentiation of the mossy fiber-CA3 synapse independent of BDNF, the primary 

ligand for TrkB receptors (Huang et al., 2008).  Activation of TrkB is required for 

epileptogenesis (He et al., 2004), but activation is not completely reliant on BDNF as 

evident in BDNF knockout mice that exhibit only a delay not abolishment in kindling-

induced seizure development (He et al., 2004), suggesting the presence of additional 

ligands to mediate TrkB activation.  Thus the potentially increased release of zinc in 

Fmr1 KO mice could lead to robust and prolonged activation of TrkB, possibly inducing 

seizure formation that is a symptom of children with FXS (Berry-Kravis, 2002; 

Musumeci et al., 1999; Sabaratnam et al., 2001).  It would be of great interest to further 

explore the activation of TrkB in the hippocampal mossy fiber of Fmr1 KO mice, as a 

means of understanding seizure development in the absence of FMRP.   

 

3.4 Materials and Methods 

Cell culture, imaging, transfection and lysate 

The CAD cell line was maintained for proliferation in DMEM/F12 containing 8-

10% FBS (Invitrogen). Differentiation was induced by switching proliferating cells to a 

chemically defined media as described previously (Qi et al., 1997). For whole cell lysate 

preparation, CAD cells were harvested before being subjected to sonication in 1X 

Laemmli buffer (Li et al., 2000). Images of differentiating cells were captured using the 
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Olympus 1X51 inverted fluorescent microscope equipped with a Retiga monochrome 

cooled digital camera.  

Animals and Tissue Collection 

WT and Fmr1 KO mice were raised at the Emory University animal facility and 

treated in accordance with National Institutes of Health regulations and under approval of 

the Emory University Institutional Animal Care and Use Committee.  WT and Fmr1 KO 

littermates were produced by breeding heterozygous females with Fmr1 KO males in 

congenic background of C57BL6.  The genotype of each animal was initially mapped by 

PCR (Lu et al., 2004) and confirmed by immunoblot analysis of FMRP.  The mice were 

anesthetized by isoflurane and sacrificed by cervical dislocation.  The brains were 

dissected on ice to collect the hippocampus, followed by total RNA isolation using 

TRIzol extraction (Invitrogen), or subjected to preparation of whole tissue lysate (Wang 

et al., 2004).  For staining, the mice were perfused in 4% paraformaldehyde then were 

further processed for immunofluorescent studies.  

siRNA transfection and measurement of neurite extension   

Double stranded siRNA (100 nM) against mouse Fmr1 (set #1 – the sense strand 

sequence is 5’-AUGAAAAGAGCCUUGCUGGtt-3’ and antisense strand is 5’-

CCAGCAAGGCUCUUUUCAUtt-3’; set #2 – chemically modified double-stranded 

RNA that was pre-designed by Invitrogen), mouse MAP1B  (the sense strand sequence is 

5’-GGAACUCAAACUUUUCGUAtt-3’ and antisense strand is 5’-UACGAAAAGUUU 

GAGUUCCtt-3’), or the negative control siRNA #2 (Ambion) was co-transfected with 

4µg of pEGFP-C2 (Clontech) respectively into proliferating CAD cells at 50-60% 

confluence using Lipofectamine 2000 (Invitrogen). 24 hours after transfection, cells were 
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washed twice with PBS and then exposed to a chemically defined media to induce 

differentiation. Fluorescent images of a large number of randomly selected cells at 

various time points of differentiation were captured from parallel cultures and the neurite 

length was measured and calculated using the ImagePro Plus software (C-Square).   

Western Blot Analysis 

SDS-PAGE immunoblot analysis was performed using standard procedures (Lu et 

al., 2004).  Briefly, the blots were subjected to Ponceau S stain to ensure equal loading 

followed by blocking in 10% milk in PBST (1X PBS + 0.1% Tween-20) for 1 hr at room 

temperature.  The blot was then incubated with primary in 2% milk in PBST at the 

following dilutions for 2 hours at room temperature.  The primary antibodies were diluted 

as following: the antibody against eIF5a (1:5,000) was purchased from Santa Cruz; the 

antibodies against MAP1B (1:50,000) were characterized in previous reports (Ma et al., 

1997; Tint et al., 2005; Tint et al., 1998); the ZnT3 antibody was kindly provided by Dr. 

Palmiter (Palmiter et al., 1996); and the 1C3 monoclonal antibody against FMRP 

(1:2,000) was produced in house from the cell line generously provided by J-L Mandel.  

Next, the blots were washed 3 X 10 min in PBST then incubated with HRP conjugated 

secondary antibody (1:5000, Jackson Immunology)_in 2% milk for 30 min at room 

temperature.  The blots were washed again 3 X 10 min with PBST, then incubated with 

ECL reagent and exposed to film.   

Immunostaining and fluorescent in situ hybridization (FISH) 

Fluorescent in situ hybridization on coronal brain sections to detect MAP1B 

mRNA was performed as described previously with digoxigenin-labeled riboprobes 

(Muddashetty et al., 2007).  Briefly, MAP1B antisense and sense riboprobes were 
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generated by in vitro transcription using digoxigenin-labeled UTP. As a template for in 

vitro transcription, a cDNA fragment of MAP1B (NM_008634.1, nt 142-1484) was 

synthesized by PCR and cloned into the XhoI/EcoRI sites of pcDNA3 (Invitrogen). 

Following hybridization, riboprobes were incubated with peroxidase-conjugated anti-

digoxigenin antibody (sheep, Roche), anti-FMRP antibody (mouse, 2F5-1, gift from J. 

Darnell) and anti-Calbindin antibody (rabbit, Cell Signaling Technology). FMRP- and 

Calbindin-specific signals were detected with Cy3-coupled mouse, and Cy5-coupled 

rabbit antibodies, respectively. Peroxidase activity, i.e. digoxigenin-specific signals, was 

detected by subsequent fluorescein-linked tyramide signal amplification (TSA-Plus 

Fluorescein system, PerkinElmer). Images were acquired using a Zeiss LSM510 confocal 

microscope, deconvolved with AutoQuant X (Media Cybernetics), and are displayed as 

flattened z-stacks. Co-localization channels were built with Imaris Coloc software 

(Bitplane). 

Mossy fiber staining 

 Brain slices were blocked in PBS containing 0.01% Tween 20, and 3% donkey 

serum for 30 minutes at room temperature before incubating overnight at 4˚C with ZnT3 

antibody (1:130, rabbit, kindly provided by Dr. Palmiter (Palmiter et al., 1996) in 

blocking solution containing 5% BSA.  After washing 3X10 minutes in PBST (PBS 

containing 0.5% Tween 20), the slices were incubated with anti-rabbit IgG coupled with 

Alexa 488 (Invitrogen, 1:250) in PBST for 1 hour at room temperature.  The slices were 

washed 3X10 minutes in PBS and then counterstained with DAPI and fixed. 

Fluorescence was detected using an Olympus IX-51 fluorescent microscope, and images 

were captured with a Retica digital camera.  MAP1B staining was performed as 
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previously described (Lu et al., 2004).  Timm staining was performed as previously 

described (Danscher, 1981).  

RNA extraction and analysis 

Total RNA was extracted using Trizol according to the manufacture’s protocol 

(Invitrogen). The quantity of RNA from each sample was determined by OD260 reading 

and further confirmed by ethidium bromide stained agarose gel electrophoresis. RPA was 

performed using MAP1B probe as described in our previous report (Lu et al., 2004). 

Increasing amount of total RNA input was used in test experiments to ensure the 

quantitative capacity of RPA for each probe.  For RT-PCR, reverse transcription was 

performed using 1µg of total RNA with random primers (Promega) and Superscript II 

RNaseH-reverse transcriptase (Invitrogen), followed by PCR analysis, using the 

following primers ZnT3:  5’-atcctcctgtacctggcctt-3’ (forward), 5’- gatggagatcatgggttgct-

3’ (reverse); and MAP1B:  5’- cctggagtgacccaggcagtag-3’ (forward), 5’-

ggactcagatccaagaaggggagg-3’ (reverse).   

Real time PCR was performed using iCYCLER (BioRad) and SYBR-green 

master mix (NEB), per manufacturer’s protocol.  Basically, 5µL of template was mixed 

with 5µL of 2.5µM mixed primer set then 10µL of 2X reaction buffer was added. 

Standard curves were established for all primers using reverse transcribed cDNA from 

serial dilutions of a 50 ng/µL mouse hippocampal total RNA.  The following primer pairs 

were used for real-time detection ZnT3:  5’- agtgactatcacattgaggcgggt-3’ (forward), 5’- 

attgggtatccatgcccttcctct-3’ (reverse); and GAPDH: 5’-cacagtcaaggctgagaatgggaa-3’ 

(forward), 5’-gtggttcacacccatcacaaacatg-3’ (reverse) 
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35S-pulse labeling and immunoprecipitation (IP)  

After 24 hours of induced differentiation, siRNA-treated cells were pulse-labeled 

by 35S-Met (60 µCi) in DMEM/F12 containing 2mM Met and Cys for 30 min, washed 

extensively with PBS to remove unincorporated 35S-Met before subjected to lysis in 100 

mM Tris pH7.5, 200mM NaCl, 1% Triton X-100 with protease inhibitors.  An aliquot of 

the pre-cleared cytoplasmic extract (input for IP) was used for scintillation counting to 

determine the total translation level. MAP1B IP was performed using the polyclonal 

antibody against MAP1B (Ma et al., 1997). An aliquot of the immunoprecipitate was 

used for scintillation counting and the rest was visualized by a phosphorimager on SDS-

PAGE. The scintillation counts of MAP1B was normalized to that of the total counts in 

the input in each sample.  The specificity of IP was confirmed by a marked reduction of 

MAP1B on SDS-PAGE in response to MAP1B siRNA-treatment (data not shown). 
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Chapter 4:   Trans-acting factors potentially involved in regulating the 

translation of the long 3’UTR BDNF mRNA 
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 4.1 Introduction 

The brain-derived neurotrophic factor (BDNF) transcripts carry either a long 

(2.85kb) or a short (0.35kb) 3’ untranslated region (3’UTR), as a result of alternative 

polyadenylation site usage (Timmusk et al., 1995).  Since all BDNF transcripts encode 

for the same protein, the distinct 3’UTRs conceivably may provide a different means of 

post-transcriptional regulation at the level of translation and subcellular localization of 

BDNF mRNA to further increase the complexity of regulating BDNF expression.  In 

support of this idea, our recent data demonstrates that the long 3’UTR mediates 

translation suppression of BDNF at rest while the short 3’UTR supports active BDNF 

translation.  However, upon robust neuronal activation, the long 3’UTR BDNF mRNA 

undergoes a translational de-repression while the short 3’UTR BDNF mRNA becomes 

translationally repressed.  However, trans-acting factors that specifically regulate the long 

3’UTR-mediated translation repression/de-repression of BDNF mRNA have never been 

explored. 

One interesting idea is whether the fragile X mental retardation protein (FMRP), 

is involved in translation regulation of BDNF.  FMRP is a selective RNA-binding protein 

known to repress translation of its bound mRNAs, localize to dendrites with its mRNA 

ligands, and is essential for neuronal activity-dependent translation in various plasticity 

and learning paradigms (Antar and Bassell, 2003; Bassell and Kelic, 2004; Bear et al., 

2004; Feng, 2002; Jin et al., 2004a; Jin and Warren, 2003).  Although BDNF mRNA has 

not been reported to bind FMRP directly, none of the previous reports specifically 

examined the long 3’UTR BDNF transcript.  Nonetheless, several lines of evidence 
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suggest an overlapping and perhaps cross talk between the function of BDNF and FMRP.  

In fact, application of BDNF to Fmr1 KO hippocampal slices restored LTP to wild type 

levels (Lauterborn et al., 2007), suggesting that BDNF might be a downstream target of 

FMRP-mediated translation repression.    

Besides RNA-binding proteins, emerging evidence indicates that microRNAs can 

also control neuronal translation (Fiore et al., 2008; Schratt et al., 2006).  MicroRNA are 

small, noncoding RNAs of 19-23 nucleotides in length that function to repress translation 

and/or degrade target mRNAs through binding to the 3’UTR of target mRNAs with 

imperfect complementarity (Ambros, 2004; Bartel, 2004; Jing et al., 2005).  Transcription 

of pri-pre-microRNAs is performed by RNA polymerase II (Pol II), after which the pri-

pre-microRNA is cleaved to pre-microRNA by Drosha, an RNaseIII enzyme, before 

being exported from the nucleus to the cytoplasm by exportin 5 (Bohnsack et al., 2004; 

Lee et al., 2003; Lee et al., 2004; Lund et al., 2004; Yi et al., 2003).  In the cytoplasm, the 

pre-microRNA (70-80 nucleotides) is cleaved by another RNase III enzyme, Dicer, to 

produce mature microRNA (19-22 nucleotides) (Bartel, 2004).  The mature microRNA is 

then loaded into the RNA-induced silencing complex (RISC), which then binds to its 

target mRNA (Bartel, 2004).  Currently, there are estimated to be more than 800 

microRNAs encoded within the human genome (Berezikov et al., 2005).  Many of these 

are expressed and developmentally regulated in neurons (Nelson et al., 2004; Sempere et 

al., 2004), suggesting a role for microRNA in neuronal development.  Emerging evidence 

also demonstrates the functional importance of microRNA in controlling dendritic 

morphology associated with synaptic plasticity (Impey et al., 2009; Schratt et al., 2006; 

Vo et al., 2005; Wayman et al., 2008).  In addition, increased synaptic signaling is able to 
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release microRNA-mediated translational repression in activated synapses (Schratt et al., 

2006).  Thus, whether microRNAs could mediate the translational repression and 

subsequent activity-dependent derepression of the long 3’UTR BDNF mRNA is an 

intriguing possibility to be explored.   

Here we show that the long 3’UTR BDNF mRNA preferentially associates with 

the FMRP complex isolated from mouse brain. In addition, the BDNF long 3’UTR 

contains multiple predicted binding sites for a brain-specific microRNA, miR-128.  

Furthermore, miR-128 is able to repress translation of a luciferase reporter in a BDNF 

long 3’UTR dependent manner while having no effects on the BDNF short 3’UTR.  

Finally, the expression levels of miR-128 are rapidly reduced upon both physiological 

and pathological neuronal stimulation, suggesting a mechanism for the activity-dependent 

release of translational repression of the long 3’UTR BDNF mRNA.  These results 

provide the first evidence that FMRP and/or miR-128 are two potential mechanisms in 

regulating the neuronal activity-dependent translational of BDNF specifically via the long 

3’UTR.   

 

4.2 Results 

4.2.1 FMRP preferentially associates with the long 3’UTR BDNF mRNA.   

  Our previous data leads to the question of what molecular mechanism is 

responsible for the translational repression of BDNF mRNA mediated by the long 

3’UTR. Considering the potential functional overlap between activity-dependent 

translation of BDNF and the role of FMRP in regulating translation during synaptic 
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plasticity, we explored whether the long 3’UTR BDNF mRNA is a ligand for FMRP in 

the brain.  In support of this idea, both the pan and long 3’UTR BDNF mRNA were 

detected in immunoprecipitated FMRP complexes from wild type mice at postnatal day 7 

by RT-PCR as shown in Figure 4-1 (top panel).  As a negative control, no BDNF mRNA 

was detected in immunoprecipitated mRNA from age matched Fmr1 KO brains (Figure 

4-1, top panel).   To further address whether the short and long BDNF mRNA may 

differentially associate with FMRP mRNP complex, the ratio of the long 3’UTR BDNF 

mRNA to pan BDNF mRNA was determined by qRT-PCR analysis using total RNA 

isolated from input lysates as well as that from immunoprecipitated FMRP complexes.  

As shown in Figure 4-1 (bottom panel), a higher ratio of the long 3’UTR BDNF mRNA 

to the pan BDNF mRNA was detected in the FMRP complex as compared to that in the 

total input RNA. Such a relative enrichment of the BDNF long 3’UTR mRNA suggests 

that FMRP may preferentially associate with the BDNF long 3’UTR. Whether FMRP is 

involved in repressing translation of the long 3’UTR BDNF mRNA, promoting dendritic 

localization of BDNF mRNA, and involved in the activity-dependent translation de-

repression as shown in Chapter 2 are intriguing possibilities to be addressed by future 

studies.   

4.2.2 miR-128 specifically represses translation of luciferase reporter that 

harbors  the BDNF long 3’UTR. 

  We next explored the possibility whether microRNAs may target the long but not 

the short 3’UTR of BDNF thus contributing to the differential translation mediated by the 

two distinct 3’UTRs.  Using the Miranda algorithm from Memorial Sloan Kettering with 
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Figure 4-1: The long 3’UTR BDNF mRNA associates with FMRP in mouse brain 

lysates.  Input and FMRP immunoprecipitated (IP) RNA from wild type and Fmr1 KO 

mice was isolated from P7 mice.  RT-PCR was performed on the isolated RNA with 

primers to detect pan BDNF mRNA and long 3’UTR BDNF mRNA (top panel).  Both 

the pan and long 3’UTR BDNF mRNA were detected in immunoprecipitated FMRP 

complexes after 35 cycles of PCR reaction.  Real-time RT-PCR detected a significant 

increase in the ratio of long 3’UTR BDNF mRNA to pan BDNF mRNA in the IP RNA 

compared to the input, suggesting that FMRP specifically associates with the long 3’UTR 

BDNF mRNA (Student’s t-test, * indicates p<0.05, n=3).    
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Figure 4-1 

 

 



 

  

 

130 

the criteria of an free energy cut-off at -15.0 kcal/mol and a perfect complementary seed 

region (John et al., 2004), we identified three potential binding sites for miR-128 

specifically contained within the BDNF long 3’UTR (Figure 4-2a and b).  These 

predicted miR128 sites were highly conserved between mouse, rat and human.  No 

binding sites for miR-128 can be predicted in the short 3’UTR or coding region of BDNF 

mRNA. 

  To test whether miR-128 can specifically repress translation via the long but not 

the short 3’UTR of BDNF, we synthesized 5’-7-methylguanosine capped firefly 

luciferase reporter mRNAs containing the long 3’UTR or short 3’UTR of BDNF 

(described in Chapter 2.2) by in vitro transcription.  The long or short 3’UTR luciferase-

reporter mRNA was co-transfected either with synthetic miR-128 or a scrambled 

negative control microRNA, which contains no sequence homology to any mammalian 

gene, into an immortal cortical neuronal cell line, CAD.  In vitro transcribed renilla 

luciferase mRNA was included in each transfection to monitor transfection efficiency.  

We measured the activity of both firefly and renilla luciferase 6 hours after transfection.  

As shown in Figure 4-2c, miR-128 caused a significant reduction in the translation 

efficiency of the long 3’UTR reporter mRNA compared to the negative control, as 

measured by normalizing the firefly luciferase activity to the levels of firefly luciferase 

mRNA.  In contrast, miR-128 had no effect on the luciferase activity of the short 3’UTR 

reporter mRNA compared to that in the negative control microRNA-transfected cells 

(Figure 4-2c).  Moreover, removal of the region containing the miR-128 binding sites in 

the long 3’UTR luciferase reporter construct completely alleviated the ability of miR-128 

to repress luciferase reporter expression from the Δ128 construct (Figure 4-2d).  These 
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Figure 4-2:  miR-128 represses luciferase expression via the BDNF long 3’UTR.  a) 

Schematic showing predicted binding sites for miR-128 specifically contained within the 

BDNF long 3’UTR luciferase reporter construct and deletion of this region in the Δ128 

long 3’UTR reporter construct.  b) Sequences and free energies, as measured by 

RNAhybrid, for the predicted binding sites for miR-128 in the mouse long 3’UTR of 

BDNF mRNA.  The base pairs indicate the location of each binding site from the stop 

codon (position 0) of the BDNF open reading frame.  c) Cotransfection of CAD cells 

with the control microRNA or miR-128 double stranded RNA and either the long or short 

3’UTR reporter.  The firefly luciferase activity was normalized to the firefly luciferase 

mRNA levels, measured by qRT-PCR.  The normalized firefly luciferase levels were then 

taken as the percentage of the control microRNA.  A significant reduction in luciferase 

activity was observed by the long 3’UTR reporter in the presence of miR-128 compared 

to control microRNA.  The short 3’UTR reporter was not affected by the co-transfection 

of miR-128.  (One-Way ANOVA, * indicates a p<0.05 between the indicated groups by 

tukey analysis, n=3).  d) HEK cell stably expressing miR-128 or miR-23, which was used 

as a negative control, were transfected with luciferase reporter constructs containing the 

BDNF long 3’UTR or the BDNF Δ128 long 3’UTR, along with pRL-TK that encodes the 

renilla luciferase.  The firefly luciferase activity was normalized to the renilla luciferase 

activity in each transfection then graphed as the percentage of control microRNA.  miR-

128 reduced luciferase activity in the cells transfected with the BDNF long 3’UTR 

reporter construct.  This reduction was alleviated in the cells transfected with the BDNF 

Δ128 long 3’UTR reporter construct (n=2).   
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Figure 4-2 
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results provide the initial evidence that miR-128 can repress translation of the luciferase 

reporter specifically via the BDNF long 3’UTR.  

4.2.3 Expression of miR-128 in the brain 

  BDNF protein and mRNA isoforms are expressed in a variety of brain regions 

(Aid et al., 2007; Ernfors et al., 1990a; Ernfors et al., 1990b).  The long 3’UTR BDNF 

mRNA is found highly expressed in the mouse cortex and hippocampus (An J.J. Cell 

2008).  To determine whether miR128 displays overlapping expression profiles with the 

BDNF transcripts, we developed a quantitative ribonuclease protection assay (RPA) with 

a probe specific for miR-128 (Figure 4-3a). Using this assay, we demonstrated expression 

of miR-128 in both the mouse hippocampus and cortex (Figure 4-3b).  This data 

biochemically confirms in situ hybridization data showing miR-128 expression in the 

mouse hippocampus (Bak et al., 2008) , with an extensively spatial overlap with the long 

3’UTR BDNF mRNA (Chapter 2). 

  Within neurons, BDNF mRNA is localized to the somatic compartment as well as 

dendrites and synapses, which is stimulated by neuronal activation (Tongiorgi et al., 

2004; Tongiorgi et al., 1997), suggesting possible regulation of local dendritic BDNF 

protein synthesis.  The ability of the long 3’UTR BDNF mRNA to preferentially localize 

to neuronal dendrites and the functional requirement of the long 3’UTR in dendritic spine 

maturation and LTP formation (An JJ Cell 2008) further support this hypothesis,  

Furthermore, the machinery necessary for microRNA function has also been found 

localized to the synapse (Lugli et al., 2005; Lugli et al., 2008) and  emerging evidence 

implicates a role for microRNA in synapse development and function 
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Figure 4-3: Localization of miR-128.  a) Schematic of the ribonuclease protection assay 

probe (red) used to detect miR-128.  Blue indicates the mature microRNA.  Red indicates 

probe designed for RPA.  b) RPA probing for miR-128 and actin mRNA levels isolated 

from total mouse hippocampus (Hp) and cortex (Cx) RNA.  A reaction containing no 

RNA was used a negative control for probe.  c) RPA of RNA isolated from pellet, 

comprised of neuronal soma, (pel) and synaptic (syn) fractions after performing crude 

synaptoneurosome preparation from mouse hippocampus.  Input (In) represents total 

RNA before synaptoneurosome prep.
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Figure 4-3 
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(Schratt, 2009; Smalheiser and Lugli, 2009). Thus, we examined whether miR128 can 

also be detected in synaptic preparations isolated from mouse hippocampus.  Indeed, 

miR-128 can be clearly detected in synaptic fractions using our RPA assay (Figure 4-3c), 

suggesting the possibility for miR-128 to regulate translation of the long 3’UTR BDNF 

mRNA in dendrites. 

4.2.4 Down-regulation of miR-128 level upon neuronal stimulation 

  We show that upon neuronal stimulation, the translational repression mediated by 

the long 3’UTR BDNF mRNA is released (Chapter 2).  Considering that neuronal 

activation can release microRNA-mediated translational repression in dendrites (Schratt 

et al., 2006), we examined the effects of both physiological and pathological neuronal 

stimulation on the expression levels of miR-128.  First, we cultured hippocampal neurons 

for 21 days until the synaptic network is well formed, and exposed the cultures to 

tetraethylammonium (TEA) under a well-established stimulation paradigm for inducing 

LTP (Aniksztejn and Ben-Ari, 1991).  Neuronal activation upon TEA-treatment was 

evidenced by the rapid and robust up-regulation of c-fos ten min after TEA-treatment 

(Figure 4-4a).  In this paradigm, we showed that translation of a GFP reporter can be 

stimulated in a BDNF long 3’UTR-dependent manner (Chapter 2). Interestingly, 

increased neuronal activity by TEA led to a significant decrease in the levels of mature 

miR-128, as measured by real-time RT-PCR (Figure 4-4b).   

 Similarly, a single dose of pilocarpine, which reliably induces stage V seizure and 

causes a de-repression of the long 3’UTR BDNF mRNA (Chapter 2-2-4), resulted in a 

significant decrease in the levels of mature miR-128 (Figure 4-4c).  Moreover, the c-fos 
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Figure 4-4: Neuronal activation results in a rapid decrease of miR-128 levels in the 

hippocampus.  a) Primary hippocampal neurons at DIV21 were treated with TEA for 10 

minutes.  Neuronal activation by TEA was demonstrated by the robust increase in cfos 

mRNA as measured by qRT-PCR.  b) Total RNA was isolated and qRT-PCR was 

performed to detect miR-128 and U6 rRNA, which was used a loading control.  The miR-

128 levels were normalized to U6 rRNA.  A significant decrease in mature miR-128 was 

observed upon treatment with TEA compared to control.  (Student’s t-test, * indicates 

p<0.05, n=3).  c) Total RNA was isolated from rat hippocampus 30 minutes after 

pilocarpine-induced seizures.  The mature miR-128 and miR-495 levels were measured 

by qRT-PCR and normalized to U6 rRNA and graphed as the percent change of saline 

injected rats.  A significant decrease is observed for miR-128 upon pilocarpine-induced 

seizures compared to saline treated rats.  No change was observed in the levels of miR-

495 upon pilocarpine-induced seizures.  d) Levels of cfos were measured by qRT-PCR, 

then normalized to GAPDH and shown as fold change over control rats.  An inverse 

correlation was demonstrated between the cfos levels and the miR-128 levels as 

measured in (c), suggesting the degree of neuronal activation affects the reduction of 

miR-128.   



 

  

 

138 

 

Figure 4-4 
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mRNA level was inversely correlated with that of miR-128 in the pilocarpine induced 

seizure paradigm (Figure 4-4d), suggesting that miR-128 down-regulation indeed 

depends on the level of neuronal activation.  In contrast to the activity-dependent down-

regulation of miR128, miR-495, an additional microRNA predicted to specifically target 

the long 3’UTR BDNF mRNA, did not decrease upon neuronal activity (Figure 4-4c). 

Taken together, these data suggest a possible role of miR-128 in the rapid translational 

de-repression of long 3’UTR BDNF mRNA upon neuronal activation.   

 

4.3 Discussion   

 Our studies suggested possible trans-acting factors that regulate the translation 

status of the long 3’UTR BDNF mRNA.  We first identified the ability of FMRP to 

preferentially associate with the long 3’UTR BDNF mRNA, which provides an intriguing 

clue that FMRP may be involved in translation regulation of BDNF via the long 3’UTR.  

We also identified a microRNA, miR-128, that specifically represses the translation of 

luciferase reporter through the BDNF long 3’UTR (Figure 4-2 a-c), most likely at the 

predicted miR-128 binding sites.  Furthermore, the expression levels of mature miR-128 

decrease rapidly upon neuronal activation (Figure 4-4), suggesting a possible 

involvement of miR-128 in the activity-dependent translational derepression of the long 

3’UTR BDNF mRNA (Chapter 2).  Based on these data, we propose the following model 

(Figure 4-5):  under resting conditions, the long 3’UTR BDNF mRNA is specifically 

bound by trans-acting factors represented by FMRP and miR128, and sequestered from 

active translation.  Considering the fact that majority of the dendritic BDNF mRNA  
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Figure 4-5:  Model.  a) At rest, the long 3’UTR BDNF mRNA (black and red line) 

interacts with either FMRP (blue trapazoid) or miR-128 (green line) leading to repression 

of BDNF translation and dendritic localization.  b) Upon normal physiological 

stimulation, the FMRP-mediated or miR-128-mediated repression of the long 3’UTR 

BDNF mRNA is released allowing for increased BDNF protein (red diamonds) synthesis 

in the activated synapse.  While the long 3’UTR BDNF mRNA remains suppressed in the 

remaining quiet synapses.  c) However, upon pathological stimulation as seen during 

seizure induction, there is a loss of FMRP/miR-128 repression of the long 3’UTR BDNF 

mRNA throughout the neuron, leading to increased levels of BDNF protein and 

malfunction of BDNF signaling.  
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Figure 4-5 
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harbors the long 3’UTR (Chapter 2), upon physiological level of neuronal activity, the 

reduction in the levels of miR-128 could lead to increased local translation of BDNF 

protein within the dendrites, which could help promote LTP in specific synapses close to 

the sites of local BDNF production (Chapter 2, An JJ Cell 2008).  On the other hand, 

robust neuronal activity exhibited by seizure induction could lead to a global translation 

derepression of the long 3’UTR BDNF mRNA in both soma and dendrites. Such 

regulation conceivably may serve as the primary source of BDNF production upon the 

onset of seizure, considering the fact that translation from the short BDNF mRNA is 

largely suppressed. 

  Pilocarpine-induced robust neuronal activation leads to the rapid reduction of 

miR-128 while having no effect on miR-495 expression levels (Figure 4-3), suggesting 

some specificity as to which microRNAs respond to neuronal activity. Each microRNA is 

predicted to bind to and regulate multiple target mRNAs.  Based on the Targetscan 

algorithm designed to predict target mRNAs for a given microRNA, approximately 681 

different target mRNAs are predicted to have binding sites for miR-128.  Thus the 

reduction of miR-128 (Figure 4-3), while potentially effecting the protein expression of 

BDNF via the long 3’UTR, could also alter the translation of a multitude of other 

mRNAs, especially upon synaptic stimulation; thus potentially being a general 

mechanism for regulating synaptic development and plasticity.   

   It is thought that mRNAs, such as β-actin mRNA and the CamKIIα mRNA, are 

transported to dendrites as translationally repressed granules; where synaptic stimulation 

will result in local protein synthesis (Bassell and Kelic, 2004; Huang et al., 2002b; 

Huttelmaier et al., 2005; Kiebler and Bassell, 2006).  Moreover, selective RNA-binding 



 

  

 

143 

proteins that are known to suppress translation can facilitate dendritic localization of their 

target mRNAs, represented by the zip code-binding protein (ZBP1) (Huttelmaier et al., 

2005) and the cytoplasmic polyadenylation element (CPE)-binding protein (CPEB) 

(Huang et al., 2002b; Wu et al., 1998).  Thus, an interesting question to be addressed in 

the future regards whether the microRNA- and/or FMRP-mediated translation repression 

of the long 3’UTR BDNF mRNA (Figure 4-1 and 4-2) may help to promote dendritic 

localization of BDNF mRNA (An et al., 2008).   

  A related question concerns whether and how FMRP and miR-128 work 

independently or in coordination with each other.  Immunoprecipitation of FMRP 

demonstrated the association of FMRP with microRNA and some of the components of 

the microRNA-processing pathway; including Argonaute2, the p68 RNA helicase, and 

active Dicer (Caudy et al., 2002; Ishizuka et al., 2002; Jin et al., 2004b). Interestingly, 

recent data also shows that FMRP is a microRNA acceptor protein after cleavage by 

Dicer, facilitating the annealing of the microRNA to its target mRNA (Plante et al., 

2006).  In fact, recent evidence demonstrated an enrichment of miR-128 in FMRP-

immunoprecipitates from 3 month old wild type mouse brains compared to that of age-

matched Fmr1 KO mouse brains (Edbauer et al., 2010).  Combined, these data lead to the 

question of whether the tripartite binding of FMRP, miR-128 and the long 3’UTR BDNF 

mRNA is required for the long 3’UTR-mediated translational repression BDNF mRNA at 

rest which needs to be further explored. 

 Interestingly, both microRNA components and FMRP have been localized to 

structures known as processing bodies, or P-bodies (Barbee et al., 2006; Cougot et al., 

2008; Liu et al., 2005a; Sen and Blau, 2005).  P-bodies are cytoplasmic granules that are 
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involved in translational repression and mRNA decay (Parker and Sheth, 2007).  

Recently, P-bodies have been found in the neuronal soma and at the base of dendritic 

spines (Vessey et al., 2006; Zeitelhofer et al., 2008a).  The granules are composed of 

proteins important in translation repression and mRNA decay as well as a subset of 

mRNAs (Parker and Sheth, 2007).  It has been proposed that P-bodies are a site of 

storage of translationally repressed mRNAs, thus preventing degradation of the mRNA 

(Zeitelhofer et al., 2008b), until a signal dissembles the P-bodies releasing the mRNA to 

be translated.  Emerging evidence demonstrates that chemically induced neuronal 

activation results in a reduction of the dendritic P-bodies (Zeitelhofer et al., 2008a), 

suggesting a release of translational repression and subsequent increase in protein 

synthesis upon neuronal stimulation.  Thus binding of miR-128 and FMRP could 

promote the incorporation of the long 3’UTR BDNF mRNA into translationally repressed 

dendritic P-bodies for storage until neuronal activation releases the long 3’UTR BDNF 

mRNA from the P-bodies to be actively translated in a synapse specific manner.  

 

4.4 Materials and Methods 

Constructs 

  The luciferase coding sequence from the pGL3-basic vector (Promega) was 

inserted into the pcDNA3 vector (Invitrogen), designated pLuci3.  The short 3’UTR 

including the proximal BDNF polyadenylation site (750bp-1113bp) was generated by 

PCR amplification from mouse genomic DNA and inserted between the Xho and Xba 

sites downstream of the luciferase coding region in pLuci3. The 2.9 kb full length 3’UTR 
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was subcloned into pLuci3 between the same restriction sites. The long 3’UTR lacking 

the proximal polyadenylation site was generated by PCR amplification of two fragments, 

750bp-1013bp and 1147bp to 3604bp, from mouse genomic DNA and sequentially 

inserted into pLuci3.  The Δ128 long 3’UTR luciferase construct, which deleted the base 

pairs 1554 to 2080 from the start of the 3’UTR, was generated by site directed 

mutagenesis (Stratagene) using the following primers:  5’ – caataatgatattaatgcagcagactca 

gggagtgaagatacca – 3’ (forward) and 5’ – tggtatcttcactccctgagtctgctgcattaatatcattattg – 3’ 

(reverse).  The construct was verified by sequencing.  The pTk-Ren vector (Promega) 

was used as transfection control and as template for in vitro transcription of renilla 

mRNA.    

 To construct the RPA probe, two complementary primers containing the mature 

miR-128 sequence with an additional 10 nucleotides of the pre-miR-128a stem-loop 

structure along with a 5’-A overhang.  Primer sequences are 5’ – ggtttacatcacagtgaaccgg 

tctctttttcagctgcA – 3’ (forward) and 5’ – gcagctgaaaaagagaccggttcactgtgatgtaaaccA – 3’ 

(reverse).  The primers were annealed by incubating at 95°C for 5 minutes then allowed 

to cool to room temperature slowly.  The annealed primers were then subcloned into the 

pDrive vector.  Once inserted the pDrive-miR128 was sequenced to determine orientation 

with respect to T7 and SP6 promoters.  The β-actin RPA probe vector was purchased 

from Ambion.      

Cell Culture, transfection and luciferase assay 

  CAD cells were maintained in DMEM/F12 (Cellgro) containing 10% FBS 

(Atlanta Biologicals) as previously described (Wang et al., 2008).  The CAD cells were 

transfected with in vitro transcribed RNA corresponding to the long 3’UTR and short 
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3’UTR luciferase reporter constructs.  The in vitro transcribed RNA was made from XbaI 

linearized reporter constructs harboring the long or short 3’UTR.  The pTK-Ren, renilla 

plasmid was linearized with BamHI to generate in vitro synthesized mRNA to serve as 

transfection control.  Once linearized, 5’ capped RNA was made using mMessage 

mMachine kit (Ambion) following manufacturers protocol.  Briefly, 1µg of linearized 

DNA was incubated for 2 hours at 37°C with T7 polymerase, followed by treatment with 

DNAse to remove template.  After DNAse treatment, the in vitro transcribed RNA was 

recovered by LiCl precipitation.  The concentration and purity of in vitro transcribed 

RNA was measured using the Biochip platform.  Once made, equal moles (0.337 pmoles) 

of long and short 3’UTR reporter RNA and 100ng of renilla RNA were transfected by 

TransMessenger Transfection Reagent (Qiagen) into 24 well dishes of CAD cells with 

either 100nM of miR-128 siRNA or scrambled siRNA.  The RNA was incubated for 2 

hours and then the media removed and replaced with complete growth media.  The cells 

were harvested 4 hours after media change and luciferase assay performed according to 

below.   

  HEK cells were maintained in DMEM (Cellgro) containing 10% FBS (Atlanta 

Biologicals) and pencillin/streptomycin at 37°C in 5% CO2.  HEK cells stably expressing 

either miR-128 or miR-23 were generated by selecting with puromycin following 

transfection by Lipofectamine 2000 (Invitrogen) with either miR-128 pEF1 or miR-23 

pEF1 constructs.  The HEK cells were cultured in 24 well dishes and then transfected 

with 100ng of firefly luciferase reporter constructs containing BDNF long 3’UTR or 

Δ128 long 3’UTR with 50ng of pTK-Renilla plasmid (Promega) to ensure comparable 

transfection efficiency using Lipofectamine 2000 (Invitrogen).  Twenty-four hours after 
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transfection, the cells were harvested per manufacturers protocol and luciferase activity 

measured. 

  The cells were washed once with PBS and then incubated with 100µL of 1X 

passive lysis buffer (Promega) at room temperature for 15 mins on rotating shaker.   

Then 10µL of cell lysates were subjected to dual luciferase assay (Promega) in a 

Mediators phL luminometer as described in Chapter 2.4.  An aliquot of the cells was used 

to prepare total RNA with TRIzol (Invitrogen). Translation activity from each construct 

was determined by normalizing the firefly luciferase readings to firefly luciferase mRNA 

levels determined by qRT-PCR. 

FMRP Immunoprecipitation   

  The cerebrums of P7 Fmr1 KO mice and wt control were homogenized in lysis 

buffer (Brown et al., 2001) and subjected to high-speed centrifugation as previously 

described (Lu et al., 2004).   Immunoprecipitation was performed using the 7G-1-1 

monoclonal antibody against FMRP.  The RNA from immunoprecipitates was isolated by 

phenol-chloroform extraction followed by ethanol precipitation.  Then 1µg of input RNA 

and the entire isolated IP RNA sample was used for RT-PCR, as described below.     

Ribonuclease Protection Assay (RPA) 

  To make the radiolabeled RPA probe, the miR-128 and β-actin probe constructs 

described above were linearized by digestion with PstI and HinfI, respectively, and 

purified by phenol/chloroform extraction followed by ethanol precipitation.  The 

linearized DNA was then in vitro transcribed (Stratagene) in the presence of 32P-UTP to 

generate the anti-sense radiolabeled probe.  RPA was carried out by following the 

mirVana miRNA detection kit protocol (Ambion).  Briefly, 1µL of each radiolabeled 
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probe was mixed with 2µg of total RNA, 10µL of 2X hybridization buffer, 5µg of yeast 

tRNA, and then incubated at 95°C for 3 min followed by hybridization overnight at 42°C.  

The following day, the remaining unhybridized RNA and probe were digested by an 

RNAse A/T1 mixture for 30 min at 37°C and then the RNA was precipitated and run on a 

15% denaturing acrylamide gel.  The RNA protected radiolabeled-probe signal was 

detected by phosphoimager (Typhoon).   

Pilocarpine-induced neuronal activity 

 Adult male Sprague Dawley rats (Charles River Labs, Wilmington, MA), 40-50 

days of age and 200-250 gram body weight, were used in all experiments. Animals were 

treated according to NIH regulations under the approval of the Emory University 

IACUC. Status epilepticus (SE) was induced in these rats as previously described (Huang 

et al., 2002a).  Briefly, rats were injected with a mixture of methylscopolamine and 

terbutaline (2.5 mg/kg i.p.). After 20 min, rats were injected with pilocarpine HCl (380-

400 mg/kg s.c.) or an equivalent volume of saline. Pilocarpine reliably induced stage V 

seizures, characterized by distinct motor behaviors including forelimb clonus, loss of 

postural control, rearing and falling. Animals presenting these behaviors with increased 

seizure intensity, duration and frequency 20- 40 min after the injection of pilocarpine 

were declared to be in SE. The rats were anesthetized with isoflurane before having head 

removed by guillotine.  The hippocampi were then dissected from control or pilocarpine-

treated rats 30 minutes after the initial on set of stage V seizure and total RNA was 

isolated by Trizol.   
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Tetraethylammonium (TEA)-evoked neuronal activation 

 Primary hippocampal neurons from E18 Sprague Dawley rats were cultured in 

60mm dishes (Banker and Cowan, 1977).  At DIV21, the neurons were then incubated in 

chemical long-term potentiation medium (140mM NaCl, 5mM KCl, 5mM CaCl2, 0.1mM 

MgCl2, 10mM glucose, 25mM HEPES, pH 7.4 and 25mM TEA) for 10 minutes at 37°C.  

The media was then changed from chemical LTP medium to complete Neurobasal media 

and incubated for an additional 10 minutes at 37°C.  The control neurons were 

maintained in complete Neurobasal media until ready to be harvested.  After washing two 

times in PBS, the cells were harvested in 500µL of TRIzol to isolate total RNA.   

RNA isolation and real-time RT-PCR 

 Total RNA extracted by Trizol was quantified by OD260 reading and further 

confirmed by ethidium bromide-stained agarose gel electrophoresis prior to RT-PCR. 

Reverse transcription was performed in 20µL final volume using 1µg of total RNA with 

random primers (Promega) and Superscript II RNaseH-reverse transcriptase (Invitrogen), 

followed by real-time PCR analysis.  Real time PCR was performed using iCYCLER 

(BioRad) and SYBR-green master mix (NEB), per manufacturer’s protocol.  Basically, 

5µL of a 1:5 dilution of the RT reaction was mixed with 5µL of 2.5µM mixed primer set 

then 10µL of 2X reaction buffer was added.  Standard curves were established for all 

primers using reverse transcribed cDNA from serial dilutions of a 50 ng/µL mouse 

hippocampal total RNA.  The following primer pairs were used for real-time detection:  

GAPDH: 5’-cacagtcaaggctgagaatgggaa-3’ (forward), 5’-gtggttcacacccatcacaaacatg-3’ 

(reverse); pan BDNF: 5’-gccgcaaacatgtctatgagggtt-3’ (forward), 5’-

ttggcctttggataccgggacttt-3’ (reverse); long 3’UTR BDNF: 5’-caggaggaatttctgagtggcca-3’ 
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(forward), 5’-gcagaaggcctaagcaacttgaca-3’ (reverse); firefly luciferase:  5’-

aagattcaaagtgcgctgctggtg-3’ (forward), 5’-ccgcttccccgacttccttagag-3’ (reverse), and cfos:  

5’-agaaggggcaaagtagagcag-3’ (forward), 5’-cgcagacttctcgtcttcaagt-3’ (reverse). 

MicroRNA real-time RT-PCR 

  The levels of microRNA were measured from total RNA isolated from control 

and stimulated samples by Taqman microRNA assay (Applied Biosystems Inc.), per 

manufacturer’s protocol.  Briefly, total RNA was diluted to 2 ng/µL in dH2O, then 5µL 

(10ng) was added to a final reaction volume of 15µL, which was used for reverse 

transcription by Taqman MicroRNA Reverse Transcription Kit (Applied Biosystems 

Inc.) with primer specific for the desired microRNA (miR-128) or loading (U6 rRNA).  

For the Taqman assay, 1.5µL of cDNA template along with 1µL of microRNA specific 

primer mix was used per 20µL reaction.  The real-time PCR was performed in triplicate 

in a 96-well plate using 7500 Fast Real-Time PCR system (ABI).  The data was analyzed 

by taken 2-ΔCt, where ΔCt = Ct(microRNA) – Ct(U6).  Statistical significance was determined 

by performing a Student’s t-test with a p <0.05.   
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Chapter 5:  Conclusion and Future Directions 
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 In conclusion, we show the preferential ability of the distinct 3’UTRs to regulate 

the subcellular localization and translation of BDNF mRNA in an activity dependent 

manner, which may be controlled by the trans-acting factors, microRNA and FMRP, two 

pathways involved in synapse formation and synaptic plasticity (Huber et al., 2002; 

Impey et al., 2009; Schratt et al., 2006; Shang et al., 2009; Wayman et al., 2008).  In 

addition, we show a novel role for FMRP in regulating axonal development in the 

hippocampus, providing the first evidence for the essential role of FMRP in presynaptic 

development, which should have critical influence on dendritic spine maturation. 

 In the first section of this thesis, we demonstrated that distinct 3’UTRs of BDNF, 

which are generated by alternative polyadenylation site usage, play opposing roles in 

controlling dendritic localization and translation of BDNF in response to neuronal 

activity changes.  We show that the short 3’UTR BDNF mRNA is critical for maintaining 

basal BDNF protein production within the neuronal soma.  In contrast, the long 3’UTR 

BDNF mRNA is translationally repressed at rest, but upon robust neuronal activity 

becomes actively translated, suggesting that the long 3’UTR-dependent BDNF translation 

serves as the major source for BDNF protein production during the insult of seizure in 

hippocampal neurons.  In addition, dendritic localization and the activity-dependent 

translation of the long 3’UTR BDNF transcript offers a possible mechanism underlying 

increased BDNF protein production during changes in synaptic plasticity.  However, the 

cis-acting elements responsible for this means of regulation are unknown and will require 

further exploration.  
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 It is important to point out that more than 50% of all human genes contain 

multiple polyadenylation sites, giving rise to distinct 3’UTRs (Tian et al., 2005). 

However, whether and how these alternative 3’UTRs control the expression of the same 

encoded protein in response to extracellular and developmental signals remains unknown.  

Thus, our data offers a model whereby alternative polyadenylation site usage can provide 

a layer of complexity to regulate the differential expression of the same encoded protein.  

Interestingly, the gene encoding TrkB produces transcripts with distinct 3’UTRs, long 

and short, based on polyadenylation site usage, similar to the BDNF gene.  TrkB mRNA, 

like BDNF mRNA, is transported to distal dendrites upon neuronal stimulation, followed 

by an increase in TrkB protein levels (Tongiorgi et al., 1997). This poses the question 

whether the distinct 3’UTRs in TrkB transcripts may differentially promote subcellular 

localization and translation of TrkB mRNA upon neurocircuitry stimulation. 

Furthermore, it is worthwhile to consider that the alternative 3’UTRs in TrkB and BDNF 

may be regulated in a coordinate manner to promote simultaneous increase in BDNF-

TrkB signaling in the synapse during neuronal activation. 

 In the second part of this dissertation, we explored the function of FMRP in 

controlling translation of MAP1B in early neuronal processes and neural network 

development.  We provide the first direct evidence that FMRP represses the translation of 

MAP1B mRNA.  Further, we show abnormally elevated levels of MAP1B protein in the 

hippocampal mossy fibers of Fmr1 KO mice, where FMRP and MAP1B mRNA are 

colocalized.  The loss of FMRP-mediated translation repression leads to increased neurite 

extension in an immortal neuronal-like cell line and overprojection of the axons that 

make up the infrapyramidal bundle of the hippocampal mossy fibers in mice.  Given that 
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FMRP has a multitude of mRNA ligands, the role that the loss of FMRP-mediated 

translational repression of MAP1B plays in aberrant hippocampal mossy fibers 

development in Fmr1 KO mice needs further exploration through the use of mice whose 

MAP1B protein levels have been genetically decreased (MAP1B+/-), which should 

correct over expression of MAP1B cause by the lack of FMRP. 

 Furthermore, in conjunction with the abnormally increased MAP1B protein and 

mossy fiber overprojection, the zinc transporter 3 (ZnT3) expression levels are increased 

in Fmr1 KO mice, which could signal a concomitant increase in the release of free zinc 

into synaptic cleft of the axonal terminals in the hippocampal mossy fibers (Palmiter et 

al., 1996).  Although direct evidence of increased zinc release in Fmr1 KO needs to be 

provided by future studies, the increase of ZnT3 most likely leads to an increase in the 

amount of zinc released into the synapse of Fmr1 KO mice following neuronal 

stimulation, which could have a multitude of effects on synaptic formation and function.  

Interestingly, zinc is required for activation of the matrix metalloproteinases, enzymes 

that cleave proteins of the extracellular matrix and play a role in dendritic spine 

development (Bilousova et al., 2006; Tian et al., 2007).  Recent evidence demonstrates 

increased expression and activity levels of the matrix metalloproteinase-9 (MMP-9) in 

Fmr1 KO mice (Bilousova et al., 2009).  Inhibition of MMP-9 activity in Fmr1 KO mice 

rescues the immature dendritic spine abnormalities seen in FXS brains (Bilousova et al., 

2009), suggesting that increased zinc may potentiate MMP-9’s pathological effect in 

synapse formation.  Together, these data propose a novel role for FMRP in the proper 

targeting and development of axons, and further suggests a role for FMRP in both pre- 

and post synaptic abnormalities common in FXS.  
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 The link between cis-acting factors and the specific trans-acting factors necessary 

for post-transcriptional regulation is poorly understood.  An interesting link between the 

BDNF and FMRP pathways was suggested by our preliminary data that FMRP associates 

specifically with the long 3’UTR BDNF mRNA, suggesting that FMRP might plays a 

role in regulating BDNF translation to accommodate neuronal activity changes and 

synaptic plasticity.  Thus if FMRP preferentially regulates translation of the long 3’UTR 

BDNF mRNA upon neuronal activation, the loss of FMRP could impair the activity-

dependent BDNF protein synthesis mediated by the long 3’UTR, potentially altering 

synaptic plasticity in Fmr1 KO mice.  In addition, the loss of FMRP could yield an 

increase in the steady state levels of BDNF protein throughout the cell, which could 

cause overactivation of TrkB signaling.  Interestingly, both BDNF and zinc can 

independently activate TrkB in the mossy fibers of the hippocampus (Huang et al., 2008; 

Nagappan and Lu, 2005).  The potential for persistent, overactivation of the TrkB 

signaling pathway in the mossy fibers of Fmr1 KO mice could play important roles in 

seizure development.  Interestingly, overexpression of TrkB in mice leads to more severe 

chemically induced status epilepticus (Lahteinen et al., 2004).  In contrast, mice lacking 

TrkB signaling specifically in the dentate gyrus-CA3 regions exhibits complete 

abolishment of kindling induced seizure development (He et al., 2004).  Thus, increased 

TrkB signaling in Fmr1 KO, potentially mediated by increased free synaptic zinc and/or 

BDNF release, could lead to increased susceptibility to seizure development, commonly 

associated with FXS children (Berry-Kravis, 2002).  

 In addition to the possible FMRP-mediated translation regulation of the long 

3’UTR BDNF mRNA, bioinformatics analysis has indicated hypothetical microRNA 
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binding sites for miR-128 specifically for the long 3’UTR BDNF mRNA and not the 

short 3’UTR BDNF mRNA or coding region.   miR-128 is a brain enriched microRNA 

and is indeed able to repress the translation efficiency of a luciferase reporter fused to the 

BDNF long 3’UTR, which is mediated by the region containing the miR-128 binding 

sites, but not the short 3’UTR.  Emerging evidence has indicated a role for microRNA in 

synaptic plasticity by acting as a translation switch in synapses in response to neuronal 

activity (Schratt et al., 2006).  In the case of both physiological and pathological neuronal 

stimulation, the levels of mature miR-128 are significantly reduced, suggesting a loss of 

miR-128 mediated translation repression of the long 3’UTR BDNF mRNA after seizure 

induction.  Mature miR-128 was observed in the isolated synaptic fraction suggesting a 

possible mechanism whereby miR-128 potentially regulates the translation of the BDNF 

mRNA via the long 3’UTR in dendrites and/or synapses, contributing to the function of 

BDNF in synaptic plasticity.  Recently, miR-128 was reported to be associated with 

FMRP complexes in the brain (Edbauer et al., 2010).  This data suggests that either 

FMRP and miR-128 can act independently to regulate the expression of BDNF through 

the long 3’UTR or an intriguing possibility for the formation of a tripartite complex 

between FMRP, miR-128, and the long 3’UTR BDNF mRNA to mediate the BDNF 

protein production during neuronal activity.  Precise mechanism for FMRP and miR128 

in regulating BDNF translation, and whether dysregulation of BDNF-TrkB signaling in 

FXS are important questions that warrant rigorous investigation by future studies. 
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