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Abstract 
In the nervous system, activity-regulated gene transcription is one of the 

fundamental processes responsible for orchestrating proper brain development – 

a process that in humans takes over 20 years.  Moreover, activity-dependent 

regulation of gene expression continues to be important for normal brain 

function throughout life; for example, some forms of synaptic plasticity 

important for learning and memory are known to rely on alterations in gene 

transcription elicited by sensory input.  In the last two decades, increasingly 

comprehensive studies have described complex patterns of gene transcription 

induced and/or repressed following different kinds of stimuli that act in concert 

to effect changes in neuronal and synaptic physiology.  A key theme to emerge 

from these studies is that of specificity, meaning that different kinds of stimuli 

up- and downregulate distinct sets of genes.  The importance of such signaling 

specificity in synapse-to-nucleus communication becomes readily apparent in 

studies examining the physiological effects of the loss of one or more forms of 

transcriptional specificity – often, such genetic manipulations result in aberrant 

synapse formation, neuronal cell death, and/or cognitive impairment in mutant 

mice.  The two primary loci at which mechanisms of signaling specificity 

typically act are 1) at the synapse – in the form of calcium channel number, 

localization, and subunit composition – and 2) in the nucleus – in the form of 

transcription factor expression, localization, and post-translational modification. 

My dissertation research has focused on the mechanisms of specificity 

that govern the activity-regulated transcription of the gene encoding Brain-

derived Neurotrophic Factor (Bdnf).  BDNF is a secreted protein that has 
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numerous important functions in nervous system development and plasticity, 

including neuronal survival, neurite outgrowth, synapse formation, and long-

term potentiation.  Due to Bdnf’s complex transcriptional regulation by various 

forms of neural stimuli, it is well positioned to function as a transducer through 

which altered neural activity states can lead to changes in neuronal physiology 

and synaptic function.  In this dissertation, I show that different families of 

transcription factors, and even different isoforms or splice variants within a 

single family, can specifically regulate Bdnf transcription in an age- and stimulus-

dependent manner.  Additionally, I characterize another mechanism of synapse-

to-nucleus signaling specificity that is dependent upon NMDA-type glutamate 

receptor subunit composition, and provide evidence that the effect this signaling 

pathway has on gene transcription is important for normal GABAergic synapse 

formation. 

Taken together, my dissertation research sheds light on several novel 

signaling mechanisms that could lend specificity to the activity-dependent 

transcription of Bdnf exon IV.  My data indicate that distinct neuronal stimuli can 

differentially regulate the Calcium-Response Element CaRE1 within Bdnf 

promoter IV through activation of two distinct transcription factors: Calcium-

Response Factor (CaRF) and Myocyte Enhancer Factor 2 (MEF2).  Furthermore, 

individual members of the MEF2 family of transcription factors differentially 

regulate the expression of Bdnf, and different MEF2C splice variants are 

unequally responsive to L-type voltage-gated calcium channel activation.  

Additionally, I show here for the first time that the NMDA-type glutamate 

receptor subunit NR3A (also known as GluN3A) is capable of exerting an effect 

on NMDA receptor-dependent Bdnf exon IV transcription, and that changes in 
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the expression levels of NR3A may function to regulate the threshold for 

activation of synaptic plasticity-inducing transcriptional programs during brain 

development.  Finally, I provide evidence that the transcription factor CaRF 

might function in the regulation of homeostatic programs of gene transcription in 

an age- and stimulus-specific manner.  Together, these data describe multiple 

novel mechanisms of specificity in neuronal activity-regulated gene 

transcription, some of which function at the synapse, others of which function in 

the nucleus.
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1. Introduction

1.1 Activity-regulated gene transcription is critical for 
normal brain development and function 

Neuronal activity-regulated gene transcription has been shown to 

contribute to many biological processes in the brain including neurite outgrowth 

(Spitzer, 2006; Wayman et al., 2006), cell fate determination (Borodinsky et al., 

2004), synapse development (Greer and Greenberg, 2008), critical period 

plasticity (Sugiyama et al., 2008), long-lasting changes in synaptic strength 

(Alberini, 2009), and neural adaptations to drugs of abuse (Nestler, 2001).  In the 

last two decades, increasingly comprehensive studies have described complex 

patterns of gene transcription induced and/or repressed following different 

kinds of stimuli that act in concert to effect adaptations upon neuronal and 

synaptic physiology (Flavell et al., 2008; Guan et al., 2005; Kim et al., 2010; Xiang et 

al., 2007; Zhang et al., 2007).  A key theme to emerge from these studies is that of 

specificity, meaning that different kinds of stimuli up- and downregulate distinct 

sets of genes (Bading et al., 1993; Bartel et al., 1989; Hardingham et al., 2002). 

In some cases such as cortical development, the activity-dependent 

processes appear to be inductive.  For example, in the visual cortex, the onset of 

patterned visual input from the two eyes and the subsequent activity-regulated 

transcription-dependent maturation of inhibition induces the closure of the 

critical period for experience-dependent rewiring of inputs from the two eyes 

(Fagiolini et al., 2004).  At other times, the actions of activity-regulated 

transcription appear to be largely homeostatic.  The term homeostasis refers to 

phenomena by which a single cell, an organ system, or an entire organism 
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maintains a stable internal environment in the face of changing external stimuli 

(Cannon, 1932).  One example of this type of regulation is the cellular 

homeostatic plasticity mechanisms that are known to be able to mediate the 

scaling of excitatory synaptic strength following changes in synaptic activity of 

the same cell (Burrone and Murthy, 2003; Turrigiano, 2007). 

How can neuronal activity-induced changes in gene transcription lead to 

long-lasting alterations in neuronal physiology and synaptic function?  Many 

genes whose expression is regulated by changes in neural activity states actually 

have specific functions in synapse development or physiology (Flavell et al., 2008; 

Guan et al., 2005; Hevroni et al., 1998; Kim et al., 2010; Lanahan and Worley, 1998; 

Nedivi et al., 1993; Qian et al., 1993; Xiang et al., 2007; Zhang et al., 2007) (Table 1).  

The evidence that neural activity can change the expression of synaptic gene 

products suggests that study of these genes may reveal neural-selective 

mechanisms of transcription that are of particular importance for synaptic 

plasticity (Leslie and Nedivi, 2011).  In the next section, I will discuss one 

particularly important activity-regulated gene known to shape changes in neural 

physiology and development, as well as the signaling mechanisms that control 

its activity-dependent induction.

1.2 Brain-Derived Neurotrophic Factor (BDNF) regulates 
neuronal physiology and synaptic function

BDNF is a secreted protein of the neurotrophin family that has numerous 

functions in the nervous system including the promotion of neuronal survival 

and the modulation of synaptic function (Lewin, 1996; Poo, 2001).  Exposure to a 

wide range of environmental stimuli leads to induced expression of Bdnf mRNA  
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Table 1: Neuronal activity-regulated genes that modulate synaptic function. 

Gene Product Function References 
Arc Activity-Regulated 

Cytoskeletal protein 
(Arc/Arg 3.1) 

AMPA-type 
glutamate receptor 
recycling 

(Link et al., 1995; 
Lyford et al., 1995) 

Arcadlin Arcadlin Cell adhesion (Yamagata et al., 
1999; Yasuda et al., 
2007) 

Bdnf Brain-Derived 
Neurotrophic 
Factor 

Activation of receptor 
tyrosine kinase (TrkB) 
signaling 

(Zafra et al., 1990) 

Cox2 Cyclooxygenase 2 Prostaglandin 
signaling 

(Yamagata et al., 
1993) 

Cpg15 Cpg15/Neuritin Dendrite outgrowth (Nedivi et al., 1998) 
Cpg2 Cpg2 Endocytosis (Cottrell et al., 2004) 
Dusp6 Map Kinase 

phosphatase 3 
(MKP3) 

Phosphatase 
 

(Hevroni et al., 1998; 
Nedivi et al., 1993) 

Homer1 Homer 1a Scaffolding of 
synaptic signaling 
proteins 

(Brakeman et al., 
1997) 

H2-D1, 
H2-K1, 
H2-T22, 
H2-T23 

Major 
Histocompatability 
Complex Group I 
Antigens 

Cell adhesion (Corriveau et al., 
1998) 

Narp Narp AMPA-type 
glutamate receptor 
clustering 

(Chang et al., 2010; 
O'Brien et al., 1999; 
Tsui et al., 1996) 

Pdyn Prodynorphin Secreted 
neuropeptide 

(Nedivi et al., 1993) 

Pim1 Pim1 Serine/Threonine 
kinase 
 

(Konietzko et al., 
1999) 

Plat Tissue Plasminogen 
activator (TPA) 

Endopeptidase (Qian et al., 1993) 

Plk2 Serum-Inducible 
Kinase (SIK) 

Ser/Thr kinase (Kauselmann et al., 
1999) 

Rgs2 Regulator of G-
protein Signaling 2 

Inhibits G-protein 
signaling 

(Ingi et al., 1998) 

Rheb Rheb Ras-superfamily 
small GTPase 

(Yamagata et al., 
1994) 

Sema3d Semaphorin 3d Axon guidance (Flavell et al., 2008) 
Syt4 Synaptotagmin 4 Vesicle exocytosis (Vician et al., 1995) 
Ube3a Ube3a Ubiquitin ligase (Greer et al., 2010) 
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in corresponding activated brain regions, suggesting that the induction of Bdnf 

transcription may be a common mechanism for environmental modulation of 

neural function (Lu, 2003).  Neural activity also regulates both the local secretion 

of BDNF protein and the trafficking of the BDNF receptor TrkB to the plasma 

membrane, allowing BDNF-TrkB signaling to be tightly linked to activity 

(Balkowiec and Katz, 2000; Meyer-Franke et al., 1998).  Mutations that partially 

reduce either overall levels of BDNF or BDNF secretion have substantial effects 

on brain development and plasticity (Chen et al., 2006; Egan et al., 2003; Genoud 

et al., 2004).  Taken together, these data suggest that precise temporal and spatial 

control of BDNF expression is essential to its function. 

The mammalian Bdnf gene is comprised of nine exons with at least eight 

alternative promoters that are differentially used during development, across 

brain regions, and in different cell types (Aid et al., 2007; Liu et al., 2006).  All of 

the Bdnf promoters are active to at least some degree in the CNS, and 

transcription from each of these promoters can be induced by neuronal activity 

(Aid et al., 2007).  Promoter IV (formerly referred to as “promoter III” in the five-

exon nomenclature of the Bdnf gene, see (Timmusk et al., 1993)) is strongly 

activity-responsive in cultured embryonic neurons and has been the most 

extensively studied at the molecular level (Shieh et al., 1998; Tao et al., 1998; West 

et al., 2001). 

One of the key insights to be derived from studies of Bdnf promoter IV is 

that the tight temporal-, spatial-, and stimulus-specific regulation of this single 

promoter is achieved by a complex interplay between multiple activity-regulated 

transcriptional pathways (Figure 1).  Three calcium-response elements (CaREs) 

within the proximal 170bp of the major embryonic promoter IV transcriptional  
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Figure 1: Multiple activity-regulated transcription factors contribute to inducibility of 
Bdnf promoter IV.  The box shows spliced mRNAs (blue) encoding Bdnf transcripts 
driven by the eight alternative Bdnf promoters mapped onto chromosome 2 of Mus 
musculus (black).  Boxes represent the nine exons that comprise the Bdnf gene and the 
thicker region of exon IX indicates the coding sequence.  The gray line shows an 
expansion of the region just upstream of exon IV.  Three calcium-response elements 
(CaREs) and two transcription start sites (TSSs) are indicated by the gray boxes.  
Transcription factors demonstrated to regulate Bdnf promoter IV are shown at their 
binding sites.  Npas4 binding has been localized to a PAS response element just 5’ to 
CaRE1 in human BDNF promoter IV (Pruunsild et al., 2011) and to a region near the 
CaRE2 element by ChIP-Seq in mouse neurons (Kim et al., 2010).  Although MEF2 has 
been localized to Bdnf promoter IV by chromatin immunoprecipitation, its binding 
elements have not yet been reported.  Like the Fos promoter, Bdnf promoter IV is thought 
to already have the RNA polymerase II (Pol II) complex pre-bound prior to neuronal 
stimulation. 

start site (TSS) cooperatively regulate calcium-induced transcription of Bdnf exon 

IV (Chen et al., 2003; Shieh et al., 1998; Tao et al., 1998).  Starting at the element 

most distal to the TSS, these CaREs are selectively bound and regulated by the 

unique transcription factor Calcium-Response Factor (CaRF) (Tao et al., 2002), the 

upstream stimulatory factors USF1/2 (Chen et al., 2003), and members of the 

CREB family (Shieh et al., 1998; Tao et al., 1998).  In addition, the activity-

inducible transcription factor Neuronal Per-Arnt-Sim (PAS) Domain Protein 4 

(Npas4) has been shown to interact with another activity-response element 5’ to 
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CaRE1 (Pruunsild et al., 2011).  An alternative TSS about 100bp downstream of 

the 5’-most end of Bdnf exon IV is regulated by the association of the Nuclear 

Factor κB (NF-κB) (Lipsky et al., 2001) and the basic helix-loop-helix (bHLH) 

protein bHLHB2 (Jiang et al., 2008) with elements that fall between the two TSSs.  

The Nuclear Factor of Activated T Cells (NFAT) is reported to regulate Bdnf exon 

IV expression in response to N-methyl-D-aspartate (NMDA) receptor (NMDAR) 

activation via its association with an intragenic element located 140-156bp 3’ to 

the alternative TSS (Vashishta et al., 2009).  Finally, ChIP studies have shown that 

Bdnf promoter IV is bound by myocyte enhancer factor 2 (MEF2) (Hong et al., 

2008), however up until the work described in this dissertation, the specific 

binding site for this factor within Bdnf promoter IV had not been identified. 

Distinct functions of these transcription factors in the regulation of Bdnf 

promoter IV have been revealed through the generation of transgenic mice that 

either lack expression of one of these transcription factors or that block the ability 

of specific factors to regulate Bdnf.  For example, studies in mice lacking the 

CaRE1-binding protein CaRF show that this factor appears to play a brain 

region-specific role in regulation of Bdnf transcription (McDowell et al., 2010).  

Carf knockout mice show reduced levels of Bdnf exon IV-containing mRNA 

transcripts and reduced BDNF protein in the frontal cortex compared with their 

wildtype littermates, however Bdnf expression is unchanged in the hippocampus 

and striatum of the knockout mice (McDowell et al., 2010).  Furthermore, 

although CaRE1 is required for activity-dependent transcription of Bdnf exon IV, 

CaRF is selectively required for the activity-independent regulation of Bdnf 

promoter IV activity (McDowell et al., 2010).  The failure of the Carf knockout to 

fully phenocopy the loss of the CaRE1 site implies that there likely exist 
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additional CaRE1 binding proteins that are yet to be identified.  By contrast, the 

binding of CREB to CaRE3 is selectively required for the activity-dependent 

regulation of Bdnf exon IV transcription.  The functional importance of this 

interaction was elegantly demonstrated by generation of a mouse strain bearing 

a mutation knocked into Bdnf promoter IV that changes the CaRE3 sequence 

(TCACGTCA) to a sequence that does not support CREB family protein binding 

(CAGCTGCA) (Hong et al., 2008).  Neurons from CaRE3 mutant mice have 

normal basal levels of BDNF but lack activity-inducible transcription from 

promoter IV, validating the requirement for this CaRE in activity-dependent Bdnf 

gene regulation in vivo.  Interestingly, disruption of CaRE3 is associated with 

impaired Bdnf promoter IV recruitment of other transcriptional regulators 

including MEF2, which binds to a DNA sequence distinct from CaRE3.  These 

data provide experimental support for the role of a multifactor transcriptional 

complex at Bdnf promoter IV, and suggest a function for CREB in nucleating the 

assembly of this complex.

1.3 Fos: the archetypal member of a second class of 
activity-regulated genes 

There exists a second class of activity-regulated genes that are capable of 

exerting an effect on neuronal physiology and synaptic function.  Classic 

immediate-early gene transcription factors, which are general response factors in 

a broad range of cell types, are capable of initiating the transcription of a myriad 

of other genes once they themselves are expressed.  In fibroblasts, Fos is only one 

of a set of genes whose transcription is rapidly induced by growth factors.  Since 

induction of this transcriptional program proceeds without the need for prior 

protein synthesis, these genes were termed “immediate early genes” (IEGs) in 
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analogy to the protein synthesis-independent gene expression program that 

underlies viral oncogenesis (Lau and Nathans, 1987).  IEGs include members of 

the Fos, Jun, early growth response (Egr), and nuclear receptor (Nr) families of 

transcription factors.  In addition to Fos, many of the classic growth factor 

regulated IEGs are part of the neural activity-dependent transcriptional program 

including Fosb, Fosl1, Fosl2, Jun, Junb, Egr1 (also termed zif/268; Ngfi-a; Krox-24), 

Egr3, and Nr4a1 (also termed nur77, Ngfi-b) (Herdegen and Leah, 1998).  These 

genes encode transcription factors that are induced in many cells types in 

response to a broad range of stimuli.  Thus, rather than having a specific cellular 

function, the IEG program appears to play a more general role in coupling 

extracellular stimuli with intracellular adaptations.  The different functional 

consequences of IEG induction arise through cell type- and stimulus-specific 

recruitment of complexes of these transcription factors to distinct sets of late 

response genes promoters (Hill and Treisman, 1999).  In the CNS, IEG 

transcription factors have been shown to contribute to diverse processes, 

including neurite outgrowth, neurotransmitter fate, and synapse plasticity 

(Dragunow et al., 2000; Li et al., 2007; Marek et al., 2010; Maze et al., 2010). 

Because Fos was the first of the activity-regulated genes to be identified, 

and because it is so widely and strongly induced, considerable effort has been 

devoted to understanding the molecular mechanisms that regulate its 

transcription.  The details of Fos transcription exemplify many of the general 

principles of activity-dependent transcription, and thus will be described in 

detail here.  Specifically, Fos induction has been shown to be dependent upon 1) 

the association of sequence-specific DNA binding transcription factors with 

stimulus-response elements in the proximal promoter, 2) the stimulus-dependent 



 

 

9 

recruitment to these transcription factors of transcriptional co-activators and co-

repressors that post-translationally modify promoter-associated histones, 3) the 

modulation of promoter function by distant enhancer elements, and 4) the 

regulation of transcriptional elongation (Figure 2).

1.3.1 Mechanisms of Fos transcriptional regulation: Association 
of transcription factors with stimulus-response elements in the 
proximal promoter 

Mutagenesis of the Fos promoter revealed two elements that are 

differentially required for promoter activity in response to a variety of stimuli 

(Sheng et al., 1990).  One element about 300bp upstream of the Fos transcription 

start site (TSS) is required for serum- and growth factor-dependent induction of 

Fos and was therefore named the Serum Response Element (SRE) (Sheng et al., 

1988; Treisman, 1986).  A second element, about 60bp upstream of the TSS is 

required for calcium- and cAMP-dependent regulation of Fos and was named the 

Calcium/cAMP-Response Element (CRE) (Hyman et al., 1988; Sheng et al., 1988).  

Finally, a distinct element just 5’ to the CRE is required for regulation of Fos 

transcription by the retinoblastoma tumor suppressor (Rb) and was named the 

Retinoblastoma Control Element (RCE) (Udvadia et al., 1992).  DNA elements 

control transcription because they are binding sites for transcription factors, thus 

once identified the elements are powerful tools for purifying or cloning the 

binding proteins.  In the case of the SRE, the binding protein was called the 

Serum Response Factor (SRF) (Norman et al., 1988).  Subsequent studies showed 

that SRF binds the SRE in cooperation with additional proteins called the 

Ternary Complex Factors (TCF), which are a subfamily of E-twenty six (Ets) 

domain-containing transcription factors exemplified by Ets-like gene 1 (Elk-1)  
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Figure 2: Mechanisms of neuronal activity-induced transcription.  The diagrams 
represent four steps in the process of Fos transcription that are regulated by neural 
activity.  (A) Prior to neuronal activity, the Fos promoter is primed for response by the 
association of sequence-specific DNA binding transcription factors with stimulus-
response elements (gray boxes) in the proximal promoter.  RNA polymerase II (Pol II) is 
also pre-associated with the Fos promoter prior to activation.  Numbers show base pair 
distances of each element from the transcription start site (TSS).  The promoter is kept off 
in part by the local recruitment of HDACs.  Key sites of calcium-regulated 
phosphorylation are represented by the circled letter P.  (B) Calcium induces a switch in 
cofactors present at the Fos promoter, with recruitment of the co-activator and histone 
acetyltransferase CBP and loss of the repressive HDACs.  (C) Distal enhancer elements 
(E.E.) contribute to activity-dependent transcription.  These elements are bound by 
transcription factors including SRF and CREB, and show calcium-dependent recruitment 
of CBP and Pol II binding.  Chromatin looping may bring the enhancer into physical 
proximity of the proximal promoter and Fos TSS.  (D) Transcription elongation is 
regulated by stimulus-dependent phosphorylation of two sites in the C-terminal domain 
of the large subunit of RNA polymerase II.  The pre-initiation form of RNA Pol II is 
bound to the Fos promoter but is not competent to drive RNA synthesis.  
Phosphorylation of serine 5 (pSer5) is sufficient to promote engagement but results in 
polymerase stalling within the transcribed region of many genes.  Productive elongation 
requires additional phosphorylation of RNA Pol II at serine 2 (pSer2). 
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(Buchwalter et al., 2004; Dalton and Treisman, 1992).  CRE binding proteins were 

named the Calcium/cAMP-Response Element Binding protein (CREB) family 

(Montminy and Bilezikjian, 1987).  The RCE is bound by the zinc-finger 

transcription factor Sp1 (Udvadia et al., 1993). 

Even prior to neural activity, all of these transcription factors as well as 

the pre-initiation form of the RNA polymerase II complex are bound to the Fos 

promoter (Kim et al., 2010; Sheng et al., 1988).  The primed state of this promoter 

is likely to be important for the very rapid induction of Fos transcription by 

stimuli.  However, this state also implies that active repression of the promoter 

may be required in the absence of a stimulus to prevent Fos from being 

constitutively transcribed.

1.3.2 Mechanisms of Fos transcriptional regulation: Stimulus-
dependent recruitment of transcriptional co-activators and co-
repressors that post-translationally modify histones 

Genomic DNA is wound into a complex secondary and tertiary structure 

called chromatin via its interactions with structural proteins.  The basic repeating 

unit of chromatin in the nucleosome, which consists of 147bp of DNA wound 

around an octamer of histone proteins: 2 each of histones H2A, H2B, H3, and H4 

(Horn and Peterson, 2002).  These histones are subject to extensive post-

translational modifications (e.g. acetylation, methylation, phosphorylation, 

ubiquitination) at specific amino acid residues in their flexible N-terminal tails.  

The observed correlation between specific modifications and transcriptional 

activity has given rise to the hypothesis of a “histone code” that determines the 

transcriptional state of a gene (Strahl and Allis, 2000).  Although the details of 

this relationship between histone modifications and transcription remains an 
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active area of investigation (Lee et al., 2010), substantial evidence suggests that 

stimulus-dependent regulation of histone H3 and H4 acetylation is a major 

mechanism of promoter activation and repression (Bernstein et al., 2007; Clayton 

et al., 2006; Roh et al., 2005).  In the case of Fos, one mechanism of promoter 

repression is via the RCE, which recruits a protein complex consisting of Sp1, the 

transcriptional co-repressor Rb, and the scaffolding protein Calcium-Responsive 

Transactivator (CREST).  In the absence of synaptic activity, Rb is bound to 

histone deacetylases (HDACs), which enzymatically remove acetyl groups from 

the histones surrounding the Fos TSS, repressing transcription (Qiu and Ghosh, 

2008).  HDACs can also be recruited to the SRF-binding protein Elk-1, although 

the functional requirement for this interaction at the Fos gene is not known (Yang 

et al., 2002).  Following neuronal activity, calcium-dependent signaling events 

drive the dissociation of the HDACs from both Rb and Elk, and also induce the 

active export of class II HDACs (HDAC4 and HDAC5) from the nucleus (Chawla 

et al., 2003; Qiu and Ghosh, 2008; Yang and Sharrocks, 2006).  Simultaneously, 

signaling cascades lead to the recruitment of the histone acetyltransferase (HAT) 

CREB-binding protein (CBP) to both CREB and CREST, acetylating promoter 

histones and promoting transcription (Chrivia et al., 1993; Impey et al., 2002; Qiu 

and Ghosh, 2008).

1.3.3 Mechanisms of Fos transcriptional regulation: Modulation 
of promoter function by distant enhancer elements 

In addition to these local events at the Fos promoter, membrane 

depolarization of neurons is associated with widespread, activity-induced 

recruitment of both CBP and RNA polymerase II to enhancer elements that 

neighbor Fos and other activity-regulated genes (Kim et al., 2010).  Biochemically, 
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enhancers have been defined across the genome as regions that show a 

characteristic chromatin signature that is enriched for histone H3 lysine 4 

monomethylation and that shows hypersensitivity to cleavage with enzyme 

DNAseI (Heintzman et al., 2007).  Functionally, enhancers are defined as any 

DNA element that promotes transcription of a given gene regardless of its 

location in the genome or its orientation with respect to the regulated gene.  

Enhancers can be found at great distances from the TSS, as is well documented 

for regulation of the β-globin locus and the Hoxd gene cluster (Hérault et al., 1999; 

Tuan et al., 1985).  How distant enhancers regulate promoter activity remains an 

active area of investigation, however these mechanisms may involve looping of 

chromatin to bring the enhancers in close proximity to the gene promoter (Li et 

al., 2006a), and/or large scale chromosome reorganization that brings multiple 

actively transcribed regions of chromatin to pre-formed transcriptional 

“factories” near the nuclear periphery (Sutherland and Bickmore, 2009).  Similar 

to promoter regulatory elements, many enhancer elements are pre-bound by 

activity-regulated transcription factors including SRF, CREB, and MEF2, which 

may act to recruit CBP (Flavell et al., 2008; Kim et al., 2010).  Interestingly, 

activity-dependent RNA polymerase II recruitment to enhancers is associated 

with the induced expression of short, non-coding enhancer RNA transcripts 

(eRNAs) that initiate at these non-coding elements (Kim et al., 2010).  Although 

the functions of eRNAs are not known, they may play a role in recruiting 

chromatin modifying enzymes to maintain the chromatin landscape in a 

transcriptionally permissive state.
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1.3.4 Mechanisms of Fos transcriptional regulation: Regulation 
of transcriptional elongation 

Finally, in addition to the regulation of transcriptional initiation, evidence 

suggests that Fos transcription may also be regulated at the level of 

transcriptional elongation.  Productive transcriptional elongation is an active 

process that requires dynamic CDK9/pTEFb-dependent phosphorylation of 

amino acids in the C-terminal domain of the large subunit of RNA polymerase II 

(Buratowski, 2009).  For at least a subset of genes, regulation of RNA polymerase 

II phosphorylation causes the polymerase complex to undergo promoter 

proximal stalling following initiation until signal-dependent elongation is cued 

(Nechaev et al., 2010).  Consistent with the possibility that Fos transcription may 

be subject to regulation of elongation, nuclear run-on assays of Fos transcription 

in quiescent fibroblasts show that these cells have constitutive transcription of 

short 5’ transcripts that fail to extend past a Fos intragenic regulatory element 

(FIRE) near the end of exon I prior to serum stimulation (Lamb et al., 1990).  

Genome-level chromatin immunoprecipitation (ChIP) studies have begun to 

address the localization and phosphorylation state of the polymerase subunits at 

large sets of activity-regulated genes (Kim et al., 2010), and further studies of this 

kind are likely to enhance understanding of the relative importance of the 

regulation of transcriptional elongation for neuronal activity-dependent changes 

in mRNA expression. 

1.4 Transcription factors regulated by neuronal activity 
There are two primary locations in a neuron at which mechanisms of 

signaling specificity typically act: 1) at the synapse – in the form of calcium 
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channel number, localization, and subunit composition – and 2) in the nucleus – 

in the form of transcription factor expression, localization, and post-translational 

modification.  In the next two sections, I will discuss these in turn, starting first 

with mechanisms of specificity that function in the nucleus, and then in Section 

1.5 discussing mechanisms of specificity that occur at the point of calcium entry 

in the neuron.  In particular, I will focus on transcription factors that have been 

shown to regulate the activity-dependent transcription of the Bdnf gene (see 

Section 1.2). 

Stimulus-regulated transcription factors play an essential role in cell 

biology by coupling extracellular stimuli to coordinated intracellular responses.  

Activity-regulated signaling pathways modulate gene transcription by altering 

the function, localization, or expression of transcriptional factors in the nucleus 

(West et al., 2002).  A growing number of transcriptional regulators have been 

shown to be targets of activity-dependent signaling cascades in neurons (Figure 

3).  Here I will discuss some of the most well-studied activity-regulated 

transcription factors in neurons, and review the mechanisms of their regulation.

1.4.1 Activation of prebound transcription factors 

One of the most striking features of neuronal activity-regulated 

transcription is its very rapid initiation.  Newly synthesized nuclear RNA 

transcripts can be detected within one minute of stimuli that induce calcium 

influx suggesting that some gene promoters are primed for rapid response 

(Greenberg et al., 1986).  At these promoters, such as Fos, transcriptional 

activators are prebound before stimulation arrives (Kim et al., 2010).  Activity- 
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Figure 3: Mechanisms of transcription factor regulation by neuronal activity.  
Transcription factor function can be regulated by neuronal activity through at least four 
different mechanisms.  Green arrows represent genes that show activity-induced 
transcriptional activation, red bars represent genes that undergo activity-induced 
transcriptional repression.  (A) Recruitment of transcriptional coactivators and 
corepressors is an important mechanism to regulate the function of pre-bound 
transcription factors such as CREB, MEF2, and SRF.  (B) Nuclear translocation of the 
transcription factors NFAT and NF-kB is induced by a wide variety of stimuli including 
neuronal activity, allowing these factors to bind to their target gene promoters.  By 
contrast, neuronal activity drives the nuclear export of the forkhead box transcription 
factor FOXO3 and prevents nuclear translocation of CCAT.  (C) Regulated binding of 
transcription factors is controlled through different mechanisms.  In the case of CREB, 
signal-dependent regulation of histone modifying enzymes may lead to a change 
chromatin structure that alters the accessibility of CREB binding sites.  For DREAM, 
direct binding of calcium to the EF-hands in this repressor protein changes its affinity for 
DNA, releasing it from its binding site.  (D) In addition to the classic IEGs transcription 
factors, such as Fos, Jun, and Egr family members, additional transcription factors are 
subject to activity-dependent regulation of expression.  These transcription factors 
include ICER, a repressor form of the CREB family member CREM, and the bHLH-PAS 
domain transcription factor NPAS4.  Expression of other transcription factors is likely to 
be repressed by neuronal activity, however these remain to be identified. 
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dependent signaling pathways are required to post-translationally modify these 

factors and/or their associated proteins to change their activity state.

1.4.1.1 Calcium/cAMP-Response Element binding protein (CREB) 

The CREB family of transcription factors is comprised of Creb, cAMP 

Response Element Modulatory Protein (Crem), and activating transcription factor 

1 (Atf1).  In the CNS, CREB family members have been shown to be essential for 

neuronal survival and are thought to modulate both synaptic and intrinsic 

plasticity in response to neuronal activity (Benito and Barco, 2010; Lonze and 

Ginty, 2002).  Loss-of-function genetic studies show that CREB and CREM have 

overlapping functions in the developing and mature CNS, whereas ATF1 plays 

particularly important roles early in development (Bleckmann et al., 2002; 

Mantamadiotis et al., 2002).  All stimuli that activate neuronal CREB-dependent 

transcription (e.g., receptor tyrosine kinases, calcium signaling pathways, cAMP) 

do so by inducing phosphorylation of CREB at serine 133 (Ser133) (Shaywitz and 

Greenberg, 1999).  Distinct Ser133 kinases including protein kinase A (PKA), 

Ca2+/calmodulin (CaM)-dependent protein kinases (CaMKs), mitogen-activated 

protein kinase (MAPK), and Akt (also known as protein kinase B, PKB) mediate 

phosphorylation of CREB in response to different stimuli in different cell types 

(Gonzalez and Montminy, 1989; Lonze and Ginty, 2002; Mayr and Montminy, 

2001; Sheng et al., 1991).  In neurons, CaMKs mediate rapid but transient 

phosphorylation of CREB following membrane depolarization, whereas MAPKs 

make a major contribution to later, sustained CREB phosphorylation (Dolmetsch 

et al., 2001; Wu et al., 2001a).  Phosphorylation of CREB at Ser133 activates 

transcription by inducing the association of CREB with the transcriptional 

coactivators CBP and p300, which promote transcription by acetylating promoter 
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histones (Chrivia et al., 1993; Goodman and Smolik, 2000).  Alternate CREB 

coactivators include the CREB-regulated transcription coactivators (Crtc1-3, 

previously known as TORCs) (Conkright et al., 2003; Kovács et al., 2007; Sasaki et 

al., 2011; Screaton et al., 2004). 

In addition to phosphorylation of Ser133, activation of neuronal calcium 

signaling pathways induces phosphorylation of CREB at Ser142 and Ser143 

(Kornhauser et al., 2002).  These phosphorylation events occur concurrently with 

activation of CREB-dependent transcription, and mutation of these serines to 

non-phosphorylatable alanine residues selectively inhibits calcium-regulated 

CREB activity in a reporter gene assay, while leaving cAMP-dependent 

transcription unaffected (Kornhauser et al., 2002).  Consistent with a role for these 

phosphorylation sites in regulation of CREB-dependent transcription in vivo, 

phosphorylation of CREB Ser142 is induced in neurons of the suprachiasmatic 

nucleus by light exposure, and mice bearing a mutation that changes Ser142 to 

alanine knocked into the Creb1 gene show altered circadian rhythms (Gau et al., 

2002).

1.4.1.2 Serum-Response Factor (SRF) 

SRF is a versatile transcription factor expressed in many cell types that 

plays an important role in coupling actin signaling to changes in gene expression 

that control cell motility (Arsenian et al., 1998; Knöll et al., 2006; Olson and 

Nordheim, 2010).  In the CNS, disruption of SRF function is associated with 

impaired axon pathfinding during development and impaired synaptic plasticity 

in the adult hippocampus (Etkin et al., 2006; Knöll et al., 2006; Ramanan et al., 

2005).  Furthermore the inducibility of many of the IEG transcription factors is 

abolished in the absence of SRF expression, implying an essential role for this 
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factor in activating the general cellular response to changes in extracellular 

stimuli (Parkitna et al., 2010; Ramanan et al., 2005).  Unlike the CREB family of 

transcription factors, SRF acts as a homodimer and is encoded by a single gene 

(Norman et al., 1988).  SRF interacts with a diverse set of transcriptional co-

regulators, many of which are highly modulated by activity-regulated signaling 

cascades (Knöll and Nordheim, 2009).  Evidence suggests that it is the differential 

regulation and use of these cofactors that confers functional versatility upon SRF-

dependent programs of gene transcription. 

SRF-dependent transcription is activated by two sets of cofactors: 1) the 

TCFs (Buchwalter et al., 2004), and 2) the myocardin family of transcriptional co-

factors, which includes myocardin, myocardin-related transcription factor A 

(MKL1, also known as MAL or MRTF-A) and MKL2 (also known as MRTF-B) 

(Pipes et al., 2006).  The TCFs Elk-1, Net, and SRF accessory protein 1 (Sap-1) 

comprise a subfamily of the Ets domain transcription factors, and were first 

shown to complex with SRF on the SRE of the Fos gene (Shaw et al., 1989).  The 

N-terminal domain of the TCF factors recruits co-repressors to keep target genes 

off in the absence of stimuli (Yang et al., 2001).  Following neuronal activity- and 

calcium-dependent activation of MAPK signaling pathways, the TCFs are 

extensively phosphorylated (Marais et al., 1993; Miranti et al., 1995).  

Phosphorylation of TCFs regulates their activity by inducing a conformational 

change that both enhances DNA binding and also activates the TCF-bound HAT 

CBP (Gille et al., 1992).   

In contrast to the dominant role of the MAPKs in regulation of the TCFs, 

the myocardin family of SRF coactivators is regulated by actin signaling (Miralles 

et al., 2003; Sotiropoulos et al., 1999).  In resting cells, myocardin family members 
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such as MKL1 are bound to monomeric G-actin, which keeps them sequestered 

in the cytoplasm.  Extracellular signals that activate intracellular Rho-GTPases 

stimulate the assembly of filamentous F-actin, freeing MKL1 to translocate into 

the nucleus where it can bind to SRF and activate SRF-dependent transcription 

(Vartiainen et al., 2007).  Although the relative importance of these two sets of 

cofactors in neurons for SRF-dependent transcription is not fully known, 

evidence suggests that the myocardins may be particularly important during 

neuronal development.  For example, whereas Elk1 knockout mice show grossly 

normal brain development (Cesari et al., 2004), mice lacking both Mkl1 and Mkl2 

in the brain have abnormal neuronal migration, neurite outgrowth, and SRF-

dependent gene expression (Mokalled et al., 2010), phenocopying many of the 

early neurodevelopmental defects observed in Srf knockout mice (Knöll et al., 

2006).

1.4.1.3 Myocyte Enhancer Factor 2 (MEF2) 

The MEF2 family was first identified for its role in muscle differentiation 

(Molkentin et al., 1995), however the four members of the MEF2 family (MEF2A-

D) are also found in distinct but overlapping patterns in neurons throughout the 

developing and adult CNS (Leifer et al., 1993; Lyons et al., 1995).  Various 

members of the MEF2 family have been implicated in the regulation of neuronal 

survival during development (Mao et al., 1999), in the activity-dependent 

elimination of excitatory synapses (Flavell et al., 2006), and in behavioral 

adaptations to drugs of abuse (Pulipparacharuvil et al., 2008). 

The transcriptional activity of MEF2 is highly sensitive to regulation by a 

complex array of stimulus-dependent post-translational modifications that 

modulate MEF2’s interactions with multiple transcriptional cofactors (McKinsey 
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et al., 2002; Shalizi et al., 2006).  The intricate details of these regulatory 

mechanisms suggest that post-translational modification of MEF2 by various 

signaling enzymes may provide a way for distinct stimuli to differentially 

regulate MEF2-dependent transcriptional programs.  MEF2 can be either an 

activator or a repressor of transcription, and stimulus-induced signaling 

pathways switch it between these states.  In its repressor state, class IIa HDACs 

(HDAC 4,5, 7 and 9) bind to the N-terminal domain of the MEF2s (Lemercier et 

al., 2000).  This interaction contributes to repression of MEF2-dependent 

transcription both by reducing the acetylation of histones at MEF2 target gene 

promoters and by deacetylating a key residue on MEF2, Lys403 (note: all amino 

acid numbers presented in this section refer to sequence positions in human 

MEF2A) (Shalizi et al., 2006).  Deacetylation of Lys403 is correlated with 

modification of this residue by the small ubiquitin-like modifier (SUMO) moiety, 

which appears to stabilize MEF2 in the repressor state (Shalizi et al., 2006; Zhao et 

al., 2005). 

Neuronal activity-induced calcium signaling pathways activate MEF2-

dependent transcription by at least three mechanisms.  First, CaMK-dependent 

phosphorylation of the HDACs leads to their release from MEF2 and their export 

from the nucleus (Chawla et al., 2003; Lu et al., 2000).  Since the HDACs compete 

for binding to the same region on MEF2 as the HATs p300 and CBP, HDAC 

unbinding promotes the ability of MEF2 to recruit co-activators (McKinsey et al., 

2001).  Second, calcium-dependent activation of the p38-MAPK leads to 

phosphorylation of MEF2s at multiple sites (Han et al., 1997; Yang et al., 1999; 

Zhao et al., 1999).  At least three sites of p38-induced phosphorylation contribute 

to the transcriptional activity of the MEF2s (Thr312, Thr319, and Ser453).  These 
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sites are conserved in MEF2A, C, and D, and these isoforms of MEF2 are targets 

of p38-MAPK regulation (Yang et al., 1999).  In addition, the extracellular signal-

regulated kinase 5 (Erk5) MAPK is capable of phosphorylating MEF2A, C, and D 

and has been implicated in neuronal MEF2 regulation downstream of BDNF 

signaling (Kato et al., 1997; Shalizi et al., 2003).  Third, calcium-dependent 

activation of the phosphatase calcineurin leads to dephosphorylation of Ser and 

Thr residues on MEF2 (Mao and Wiedmann, 1999; Wu et al., 2001b).  

Dephosphorylation at Ser408 is particularly important for the ability to switch 

MEF2 from repressor to activator and is required for activity to induce the switch 

at Lys403 from SUMOylation to acetylation (Grégoire et al., 2006; Shalizi et al., 

2006).  Interestingly, these sites of regulation are conserved in MEF2A and D, 

however they are contained within an alternatively spliced region of MEF2C (the 

γ domain; Figure 4) that is only present in a fraction of the MEF2C protein 

expressed in brain (Zhu et al., 2005).  Finally, whereas calcium and cAMP 

cooperate to activate the transcription factor CREB, cAMP can either prevent or 

inhibit MEF2 activation by blocking HDAC export from the nucleus and by 

inhibiting import of the MEF2 co-activator NFATc3/c4 (Belfield et al., 2006).  

Taken together, these data raise the possibility that differential activation of 

signaling cascades, combined with differential expression of MEF2 isoforms, is a 

mechanism of transcriptional specificity for MEF2-dependent gene expression.  

Whether the different splice variants of a particular MEF2 isoform might 

differentially contribute to activity-regulated MEF2-dependent gene expression 

remains unknown.
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Figure 4: Schematic depicting splice variants of MEF2A, MEF2C, and MEF2D.  MEF2A, 
C, and D all have a great degree of structural homology.  The MADS and MEF2 domains 
of each protein constitute the DNA binding domain (Molkentin et al., 1996).  MEF2A and 
D each contain 2 alternatively spliced domains.  Each has either an α1 or an α2 domain, as 
well as an optional β domain.  These alternative splice sites yield a total number of four 
distinct splice variants.  MEF2C contains an additional alternatively spliced region, the γ 
domain, which allows for up to eight distinct MEF2C splice variants.  By contrast, all 
MEF2A and MEF2D variants contain the γ domain.  TAD; transcriptional activation 
domain.  Red arrows indicate alternatively spliced regions. 

1.4.2 Transcription factors that undergo regulated 
nucleocytoplasmic shuttling 

An alternative mechanism by which activity can induce transcription 

factor activity is via the regulation of nuclear import.  Cytoplasmic sequestration 

of transcription factors provides a robust means to keep transcription off in the 

absence of stimuli, and local tethering of transcription factors near channels may 

also allow them to be directly regulated by signaling events that occur near the 

cell membrane.  In the nervous system it has been suggested that transcription 

factors may be capable of being locally activated at dendritic synapses or in the 

distal growing axon and then translocating to the nucleus (Cox et al., 2008; 
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Meffert et al., 2003).  Even for transcription factors that are retained in the 

nucleus, key transcriptional coactivator and corepressor proteins may be shuttled 

in and out of the nucleus to regulate transcriptional activity (Parkitna et al., 2010; 

Soriano et al., 2011).  Compared with transcription induced by prebound 

transcription factors, the transcriptional response to shuttling factors is slower 

and constitutes a late wave of activity-regulated transcription.  Termination of 

transcription through these pathways is primarily mediated by signaling 

pathways that induce nuclear export.

1.4.2.1 Activity-dependent nuclear translocation 

The two most widely studied transcription factors that translocate into 

the nucleus following stimulation are NF-κB and NFAT.  The calcium-dependent 

regulation of these factors was first studied in immune cells, where these 

pathways play crucial roles is gene expression activated by T and B cell 

receptors.  Although the sources of calcium and the biological context of the 

signaling pathways are different in neurons, these factors appear to still play an 

important role in regulating intracellular neuronal responses to extracellular 

signaling most likely including synaptic activity. 

NF-κB refers to the activity of a set of five mammalian Rel-domain DNA 

binding subunits: NF-κB1 (p50/p105), NF-κB2 (p52/p100), RelA (p65), RelB, and 

c-Rel (Liou and Baltimore, 1993).  In some cell types, most notably activated 

immune cells, NF-κB activity is constitutive.  However, in many cells, NF-κB is 

held in the cytosol in an inactive form through its association with one of the 

Inhibitor of NF-κB (IκB) proteins (Meffert and Baltimore, 2005).  The ankyrin 

repeat domains of IκB mask the nuclear localization signal (NLS) of NF-κB, and 
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thus keep this transcription factor in an inactive form in the cytoplasm.  Nuclear 

translocation of NF-κB is induced by stimuli that lead to phosphorylation and 

subsequent degradation of IκB (Mercurio et al., 1997).  Phosphorylation of IκB is 

mediated primarily by the IκB kinase (IKK), which is composed of the IKKα and 

IKKβ subunits along with the regulatory protein NF-κB essential modulator 

(NEMO).   

Some of the same stimuli that activate NF-κB in the immune system also 

regulate this transcription factor in the CNS.  These stimuli include cytokines 

such as TNFα, viral infections, and oxidative stress.  However, in the CNS NF-κB 

activity can also be induced by glutamate activation of synaptic NMDARs or the 

opening of L-VGCCs (Guerrini et al., 1995; Meffert et al., 2003).  Both Ca2+/CaM-

dependent protein kinase II (CaMKII) and MAPKs have been implicated in CNS 

regulation of NF-κB activity (Lilienbaum and Israël, 2003; Meffert et al., 2003; 

Takeuchi and Fukunaga, 2004).  However, some controversy exists over whether 

glutamate induces NF-κB activity in neurons as opposed to other CNS cell types 

such as glia or microglia (Massa et al., 2006).  The need to identify the cell types in 

which transcription is activated is not unique to NF-κB, but rather is a concern 

for any of the transcription factors that are expressed in both neurons and glia 

(this conundrum applies to CREB, for example).  Future development of cell 

type-specific genetic tools for manipulating NF-κB activity in the CNS will be 

important for addressing the different biological functions of this transcription 

factor in neurons, glia, and microglia. 

Although evolutionarily related to the Rel/NF-κB family, the NFAT 

transcription factors (NFAT1-4) are distinguished by their sensitivity to 
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intracellular Ca2+ and their regulation by the Ca2+-dependent serine/threonine 

phosphatase calcineurin (Hogan et al., 2003).  A fifth NFAT family member 

(NFAT5/TonEBP) shares homology to the NFAT DNA binding domain but lacks 

calcium sensitivity and instead plays important roles in cellular responses to 

changes in extracellular tonicity (Miyakawa et al., 1999).  NFAT family members 

have been most highly studied for their role in regulation of cytokine gene 

expression in T cells, however these proteins are widely expressed in numerous 

tissues including the nervous system (Vihma et al., 2008).  Genetic studies have 

revealed that NFAT is required for neurotrophin- and netrin-dependent axon 

outgrowth during embryonic development (Graef et al., 2003) and for serum- and 

activity-dependent survival of cerebellar granule neurons (Benedito et al., 2005).  

However, the substantial redundancy in function among the four calcium-

regulated members of this family and the requirement for these factors in 

development of other organ systems have limited genetic analysis of adult brain 

functions in constitutive knockout mice. 

In response to stimuli that elevate intracellular calcium and/or induce the 

release of calcium from intracellular stores, the phosphatase calcineurin 

dephosphorylates multiple Ser and Thr residues on NFAT, which facilitates 

nuclear translocation (Okamura et al., 2000).  Although NFAT can bind DNA as a 

dimer at regulatory elements that resemble NF-kB binding sites, NFAT also 

binds and cooperates with a number of other nuclear transcription factors 

including Fos/Jun family members and MEF2 (collectively known as “NFATn” 

for the NFAT “nuclear” component) to synergistically promote gene 

transcription (Hogan et al., 2003).  NFAT-dependent transcription is terminated 

by nuclear export following rephosphorylation of the protein by a number of 
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constitutively active kinases including dual specificity tyrosine phosphorylation-

regulated kinase 1A (DYRK1A) and glycogen synthase kinase 3 (GSK3) (Graef et 

al., 1999; Gwack et al., 2006).

1.4.2.2 Synaptic activity-dependent nuclear export 

In addition to driving transcription factors into the nucleus, increased 

activity can also lead to nuclear export.  The transcription factor forkhead box O3 

(FOXO3) is best known for its regulation of cell death and stress responses 

(Brunet et al., 1999; Brunet et al., 2004; Tran et al., 2002).  FOXO3 is 

phosphorylated at three sites by the growth factor-regulated Akt signaling 

pathway, promoting 14-3-3 association and nuclear export (Brunet et al., 1999).  

By contrast, growth factor withdrawal and oxidative stress are associated with 

FOXO3A dephosphorylation and nuclear entry, and the activation of FOXO3A 

target genes that promote cell death.  In neurons the NMDAR-dependent 

activation of calcium signaling pathways can also lead to regulated shuttling of 

FOXO1 and FOXO3A (Al-Mubarak et al., 2009; Dick and Bading, 2010; Papadia et 

al., 2008; Soriano et al., 2006).  For example, stimulation of extrasynaptic 

NMDARs, which can induce cell death, drives nuclear translocation of FOXO3A 

(Dick and Bading, 2010).  By contrast, prolonged synaptic activation prior to 

growth factor withdrawal reduces nuclear translocation of FOXO3A and protects 

against cell death through a signaling pathway that requires the activation of 

synaptic NMDARs, the elevation of nuclear calcium, and Ca2+/CaM-dependent 

protein kinase IV (CaMKIV).  This bidirectional regulation of the FOXO1 and 

FOXO3A pathways demonstrates one of the many downstream pathways 

through which synaptic and extrasynaptic NMDARs can have opposing effects 

on neuronal biology.  Importantly, this example highlights the fact that calcium 
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signaling pathways can drive the nuclear export as well as the nuclear import of 

transcription factors. 

A relative newcomer to the field of stimulus-regulated neuronal 

transcription factors is the calcium channel associated transcription regulator 

(CCAT).  Experiments in both neurons and cardiac myocytes had suggested that 

the C-terminal domain of the L-VGCC α subunit Cav1.2 could be cleaved from 

the membrane-associated channel (De Jongh et al., 1994; Gerhardstein et al., 2000).  

When Gomez-Ospina and colleagues raised an antibody against this C-terminal 

domain of the protein, they were surprised to find that it strongly localized to the 

nucleus, especially in glutamic acid decarboxylase 65 (GAD65)-expressing γ-

aminobutyric acid (GABA)-ergic interneurons (Gomez-Ospina et al., 2006).  In the 

nucleus, CCAT binds to the transcriptional regulator p54(nrb)/NonO, and acts as 

a transcriptional activator of a number of genes including that encoding the 

connexin Cx31.1 (Gjb5).  Most interestingly, CCAT localization is regulated by 

intracellular calcium, and it accumulates in the nucleus under conditions of low 

intracellular calcium.  These data raise the intriguing possibility that CCAT could 

contribute to transcriptional regulation induced under periods of low rather than 

high synaptic activity, providing an important counterbalance to the programs of 

transcription driven by activity-induced factors such as CREB, SRF, and MEF2.

1.4.3 Transcription factors that show regulated binding 

The specificity of transcription factor function is determined in large part 

by the factor’s sites of DNA binding, which in turn determine which genes that 

transcription factor can regulate.  For this reason, inducible binding of a 

transcription factor to different sites in the genome would have an obvious 
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impact on its function.  Perhaps the most clear example of calcium-dependent 

regulation of transcription factor binding has been that described for the 

Downstream Repressor Element Antagonist Modulator (DREAM) (Carrión et al., 

1999).  DREAM (also known as KChIP3 and calsenillin (An et al., 2000; Buxbaum 

et al., 1998)) belongs to the Neuronal Calcium Sensor (NCS) family of EF-hand 

proteins (Burgoyne, 2007).  This protein family is related to the ubiquitous 

calcium effector protein CaM, but NCS family members also have domains 

distinct from those found in CaM.  The 14 members of the NCS family have 

functions ranging from vesicle trafficking to ion channel regulation to 

transcriptional control (Burgoyne, 2007).  DREAM was first characterized as a 

transcription factor when it was shown to bind to a repressor element in the first 

intron of the gene encoding prodynorphin (Pdyn) (Carrión et al., 1999).  In the 

absence of calcium signaling, DREAM acts as a repressor of Pdyn by sterically 

hindering progression of the polymerase.  Upon a rise in nuclear calcium, 

DREAM binds calcium through its EF-hands and its affinity for DNA is 

subsequently reduced (Lusin et al., 2008; Osawa et al., 2005; Osawa et al., 2001).  

Mice lacking DREAM (Kcnip3-/- mice) have elevated Pdyn mRNA in the spinal 

cord and reduced behavioral responses to painful stimuli, indicating a 

physiological requirement for DREAM in this pathway (Cheng et al., 2002). 

Although a few other factors including some bHLH proteins 

(Corneliussen et al., 1994) and members of the MEF2 family (Mao and 

Wiedmann, 1999) have been shown to exhibit regulated DNA binding in vitro, 

direct regulation of DNA binding capacity has not emerged as a major 

mechanism of transcriptional regulation for most activity-regulated factors.  

Instead, it seems likely that inducible binding may be more likely to occur as a 
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consequence of multiple coordinated cellular signaling events that either shift the 

subcellular localization of transcription factors and cofactors or that change the 

structure of genomic DNA.

1.4.4 Neuronal activity-regulated transcription factor expression 

As initially described for Fos and the other IEGs, an important class of 

transcription factors are regulated by neuronal activity at the level of their 

expression.  The promoters of these genes are targets of the transcription factors 

in the categories above.  Robust induction of the IEG transcription factors is a 

cardinal feature of the transcriptional response to a wide variety of stimuli in 

many cell types (Herdegen and Leah, 1998; Morgan and Curran, 1991).  Notably 

these transcription factors are also subject to additional forms of activity-

dependent regulation.  For example, after synthesis, Fos and Jun family 

transcription factors are subject to phosphorylation, which can change their 

nuclear localization or protein-protein interactions (Chen et al., 1993). 

A recent addition to the set of activity-induced transcription factors is the 

bHLH-PAS domain family member Npas4 (Lin et al., 2008).  Like other IEGs, 

Npas4 is very rapidly and robustly induced by membrane depolarization of 

cultured neurons (Lin et al., 2008).  However, unlike the Fos and Jun families of 

transcription factors, expression of Npas4 is largely restricted to neurons and its 

transcription is selectively induced by stimuli that activate intracellular calcium 

signaling pathways (Coba et al., 2008; Lin et al., 2008; Ooe et al., 2004; Zhang et al., 

2009).  Interestingly, acute RNAi-mediated knockdown of Npas4 during 

synaptogenesis in cultured hippocampal neurons reduces GABAergic synapse 

numbers while overexpression of Npas4 selectively increases GABAergic 
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synapses (Lin et al., 2008).  By contrast these manipulations have no effect on the 

number of glutamatergic synapses, indicating a selective role for Npas4 in 

regulating GABAergic synapse development.  Npas4 forms functional 

heterodimers with other members of the bHLH-PAS domain protein family 

including Arnt1 and Arnt 2 (Ooe et al., 2009).  Genome-wide ChIP-sequencing 

(ChIP-Seq) for Npas4 shows that this protein is widely found not only at 

promoters but also at activity-regulated distant enhancers (Kim et al., 2010).  The 

function of Npas4 recruitment to enhancers remains to be determined, however 

one speculative idea is that late recruitment of Npas4 may be required to prolong 

the transcription of activity-regulated genes such that they reach critical 

expression levels for regulation of downstream processes (Greer and Greenberg, 

2008).  RNA interference (RNAi)-mediated knockdown of Npas4 affects the 

expression of a large number of gene products, many of which are activity-

regulated, consistent with the possibility that this transcription factor contributes 

to stimulus-dependent regulation of gene expression (Lin et al., 2008).

1.5 Calcium channel-dependent regulation of transcription 
Transcription occurs in the cell nucleus, and up to this point, I have 

focused on cellular mechanisms of specificity that act on the nuclear proteins that 

regulate transcription in response to neuronal activity.  However, the signals that 

set these nuclear events in motion begin at the synaptic plasma membrane, 

where neurotransmission occurs.  In this section, I will describe the synaptic and 

cytoplasmic mechanisms by which calcium signaling pathways encode 

specificity toward the transcriptional pathways they activate. 
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Presynaptic action potentials release glutamate into the synaptic cleft, 

activating glutamate receptors of NMDA-, α-amino-3-hydroxyl-5-methyl-4-

isoxazole-proprionate (AMPA)-, and kainate-types.  This postsynaptic glutamate 

receptor activation then sets into motion a series of intracellular signaling events 

that culminate in the regulation of the transcription factors and stimulus-

regulated genes described above.  One of the most salient second messengers in 

cell biology is the calcium ion (Clapham, 2007).  The importance of calcium 

signaling pathways for activity-regulated gene transcription was first 

demonstrated by experiments that showed removing calcium from the 

extracellular solution ablates neurotransmitter-induced gene induction in 

cultured cells (Greenberg et al., 1986; Morgan and Curran, 1986).  Over the course 

of the following decade, it became apparent that this single signal – the calcium 

ion – is capable of exerting diverse effects on neuronal physiology and 

metabolism depending upon the mode of calcium entry and the cellular context 

in which the calcium signal acts (Ghosh and Greenberg, 1995).  The two most 

physiologically relevant modes of calcium entry into neurons in terms of 

regulating changes in gene transcription are entry through L-VGCCs and 

NMDARs (Bading et al., 1993; Ghosh et al., 1994b; Ghosh and Greenberg, 1995; 

Lerea et al., 1992).  Additional sources of calcium include other voltage- and 

ligand-gated plasma membrane calcium channels as well as the release of 

calcium from intracellular stores. 

Calcium can activate a number of different signaling cascades, and the 

differential activation of these pathways by distinct pools of intracellular calcium 

contributes to the specificity of transcriptional responses.  Calcium acts on cell 

physiology by virtue of its ability to bind to proteins, which then changes their 
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conformations and functions.  One of the most important calcium adaptors in the 

cell is the protein CaM, which can coordinate up to four calcium ions with its 

four EF hand domains (Clapham, 2007).  The Ca2+/CaM complex is then capable 

of activating several different types of effector molecules, including the family of 

CaMKs and the Ca2+/CaM-dependent protein phosphatase calcineurin (Wayman 

et al., 2008).  Other Ca2+/CaM binding proteins including Ras-specific guanine 

nucleotide-releasing factor (Ras-GRF), along with CaMKIV, lead to activation of 

MAPK signaling pathways.  Additionally, Ca2+/CaM-dependent adenylate 

cyclases elevate cellular cAMP levels to activate PKA.  Activation of these kinase 

cascades drives the changes in transcription factor activation discussed above 

that regulate gene transcription.  Factors such as calcium channel location, 

channel subunit composition, calcium microdomain dynamics, and protein-

protein interactions can all play a role in determining which signaling cascades – 

and therefore which genes – are differentially regulated following neuronal 

stimulation (Bading et al., 1993; Ginty, 1997).  In this section, I will discuss the 

different sources of calcium that, upon activation, can lead to alterations in gene 

transcription in neurons, as well as the mechanisms by which these various 

routes of calcium influx convey specificity to the nucleus.

1.5.1 NMDA Receptors (NMDARs) 

NMDARs are glutamate-gated non-selective cation channels that play a 

key role in the activation of intracellular calcium signaling cascades following 

synaptic activity (Dingledine et al., 1999; McBain and Mayer, 1994).  Because 

NMDARs require both presynaptic depolarization (for neurotransmitter release 

into the synaptic cleft) and postsynaptic depolarization (for the removal of the 
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Mg2+ ion that usually blocks the channel pore) for activation, they play an 

essential role as coincidence detectors in long-term potentiation (LTP), a Hebbian 

form of synaptic plasticity that is a cellular mechanism for learning and memory 

(Collingridge and Singer, 1990; McBain and Mayer, 1994).  The ability of 

NMDARs to allow calcium to enter the cell has been shown to be important for 

many neurobiological processes including neuronal survival, migration, neurite 

outgrowth, synapse formation, and other forms of plasticity such as homeostatic 

plasticity and metaplasticity (Choi, 1988a, b).  Importantly, it has been 

demonstrated by a myriad of studies that one critical way in which NMDARs are 

capable of exerting their effects on a neuron’s life and metabolism is via 

regulation of gene transcription (Hardingham and Bading, 2003; Wayman et al., 

2006; West et al., 2002).

1.5.1.1 NMDARs regulate transcription in vitro and in vivo 

There is a substantial body of evidence in support of the idea that calcium 

influx through NMDARs contributes to induction of gene transcription.  The first 

evidence for NMDARs being critical for the induction of IEGs following electrical 

stimulation came from a study published by Cole and colleagues (Cole et al., 

1989).  Briefly, the authors showed that high frequency stimulation of the 

perforant path-granule cell synapse in vivo leads to robust induction of Egr1 

mRNA in an NMDAR-dependent manner.  A later study showed that in cultured 

hippocampal neurons, glutamate-induced increases in mRNA transcript levels of 

the IEGs Fos, FosB, Jun, JunB, Egr1 and Nr4a1 were almost entirely due to 

NMDAR activation (Bading et al., 1995).  Interestingly, while high frequency 

stimulation – which is known to induce LTP – is capable of triggering Egr1 

mRNA induction, low frequency stimulation – which does not induce LTP – is 
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not sufficient to induce Egr1 transcription (Cole et al., 1989).  These correlational 

findings were also among the first to suggest that IEG transcription might play a 

role in synaptic plasticity. 

NMDAR-regulated gene transcription has been implicated in numerous 

cellular processes.  NMDARs are the critical source of calcium influx for the 

initiation of LTP (Collingridge et al., 1983a, b; Kauer et al., 1988; Malenka et al., 

1988; Muller et al., 1988), and subsequent work has suggested that the late phase 

of LTP relies on NMDAR-induced, transcription-dependent cellular events (Frey 

and Morris, 1997; Nguyen et al., 1994).  NMDARs also contribute to transcription 

that promotes neural development.  For example, NMDAR activation regulates 

Wnt-2 transcription in a manner dependent upon CaMK kinase (CaMKK), the 

Ca2+/CaM-dependent protein kinase I (CaMKI) α and γ isoforms, MAPK, and 

CREB activation (Wayman et al., 2006).  This increase in Wnt2 transcription 

following synaptic NMDAR stimulation results in increased Wnt-2 protein 

secretion and a subsequent increase in dendrite outgrowth and branching in 

hippocampal neurons.  Finally, NMDAR activation has been shown to be 

essential for the regulation of neuronal survival during development 

(Hardingham and Bading, 2002, 2003; Hardingham et al., 2002; Sala et al., 2000).  

Interestingly, cell survival can be bidirectionally regulated by NMDARs, and this 

process appears to rely largely on which specific NMDARs are activated on a 

given neuron.  We will discuss this phenomenon in greater detail below.

1.5.1.2 Molecular biology and patterns of expression of the NMDARs 

NMDAR channels are heterotetramers that can be made up of different 

subunit compositions.  There are seven known NMDAR subunits: NR1, which 
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can be alternatively spliced to yield eight different variants; NR2A-D, which are 

encoded by four different genes; and NR3A-B, which are also encoded by 

distinct genes (Ciabarra et al., 1995; Dingledine et al., 1999; Matsuda et al., 2002; 

McBain and Mayer, 1994; Nishi et al., 2001; Sucher et al., 1995).  Each subunit has 

three transmembrane domains (TM1, TM3, and TM4) plus a cytoplasm-facing re-

entrant membrane loop (TM2), meaning that the N terminus is located 

extracellularly and the C terminus intracellularly (Dingledine et al., 1999).  

Functional glutamate-sensing NMDARs require at least one NR1 and one NR2 

subunit (Cull-Candy et al., 2001; Köhr, 2006; Rosenmund et al., 1998), however 

the exact subunit composition of individual receptors varies.  The NR1 and 

NR3A/B subunits contain glycine-binding sites, while the four NR2 subunits all 

contain glutamate-binding sites.  In order to achieve full opening of the ion 

channel pore, co-activation by both glutamate and glycine is required (Clements 

and Westbrook, 1991; McGurk et al., 1990).  Most CNS NMDARs are thought to 

contain two NR1 subunits and two NR2 subunits (Dingledine et al., 1999).  

NMDARs that contain NR3 subunits probably contain NR1, NR2, and NR3 

(Sasaki et al., 2002). 

NR1 is expressed throughout the nervous system and is an obligate 

NMDAR subunit; without it, functional NMDARs cannot form (Ishii et al., 1993; 

Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et al., 1992).  Several 

important, functional differences have been identified that distinguish the four 

NR2 subunits (NR2A-D) from each other.  NR2A and NR2B are most highly 

expressed in brain structures in the forebrain, while NR2C and NR2D are more 

highly expressed in the hindbrain and the cerebellum (Monyer et al., 1994; 

Monyer et al., 1992).  The subunits NR2B and NR2D are both expressed in 
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embryonic CNS structures, while there is no notable expression of either NR2A 

or NR2C until some time after birth (Monyer et al., 1994; Monyer et al., 1992).  

After birth, expression of NR2A and NR2C slowly increases until their levels 

plateau shortly before adulthood, while NR2B and NR2D levels either remain 

unchanged or decrease.  The developmental “switch” that occurs between NR2B 

and NR2A over the course of development is thought to be critical for a number 

of neurological developmental milestones (Shi et al., 1997).  Furthermore, there is 

evidence that this switch is not only regulated by developmental progression, 

but also by neuronal activity, as visual deprivation retards this switch in the 

visual cortex (Nase et al., 1999; Quinlan et al., 1999; Roberts and Ramoa, 1999).  

Functionally, this switch is important because NR2B-containing NMDARs 

exhibit longer-lasting currents and carry more calcium per unit of current 

(Monyer et al., 1994; Sobczyk et al., 2005).  This means that for each episode of 

presynaptic glutamate release, NR2B-containing NMDARs allow more calcium 

to enter the cell than do NR2A-containing NMDARs. 

Finally, like NR2A and NR2B, NR3A is most highly expressed in regions 

of the forebrain, while NR3B is more highly expressing in the midbrain, 

hindbrain, and in peripheral motor neurons (Al-Hallaq et al., 2002; Matsuda et al., 

2002; Nishi et al., 2001; Sasaki et al., 2002; Wong et al., 2002).  Both NR3 subunits 

are highly developmentally regulated, with expression increasing in the early 

postnatal period and peaking ~P8-10 in the rodent brain before decreasing down 

to low levels that persist through adulthood (Al-Hallaq et al., 2002; Sasaki et al., 

2002; Wong et al., 2002).  Numerous studies agree that inclusion of NR3A into 

NR1/NR2-containing receptors reduces single channel conductance, Ca2+  
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Figure 5: NR3A alters NMDAR channel properties.  Incorporation of NR3A into a pool of 
NMDARs decreases single channel conductance, calcium (Ca2+) permeability, and 
sensitivity to magnesium (Mg2+) block. 

permeability, and sensitivity to Mg2+ block (Figure 5) (Das et al., 1998; Sasaki et 

al., 2002; Tong et al., 2008).  These properties make NR3A extremely interesting, 

and it has been proposed that the lower Ca2+ permeability of NR3A-containing 

NMDARs may offer some protection from excitotoxic injury during 

development, while the relative insensitivity to Mg2+ block might enhance the 

NMDAR-mediated component of synaptic activity (Nakanishi et al., 2009; Sasaki 

et al., 2002). 

Given that NR3A’s expression begins to decline at approximately the 

same developmental time period that activity-dependent synapse formation is 

known to occur, the hypothesis has been raised that NR3A might play an 

important role in brain development.  Consistent with this idea, NR3A-/- mice 

have increased spine density in cortical layer IV/V neurons (Das et al., 1998).  

Moreover, Roberts and colleagues (Roberts et al., 2009) recently showed that 
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removal of NR3A from the cell surface is required for development of strong 

NMDAR currents, full LTP expression, and a mature synaptic organization 

characterized by more synapses and larger postsynaptic densities.  Excitingly, 

transgenic mice with reversibly prolonged NR3A expression in the forebrain are 

impaired in their ability to form long-term memories (Roberts et al., 2009).  

Deficits associated with prolonged NR3A expression are reversible, as late-onset 

suppression of NR3A transgene expression can rescue both synaptic and 

memory impairments (Roberts et al., 2009).

1.5.1.3 Different pools of NMDARs differentially regulate transcription 

The subunit composition of NMDARs has a strong effect on their function 

(Hardingham and Bading, 2010).  While all NMDARs must contain an NR1 

subunit, one key distinction between different receptors is which NR2 subunit 

they contain, as well as whether they contain an NR3 subunit.  The combinations 

of NMDAR subunit assemblages allows for NMDARs with distinct 

pharmacological, physiological, and signaling properties (Monyer et al., 1994; 

Monyer et al., 1992).  Subunit composition can significantly affect subcellular 

localization as well as which signaling cascades are activated downstream of 

NMDAR stimulation, and subsequently which transcriptional programs are 

induced in response to that stimulation (Cheng et al., 1999; Hardingham and 

Bading, 2002, 2003; Hardingham et al., 2002; Martel et al., 2009; Yashiro and 

Philpot, 2008).  

One transcription factor that is particularly important for NMDAR-

regulated transcription is CREB (Hardingham and Bading, 2002, 2003; 

Hardingham et al., 2002; Sala et al., 2000).  Interestingly, CREB is not only 

activated by NMDAR signaling, its transcriptional activity can also be turned off 
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by NMDARs (Hardingham et al., 2002).  Specifically, synaptic NMDAR 

stimulation induces CREB Ser133 phosphorylation, which is required for 

transcriptional activation.  By contrast, extrasynaptic NMDAR stimulation results 

in CREB Ser133 dephosphorylation, which leads to transcriptional deactivation 

(Hardingham and Bading, 2002; Hardingham et al., 2002).  One possible 

mechanism by which extrasynaptic NMDARs might induce CREB 

dephosphorylation is via the nuclear translocation of the recently-identified 

protein Jacob (Dieterich et al., 2008).  Jacob has been shown to be alternately 

bound by either the NCS Caldendrin – during periods then dendritic calcium 

levels are very high, such as would occur during synaptic NMDAR stimulation – 

or by α-importin, which following extrasynaptic NMDAR stimulation localizes 

Jacob to the nucleus (Dieterich et al., 2008; Thompson et al., 2004).  Nuclear 

localization of Jacob has been shown to be both necessary and sufficient for 

extrasynaptic NMDAR-dependent CREB dephosphorylation and subsequent cell 

death pathway initiation (Dieterich et al., 2008). 

Importantly, even though they inactivate CREB under some conditions, 

extrasynaptic NMDARs are capable of inducing other programs of gene 

transcription (Hardingham and Bading, 2002; Hardingham et al., 2002; Wahl et 

al., 2009).  However, unlike synaptic NMDAR activity, which promotes cell 

survival, transcription regulated by extrasynaptic glutamate receptors is able to 

trigger activation of cell death pathways in neurons.  For example, as described 

in section 3.2.2, stimulation of extrasynaptic NMDARs has been shown to drive 

nuclear translocation of the FOXO family of transcription factors, which 

functions as a trigger for apoptosis through upregulation of cell-death promoting 

genes (Brunet et al., 1999; Dick and Bading, 2010), whereas synaptic NMDAR 
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activation induces FOXO export (Papadia et al., 2008; Soriano et al., 2006).  

Among the extrasynaptically-regulated genes that might damage neurons are 

Clca1, which encodes a putative calcium-activated chloride channel that has been 

implicated in other forms of cellular injury (Wahl et al., 2009), and Txnip, a 

thioredoxin inhibitor that leaves cells more vulnerable to oxidative stress 

(Papadia et al., 2008). 

An important point of uncertainty lies in the identity of the subunits that 

comprise synaptic versus extrasynaptic NMDARs, and furthermore to what 

degree the identity of the subunits matters for downstream transcriptional 

regulation.  In the studies done on synaptic versus extrasynaptic regulation of 

CREB phosphorylation and CREB-dependent gene transcription, the authors 

demonstrated that blockade of NR2B-containing NMDARs by ifenprodil greatly 

impairs the ability of extrasynaptic NMDARs to effect CREB Ser133 

dephosphorylation (Hardingham et al., 2002).  This raises the intriguing 

possibility that NMDAR NR2 subunit composition might dictate the specificity 

of signaling cascades activated downstream of NMDAR stimulation (Cheng et 

al., 1999; Hardingham et al., 2002; Martel et al., 2009), and specifically suggests 

that NR2B is critical in mediating extrasynaptic NMDAR-dependent gene 

transcription programs.  It has been suggested that synaptic NMDARs might be 

predominantly NR2A-containing, while extrasynaptic NMDARs are 

predominantly NR2B-containing.  This is interesting given that at birth, 

NMDARs are almost exclusively NR1/NR2B heteromers, and NR2A subunit 

expression in the rodent CNS doesn’t begin until 6-10 days after birth, a 

particularly dynamic period in synapse development (Flint et al., 1997; Kew et al., 

1998; Kirson and Yaari, 1996; Li et al., 1998; Monyer et al., 1994; Sheng et al., 1994; 
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Tovar and Westbrook, 1999).  However, more recent evidence suggests that this 

model may be overly simplistic.  In dissociated hippocampal neuron cultures 

NMDARs have been found to be mobile and to traffic in and out of synapses via 

lateral diffusion (Groc et al., 2006; Tovar and Westbrook, 2002), although a similar 

study in acutely dissected hippocampal slices reported contrary results (Harris 

and Pettit, 2007).  One possible explanation for this apparent discrepancy could 

be that the extracellular matrix plays a role in NMDAR stabilization at the 

plasma membrane, which would only be left intact in whole tissue preps.  In 

addition, a study done in 2006 suggested that there are roughly equal 

proportions of NR2A and NR2B localized both synaptically and 

extrasynaptically (Thomas et al., 2006).  More work is required to determine 

where NR2A and NR2B are localized, how their localization is regulated 

developmentally, and to what degree subunit composition versus localization is 

the deciding factor in what kind of signal is transmitted from NMDARs to the 

nucleus. 

There have never been any studies published examining the role of 

NR3A- or NR3B-containing NMDARs in activity-regulated gene transcription.  

Given NR3A’s unique spatial and developmental expression patterns, its 

physiological properties, and its effects on synapse development – a process 

known to be reliant upon activity-dependent changes in gene transcription – it 

stands to reason that NR3A might well have some modulatory role in activity-

regulated gene transcription.  In particular, NR3A is well positioned to regulate a 

shift in the activity-inducibility of some genes over developmental time.
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Figure 6: Different pools of NMDARs are capable of effecting distinct changes in gene 
transcription.  Synaptic NMDARs are capable of signaling through the CaMKs and the 
Ras/Raf/MEK/Erk/Rsk2 pathway to phosphorylate CREB and initiate transcription of a 
variety of pro-survival genes.  Additionally, synaptic NMDAR activation of CaMKK and 
CaMKIV leads to the activation of Akt and subsequently the phosphorylation and 
nuclear export of the transcription factor FOXO3, thereby inhibiting transcription of 
various cell death-inducing genes.  In contrast, activation of extrasynaptic NMDARs 
opposes the effects of synaptic NMDAR activation.  Activation of extrasynaptic 
NMDARs inhibits the activation of Erk1/2, thereby reducing CREB phosphorylation.  
Additionally, extrasynaptic NMDARs induce the nuclear import of FOXO3 and the 
subsequent transcription of pro-death genes; this is potentiated by DAPK1.  Subunit 
composition can also lend specificity to synapse-to-nucleus signaling by NMDARs.  
NR2A-containing NMDARs are capable of interacting with and selectively activating 
Ras-GRF2; activation of NR2B-containing NMDARs leads to the activation of CaMKII 
and the subsequent phosphorylation of SynGAP.  While NR2B-containing NMDARs 
have also been shown to interact with Ras-GRF1 (not shown), how that signal is 
integrated with SynGAP activation remains to be determined.  The EphB2 receptor has 
been shown to interact with the NR1 subunit and potentiate NMDAR-mediated calcium 
influx and downstream signaling cascades by phosphorylating the NR2B subunit.  
Lastly, the scaffolding protein Yotiao can bind to NR1 splice variants containing the C1 
cassette and tether PKA and PP1 to the channel complex.  While it is not known if this 
tethering is important for PKA-mediated NMDAR signaling (not shown), this interaction 
could mediate PP1-dependent signaling to the nucleus and dephosphorylation of CREB. 
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1.5.1.4 Protein interactions that underlie NMDAR signaling specificity 

The large intracellular C-termini of the NMDAR subunits are variable 

and have been shown to confer differential protein-protein interactions with 

NMDARs of distinct subunit composition (Figure 6).  These interactions have 

important functional implications for NMDAR localization as well as interaction 

with signaling molecules and may be responsible for the specificity upon 

receptor activation of downstream events including transcription.  Given the 

differential effects of NR2A- and NR2B-containing receptors on many biological 

processes, including the regulation of CREB Ser133 phosphorylation, 

considerable effort has been devoted to determining whether these two NR2 

subunits may differentially interact with signaling proteins. 

Some signaling proteins bind to both NR2A and NR2B, however they 

may show differential regulation at these subunits.  NR2A and NR2B both have 

PDZ-binding domains at the C-terminal tails, allowing them to interact with the 

membrane-associated guanylate kinase (MAGUK) family of synaptic 

scaffoldingproteins (Kennedy, 2000).  These scaffolds in turn associate with 

important synaptic signaling molecules and tether NMDARs to intracellular 

signaling pathways.  The mammalian MAGUK family is comprised of four 

members: postsynaptic density-95 (PSD-95), synapse-associated protein-97 (SAP-

97), postsynaptic density-93 (PSD-93), and synapse-associated protein-102 (SAP-

102) (Sheng and Sala, 2001).  Although some studies suggested that NR2A-

containing NMDARs might be more likely to bind PSD-95, while NR2B-

containing NMDARs could preferentially bind SAP102 (Sans et al., 2000; 

Townsend et al., 2003), others found that PSD-95 and SAP-102 interact with 

diheteromeric NR1/NR2A and NR1/NR2B receptors in the adult brain in vivo at 
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roughly comparable levels (Al-Hallaq et al., 2007).  However, NR2A-containing 

receptors co-immunoprecipitate with a greater fraction of the synaptic proteins 

neuronal nitric oxide synthase, Homer, and β-catenin (Al-Hallaq et al., 2007).  

None of these proteins bind directly to NMDARs; instead they are thought to 

interact indirectly via their association with the MAGUKs or other scaffolding 

molecules such as the Shank family (Sheng, 2001).  These data are consistent with 

the possibility that the MAGUKs may be key for differential formation of 

signaling complexes at distinct NMDARs, although the mechanism of specificity 

remains to be determined.  Additionally, whether these differential interactions 

with scaffolding molecules influences specificity of signals transmitted to the 

nucleus remains another unanswered question. 

Another signaling molecule that binds to both NR2A and NR2B but 

exhibits distinct properties at these subunits is CaMKII.  NR2A and NR2B have 

both been shown to bind CaMKIIα and both subunits can be substrates for 

CaMKII phosphorylation (Bayer et al., 2001; Gardoni et al., 1999; Strack and 

Colbran, 1998; Strack et al., 2000).  However, the affinity of CaMKIIα binding to 

NR2B is greatly enhanced upon CaMKIIα autophosphorylation, suggesting a 

mechanism that may explain the stimulus-dependent trafficking of CaMKII to 

synapses (Bayer and Schulman, 2001; Shen and Meyer, 1999).  Furthermore, the 

sites of CaMKIIα binding to the subunits differ – in NR2A the CaMKII binding 

site is near the C-terminus and competes with the PDZ domain interactions of 

the C-terminal tail (Gardoni et al., 2001), whereas in NR2B the binding site is 

farther away from the C-terminus (Bayer et al., 2001), potentially allowing NR2B 

to simultaneously interact with both CaMKII and PSD-95.  Thus, while NR2A 

and NR2B can both bind to CaMKII, their specific modes of interaction with this 
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important signaling molecule are fundamentally different, and this may 

differentially affect CaMKII-dependent gene transcription. 

The ability of NMDARs to regulate CREB is known to require activation 

of the MAPK signaling pathway; thus, several studies have examined the 

differential recruitment to NR2 subunits of the upstream regulators of MAPK 

activation.  The classic calcium-regulated MAPK cascade in neurons begins with 

signaling events that change the ratio of GTP:GDP-bound Ras (Rosen et al., 1994).  

Ras then activates the MAP kinase kinase Raf, which in turn activates the MAP 

kinase MEK, which then activates the MAP kinases Erk1 and Erk2.  Erk1/2 

activate various kinases including Rsk2, which then translocate to the nucleus to 

phosphorylate CREB at Ser133.  The ratio of GTP:GDP-bound Ras is determined 

by the balance in the activation of the GTPase activating proteins (GAPs) that 

enhance the ability of Ras to hydrolyze bound GTP, and the GTP exchange 

factors (GEFs) that catalyze the release of GDP from Ras in exchange for binding 

GTP.   

Two of the most important calcium-regulated Ras modulators in neurons 

are the synaptic Ras GTPase activating protein (SynGAP) and the GEF Ras-

GRF1/2 (Cullen and Lockyer, 2002).  SynGAP is highly concentrated in the 

postsynaptic density (PSD) of excitatory glutamatergic synapses in the CNS and 

the GAP activity of this protein is enhanced upon phosphorylation by CaMKII 

(Chen et al., 1998; Oh et al., 2004).  Ras-GRF1 contains a CaM-binding IQ domain 

that is required for the regulation of its ability to active MAPK signaling, 

suggesting that calcium-dependent regulation is conferred on Ras-GRF1 

indirectly through calcium binding to CaM (Farnsworth et al., 1995).  Ras-GRF2 

also contains an IQ domain, but has a somewhat more complex mechanism of 
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activation by calcium that involves additional protein-protein and protein-lipid 

interactions (Cullen and Lockyer, 2002).  SynGAP is selectively found in synaptic 

complexes with NR2B-containing NMDARs where it may contribute to the 

ability of these receptors to suppress activation of MAPK signaling (Kim et al., 

2005).  Intriguingly, Ras-GRF1 is also enriched at NR2B-containing receptors 

(Krapivinsky et al., 2003), whereas Ras-GRF2 has been shown to selectively 

mediate signaling to MAPKs downstream of NR2A-containing receptors (Li et 

al., 2006b).  How the effects of Ras-GRF1 and SynGAP signaling toward MAPK 

pathways are integrated at NR2B-containing receptors is not entirely clear, but 

combinatorial signaling through these Ras regulators appears to largely have a 

net effect of inhibiting Erk1/2 activation (Kim et al., 2005).  By contrast, the Ras-

GRF2 is required for NMDAR-dependent LTP (Li et al., 2006b), a cellular 

phenomenon largely ascribed as a downstream action of NR2A-containing 

NMDARs (Liu et al., 2004). 

Finally, there are a few classes of proteins that do appear to be specifically 

bound to one or the other of the two NR2 subunits NR2A and NR2B.  One 

protein that may be involved in the pro-death-associated signaling capabilities of 

extrasynaptic NMDARs (as apposed to the pro-survival signaling of synaptic 

NMDARs) is death-associated protein kinase 1 (DAPK1).  DAPK1 has been 

shown to directly bind to the NMDAR subunit NR2B and to phosphorylate 

NR2B at Ser1303, thereby enhancing NR2B-containing NMDAR channel 

conductance (Tu et al., 2010).  Importantly, genetic deletion of DAPK1 appears to 

uncouple NR2B-containing, extrasynaptic NMDARs from cell death-associated 

signaling pathways, while leaving NMDAR-mediated synaptic transmission 

unaffected.  In mice deficient for DAPK1, activation of extrasynaptic NMDARs 
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does not activate cell death, thus protecting them from ischemic insults (Tu et al., 

2010). 

In addition to proteins that associate with the different NR2 subunits, it is 

also possible to generate diversity amongst NMDAR-associated signaling 

complexes via proteins that differentially associate with alternatively spliced 

regions of the C-terminus of the NR1 subunit.  The Grin1 gene encoding NR1 

contains three alternatively spliced exons: exon 5 in the N terminus (also called 

the N1 cassette) and exons 21 and 22 in the C terminus (also known as the C1 and 

C2 cassettes) (Dingledine et al., 1999).  There is evidence that the different C-

terminal NR1 splice variants may couple differentially to downstream signaling 

cascades and subsequent changes in gene transcription.  In conventional 

nomenclature, NR1-1 is the full-length NR1 variant containing both C-terminal 

exons, NR1-2 lacks exon 21 (the C1 cassette), NR1-3 lacks exon 22 (the C2 

cassette), and NR1-4 lacks both (Dingledine et al., 1999; Hollmann et al., 1993).  

Exclusion of exon 22 by splicing removes the stop codon present in exon 22 and 

introduces a new coding region that encodes an unrelated domain termed C2' 

(Zukin and Bennett, 1995).  Bradley and colleagues have found that NMDARs 

lacking the C1 cassette (aka exon 21; NR1-2 and NR1-4 splice variants) are much 

less efficacious in their ability to activate gene transcription than are NMDARs 

that contain the C1 cassette (NR1-1 and NR1-3) (Bradley et al., 2006).  

Additionally, it has been shown that the splicing of the C2 cassette is activity-

dependent, with increased activity leading to more C2-containing NR1 subunits 

and activity blockade yielding more C2'-containing NR1 subunits (Mu et al., 

2003).  This activity-dependent splicing could provide a mechanism of 
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homeostatic control, as the C2' domain is much more efficiently trafficked out of 

the ER and to the cell surface than the C2 domain. 

A yeast two-hybrid screen for proteins that bind to NR1 identified a 

protein called Yotiao that interacts with the alternatively spliced C-terminal C1 

exon cassette of the ion channel (Lin et al., 1998).  Yotiao binds to both the cAMP-

dependent protein kinase PKA and the protein phosphatase 1 (PP1) and is 

thought to be important for anchoring these proteins to NR1-1 and 1-3 containing 

NMDARs (Westphal et al., 1999).  It has been suggested that activation of PP1, 

which can dephosphorylate CREB, is important for limiting the duration of 

NMDAR-mediated transcription (Bito et al., 1996).  However, what effect the 

interaction of Yotiao with alternatively spliced NR1 subunits might have on 

NMDAR dependent transcription remains to be determined.  Finally, two other 

NR1-interacting proteins that may contribute to the regulation of transcriptional 

pathways are the EF-hand-containing transcriptional repressor DREAM and the 

Eph family receptor tyrosine kinase EphB2.  DREAM has been shown to bind to 

the membrane proximal region of the NR1 C-terminal domain (the “C0” domain) 

(Zhang et al., 2010).  The interaction of DREAM with NR1 significantly impairs 

NMDAR surface expression in neurons and is neuroprotective against NMDA-

induced excitotoxic neuronal injury, however the functional consequence of this 

interaction for NMDAR-mediated transcription, and the regulation of DREAM-

mediated transcription, is not known.  Unlike the other interactions discussed so 

far, EphB2 binds to the extracellular domain of NR1 (Dalva et al., 2000).  

EphrinB2-mediated activation of EphB2 receptors in primary cortical neurons 

potentiates NMDAR-dependent influx of calcium and subsequent CREB-

dependent gene transcription (Takasu et al., 2002).  The effects of EphB2 on 
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NMDAR function are mediated by phosphorylation of the NR2B subunit at Tyr 

1252, 1336, and 1472 through the activity Src tyrosine kinase family members.  

The cooperative regulation of transcription by Eph receptors and NMDARs may 

be a mechanism to couple activity-independent and activity-dependent signaling 

pathways in early neuronal development (Takasu et al., 2002). 

Finally, NR3A has been shown to engage in numerous protein-protein 

interactions that could have important implications for the function of NMDARs 

that contain this subunit.  The C-terminus of NR3A has been shown to interact 

with several intracellular proteins, including PACSIN1/syndapin-1 (Pérez-Otaño 

et al., 2006), protein phosphatase 2A (PP2A) (Chan and Sucher, 2001), and the 

small GTPase Ras homologue enriched in brain (Rheb) (Sucher et al., 2010).  The 

interaction with PACSIN1/syndapin-1 has been the most extensively studied, 

and has been shown to mediate activity-dependent endocytosis of NR3A-

containing NMDARs, which may be important for the downregulation of NR3A 

surface expression during development (Pérez-Otaño et al., 2006).  Association of 

PP2A with the C-terminal tail of NR3A increases the phosphatase activity of 

PP2A and leads to dephosphorylation of the NR1 subunit at the PKA-regulated 

site at Ser897 (Chan and Sucher, 2001).  The association of NR3A and PP2A is 

inhibited by NMDAR stimulation, suggesting a mechanism by which control of 

this signaling event could be regulated by synaptic activity.  The C-terminal tail 

of NR3B differs substantially from that of NR3A, suggesting that the protein-

protein interactions of these two related subunits may be distinct.  The role of 

either of the NR3 subunits in influencing NMDAR-dependent gene transcription 

remains unknown.  Furthermore, it is unknown whether any of the protein-

protein interactions described in this paragraph are capable of modulating any 
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signal transduction cascades that function downstream of NR3A-containing 

NMDAR activation.

1.5.2 L-type Voltage-Gated Calcium Channels (L-VGCCs) 

AMPA-type glutamate receptors (AMPARs) comprise the other major 

class of glutamate receptors at synapses, and activation of these receptors by 

glutamate results in a large current influx that drives postsynaptic membrane 

depolarization.  This depolarization then induces the opening of voltage-gated 

ion channels, including voltage-gated calcium channels (VGCCs).  The VGCCs 

are commonly referred to by names that arose from aspects of the physiological 

properties of their currents – for example there are L-type (long-lasting 

activation), N-type (neurotransmitter release), T-type (transient activation), P/Q-

type (found in Purkinje cells), and R-type (drug-resistant) channels.  Molecular 

cloning of VGCC subunits has shown that a set of distinct α1 subunits confers the 

specific physiological properties upon each of these calcium channel types.  

Among the classes of VGCCs expressed in neurons, L-VGCCs have been shown 

to be a particularly salient mode of calcium entry in terms of their ability to bring 

about alterations in gene transcription (Bading et al., 1993).

1.5.2.1 Molecular biology of the L-VGCCs 

All VGCCs are made up of a single, central α1 subunit, which both forms 

the ion-conducting pore and defines the channel type, along with a variable 

number of auxiliary α2-δ, β, and γ subunits (Dai et al., 2009).  L-VGCCs are 

categorized as being high voltage-activated channels (calcium channels that 

require strong membrane depolarization for activation) and are 

pharmacologically defined by their sensitivity to dihydropyridine agonists or 
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antagonists (Dai et al., 2009; Dolphin, 2009; Lipscombe et al., 2004).  The best-

characterized L-VGCC α1 subunit in terms of ability to regulate gene 

transcription in neurons is CaV1.2 (Dolmetsch et al., 2001; Weick et al., 2003).  

Additionally, several biochemical and functional studies indicate that CaV1.2-

containing channels account for at least 75–80% of all L-VGCCs in the brain (Hell 

et al., 1993a; Hell et al., 1993b; Koschak et al., 2007).  The Cav1.3 α1 subunit is also 

highly expressed in the brain where it has been shown to contribute to activity-

dependent induction of nuclear CREB Ser133 phosphorylation (Zhang et al., 

2006).  The α2-δ, β, and γ auxiliary subunits function to modulate channel surface 

expression, localization, biophysical properties, and intracellular protein-protein 

interactions (Chen et al., 2004; Dai et al., 2009; Lipscombe et al., 2004; Opatowsky 

et al., 2004; Van Petegem et al., 2004).

1.5.2.2 Physiological relevance of L-VGCCs for transcription 

L-VGCCs are present along the dendrites and the somata of neurons.  

They have been shown to couple membrane depolarization in neurons to 

numerous cellular processes, and are thought to exert many of these actions 

through their effects on activity- and calcium-regulated gene transcription.  

Significant data implicate L-VGCCs in the activity-dependent regulation of 

neuronal survival.  For example, Ghosh and colleagues demonstrated that 

activation of L-VGCCs promotes cell survival in cultured cortical neurons in a 

manner that requires BDNF, which can be transcriptionally induced by L-VGCC 

signaling (Ghosh et al., 1994a).  L-VGCCs have also been shown to regulate 

dendritic growth in cultured cortical neurons in a calcium-, CREB-, and 

transcription-dependent manner (Redmond and Ghosh, 2005; Redmond et al., 
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2002).  Interestingly, evidence suggests that the unique biophysical properties of 

L-VGCCs – namely their ability to activate at relatively negative potentials, and 

their slow activation kinetics as compared with other VGCCs – may allow them 

to act as a kinetic filter to support spike–EPSP discrimination in the activation of 

CREB-dependent gene transcription (Mermelstein et al., 2000). 

Genetic evidence for a critical role of L-VGCCs in neuronal and other 

cellular physiology came when the CaV1.2 gene was shown to be mutated in 

Timothy Syndrome.  This syndrome is characterized by multiorgan dysfunction 

including lethal arrhythmias, webbing of fingers and toes, congenital heart 

disease, immune deficiency, intermittent hypoglycemia, cognitive abnormalities, 

and autism (Splawski et al., 2005; Splawski et al., 2004).  Patients with Timothy 

syndrome have a critical mutation in an alternatively spliced exon of the Cacna1c 

gene encoding CaV1.2, which results in the coding sequence mutation G406R.  

The G406R mutation produces maintained inward Ca2+ currents by causing 

nearly complete loss of voltage-dependent channel inactivation, a key property 

of normal L-VGCCs (Splawski et al., 2004).  This could hypothetically lead to 

calcium overload in many excitable cell types, including neurons.  Intriguingly, 

while cardiac arrhythmia due to delayed cardiomyocyte repolarization is the 

primary cause of death in Timothy syndrome (Splawski et al., 2005; Splawski et 

al., 2004), it remains to be determined what effect the prolonged inward Ca2+ 

currents might have on calcium-dependent gene transcription – particularly in 

the nervous system – and what role that could then play in the manifestation of 

plasticity-related neurological deficits such as autism.
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1.5.2.3 Signaling pathways and protein interactions that regulate L-VGCCs 

Like NMDARs, L-VGCCs have long been known to play an important 

role in activity-regulated gene transcription (Greenberg et al., 1986).  However, 

several early studies demonstrated important differences in the ability of calcium 

influx through L-VGCCs versus NMDARs to activate specific transcriptional 

pathways (Bading et al., 1993; Ghosh et al., 1994b).  For example, whereas the 

activation of transcription through the SRF-binding SRE element can be driven 

by calcium influx through NMDARs, the calcium rises that activate transcription 

through the CREB-binding CRE-element are more selectively coupled to L-

VGCCs (Bading et al., 1993; Hardingham et al., 1997).  Like other plasma 

membrane receptors, the specificity of L-VGCC signaling is thought to arise in 

part through the nature of the specific protein-protein interactions between these 

channels and components of intracellular signaling pathways.  Strong evidence 

for this idea of local calcium signaling at the L-type channel came from an 

elegant study that examined the ability of calcium chelators with different 

calcium binding affinities and KON rates to block membrane depolarization 

induced Ser133 phosphorylation of CREB (Deisseroth et al., 1996).  These studies 

showed that only the very rapid chelation of calcium, which inhibits the 

elevation of calcium with the microdomain at the mouth of the channel, is 

sufficient to block CREB Ser133 phosphorylation following L-VGCC activation.  

These data suggested that a local submembranous calcium sensor bound at or 

near the channel was required for transmission of the calcium signal to CREB. 

One way in which L-VGCCs may be capable of coupling to downstream 

transcriptional signaling pathways is via their direct interaction with the calcium 

sensor CaM.  An isoleucine-glutamine ("IQ") motif in the C-terminus of the L-
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VGCC α1 subunit CaV1.2 allows the channel to bind CaM and this interaction is 

critical for conveying the Ca2+ signal through the channel to the nucleus 

(Dolmetsch et al., 2001).  Specifically, cultured neurons transfected with a 

construct encoding a CaV1.2 in which the IQ domain has been mutated are 

deficient for activation of the Ras/MAPK pathway, which is normally activated 

following L-VGCC activation.  Additionally, these neurons fail to exhibit CREB- 

or MEF2-dependent gene transcription following a stimulus that normally leads 

to L-VGCC activation (Dolmetsch et al., 2001).  How the local activation of CaM 

might selectively couple L-VGCCs to CREB-dependent transcription is not 

entirely clear.  CaM is involved in gating the calcium-dependent inactivation of 

L-VGCCs (Peterson et al., 1999), which could influence the amplitude or kinetics 

of downstream signaling pathway activation.  In addition, some studies have 

suggested that CaM locally activated at calcium channels may translocate to the 

nucleus (Deisseroth et al., 1998).  Nuclear CaM levels are elevated within 15 

seconds of calcium channel activation, and this elevation precedes the 

phosphorylation of CREB (Mermelstein et al., 2001).  However, in isolated 

preparations of hippocampal nuclei, elevation of calcium levels is sufficient to 

induce CREB phosphorylation in a CaMK-dependent manner indicating that 

CaM translocation from the synapse is not required to activate this signaling 

pathway (Hardingham et al., 2001).  Furthermore, nuclear expression of a CaM-

binding peptide that inhibits nuclear CaM blocks 43% of all genes induced by 

action potential firing in cultured hippocampal neurons, indicating that elevation 

of nuclear calcium is essential for controlling the expression of a large subset of 

activity-regulated genes (Zhang et al., 2009). 
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Protein-protein interactions that affect L-VGCC channel function may 

serve to regulate gene transcription programs by regulating the location or 

function of L-VGCCs themselves.  For example, the tumor suppressor eukaryotic 

initiation factor 3 subunit E (eIF3E, also known as Int6) binds to the II-III loop of 

CaV1.2 in a calcium-dependent manner following electrical stimulation.  This 

interaction facilitates the activity-dependent internalization of L-VGCCs into 

endosomes following neuronal activity (Green et al., 2007), and thus has the 

potential to function in the homeostatic regulation of L-VGCCs and their 

downstream signaling effects on the neuron.  Interestingly, the lipid kinase 

phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) has also been shown to 

bind to CaV1.2 in an activity-dependent manner (Tsuruta et al., 2009).  Following 

NMDAR-induced binding of PIKfyve to CaV1.2, CaV1.2 is endocytosed and 

targeted to lysosomes for degradation.  Tsuruta and colleagues suggest that this 

phenomenon could be a novel mechanism by which neurons guard against 

excitotoxicity, as knockdown of PIKfyve prevents CaV1.2 degradation and 

increases neuronal susceptibility to excitotoxicity (Tsuruta et al., 2009).  It is 

important to note that the stimulus used in this study to activate NMDARs was 

the bath application of high concentrations of glutamate to cortical neurons in 

culture.  It has been shown previously that this stimulus not only activates 

synaptic NMDARs (which induce pro-survival signaling pathways and gene 

transcription paradigms) but also activates extrasynaptic NMDARs, which have 

been shown to induce cell death in a manner that is dominant over the synaptic 

NMDAR-mediated signals (Hardingham and Bading, 2002, 2003; Hardingham et 

al., 2002).  It would be interesting to determine whether the binding of PIKfyve to 

CaV1.2 and the subsequent internalization and degradation of CaV1.2 is 
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specifically induced by activation of extrasynaptic NMDARs (which would 

indicate a possible compensatory role for this interaction) or by synaptic 

NMDARs (which would indicate that it functions as part of a larger pro-survival 

signaling paradigm induced by synaptic activation). 

Finally, the activity of L-VGCCs is also subject to modulation 

downstream of other signaling cascades in addition to changes in cellular 

calcium.  Thus, modulation of L-VGCC function may be a pathway through 

which other signaling cascades can alter gene transcription.  For example, it has 

long been known that activity of L-VGCCs in neurons was subject to modulation 

by cAMP signaling (Gray and Johnston, 1987).  Phosphorylation of the L-VGCC 

α1 subunit CaV1.2 by PKA enhances L-type Ca2+ currents by increasing the open 

probability (PO) of the individual channels in cardiac myocytes (Bean et al., 1984; 

Yue et al., 1990), and PKA modulates L-VGCCs in the dendrites of hippocampal 

neurons as well (Hoogland and Saggau, 2004; Kavalali et al., 1997).  A substantial 

body of evidence indicates that the PKA-mediated enhancement of L-VGCC 

current specifically relies on the phosphorylation of Ser1928 in the C-terminal tail 

of the pore-forming CaV1.2 subunit (Catterall, 2000).  The A kinase-anchoring 

protein 15 (AKAP15) is capable of directly interacting with the distal C terminus 

of the L-VGCC α1 subunit CaV1.2 via a leucine zipper-like motif, and this 

interaction is important for the β-adrenergic regulation of CaV1.2 channels via 

the PKA pathway (Hulme et al., 2003).  However, while AKAP15 can direct PKA 

to its protein substrates, other AKAPs can function as signaling integrators by 

binding additional regulators other than PKA to target proteins.  Recently, 

Oliveria and colleagues have shown that AKAP79/150 is capable of anchoring 

both PKA and calcineurin to CaV1.2 via a direct interaction between modified 
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leucine zipper motifs in both proteins, and that this association is capable of 

modulating neuronal L-VGCC-mediated calcium currents (Oliveria et al., 2007).  

Interestingly, AKAP79/150 targeting of calcineurin also appears to be necessary 

to couple Ca2+ influx via L-VGCCs to activation of the transcription factor 

NFATc4, thus providing a novel mechanism by which L-VGCCs might be 

capable of signaling to the nucleus.

1.5.3 Other sources of calcium 

Although NMDARs and L-VGCCs appear to play the major roles in the 

regulation of calcium-dependent transcription in neurons, other sources of 

calcium may be important under select conditions.  For example, although N-

type voltage-gated calcium channels (N-VGCCs), are generally inactivated 

during persistent neuronal depolarization, transient activation of these channels 

has been shown to contribute to the induction of tyrosine hydroxylase expression 

that occurs following 5 Hz electrical stimulation of primary sensory neurons 

(Brosenitsch and Katz, 2001).   

In addition, subsets of AMPARs can provide a source of calcium entry at 

the synapse.  AMPARs are tetramers comprised of various combinations of the 

GluA1-4 subunits (formerly called GluR1-4 (Collingridge et al., 2009).  In the 

mature brain, the majority of AMPARs contain the GluA2 subunit and are 

impermeable to calcium due to the presence of a positively-charged arginine (R) 

residue in a key position in the GluA2 pore domain that blocks calcium influx.  

Notably, however, some GluA2-containing AMPARs are calcium permeable.  

This is because the calcium permeability of GluA2 is regulated post-

transcriptionally by RNA editing.  In the genome, the DNA sequence of the Gria2 
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gene encodes a negatively charged glutamine (Q) residue at the key selectivity 

residue in the GluA2 pore, rather than the R found in edited Gria2 mRNA 

(Lomeli et al., 1994).  The Q/R switch occurs by editing of the Gria2 mRNA that is 

mediated by the enzyme RNA-dependent adenosine deaminase 2 (ADAR2) 

(Melcher et al., 1996).  In addition to AMPARs with unedited GluA2, some 

AMPARs pass calcium because they lack GluA2.  For example, early in 

development a significant fraction of AMPARs lack GluA2 (Kumar et al., 2002), 

and GluA2-lacking, calcium-permeable AMPARs are also expressed in 

interneurons of the adult cortex (Geiger et al., 1995).  Furthermore, following the 

induction of LTP, the selective insertion of GluA1-only AMPA receptors has been 

reported, leading to the transient appearance of GluA2-lacking, calcium 

permeable AMPARs at potentiated synapses (Liu and Cull-Candy, 2000; Plant et 

al., 2006).  This calcium could contribute to transcriptional regulation.  It has been 

shown that pharmacological activation of AMPARs in striatal and cortical 

neurons leads to a MAPK- and calcium-dependent phosphorylation of the 

transcription factor CREB, raising the possibility that AMPARs could function in 

some cases to activate changes in gene transcription (Perkinton et al., 1999; Tian 

and Feig, 2006).  However, whether calcium influx through AMPARs contributes 

to the regulation of specific transcriptional programs has not been well 

established. 

Finally, neuronal transcription can also be regulated by calcium release 

from intracellular calcium stores (Hardingham et al., 2001).  In order to utilize the 

highly abundant ion calcium as a second messenger, all cells tightly regulate 

intracellular calcium levels by binding or sequestering the vast majority of free 

calcium (Clapham, 2007).  The endoplasmic reticulum (ER) serves as a 
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particularly large and important reservoir of stored calcium.  In response to 

extracellular signals that activate receptors coupled to Gq-type G proteins or 

phospholipase C (PLC), calcium is released from the ER into the cytoplasm 

through inositol trisphosphate (IP3)- and ryanodine receptors (Berridge, 2002).  In 

non-excitable cells such as lymphocytes, this depletion of intracellular calcium 

stores is coupled to the opening of calcium release-activated calcium (CRAC) 

channels in the plasma membrane.  Lymphocytes lack the VGCCs that are so 

important for activity-dependent transcription in neurons, and in non-excitable 

cells it is the CRAC channels that serve as the major source of calcium for 

stimulus-dependent transcriptional regulation (Hogan et al., 2010).  Store-

operated calcium entry depends on the proteins known as stromal interaction 

molecules 1 and 2 (Stim1 and Stim2), which sense the depletion of calcium in the 

ER.  The Stim proteins then form a complex with the plasma membrane protein 

Orai, which forms the pore subunit of the CRAC channel.   

Stim1 is expressed in the brain, where it has been shown to interact 

directly with the C-terminal tail of the L-VGCC subunit Cav1.2 (Park et al., 2010).  

Interestingly, the association of Stim1 with Cav1.2 suppresses depolarization-

induced opening of the L-VGCC channel and causes long-term depletion of L-

type channels from the plasma membrane by promoting their internalization.  

These data suggest that the actions of Stim1 and L-VGCCs are reciprocally 

regulated in neurons, raising the possibility that they could signal the activation 

of distinct downstream events.  One stimulus that may utilize this interplay 

between these calcium sources to differentially regulate transcription is the 

activation of nicotinic acetylcholine receptors (nAChRs).  Activated nAChRs are 

capable of inducing CREB Ser133 phosphorylation and activating Fos expression 
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(Chang and Berg, 2001; Hu et al., 2002).  This transcriptional response requires 

calcium influx across the plasma membrane as well as subsequent release of 

calcium from internal stores, and is thought to signal to the nucleus through 

CaMK and MAPK pathways.  Interestingly, however, sustained CREB 

phosphorylation is only driven by nAChRs if L-VGCCs are silent (Chang and 

Berg, 2001).  As described above, Stim1 is one potential mechanism that could 

couple intracellular calcium release and silencing of L-VGCCs (Park et al., 2010).  

Future studies that address the requirements for Stim1/2 in stimulus-regulated 

transcription in the nervous system may reveal selective functions for 

intracellular calcium stores in response to different kinds of extracellular stimuli.

1.6 Research objectives 
Substantial progress has been made in the identification of molecular 

mechanisms that mediate neuronal activity-dependent changes in gene 

transcription.  In total, these data demonstrate that neurons use a complex array 

of signaling pathways and transcriptional mechanisms to orchestrate the 

expression of diverse gene expression programs in response to a wide range of 

extracellular stimuli.  Transcription factors can be regulated at the level of 

expression, protein-DNA binding, nuclear versus non-nuclear localization, or via 

post-translational modifications that either activate or repress transcription.  

Furthermore, different neurotransmitter receptors and ion channels in the 

plasma membrane – both at the synapse and outside the synapse – all activate 

specific signaling molecules that differentially regulation the transcriptional 

machinery in the nucleus.  Without a doubt, the most critical second messenger 

in the regulation of neuronal gene transcription is the calcium ion, and the two 
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most salient modes of calcium entry for neurons are NMDARs and L-VGCCs.  

The body of work presented in this dissertation will elucidate a few more 

mechanisms of specificity through which neurons can fine-tune their 

transcriptional responses to a diverse array of stimuli.  My research focuses on 

the activity-dependent transcription of Bdnf exon IV early in development, the 

transcription factors and upstream signaling cascades that are capable of 

regulating its expression, and the physiological relevance of such signaling 

specificity.

1.6.1 Identification and characterization of MEF2 as a second 
binding protein of the CaRE1 element within Bdnf promoter IV 

One transcription factor of particular interest in the stimulus-specific 

regulation of Bdnf exon IV transcription is CaRF.  CaRF was originally identified 

as a binding protein of the CaRE1 element within Bdnf promoter IV (see Figure 1) 

(Tao et al., 2002).  CaRF is a nuclear protein that is widely expressed in many 

tissues and cell types.  Within the CNS, CaRF is preferentially expressed in 

neurons compared with glial cells, and expression levels peak during early 

postnatal development before falling back in adulthood (McDowell et al., 2010).  

The domain of CaRF that is required for DNA binding is highly similar between 

CaRF orthologs from Cnidarians to mammals, suggesting an evolutionarily 

conserved function for CaRF as a DNA binding protein (Pfenning et al., 2010).  

Surprisingly, unlike most transcription factors, which belong to large families 

defined by similarity of their DNA binding domains (Vaquerizas et al., 2009), the 

DNA binding domain of CaRF is unique and shares no homology with any other 

protein.  However, CaRF binds DNA directly and acts as a CaRE1-dependent 

transcriptional activator in heterologous cells (Pfenning et al., 2010; Tao et al., 
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2002).  Importantly, CaRF’s ability to bind variant CaRE1 sequences in vitro 

strongly correlates with the ability of those sequences to promote activity-

dependent transcription of the Bdnf (pIV-170) reporter plasmid (Tao et al., 2002).  

Taken together, these data indicate that CaRF can bind to and regulate the 

transcription of Bdnf and presumably other neural genes. 

Evidence that CaRF is required for transcriptional regulation of Bdnf exon 

IV in neurons in vivo comes from analysis of Bdnf expression in the brains of Carf 

knockout (KO) mice.  These mice lack exon VIII of the Carf gene and are 

functional nulls (McDowell et al., 2010).  Carf KO mice are viable and fertile, and 

they show no overt behavioral or neurological deficits.  Although Bdnf mRNA 

and protein levels are unchanged in the hippocampus and striatum of adult Carf 

KO mice compared with their wildtype (WT) littermates, there is a significant 

reduction in the expression of both Bdnf mRNA and BDNF protein in the frontal 

cortex of the KO mice.  This reduction is specific for exon IV-containing Bdnf 

transcripts, whereas expression of transcripts generated by the three other most 

transcriptionally active Bdnf promoters in the adult brain (exon I-, II-, and VI-

containing isoforms) are unchanged.  Although these data do not prove that 

CaRF regulates Bdnf transcription directly via CaRE1 binding, the restriction of 

the deficit to exon IV-containing forms of Bdnf is consistent with a role for CaRF 

at this particular promoter. 

What is surprising about these data is the regional selectivity of the 

requirement for CaRF, especially given the widespread and largely similar 

expression of CaRF across most brain regions (McDowell et al., 2010).  

Historically there exists some precedence for regional differences in the 

regulation of Bdnf transcription, though the mechanisms have not been fully 
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understood (Alboni et al., 2010; Dennis and Levitt, 2005; Poulsen et al., 2004).  In 

addition, since CaRE1 is required for activity-dependent transcription of the Bdnf 

(pIV-170) reporter plasmid, it might have been anticipated that Carf KO mice 

would show impaired activity-inducible Bdnf exon IV expression.  By contrast, 

although cultured cortical Carf KO neurons show reduced Bdnf exon IV 

expression prior to membrane depolarization, the activation of L-VGCCs 

robustly induces Bdnf exon IV expression in Carf KO neurons in a manner that is 

not discernibly different from that seen in WT neurons (McDowell et al., 2010).  

The fact that the loss of CaRF fails to phenocopy loss of CaRE1 in this assay 

indicates that there must exist additional CaRE1 binding proteins in addition to 

CaRF that contribute to the actions of this element. 

Chapter 2 of this dissertation will demonstrate that the transcription 

factor MEF2 is also capable of binding to the CaRE1 element within Bdnf 

promoter IV.  MEF2 has been previously shown by ChIP to bind to Bdnf 

promoter IV (Hong et al., 2008), however the specific binding site for MEF2 

within Bdnf promoter IV has been unidentified up until now.  I also further 

characterize the different roles specific MEF2 isoforms have in mediating the 

membrane depolarization-dependent regulation of Bdnf exon IV.  Lastly, I 

examine the possibility that specific MEF2C splice variants might be 

differentially responsive to neuronal membrane depolarization.  This chapter of 

my dissertation characterizes three distinct mechanisms of specificity in the 

regulation of Bdnf transcription: 1) the binding of different transcription factors 

to a single site within the promoter in response to different types of neuronal 

stimuli, 2) alternative regulation of different promoters by specific isoforms 

within the MEF2 family of transcription factors, and 3) differential 
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responsiveness to the same stimulus by distinct splice variants of a single MEF2 

isoform (MEF2C).

1.6.2 Identification Grin3a as a potential CaRF target and 
demonstration that NR3A can modulate both NMDAR-
dependent Bdnf exon IV transcription and GABAergic synapse 
development 

The line of investigation that led to the discovery of CaRF began with the 

goal of understanding how neuronal activity leads to changes in Bdnf 

transcription.  Since the CaREs mediate calcium-regulated transcription of Bdnf 

promoter IV, it was presumed that the transcription factors bound to the CaREs 

could be targets of calcium-regulated signaling pathways.  Neuronal activity can 

impinge on the regulation of transcription factors by modulating their nuclear 

localization, their protein–protein or protein–DNA interactions, or their 

expression (Lyons and West, 2011; West et al., 2002).  CaRF is a constitutively 

nuclear protein, and in vitro DNA binding assays revealed no evidence for 

activity-dependent changes in CaRF’s affinity for CaRE1 binding (Tao et al., 

2002). 

Stimulus-dependent regulation of transcription factor activity is 

commonly studied by tethering the activation domain of the transcription factor 

of interest down onto a reporter gene as a fusion protein with the DNA binding 

domain of the yeast transcription factor Gal4, which binds with high affinity and 

selectivity to the upstream activating sequence (UAS).  When the transcriptional 

activation domain of CaRF is tethered to a UAS-Luciferase reporter in neurons, 

membrane depolarization drives a significant increase in CaRF-dependent 

luciferase expression that is blocked by the L-VGCC inhibitor nimodipine, 

suggesting that activation of calcium-dependent signaling pathways is required 
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for this increase in CaRF-dependent transcription (Tao et al., 2002).  Intriguingly, 

like the activation of Bdnf transcription, the enhancement of CaRF’s 

transcriptional activity in this assay is both calcium- and neuron-selective, 

although the mechanism of this selectivity remains unknown.  While tandem 

mass spectrometry has led to the identification of several sites on the CaRF 

protein that can be post-translationally modified, whether these sites are 

functionally important for CaRF-dependent transcription or regulated by 

calcium-signaling pathways remains to be determined (Figure 7A). 

Although the studies described above indicate that CaRF-dependent 

transcription can be enhanced by L-VGCC-activated signaling cascades, 

demonstration of the importance of this regulatory mechanism for CaRF-

dependent gene transcription in vivo has proved elusive.  As described in the 

previous section, Carf KO neurons show normal membrane depolarization-

induced expression of Bdnf exon IV.  However, this does not rule out the 

possibility that CaRF may also be subject to other forms of stimulus-dependent 

regulation.  For example, a recent study reported that repeated serotonin 

transporter blockade for 7 or 21 days in vivo with the drug escitalopram 

enhanced expression of CaRF in the prefrontal cortex of rats and depressed 

expression in the hippocampus (Alboni et al., 2010).  Furthermore, the 

magnitude, regional distribution, and time course of these changes parallel 

changes in Bdnf expression.  Unlike some other activity-regulated transcription 

factors such as CREB, which have little ability to promote transcription until 

phosphorylated by stimulus-induced signaling cascades, CaRF shows significant 

basal transcriptional activity in unstimulated neurons (Tao et al., 2002).  Thus, 

changing expression levels of this transcription factor may be sufficient to have a  
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Figure 7: CaRF is a novel transcription factor that exhibits complex regulation by 
neuronal activity.  (A) Post-translational modifications of CaRF.  The numbers represent 
amino acid positions from human CaRF.  P, phosphorylation; Ac, acetylation; S, serine; 
K, lysine; DBD, DNA binding domain; TAD, transcriptional activation domain.  (B) 
Model for the bimodal calcium-dependent regulation of CaRF-mediated transcription.  
Membrane depolarization induced by the elevation of extracellular potassium leads to 
the opening of voltage-gated calcium channels.  This stimulus is associated with an 
increase in the transcriptional activity of the CaRF activation domain tethered via UAS-
Gal4 to a luciferase reporter plasmid, whereas the same stimulus results in a decrease in 
Carf mRNA expression 6 hours after membrane depolarization. 

significant impact on expression of its target genes.  How escitalopram regulates 

CaRF expression is not known, however in a recent genome-wide RNA-Seq 

study, Carf was among a set of genes whose RNA levels were significantly 

reduced in cultured hippocampal neurons 6 hours following membrane 

depolarization (Kim et al., 2010).  This finding raises the interesting possibility 
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that calcium signaling pathways could upregulate the activity but downregulate 

the expression of CaRF on different time scales, allowing for differential 

temporal regulation of the transcription of CaRF target genes (Figure 7B). 

One possible confounding factor when analyzing any constitutive KO 

mouse strain for deficiencies is the possibility for compensation.  In order to 

acutely examine the role of CaRF in activity-regulated gene transcription, 

shRNAs were designed to knockdown (KD) Carf in cultured neurons.  

Surprisingly, our lab has found that NMDAR-dependent Bdnf exon IV 

transcription is potentiated in Carf KD neurons.  This is in stark contrast to both 

what has been observed with basal Bdnf exon IV expression levels in Carf KO 

brains (Bdnf levels are decreased) and what has been observed in Carf KO 

neurons in vitro following neuronal membrane depolarization and L-VGCC 

activation (Bdnf levels are unchanged) (McDowell et al., 2010).  Chapter 3 of this 

dissertation will show, based on a gene array run on cultured Carf WT versus KD 

neurons, that Grin3a is a potential target of CaRF.  Grin3a encodes the NMDAR 

subunit NR3A, providing a potential mechanism by which Carf KD might lead to 

enhanced NMDAR-dependent gene transcription.  I will go on to demonstrate 

that NR3A does in fact play a modulatory role in NMDAR-dependent gene 

transcription, a completely novel finding.  Given that the brains of Carf KO mice 

have increased numbers of GABAergic synapses (McDowell et al., 2010), I will 

examine the possibility that NR3A could play a role in this developmental 

process.  Lastly, the activity-dependent regulation of Carf and Grin3a expression 

levels will be further examined.  This chapter of my dissertation characterizes 

four distinct mechanisms of specificity in the regulation of Bdnf transcription: 1)  
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Figure 8: CaRF selectively regulates different modes of Bdnf transcription through direct 
and indirect mechanisms.  Above: mode of Bdnf regulation.  Below: change in Bdnf exon 
IV levels in the absence of Carf expression.  Following L-VGCC activation, Bdnf exon IV 
levels are unchanged in both Carf KO and KD neurons.  In contrast, basal Bdnf exon IV 
mRNA levels and BDNF proteins levels are reduced in the brains of Carf KO mice 
(McDowell et al., 2010).  Finally, in this dissertation I will provide evidence that in Carf 
KD neurons, a loss of CaRF-dependent expression of Grin3a, the gene encoding the 
NMDAR subunit NR3A, results in enhanced Bdnf exon IV levels. 

differential regulation of Bdnf exon IV by CaRF in response to distinct stimuli, 2) 

subunit-dependent specificity in the regulation of NMDAR-dependent signaling 

cascades and associated gene transcription, 3) stimulus-dependent specificity in 

the regulation of the expression of CaRF, and 4) stimulus-dependent specificity 

in the regulation of the expression levels of the NMDAR subunit Grin3a. 

Taken together, the data presented in this dissertation will provide a 

complex model of stimulus-specific regulation of Bdnf exon IV transcription by 

the transcription factor CaRF (Figure 8).  Many of the discrete cellular 

mechanisms described here that lend specificity to neuronal transcriptional 

responses will doubtless be applicable to other neuronal genes as well as other 

cell types.
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2. Members of the MEF2 transcription factor family 
differentially regulate Bdnf transcription in 
response to neuronal depolarization 

2.1 Summary 
Transcription of Brain-Derived Neurotrophic Factor (Bdnf) is induced in 

response to a wide variety of extracellular stimuli via the activation of a complex 

array of transcription factors.  However, whether individual transcription factors 

confer specificity upon the regulation of Bdnf is poorly understood.  Previous 

studies have shown that members of the Myocyte Enhancer Factor 2 (MEF2) 

transcription factor family bind a regulatory element upstream of Bdnf promoter 

I and associate with an unknown binding site in Bdnf promoter IV.  Here we 

identify the calcium-response element CaRE1 as the MEF2 binding site in 

promoter IV of the Bdnf gene and determine the requirements for individual 

members of the MEF2 family in Bdnf regulation.  MEF2A, C, and D are all highly 

expressed in embryonic rat cortical neurons, however only the Mef2c gene 

encodes a MEF2 splice variant that lacks the γ repressor domain.  We find that 

MEF2C variants lacking the γ-domain are particularly sensitive to activation by 

membrane depolarization, raising the possibility that the MEF2s may 

differentially contribute to activity-regulated gene expression.  We find that only 

knockdown of MEF2C significantly impairs membrane depolarization-induced 

expression of Bdnf exon IV.  By contrast, only knockdown of MEF2D affects 

depolarization-induced expression of Bdnf exon I, and induction of exon I is 

significantly enhanced in the absence of MEF2D expression.  Taken together, 

these data show that individual members of the MEF2 family of transcription 
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factors differentially regulate the expression of Bdnf, revealing a new mechanism 

that may confer specificity on the induction of this biologically important gene.

2.2 Introduction 
Neuronal activity-regulated gene transcription plays an important role in 

converting sensory information into long-lasting changes in brain function 

(Lyons and West, 2011).  The gene encoding the secreted neurotrophin BDNF is a 

key player in this process, as it performs essential roles in neural development 

and plasticity by modulating synaptic development and function (Lewin and 

Barde, 1996; Loebrich and Nedivi, 2009; Lu, 2003).  The Bdnf gene contains nine 

distinct alternative promoters, however all Bdnf transcripts encode the same 

protein (Aid et al., 2007).  Alternative promoter usage is thought to facilitate cell 

type-, region-, and stimulus-specific regulation of Bdnf transcription (Loebrich 

and Nedivi, 2009; Timmusk et al., 1993).  Promoters I and IV are both highly 

responsive to neuronal activity, however transcripts initiated from promoter IV 

(pIV) are the most abundant in developing neurons (Lyons and West, 2011; 

Timmusk et al., 1993).  

Studies examining transcription factor binding sites within promoter I 

and promoter IV of the Bdnf gene have identified multiple calcium response 

elements (CaREs) that are required for the L-type voltage-gated calcium channel 

(L-VGCC)-dependent induction of Bdnf expression driven by membrane 

depolarization (Chen et al., 2003; Lyons and West, 2011; Pruunsild et al., 2011; 

Shieh et al., 1998; Tao et al., 2002).  Calcium-Response Factor (CaRF) was 

identified as a binding protein for the CaRE1 element within Bdnf promoter IV 

(Tao et al., 2002), and levels of Bdnf exon IV mRNA are significantly reduced in 
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the cerebral cortex of Carf knockout (KO) mice (McDowell et al., 2010).  However, 

cultured Carf KO neurons show normal upregulation of Bdnf exon IV in response 

to membrane depolarization.  Thus, these data raised the possibility that 

additional CaRE1 binding proteins may exist that mediate the activity of this 

element following membrane depolarization. 

In this study, we identify the MEF2 family of transcription factors as 

mediators of membrane depolarization-inducible, CaRE1-dependent 

transcription from Bdnf promoter IV.  The MEF2 family is comprised of four 

separate gene products (MEF2A-D) that are differentially expressed spatially and 

temporally in the brain (Leifer et al., 1993; Lyons et al., 1995; Martin et al., 1993).  

MEF2A, C, and D are coexpressed in embryonic cortical neurons, and the Mef2c 

gene encodes multiple MEF2C splice variants that we show are differentially 

responsive to membrane depolarization.  We further demonstrate that 

knockdown of MEF2C selectively reduces membrane depolarization-induced 

expression of Bdnf exon IV, whereas induction of Bdnf exon I expression is 

strongly potentiated by knockdown of MEF2D.  Taken together, our data suggest 

a novel mechanism of specificity in the transcriptional regulation of Bdnf 

promoter IV via the actions of distinct transcription factors within a single 

family.  We propose that this transcriptional diversity may enable neurons to 

finely tune their cellular responses to environmental stimuli.

2.3 Materials and Methods 

2.3.1 Plasmids 

Wildtype or CaRE1 mutant Bdnf pIV firefly luciferase reporter plasmids 

were previously called p3-170Luc and p3-170Luc3-4 respectively (Tao et al., 



 

 

73 

2002).  The following plasmids were previously described: cCaRE, mCaRE, 

CaRE1 (McDowell et al., 2010) and MRE (Flavell et al., 2006) luciferase reporter 

plasmids; Gal4 fusions with human MEF2Cα1, MEF2Cα1β, MEF2Cα1γ, 

MEF2Cα1βγ, or MEF2Cα1βΔγ (Zhu and Gulick, 2004); the UAS-luciferase plasmid 

(Tao et al., 2002); mammalian expression vectors for CaRF (Tao et al., 2002), 

MEF2A and MEF2D (Flavell et al., 2006), and CREB (Kornhauser et al., 2002); and 

the shRNA plasmids targeting mouse MEF2A and D used in neuronal 

transfection experiments (Flavell et al., 2006).

2.3.2 Cell culture, transfection, and luciferase assays 

Neuron-enriched cultures were generated from cortices of male and 

female postnatal day 0 (P0) Carf+/+ or Carf-/- littermates (McDowell et al., 2010), 

E16 CD1 mouse embryos (Charles River Laboratories, Raleigh, NC), or E18/19 

CD1 rat embryos (Charles River) as described (McDowell et al., 2010; Tao et al., 

2002).  For luciferase assays, neurons or HEK 293T cells (ATCC, Manassas, VA) 

were transfected with calcium phosphate (Tao et al., 2002).  Cotransfection of TK-

renilla luciferase (Promega, Madison, WI) was used to control for transfection 

efficiency and sample handling.  For neurons, lysates were harvested on day in 

vitro (DIV) 5-6 after overnight treatment with 1µM of the sodium channel 

inhibitor TTX (Sigma) ± 6 hrs exposure to 55 mM extracellular KCl, which 

activates L-VGCC-dependent transcription of Bdnf (Tao et al., 2002).

2.3.3 Electrophoretic mobility shift assay (EMSA) 

In vitro transcribed and translated MEF2A and D were incubated with a 

radiolabeled double-stranded MEF response element (CTCTAAAAATAACCCA) 

for EMSA as described (Pfenning et al., 2010).  Unlabeled double-stranded 
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competition probes (CaRE1: GTGTCTATTTCGAGGCAGAGGA, cCaRE: 

GTGTYCARAACGAGGCAGAGG) were added in 10,100, or 1000-fold molar 

excess.  Gels were dried and visualized by PhosphorImager, and shifts intensities 

were quantified relative to probe intensity in the same lane using ImageQuant 

(GE Healthcare, Piscataway, NJ).

2.3.4 RNAi plasmids and quantitative RT-PCR 

For viral infection of neurons, MEF2 knockdown constructs targeting rat 

MEF2A, C or D in the vector pLKO.1 (TRCN0000095959, TRCN0000012068, and 

TRCN0000085268) were obtained from Thermo Scientific (Lafayette, CO) and 

packaged as lentiviral particles in 293T cells.  Cultured rat cortical neurons were 

infected on DIV1.  RNA was harvested on DIV7 for cDNA synthesis and 

quantitative SYBR green PCR (ABI, Foster City, CA).  Intron spanning primers 

were used for all genes tested.  Gapdh mRNA levels were used as a normalizing 

control.  The PCR primers used were: Gapdh F-CATGGCCTTCCGTGTTCCT, R-

TGATGTCATCATACTTGGCAGGTT; Mef2a F-TCAAGCCACACAACCTCTTG, 

R-CAGCATTCCAGGGGAAGTAA; Mef2b F-AGAGGGTCCTGGAGAGAAGC, 

R-AGGTGGCTCGGAGAGAAGAT; Mef2c F-CCAAATCTCCTCCCCCTATG; 

Mef2cγ F-TCAAATCTCTCCCTGCCTTC, R-CTCCCATCGTAGGAACTGCT; 

Mef2d F-CAGCAGCCAGCACTACAGAG, R-GGCAGGGATGACCTTGTTTA; 

Fos F-TTTATCCCCACGGTGACAGC, R-CTGCTCTACTTTGCCCCTTCT; Bdnf 

exon IV F-CGCCATGCAATTTCCACTATCAATAA, R-

GCCTTCATGCAACCGAAGTATG; Bdnf exon I F-

GCATCTGTTGGGGAGACAAG, R-GCCTTCATGCAACCGAAGTA.
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2.3.5 Statistical analyses 

All data presented are the average of at least three measurements from 

each of at least two independent experiments.  Data were analyzed by a 

Student’s unpaired t-test, and p<0.05 was considered significant.  Bar graphs 

show mean values and all error bars show S.E.M.

2.4 Results

2.4.1 CaRE1 is required for membrane depolarization-enhanced 
Bdnf promoter IV activity in Carf knockout neurons 

Membrane depolarization drives transcription of Bdnf exon IV in a 

manner that requires CaRE1 (Tao et al., 2002).  Although CaRF binds to CaRE1 

(Pfenning et al., 2010; Tao et al., 2002) and CaRF knockout mice have reduced 

Bdnf exon IV mRNA levels in the cortex under conditions of basal synaptic 

activity, loss of CaRF does not impair membrane depolarization-induced Bdnf 

exon IV transcription (McDowell et al., 2010).  To test whether the CaRE1 element 

is required for membrane depolarization-induced transcription of Bdnf exon IV, 

we transfected cultured Carf+/+ or Carf-/- cortical neurons with Bdnf promoter IV 

reporter plasmids (Figure 9A).  In both Carf+/+ and Carf-/- neurons, membrane 

depolarization robustly induced transcription from the wildtype promoter IV 

plasmid (Figure 9B).  Mutation of the CaRE1 binding site significantly inhibited 

depolarization-induced luciferase expression in both Carf+/+ and Carf-/- neurons 

demonstrating the CaRE1-dependence of this induction in neurons of both 

genotypes.  Interestingly, however, the membrane depolarization-dependent 

inducibility of both reporter plasmids was not significantly different between 

Carf+/+ and Carf-/- neurons.  These data strongly suggest that CaRE1-binding  



 

 

76 

 
Figure 9: CaRE1 is required for membrane depolarization-induced activation of Bdnf 
promoter IV in CaRF knockout neurons.  (A) Schematic of the Bdnf pIV-luciferase 
reporter plasmids used.  The numbers indicate the position of the promoter 5’ end 
relative to the initiation site of transcription.  pIV-Luc (Tao et al., 2002) contains the 
proximal 170bp of Bdnf pIV; pIV(mCaRE1)-Luc has the CaRE1 site mutated to a sequence 
(CTTCCGCCAGGC) that does not bind CaRF.  (B) Mutation of the CaRE1 element leads 
to a reduction in membrane depolarization-induced Bdnf pIV activity in both Carf+/+ and 
Carf-/- cortical neurons.  n = 2-3. *p<0.05, pIV(mCaRE1) compared with pIV. 
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proteins other than CaRF mediate the activity of this element in response to 

membrane depolarization.

2.4.2 MEF2 drives CaRE1-dependent Bdnf transcription

2.4.2.1 MEF2 and CaRF are both capable of binding to the CaRE1 element 
within Bdnf promoter IV 

Previously we conducted a binding site selection screen to identify high 

affinity CaRF DNA binding sites (Pfenning et al., 2010).  Alignment of this 

consensus CaRF binding site (cCaRE) with the Bdnf CaRE1 sequence revealed 

that the cCaRE closely matches only the 3’ half of CaRE1 (Figure 10A).  By 

contrast, the 5’ side of CaRE1 aligns well with the consensus binding motif for 

the MEF2 family of transcription factors (Gossett et al., 1989).  MEF2A-D are 

highly expressed in the nervous system where they play important roles in 

neuronal activity-dependent transcription and synaptic development (Greer and 

Greenberg, 2008; Shalizi and Bonni, 2005).  MEF2 has been shown by chromatin 

immunoprecipitation to associate with Bdnf promoter IV in vivo, however the site 

of binding was not identified (Hong et al., 2008).  Thus, we considered the 

possibility that MEF2 may bind to CaRE1.  Recombinant MEF2A/D 

heterodimers were tested by competition EMSA for their ability to bind CaRE1.  

Addition of oligonucleotides containing the CaRE1 site were able to compete 

binding of MEF2 to a consensus MEF2 response element (MRE) (Gossett et al., 

1989) indicating that MEF2 can bind CaRE1 (Figure 10B).  Quantification of the 

competition revealed that a 100-fold excess of unlabeled MRE competed 47.7±5% 

of the binding to the radiolabeled MRE probe whereas it took a 1000-fold excess 

of unlabeled CaRE1 to reach a similar level of competition (48.2±5%).  Thus 

MEF2A/D has an approximately 10-fold higher affinity for the MRE relative to 
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Figure 10: MEF2 and CaRF both bind to CaRE1.  (legend on next page) 
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Figure 10: MEF2 and CaRF both bind to CaRE1.  (A) Alignment of the consensus CaRF 
binding site (Pfenning et al., 2010), the Bdnf promoter IV CaRE1 element (Tao et al., 2002), 
and a canonical MEF2 response element (MRE) (Gossett et al., 1989).  Vertical lines 
indicate nucleotide sequences shared with CaRE1.  (B) MEF2 binds CaRE1.  The binding 
of MEF2A/D heterodimers to a radiolabeled MRE probe was either not competed (-) or 
competed with the addition of a 10-, 100-, or 1000-fold molar excess of unlabeled MRE, 
CaRE1, or cCaRE.  The right triangles indicate increasing concentrations of unlabeled 
competitor (“Comp.”), and the arrow indicates the transcription factor-radiolabeled 
probe complexes.  (C) CaRF binds CaRE1.  The binding of CaRF to a radiolabeled cCaRE 
probe was either not competed (-) or competed with the addition of a 10-, 100-, or 1000-
fold molar excess of unlabeled cCaRE, CaRE1, or MRE.  The right triangles indicate 
increasing concentrations of unlabeled competitor (“Comp.”), and the arrow indicates 
the transcription factor-radiolabeled probe complexes. 

CaRE1.  Importantly, we found that oligonucleotides containing the consensus 

CaRF binding site (cCaRE), which has no homology to the MEF2 binding site, 

were unable to compete for MEF2 binding.  As a control, we ran the same 

experiment using recombinant CaRF protein (Figure 10C).  We found that, as 

expected, addition of oligonucleotides containing the CaRE1 site were able to 

compete binding of CaRF to its consensus cCaRE site (Pfenning et al., 2010), as 

were unlabeled cCaRE oligos.  Importantly, MRE oligos were not able to compete 

for CaRF binding.  Taken together, these data indicate that the CaRE1 sequence 

within the Bdnf exon IV promoter is capable of being bound by both CaRF and 

MEF2.  Quantified data from three independent EMSAs for both MEF2 (Figure 

11A) and CaRF (Figure 11B) are included.

2.4.2.2 MEF2 and CaRF neither compete nor cooperate in their binding to the 
CaRE1 element within Bdnf promoter IV 

The apparent binding sites for CaRF and MEF2 appear to overlap in the 

CaRE1 element (Figure 10A), suggesting that binding of one factor might 

influence the binding of the other.  Specifically, we considered the possibility that 

the binding of CaRF and MEF2 to CaRE1 could be 1) cooperative, 2) competitive, 

or 3) independent.  To address this question, we used competition EMSAs to 
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Figure 11: MEF2 and CaRF both bind to CaRE1.  (A) The intensity of the transcription 
factor-radiolabeled probe complexes (MEF2-MRE) in the competition assays shown in 
Figure 10B above were quantified relative to probe intensity in the same lane.  (B) The 
intensity of the transcription factor-radiolabeled probe complexes (CaRF-cCaRE) in the 
competition assays shown in Figure 10C above were quantified relative to probe 
intensity in the same lane.  Bars display average relative intensity measurements from 
three independent experiments, and the error bars represent S.E.M. 

determine whether the apparent affinity of CaRF for CaRE1 would change when 

MEF2 was added to the binding reaction, and conversely if the affinity of MEF2 

for CaRE1 would change in the presence of CaRF.  We reasoned that if, for 

example, CaRF and MEF2 bind cooperatively to CaRE1, then adding MEF2 to the 

EMSA reaction should enhance the ability of CaRE1 to compete the CaRF-cCaRE 

interaction, making it more closely resemble the competition with cCaRE. 
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Figure 12: CaRF and MEF2 bind independently to CaRE1.  The ability of CaRF and MEF2 
to bind to CaRE1 cooperatively (or competitively) was assessed using competition 
EMSAs.  (A) The intensity of the CaRF-cCaRE complex was quantified relative to probe 
intensity in the same lane in a competition assay similar to those described in Figure 10 
above (black bars) or when CaRF was cotranscribed and translated with MEF2 (gray 
bars).  (B) The intensity of the MEF2-MRE complex was quantified relative to probe 
intensity in the same lane in a competition assay similar to those described in Figure 10 
above (black bars) or when MEF2 was cotranscribed and translated with CaRF (gray 
bars).  Bars display average relative intensity measurements from three independent 
experiments, and the error bars represent S.E.M. 
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Similarly, adding CaRF to the MEF2-MRE EMSA reaction would also enhance 

the ability of CaRE1 to compete that interaction.  Conversely, if these factors bind 

competitively, then the presence of either transcription factor should inhibit the 

ability of CaRE1 to compete for binding of the other factor in this assay.  

However, we find that addition of MEF2 has no significant effect on the ability of 

CaRE1 to compete the CaRF-cCaRE interaction (Figure 12A).  Furthermore, we 

also find that addition of CaRF has no significant effect on the ability of CaRE1 to 

compete the MEF2-MRE interaction (Figure 12B).  On the basis of these data we 

conclude that the Bdnf exon IV CaRE1 element contains independent, closely 

spaced binding sites for CaRF and MEF2.

2.4.2.3 MEF2 is capable of driving transcription of Bdnf exon IV in a CaRE1-
dependent manner 

We next asked whether MEF2 can drive CaRE1-dependent Bdnf exon IV 

transcription.  Overexpression of either MEF2A/D or CaRF in HEK 293T cells 

was sufficient to drive expression of luciferase from a wildtype Bdnf promoter IV 

reporter plasmid.  By contrast, neither MEF2 nor CaRF drove luciferase 

expression from a Bdnf promoter IV reporter in which the CaRE1 site was 

mutated, demonstrating the CaRE1-dependence of the activity of both factors at 

this promoter (Figure 13A).  Importantly, transcription from both the wildtype 

and CaRE1 mutant plasmids were promoted equally by overexpressed CREB, 

which binds Bdnf promoter IV at a site (CaRE3/CRE) distinct from CaRE1 (Tao et 

al., 1998). 

Finally, to determine whether endogenous MEF2 contributes to CaRE1-

dependent transcription in neurons, we assessed the effect of RNAi-mediated 

knockdown of neuronal MEF2 on luciferase expression from cotransfected MRE,  
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Figure 13: MEF2 can drive CaRE1-dependent gene transcription.  (A) MEF2 activates 
Bdnf exon IV transcription in a CaRE1-dependent manner.  A wildtype Bdnf pIV reporter 
plasmid (pIV-Luc) or a version bearing mutations at CaRE1 (pIV(mCaRE1)-Luc) were 
transfected into HEK 293T cells with mammalian expression vectors containing either 
CaRF, MEF2A and MEF2D, CREB, or an empty vector control. The bars show the mean 
values from three independent experiments scaled to the vector control.  *p<0.05, 
pIV(mCaRE1)-Luc vs. pIV-Luc.  (B) Endogenous MEF2 contributes to CaRE1-dependent 
transcription in neurons.  Luciferase reporter plasmids enhanced by the MRE, CaRE1, or 
cCaRE elements were transfected into cultured mouse cortical neurons along with 
shRNA vectors that knockdown (KD) MEF2A and MEF2D.  An empty shRNA vector was 
used as a control (Ctrl).  The bars show the mean values from three independent 
experiments scaled to the vector control from each day.  *p<0.05 KD vs. Ctrl. 

CaRE1, or cCaRE reporter plasmids.  Neurons were transfected with either a 

control shRNA plasmid, or shRNA-expressing plasmids that knockdown 

expression of MEF2A and MEF2D (Flavell et al., 2006).  Compared with control 

neurons, knockdown of MEF2 significantly reduced luciferase expression from a 

reporter enhanced by three copies of the MRE demonstrating the efficacy of the 
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RNAi (Figure 13B).  Knockdown of MEF2A/D also significantly reduced 

luciferase expression from the reporter enhanced by three copies of the wildtype 

CaRE1 site.  By contrast, MEF2 knockdown had no effect on luciferase expression 

from a reporter enhanced by the consensus CaRF-binding site cCaRE (Figure 

13B).  Taken together, these data implicate MEF2 along with CaRF as a CaRE1-

dependent transcriptional regulator of Bdnf promoter IV in neurons.

2.4.3 MEF2C splice variants are differentially responsive to 
membrane depolarization 

A previous study showed that knockdown of MEF2A and D in cultured 

hippocampal neurons reduced L-VGCC dependent induction of Bdnf, and 

identified a MEF2D binding site in a putative Bdnf enhancer 4.5kB upstream of 

Bdnf exon I (Flavell et al., 2008).  However, whereas Mef2a and Mef2d are the 

primary MEF2 family members expressed in the hippocampus, Mef2c transcripts 

are by far the most highly expressed of the MEF2s in cortical neurons (Figure 

14A,B).  Mef2b expression is negligible by comparison to the other MEF2 family 

members.  

Whereas MEF2A, C, and D all undergo alternative splicing of two 

domains called α and β, only MEF2C shows alternative splicing of the γ domain.  

This is important because the γ domain is a major site of regulation of the activity 

of the MEF2 transcription factors by neuronal signaling cascades (Shalizi et al., 

2006).  In cultured rat cortical neurons only 48.4±4.3% of Mef2c transcripts 

contain the γ domain, as determined by RT-PCR.  To determine how differential 

splicing affects the membrane depolarization-dependent regulation of MEF2C 

activity, we overexpressed a series of Gal4-MEF2C splice variant fusion 

constructs in cultured cortical neurons along with a plasmid containing a  
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Figure 14: Region-specific expression and calcium-dependent regulation of MEF2s.  (A 
and B) Relative expression of MEF2 family members were determined by quantitative 
PCR from cultured embryonic rat hippocampal (A) or cortical (B) neurons.  n = 4.  (C) 
MEF2C splice variants are differentially responsive to membrane depolarization.  
Cultured embryonic rat cortical neurons were cotransfected with a pUAS-Luc reporter 
vector along with plasmids expressing Gal4 fusions of the indicated MEF2C splice 
variants.  “Δγ” indicates a γ-containing MEF2C variant with a S396A point mutation.  The 
bars show the mean values from four independent experiments scaled to the untreated 
empty vector control from each day.  In all graphs, error bars represent S.E.M.  *p<0.05 6 
hr KCl vs. none. 
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luciferase gene under the control of a GAL4-binding UAS element.  Whereas the 

presence of the β domain led to higher levels of membrane depolarization-

induced transcription, the presence of the γ domain led to significantly less 

activation of MEF2C compared with γ-lacking forms (Figure 14C).  Consistent 

with evidence that phosphorylation of MEF2C at serine 396 within the γ domain 

is a mechanism of the repressive activity of this domain (Shalizi et al., 2006; Zhu 

and Gulick, 2004), we found that mutation of this residue to alanine increased 

membrane depolarization-induced transcriptional activation (Figure 14C).  These 

data are important because they suggest that MEF2C splice variants lacking the γ 

domain, which are highly expressed in the developing cortex, are likely to be the 

most sensitive of the MEF2 transcription factors to membrane depolarization.

2.4.4 Regulation of Bdnf transcription by different MEF2 family 
members in cortical neurons 

To determine whether individual members of the MEF2 family 

differentially regulate Bdnf transcription, we generated lentiviruses carrying 

shRNAs to selectively knockdown MEF2A, MEF2C, or MEF2D (Figure 15A).  

Importantly, knocking down MEF2 family members does not impair activity-

regulated gene transcription in general, as membrane-depolarization induced Fos 

expression was unaffected by any of the knockdowns (Figure 15B).  We found 

that knockdown of MEF2C but not MEF2A or MEF2D significantly reduced the 

membrane depolarization-dependent induction of Bdnf exon IV-containing 

transcripts (Figure 15C).  These data are consistent with our evidence that MEF2 

family members can activate CaRE1-dependent transcription of Bdnf promoter IV 

reporter plasmids, and identify MEF2C as an important contributor to activity-

dependent regulation of Bdnf transcription in the developing cortex. 
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Figure 15: Differential regulation of endogenous Bdnf transcription by MEF2 family 
members in cortical neurons.  (A) Cultured embryonic rat cortical neurons were infected 
with lentiviruses containing shRNAs targeting individual MEF2 family members.  
Knockdown (KD) of endogenous mRNA levels was validated by quantitative PCR.  
Levels of MEF2 expression are shown normalized to levels in cells infected with the 
empty vector control viruses.  n = 4. (B, C, and D)  Cultured embryonic rat cortical 
neurons were infected with the indicated shRNA-delivering lentiviruses or empty vector 
controls.  6 days after infection, neurons were either left untreated or stimulated with 55 
mM KCl for 3 hrs.  Endogenous Fos (B), Bdnf exon IV (C), or Bdnf exon I (D) mRNA levels 
were determined by quantitative PCR.  n = 3-4. *p<0.05 MEF2 KD vs. Ctrl. 

Although exon IV-containing forms of Bdnf are the most abundant Bdnf 

transcripts in the developing cortex, Bdnf promoter I is also highly activity-

responsive in neurons and MEF2D has been found bound to a putative enhancer 

element upstream of promoter I that can regulate promoter I activity (Flavell et 

al., 2008).  Knockdown of MEF2C or MEF2A had no effect on membrane-

depolarization induced Bdnf exon I expression (Figure 15D).  However, 

knockdown of MEF2D significantly enhanced Bdnf exon I induction (Figure 
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15D).  Collectively, these data reveal that specific MEF2 family members have 

distinct effects on the regulation of different Bdnf gene promoters in response to 

membrane depolarization.

2.5 Discussion 
MEF2 family members are highly expressed in the nervous system where 

they regulate calcium-dependent transcriptional programs that are important for 

synapse development (Flavell et al., 2006; Shalizi et al., 2006).  Bdnf is among the 

transcriptional targets of MEF2 in hippocampal neurons (Flavell et al., 2008) and 

by chromatin immunoprecipitation endogenous MEF2 proteins have been found 

to associate both with an unidentified element in promoter IV and with a 

putative long-distance Bdnf enhancer element 4.5kb upstream of promoter I 

(Flavell et al., 2008; Hong et al., 2008).  However, the functional importance of the 

interactions of specific MEF2 family members with each of these binding sites 

was not known. 

Our evidence that two different CaRE1-associated proteins, CaRF and 

MEF2C, are each required for Bdnf promoter IV activity in cortical neurons under 

different environmental conditions suggests that the differential expression or 

recruitment of specific transcription factors at single Bdnf regulatory elements 

may provide a mechanism of specificity for the regulation of this important gene.  

Indeed, multiplex regulation appears to be an important principle of Bdnf 

transcription in general.  Not only are there as many as nine alternative Bdnf 

promoters, promoter IV alone is regulated by at least eight families of 

transcription factors (MeCP2, Npas4/Arnt, MEF2, CaRF, USF1/2, CREB, 

bHLHB4, and NF-κB) several of which have calcium-selective modes of 
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regulation (Jiang et al., 2008; Lyons and West, 2011; Pruunsild et al., 2011; 

Vashishta et al., 2009; West, 2008).  Whereas studies that have deleted any single 

transcription factor have shown only a moderate impact on Bdnf transcription 

(Chen et al., 2003; Flavell et al., 2008; McDowell et al., 2010; Vashishta et al., 2009), 

deletion of just one of the calcium-response elements in Bdnf promoter IV (the 

CaRE3/CRE site bound by CREB family members) significantly impairs activity-

dependent Bdnf gene induction (Hong et al., 2008).  Thus, diversity of 

transcription factor binding at each CaRE may confer distinct modes of 

regulation on the Bdnf gene and/or ensure a high safety factor for Bdnf induction 

following increases in intracellular calcium. 

Like most transcription factors, the MEF2s are members of a family of 

proteins that share a highly conserved DNA binding domain and have many 

overlapping functions.  Outside of the DNA binding domain, however, 

individual members of the MEF2 family show significant sequence divergence, 

which may allow for diversity in protein-protein interactions and post-

translational regulation (Shalizi and Bonni, 2008).  The MEF2 genes show variant 

expression patterns across different cell types and tissues, which is likely to 

contribute to their differential biological functions (Lyons et al., 1995).  However 

in some places, such as neurons of the cerebral cortex, multiple MEF2 family 

members as well as multiple splice variants from the same MEF2 gene are co-

expressed in the same neurons (Lyons et al., 1995).  By using RNAi to selectively 

knockdown expression of individual MEF2 family members, we have now 

shown in developing cerebral cortical neurons, which coexpress MEF2A, C, and 

D, that only MEF2C is required for membrane depolarization-dependent 

transcriptional activation of Bdnf promoter IV.  This selective requirement is not 
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likely to be due to differential binding of the MEF2s to promoter IV, because we 

have found that MEF2A, C, and D show a similar affinity for CaRE1 by EMSA 

(data not shown), and because in vivo chromatin immunoprecipitation 

experiments have demonstrated the association of endogenous MEF2D with Bdnf 

promoter IV in cortex (Hong et al., 2008).  Furthermore, the relative importance of 

MEF2C may be specific to cortical neurons because dual knockdown of MEF2A 

and MEF2D in hippocampal neurons was shown in a previous study to impair 

membrane depolarization-induced expression of Bdnf (Flavell et al., 2008).  

Although Flavell and colleagues (2008) did not report whether the effects of their 

knockdown were selective for exon IV-containing Bdnf transcripts, their data 

raise the possibility that the functional contributions of the MEF2s to the 

regulation of Bdnf may be context or cell-type specific.  We suggest that one way 

that selective functions of the MEF2s may arise is as a consequence of their 

differential sensitivity to activation by membrane depolarization.  Although the 

MEF2s have similar gene structures, only the Mef2c gene encodes variants that 

lack the γ domain (Shalizi and Bonni, 2008; Zhu and Gulick, 2004).  This 

difference is relevant to the regulation of activity-regulated genes in neurons 

because we find that γ-lacking MEF2C variants are the most highly activated of 

the MEF2Cs upon membrane depolarization.  In the developing cortex, Mef2c is 

by far the predominant Mef2 gene expressed (Figure 14B) and nearly half of the 

Mef2c transcripts lack the γ domain.  Thus, the heightened sensitivity of γ-lacking 

MEF2C variants to L-VGCC activation may be particularly important for 

coupling the induction of activity-regulated genes like Bdnf to environmental 

stimuli during cortical development.  
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Interestingly, although knockdown of MEF2D in cortical neurons had no 

effect on Bdnf promoter IV regulation, membrane depolarization-dependent 

induction of Bdnf exon I-containing transcripts was strongly upregulated in 

neurons that lack this but not other MEF2 family members.  It is possible that 

reducing MEF2D expression enhances the likelihood that γ-lacking forms of 

MEF2C get recruited to Bdnf promoter I regulatory elements, thus enhancing 

membrane depolarization-dependent transcriptional activation.  Alternatively, 

because the MEF2s are known to bind co-repressors as well as co-activators 

(Shalizi and Bonni, 2008), it is possible that selective interactions between MEF2D 

and a transcriptional co-repressor could be important for dampening the 

transcriptional activity of Bdnf promoter I in developing cortical neurons.  This 

would be particularly interesting because unlike Bdnf promoter IV, which is 

highly active and inducible in young neurons, Bdnf promoter I is relatively 

inactive until adulthood, when its inducibility is markedly elevated via unknown 

mechanisms (Timmusk et al., 1994).  Taken together, our data are important 

because they suggest that variations in the expression of different MEF2 variants, 

which occurs both during development and in response to certain kinds of 

stimuli, could change the transcriptional inducibility of important activity-

regulated targets such as Bdnf, providing a mechanism for the fine-tuning of 

neuronal transcription-dependent plasticity.
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3. The NMDA receptor subunit NR3A inhibits 
synaptic activity-induced transcription of Bdnf and 
limits GABAergic synapse development 

3.1 Summary 
During brain development, activation of NMDA-type glutamate 

receptors (NMDARs) plays an essential role in the calcium-dependent induction 

of gene transcription programs that sculpt synapse development.  Changes in 

NMDAR subunit composition are known to affect the ability of NMDARs to 

activate gene expression.  Expression of the NMDA receptor subunit NR3A (also 

known as GluN3A) is highly developmentally regulated with peak levels 

occurring in the early postnatal period, and incorporation of NR3A into 

NMDARs reduces their calcium permeability.  Here we identified Grin3a as a 

potential gene target of the transcription factor Calcium Response Factor (CaRF) 

and tested the importance of NR3A for NMDAR-dependent activation of gene 

transcription by knocking down Grin3a expression in cultured rat hippocampal 

neurons.  We find that neurons lacking NR3A show enhanced NMDAR-

dependent induction of Brain-Derived Neurotrophic Factor (Bdnf) exon IV, a 

phenomenon also observed in neurons lacking CaRF.  This increase in NMDAR-

dependent transcription is accompanied by prolonged activation of the 

transcription factor Myocyte Enhancer Factor 2 (MEF2), whereas activity-

dependent activation of the Calcium/cAMP Response Element binding protein 

(CREB) is unaffected.  To investigate the cellular consequences of changing 

NR3A expression, we examined synapse development in Grin3a knockdown 

neurons.  We find that loss of NR3A leads to a significant increase in the number 

of GABAergic synapses.  Interestingly, we also show that neural activity can 
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change the expression levels of NR3A such that NR3A expression is highest 

when synaptic activity is quiescent.  Taken together, these data raise the 

possibility that changes in the expression of NR3A may mediate a form of 

metaplasticity to alter the threshold for activation of synaptic plasticity-inducing 

transcriptional programs during brain development. 

3.2 Introduction 
Mammalian brain development relies on a very complicated genetic 

program.  However, environmental cues – frequently represented in the brain by 

altered levels of neuronal activity – are also critically important for proper 

synaptic wiring.  In order to understand this complex process, it is important to 

identify the molecular mechanisms that allow sensory input to be specifically 

transduced into the appropriate cellular response in neurons.  One way in which 

transient sensory stimuli can result in long-lasting changes in brain function is 

via activity-regulated gene transcription, which is typically induced by increased 

calcium levels within the cell.  The two most salient modes of calcium entry for 

signal transduction to the nucleus are L-type voltage-gated calcium channels (L-

VGCCs) and NMDARs (Bading et al., 1993; Ghosh et al., 1994b; Ghosh and 

Greenberg, 1995; Lerea et al., 1992).  One gene that has been shown to be 

regulated by both types of stimuli and is of particular interest in studying how 

sensory experience can shape brain development is Bdnf (Lyons and West, 2011; 

West et al., 2002).  BDNF has been shown to be critical for numerous 

neurodevelopmental processes, including learning and memory and synapse 

development (Loebrich and Nedivi, 2009).  Furthermore, the gene Bdnf is itself 

regulated by neuronal activity, thus placing it in a prime position to regulate 
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sensory experience- and activity-dependent synapse development (Lyons and 

West, 2011; Timmusk et al., 1993). 

The Bdnf gene contains nine distinct alternative promoters, however all 

Bdnf transcripts encode the same protein (Aid et al., 2007).  Alternative promoter 

usage is thought to facilitate cell type-, region-, and stimulus-specific regulation 

of Bdnf transcription (Loebrich and Nedivi, 2009; Timmusk et al., 1993).  Bdnf 

exon IV is unique in that it is both the most abundant transcript found in 

developing neurons and it is also highly responsive to neuronal activity (Lyons 

and West, 2011; Timmusk et al., 1993).  Studies examining transcription factor 

binding sites within Bdnf promoter IV have identified multiple calcium response 

elements (CaREs) that are required for the L-type voltage-gated calcium channel 

(L-VGCC)-dependent induction of Bdnf expression driven by membrane 

depolarization (Chen et al., 2003; Lyons and West, 2011; Pruunsild et al., 2011; 

Shieh et al., 1998; Tao et al., 2002).  CaRF was identified as a binding protein for 

the CaRE1 element within Bdnf promoter IV (Tao et al., 2002), and levels of Bdnf 

exon IV mRNA are significantly reduced in the cerebral cortex of Carf knockout 

(KO) mice (McDowell et al., 2010).  However, cultured Carf KO neurons show 

normal upregulation of Bdnf exon IV in response to membrane depolarization. 

In this study, we show that NMDAR-dependent Bdnf transcription is 

potentiated by loss of CaRF, indicating that CaRF-dependent regulation of Bdnf 

is complex and could serve as a mechanism of stimulus-dependent specificity in 

the Bdnf transcriptional response to neuronal activity.  Furthermore, we identify 

a number of genes important for calcium signaling in neurons as potential targets 

of CaRF.  Among these is Grin3a, the gene encoding the NMDAR subunit NR3A 

(also known as GluN3A).  NR3A is a particularly interesting NMDAR subunit 
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because it has been shown to limit calcium influx through NMDARs and 

decrease sensitivity to magnesium blockade (Das et al., 1998; Sasaki et al., 2002; 

Tong et al., 2008).  NR3A has been shown to be important in NMDAR trafficking 

(Pérez-Otaño et al., 2006) – and therefore also possibility NMDAR localization.  

Finally, expression of NR3A is highly regulated by development, with NR3A 

protein levels peaking in the early postnatal period (Al-Hallaq et al., 2002; 

McDowell et al., 2010; Sasaki et al., 2002; Wong et al., 2002).  While it has been 

established for some time that factors such as NMDAR subunit composition or 

receptor localization can influence which signaling cascades are activated 

downstream of NMDAR stimulation (Cheng et al., 1999; Hardingham and 

Bading, 2003; Martel et al., 2009), whether NR3A might modulate transcriptional 

events that occur downstream of NMDAR-mediated calcium entry has remained 

an open question. 

Excitingly, we find that loss of NR3A leads to a potentiation in MEF2-

dependent transcriptional activation and Bdnf exon IV transcription following 

NMDAR stimulation.  NR3A is known to be important for normal excitatory 

synapse development (Das et al., 1998; Roberts et al., 2009), and here we show 

that NR3A appears to be important for normal inhibitory, GABAergic synapse 

development as well.  Finally, given evidence that Carf and Grin3a are both 

inversely regulated by altered neuronal activity states, we propose that 

regulation of NR3A may mediate a form of metaplasticity to alter the threshold 

for activation of synaptic plasticity-inducing transcriptional programs during 

brain development.  Furthermore, our findings suggest that CaRF is capable of 

lending a great degree of specificity to stimulus-induced programs of gene 
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transcription and that, via its gene targets, it might be capable of regulating 

activity and calcium signaling levels on a global scale within the cell.

3.3 Materials and Methods 

3.3.1 Plasmids 

Two independent shRNAs were used to knockdown mouse Carf.  

“shRNA1” was cloned into vector pLLx3.8 (vector reference PMID: 17610817).  

shRNA1’s sequence is 5’-GAAGACAGCACCAGCAATTAC-3’.  The “Scr” 

control sequence for the shRNA1 construct is 5′-

AAACAAGCCCATTCGCGGATT-3′.  The second shRNA (“shRNA2”) was 

purchased from Thermo Scientific (Lafayette, CO) and is packaged in the pLKO.1 

vector (TRCN0000086260).  The empty pLKO.1 vector is used as the contol for 

shRNA2. 

Two independent shRNAs were used to knockdown Grin3a.  “shRNA4” 

was purchased from Thermo Scientific (Lafayette, CO) and is packaged in the 

pLKO.1 vector (TRCN0000100220).  The empty pLKO.1 vector is used as the 

contol for shRNA4.  “shRNA5” was cloned into the pLLx3.8 vector.  The 

sequence of shRNA5 is 5’-GTATCCGGCAGATATTTGAAA-3’.  The “Scr” 

control sequence for the shRNA5 construct is 5′-

GCCTGCAGTATGACTCAGTAA-3′. 

The CRE luciferase reporter plasmid was purchased from Stratagene 

(Cedar Creek, TX).  The MRE luciferase reporter plasmid was previously 

described (Flavell et al., 2006).
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3.3.2 Neuron culture 

Neuron-enriched cultures were generated from cortices of male and 

female E16 CD1 mouse embryos (Charles River Laboratories, Raleigh, NC), from 

hippocampii of male and female postnatal day 0 (P0) CD1 mice (Charles River), 

or from hippocampii of male and female E18/19 CD1 rat embryos (Charles 

River) as described (McDowell et al., 2010; Tao et al., 2002). 

Activity-dependent gene transcription was induced using a variety of 

stimuli.  Withdrawal from tetrodotoxin (TTX; Sigma) was done by treating 

neurons for a period of 48 hrs with 1 µM TTX prior to either harvesting RNA (for 

the control condition) or washing out the TTX with plain Neurobasal (NB) 

medium.  Cells were washed twice with plain NB prior to addition of TTX-

lacking conditioned media obtained from other wells of untreated neurons.  For 

experiments with channel blockers, blockers were added either to plain NB and 

conditioned media for TTX withdrawal, or to the KCl solution for depolarization 

with 55 mM KCl.  APV (Tocris; Minneapolis, MN) was used at a concentration of 

100 µM.  Nimodipine (Sigma) and nifedipine (Sigma) were both used at a 

concentration of 5 µM.  EGTA (Sigma) was used at 2.5 mM EGTA.  Bicuculline 

(Sigma) was used at 50 µM along with 2.5 mM 4-AP (Tocris) as previously 

described (Hardingham et al., 2002).  Actinomycin D was used at 30 nM (Sigma).

3.3.3 RNA interference (RNAi) and quantitative RT-PCR 

For viral infection of neurons, Carf or Grin3a shRNA constructs were 

packaged as lentiviral particles in HEK 293T cells (ATCC, Manassas, VA).  

Cultured mouse cortical neurons or rat hippocampal neurons were infected on 

DIV1.  For neurons infected with a Grin3a KD virus or corresponding control 
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virus, 100 µM APV was added to the media at the time of infection to keep cells 

alive, as loss of NR3A can lead to excitotoxicity (Nakanishi et al., 2009).  RNA 

was harvested on DIV7-10 after 48 hrs treatment with 1µM of the sodium 

channel inhibitor TTX (Sigma) ± 6 hrs TTX withdrawal in plain Neurobasal 

media OR exposure to 55 mM extracellular KCl, which activates L-VGCC-

dependent transcription of Bdnf (Tao et al., 2002).  RNA was used for cDNA 

synthesis and quantitative SYBR green PCR (ABI, Foster City, CA).  Intron 

spanning primers were used for all genes tested.  Gapdh mRNA levels were used 

as a normalizing control.  The PCR primers used were: Gapdh F-

CATGGCCTTCCGTGTTCCT, R-TGATGTCATCATACTTGGCAGGTT; Carf F-

CCGCAAGTAGCGCATAAGAT, R-TCCAGTCCTCAAGGATTTCTG; Bdnf exon 

IV F-CGCCATGCAATTTCCACTATCAATAA, R-

GCCTTCATGCAACCGAAGTATG; Grin3a F-TTGGTCTCTCCATCCTGACC, R-

GAACGTGGCTGCTTTTCTTC; Grin1 F-GCTCAGAAACCCCTCAGACA, R-

GGCATCCTTGTGTCGCTTGTAG; Grin2a F-TACTCCAGCGCTGAACATTG, R-

TCAGCTGGACCTGTGTCTTG; Grin2b F-GAGCATAATCACCCGCATCT, R-

AAGGCACCGTGTCCGTATCC; Fos F-TTTATCCCCACGGTGACAGC, R-

CTGCTCTACTTTGCCCCTTCT.

3.3.4 Western blotting 

10 µg of nuclear extracts (McDowell et al., 2010), 30 µg of whole cell 

lysates, or 7 µg of crude membrane fractions (Sasaki et al., 2002) were loaded on 

8–10% SDS-PAGE gels for separation and transferred to polyvinylidene fluoride 

(PVDF) membrane.  After blocking, primary antibodies were incubated for 60 

min at room temperature, and secondary antibodies conjugated to HRP (Jackson 
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ImmunoResearch) were used at 1:10,000.  Bands were visualized by reacting 

blots with ECL (Pierce) and exposing to film.  For quantitation, multiple 

exposures were taken to establish the linear range.  Primary antibodies used in 

this study include rabbit anti-CaRF, 1:500 (#4510, present study); rabbit anti-

Histone H3, 1:5000 (Millipore; catalog #070-690); mouse anti-phospho-S133 

cAMP response element binding protein (anti-pCREB), 1:1000 (Millipore, catalog 

#05-667); rabbit anti-cAMP response element-binding protein (anti-CREB), 1:1000 

(Millipore; catalog #06-863); rabbit anti-NR3A, 1:1000 (Millipore; catalog #07-

356); mouse anti-NR1, 1:1000 (Affinity Bioreagents; catalog #OMA1-04010).

3.3.5 Microarrays 

Cortical neurons were dissociated from brains of male and female E16 

CD1 mouse embryos (Charles River Laboratories, Raleigh, NC) and cultured in 

Neurobasal medium plus B27 supplements.  Neurons were infected with either 

Carf shRNA-containing lentiviruses or scrambled control viruses on day in vitro 

(DIV) 1.  Also on DIV1, 5µm AraC was added to block glial proliferation.  On 

DIV6 neurons were treated overnight with 1µm TTX.  The next day neurons were 

left untreated or they were membrane depolarized for 6 hours with 55 mM 

extracellular KCl.  For microarray experiments, total RNA was purified using 

RNeasy mini kits (Qiagen) and biotin-labeled cRNA was generated following 

Affymetrix standard protocols.  Ten micrograms of the labeled cRNA was 

hybridized to Affymetrix mouse MOE430 arrays. 

All raw CEL files obtained from the Affymetrix Mouse Genome 430 2.0 

array were processed and normalized on a log scale using RMA Express 

(Bolstad, 2003; Bolstad et al., 2003; Irizarry et al., 2003a; Irizarry et al., 2003b).  
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They were then altered by hand to conform to the .gct matrix format with 18 

different experiments as columns and 45,101 probes as rows.  The microarray 

data was split into two groups.  The control group contained depolarized (3 

samples) and non-depolarized (3 samples) scrambled control-infected cortical 

neurons.  Another group, representing a decrease in CaRF, contained 

depolarized (3 samples) and non-depolarized (3 samples) Carf shRNA-infected 

cortical neurons.  Although there are significant differences between the 

depolarized and non-depolarized system, we believe a high quality subset of the 

gene sets strongly affected by CaRF could be found by pooling these different 

types of data.  A heat map was produced showing the 100 most significantly 

altered genes in Carf KD neurons as compared with scrambled controls, as 

determined by the t-statistic (see Table 2 in Appendix A). 

Gene Set Enrichment Analysis (GSEA) was used to analyze the 

microarray data with respect to entire annotated sets of genes that represent 

biologically relevant clusters (Subramanian et al., 2005).  One group of gene sets 

represents known biological pathways compiled by various online databases.  A 

second group of gene sets was compiled based on having a particular sequence 

motif, most likely representing a transcription factor binding site, in the 

promoter.  The default, a signal to noise metric defined as the difference of the 

means divided by the sum of the standard deviations of the two different groups 

(scrambled control vs. Carf shRNA) (Subramanian et al., 2005), was used by 

GSEA to rank the genes based on differing expression values between the control 

and Carf knockdown group (see Table 3 in Appendix B).  Using other metrics, 

including t-statistics, available in the program yielded similar results.  Interesting 

individual genes were selected out of the top 250 in terms of signal to noise 
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metric.  To calculate the significance of a gene set, such as a pathway or motif, 

GSEA uses random walk statistics on the ranked list of genes (Subramanian et al., 

2005). 

 In addition to the GSEA analysis, we used gene ontology analysis to look 

for overrepresented functions in potential CaRF targets.  This analysis was 

performed using GOstat (Beissbarth and Speed, 2004) on the top 250 and then the 

bottom 250 genes in this ranking versus the set of entire genes that were ranked 

in the program.  This set is limited to genes that have a corresponding probe on 

the MOE430_2 microarray chip and also excludes probes in the microarray 

dataset that do not have a corresponding gene.  In total 14,723 genes were 

available for this search. 

To analyze the microarray data for the creation of the heat map, produce 

a ranked list of Carf KD versus scrambled control, and produce a ranked list of 

stimulated versus unstimulated cultured neurons, a linear model was created, 

where the gene expression Y was explained by: 

 

Y = AKCLIKCL + AN IN + ASCRISCR + AKDIKD 

 

where I represents indicator variables where IKCL = 1 when the neurons were 

stimulated, IN = 1 when the neurons were unstimulaed, ISCR = 1 when the neurons 

were infected with a scrambed control virus, and IKD = 1 in the Carf KD samples.  

ACONDITION are the estimated coefficients of these variables.  To create the heat 

map, the contrast is performed on the ASCR - AKD.  The ranked set of stimulus-

dependent gene expression is created by subsetting the data to include only SCR 

or KD samples and then performing the contrast AKCL - AN.  After the ranked lists 
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were generated, a Wilcox rank sum test was used to compare the ranks of 

transcripts that belong to certain group of genes versus transcripts that do not. 

The PCR primers used to validate some of the genes identified in the gene 

array were: Efcbp1 F-CAGAAGCTCTCAAACGAATCTC, R- 

CATGGTAGATGTGAGCTCTGGA; Kcnip2 F-TCAGTGATTCTTCGGGGAAC, 

R-GGCAGGGTAGGTGTACTTGC; Trpc1 F-ATGGATTTGCTCGCATACCT, R-

GTGCTCTGCATCTTCTGTCG; Htr2c F-GTTCAATTCGCGGACTAAGG, R-

AAGTTCGGGTCATTGAGCAC; Gabra1 F-CCCAATGCACTTGGAAGACT, R-

AAACGTGACCCATCTTCTGC.

3.3.5 Calcium phosphate transfection and luciferase assays 

For luciferase assays, neurons were transfected with calcium phosphate 

(Tao et al., 2002).  Cotransfection of TK-renilla luciferase (Promega, Madison, WI) 

was used to control for transfection efficiency and sample handling.  Lysates 

were harvested on DIV9-10 after 48 hrs treatment with 1µM of the sodium 

channel inhibitor TTX (Sigma) ± 0, 4, 6, 8, 14, or 22 hrs TTX withdrawal in plain 

Neurobasal media.  Luciferase activity was determined using the Dual-

Luciferase® Reporter Assay System (Promega; Madison, WI) and a Veritas 

microplate luminometer (Turner BioSystems). 

3.3.6 Immunoctyochemistry 

To verify viral infection efficiency in embryonic mouse cortical neurons, 

cells were cultured at normal density on glass coverslips (Bellco; catalog #1943-

10015) and fixed in a 4% paraformaldehyde solution at DIV5.  A mouse anti-

MEF2D antibody (1:1000; BD Biosciences; catalog #610774) was used to identify 

neurons in the cultures.  Infection efficiency was estimated based on percentage 
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of MEF2D-positive cells that were also GFP-positive (indicating infection with a 

pLLx3.8 lentivirus). 

For GABAergic synapse quantification, embryonic rat hippocampal 

neurons were cultured at low density on glass coverslips.  To study the effects of 

single-cell NR3A KD on GABAergic synapses, we used Lipofectamine 2000 

(Invitrogen; catalog #11668-027) transfection to deliver the Grin3a shRNA into a 

small subset (about 1-3%) of cultured neurons.  We cotransfected a GFP construct 

to label transfected cells and counted synapses on single transfected cells in a 

background of nontransfected cells.  Neurons were fixed in a 4% 

paraformaldehyde/4% sucrose solution, and then immunostained with 

antibodies raised against GAD65 (1:500; Millipore; catalog #MAB351) and the 

GABAA receptor subunit γ2 (1:500; Millipore Bioscience Research Reagents; 

catalog #AB5954).  Samples were imaged on a confocal microscope, and the 

number of GABAergic synapses (defined as colocalized punctae of pre- and 

postsynaptic markers) were counted and compared to control transfected 

neurons.  An investigator blind to the genetic manipulation of each coverslip of 

neurons took the pictures, and quantification was done in ImageJ using the same 

preset parameters across all treatments within one experiment.

3.3.7 Pilocarpine-induced seizure 

Seizure was induced by pilocarpine injection as previously described 

(Okazaki et al., 1995).  Briefly, adult (8-12 week old) wildtype C57BL6/J mice 

were weighed, then injected with 1 mg/kg methyl scopolamine nitrate 

intraperitoneally (i.p.).  30 minutes later mice were injected with either 337 

mg/kg pilocarpine HCl or saline (control mice) i.p. (both scopolamine and 
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pilocarpine were diluted in 0.9% injectable NaCl).  Stock solutions were prepared 

such that each animal received 0.1 cc of drug.  Scopolamine was administered to 

reduce the peripheral side effects of pilocarpine and the risk of death upon 

pilocarpine injection.  Following pilocarpine injection, animals were monitored 

for status epilepticus (defined as a continuous limbic motor seizure of stage 2 or 

higher).  Status epilepticus was allowed to proceed for 3 hours and then was 

terminated by administration of diazepam (10mg/kg, i.p.).  Pilocarpine-treated 

animals that failed to develop or did not survive status epilepticus were 

excluded from the study.  At various times after pilocarpine-induced status 

epilepticus (1 hours – 6 hours after the initiation of the seizure by pilocarpine 

injection), animals were anesthetized with isofluorane and sacrificed by 

decapitation prior to tissue harvesting.  Control mice were never given diazepam 

and were sacrificed 3 hours after receiving scopalamine.  Following decapitation, 

hippocampii were dissected out as previously described (McDowell et al., 2010) 

and RNA was isolated and analyzed by quantitative RT-PCR as described above.

3.3.8 Statistical analyses 

Unless otherwise indicated, all data presented are the average of at least 

three measurements from each of at least two independent experiments.  Also 

unless otherwise indicated, data were analyzed by a Student’s unpaired t-test, 

and p<0.05 was considered significant.  Time courses were analyzed by one- or 

two-way analysis of variance (ANOVA), as indicated, using SPSS v11.0 statistical 

software (SPSS, Chicago, IL).  Bar and line graphs show mean values and all 

error bars show S.E.M.
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3.4 Results 

3.4.1 NMDAR-dependent Bdnf exon IV transcription is 
potentiated in CaRF-deficient neurons 

3.4.1.1 Generation of two Carf shRNA-containing lentiviruses 

We have previously found that, while basal levels of Bdnf exon IV mRNA 

are significantly reduced in the cerebral cortex of Carf KO mice, cultured Carf KO 

neurons show normal upregulation of Bdnf exon IV in response to membrane 

depolarization (McDowell et al., 2010).  Based on these findings, we decided to 

acutely ablate CaRF, in order to rule out or eliminate any compensatory 

processes that could be occurring in the constitutive Carf KO neurons. 

In order to be able to study the effects of acute CaRF loss, we generated 

two different shRNA-containing lentiviruses to knockdown Carf in neurons in 

vitro.  The two shRNAs target independent sites within the Carf mRNA sequence, 

and are packaged in two different viral vectors – pLLx3.8 (shRNA1) and pLKO 

(shRNA2).  For shRNA1, we used a randomly scrambled shRNA-containing 

pLLx3.8 construct as a control.  For shRNA2, we used the empty pLKO vector as 

a control.  To test infection efficiency, neurons infected with either the scrambled 

control-containing pLLx3.8 virus or the Carf shRNA1-containing pLLx3.8 virus 

were co-stained with a MEF2D-specific antibody to label all neurons (Figure 

16A).  Because the pLLx3.8 vector contains a GFP construct, we are able to 

determine infection efficiency visually.  We typically see roughly 90 to 95% 

infection efficiency (Figure 16A).  Furthermore, we see robust knockdown of Carf 

mRNA (Figure 16B) and CaRF protein (Figure 16C) with both shRNAs.  One 

thing to note is that there are actually four bands that are labeled with the anti-

CaRF antibody on a Western blot.  We suspect that these might be different  
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Figure 16: Validation of Carf knockdown by lentiviral infection.  (A) Fluorescence 
microscope image of neurons infected with lentiviruses containing either the scrambled 
control shRNA (Scr) or Carf KD shRNA.  GFP – pLLx3.8-infected cells; red – MEFD 
antibody staining (neuronal marker).  (B) Cultured embryonic mouse cortical neurons 
were infected with lentiviruses containing shRNAs targeting two independent sites 
within the Carf gene.  Knockdown (KD) of endogenous mRNA levels was validated by 
quantitative RT-PCR.  Levels of Carf expression are shown normalized to levels in cells 
infected with the control viruses.  n = 3.  (C) Nuclear extracts from cultured neurons 
infected with the indicated lentiviruses were analyzed by Western blot using an antibody 
that detects the CaRF protein (Tao et al., 2002).  Histone H3 is shown as a loading control.  
Error bars represent S.E.M.  *p<0.05 KD vs. control. 
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splice variants of the CaRF protein, although we do not know for certain.  The 

important thing, however, is that all four bands are nearly completely eliminated 

by infection with a virus containing either Carf-specific shRNA.

3.4.1.2 Tetrodotoxin withdrawal is an NMDAR-dependent stimulus that leads 
to CREB phosphorylation and increased transcription of Bdnf exon IV 

We found that membrane depolarization-induced Bdnf exon IV 

transcription was not statistically different in Carf KD neurons as compared with 

controls (data not shown), consistent with what we observed in Carf KO neuron 

cultures (McDowell et al., 2010).  Given that Carf-deficient neurons have reduced 

basal Bdnf exon IV levels, but exhibit normal L-VGCC-induced Bdnf exon IV 

transcription, we asked whether NMDAR-dependent Bdnf induction might be 

altered in Carf-deficient neurons. 

In order to study NMDAR-dependent gene transcription in Carf-deficient 

neuron cultures, we used withdrawal from the sodium channel blocker 

tetrodotoxin (TTX) to stimulate NMDAR activity.  It has previously been shown 

that washout of TTX from neuron cultures that have been pre-treated with the 

channel blocker for 48 hrs leads to robust Activity-regulated cytoskeletal protein 

(Arc) induction in an NMDAR-dependent manner (Rao et al., 2006).  We first 

tested whether TTX withdrawal is also capable of inducing Bdnf exon IV 

transcription (Figure 17A).  Next, in order to determine what mode of calcium 

entry is important for Bdnf exon IV induction following TTX withdrawal, we also 

performed TTX withdrawal in the presence of the NMDAR blocker APV, the L-

VGCC blocker nimodipine, or both blockers combined (Figure 17A).  Both TTX 

withdrawal and treatment with 55 mM KCl lead to robust induction of Bdnf exon 

IV transcription.  However, only TTX withdrawal is significantly reduced by the  
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Figure 17: TTX withdrawal is an NMDAR-dependent stimulus that induces CREB 
phosphorylation.  (A) Cultured embryonic mouse cortical neurons were either treated on 
DIV4 with 1 µM tetrodotoxin (TTX) and then withdrawn from TTX (TTX w/d) for 6 hrs 
on DIV6 or treated with 55 mM KCl for 6 hrs on DIV6 prior to RNA harvesting analysis 
by quantitative RT-PCR.  Both sets of treatments were done in combination with the 
indicated channel blockers.  “Basal” – prior to 6 hr treatments; “Stim” – 6 hr stimulus; 
“Stim+APV” – 6 hrs of stimulus in the presence of the NMDAR blocker APV (100 µM); 
“Stim+Nim” – 6 hrs of stimulus in the presence of the L-VGCC blocker nimodipine (5 
µM); “Stim+A+N” – 6 hrs of stimulus in the presence of both APV and nimodipine.  n = 
1-3.  (B) Whole cell lysates from cultured neurons treated with 1 µM TTX on DIV4 ± 30 
min TTX withdrawal on DIV6 were analyzed by Western blot for Ser133 CREB 
phosphorylation.  Total CREB was blotted for as a control.  Error bars represent S.E.M.  
*p<0.05 TTX w/d vs. indicated blockers.  #p<0.05 KCl vs. indicated blockers. 

presence of the NMDAR blocker APV.  Conversely, treatment with the L-VGCC 

blocker nimodipine significantly reduces Bdnf exon IV induction by both TTX 

withdrawal and KCl treatment, however the L-VGCC-dependent component is 

significantly larger when using KCl as a stimulus than with TTX withdrawal.  

Importantly, Bdnf exon IV induction in response to both stimuli is completely 

blocked by treatment with a combination of APV and nimodipine (Figure 17A).  

These results indicate that, while TTX withdrawal relies primarily on NMDAR 

activation, there is a small but significant component that depends on L-type 

channel activation.  Nonetheless, these data indicate that withdrawal from TTX is 

a suitable stimulus to study NMDAR-dependent gene transcription. 
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Numerous studies have shown that activation of the transcription factor 

CREB is both induced by various forms of neuronal activity, as well as required 

in many cases for induction of Bdnf exon IV transcription.  In order to determine 

whether withdrawal from TTX leads to phosphorylation of CREB at serine 133 

(Ser133), we performed Western blots on lysates from cultured rat hippocampal 

neurons that had been withdrawn from TTX.  We see that TTX withdrawal leads 

to an increase in CREB phosphorylation at Ser133, while total levels of CREB 

protein remained unchanged (Figure 17B).  These data indicate that, following 

stimulation of NMDARs by TTX withdrawal, the transcription factor CREB can 

be turned “on” by phosphorylation at Ser133.

3.4.1.3 Bdnf exon IV induction following tetrodotoxin withdrawal is 
potentiated in CaRF knockdown neurons  

We next tested whether NMDAR-dependent Bdnf exon IV transcription is 

altered in neurons deficient for CaRF.  We cultured embryonic mouse cortical 

neurons for 6 or 7 DIV.  TTX was added to culture media on DIV4 or 5, and 

neurons were withdrawn from TTX for 6 hours prior to harvesting on DIV6 or 7.  

Samples were analyzed by RT-PCR for Bdnf exon IV induction.  To our surprise, 

we found that Bdnf exon IV induction in response to TTX withdrawal was 

significantly potentiated in Carf KD neurons (Figure 18).  This effect was evident 

with both shRNAs against Carf.  This result is surprising, given that CaRF was 

originally identified as an activity-dependent activator of Bdnf promoter IV.  

Furthermore, we have already shown that basal Bdnf exon IV levels are reduced 

in the brains of Carf KO mice as compared littermate controls (McDowell et al., 

2010).  Additionally, it has also been shown that L-VGCC-dependent Bdnf exon 

IV induction is not affected by loss of CaRF (McDowell et al., 2010).  Taken  
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Figure 18: TTX withdrawal-dependent Bdnf exon IV induction is potentiated in Carf KD 
neurons.  Cultured embryonic mouse cortical neurons were infected with the indicated 
lentiviruses and treated with 1 µM TTX on DIV4 ± 6 hrs TTX withdrawal (TTX w/d) on 
DIV6.  Samples were analyzed for Bdnf exon IV induction by quantitative RT-PCR.  n = 3.  
Error bars represent S.E.M.  *p<0.05 shRNA 1 TTX w/d vs. Ctrl 1 TTX w/d.  #p<0.05 
shRNA 2 TTX w/d vs. Ctrl 2 TTX w/d. 

together, these findings indicate that CaRF-dependent regulation of Bdnf exon IV 

expression is complex and that CaRF could serve as a molecular mechanism of 

stimulus-dependent specificity in the regulation of this important gene. 

3.4.2 The gene Grin3a, which encodes the NMDAR subunit 
NR3A, is a potential target of CaRF 

We have shown that NMDAR-dependent Bdnf exon IV transcription is 

potentiated in Carf KD neurons.  Given that CaRF is a transcription factor that 

can potentially regulate the expression of a large number of genes, we 

hypothesized there might be gene targets of CaRF whose protein products are 

important for NMDAR-dependent gene transcription.  To examine this, we 

performed Affymetrix gene arrays on Carf KD neurons and compared the results 

to arrays run on scrambled control virus-infected neuron cultures (Figure 19A). 
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To analyze the arrays, a linear model was constructed comparing neurons 

infected with the scrambled control virus to the Carf KD virus under both the 

control and depolarized conditions (see Materials and Methods).  Using an 

adjusted p-value of 0.05 as a threshold to rule out false discoveries, no transcripts 

were determined to be significant.  We believe this was due to the low number of 

replicates and differences in the Carf KD efficiency across samples.  However, if 

we use a non-adjusted p-value, we are able to detect many genes whose 

expression is significantly altered by Carf KD in our neuron cultures.  Looking at 

the top 100 genes most altered in either direction in their expression level by loss 

of CaRF, we observed a clear bias towards a decrease in gene expression (69 

transcripts versus 31 transcripts; see Table 2 in Appendix A for a list of these 

genes), suggesting that while CaRF is capable of acting as both a transcriptional 

activator and a transcriptional repressor, it functions as an activator more 

frequently than it acts as a repressor. 

To determine whether there are any pathways or cellular functions 

particularly affected by loss of CaRF function, we performed Gene Set 

Enrichment Analysis (GSEA) to look for gene sets that are significantly altered in 

Carf KD neurons.  We found that a Wnt/calcium signaling pathway and a GABA 

signaling pathway both had a number of gene members altered in the Carf KD 

neurons as compared with controls.  We next used a second statistical method of 

analysis to attempt to validate our results obtained by GSEA.  To do this, we 

created a list of the top 250 genes most reduced in expression in Carf KD neurons 

as determined by the signal:noise ratio of the differences between Carf KD 

neurons and the scrambled control group (see Table 3 in Appendix B for a list of 

these genes).  Upon analysis of this list of genes by gene ontology, we identified a  
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Figure 19: The transcription factor CaRF regulates numerous genes that are important for 
calcium signaling in neurons.  (A) Decrease of genes in response to Carf KD.  The rows 
represent the 100 transcripts most changed by a decrease of CaRF (p < 0.0015, adjusted p 
< 0.475), sorted according to the t-statistic, which takes direction of regulation into 
account.  Each column is an experiment labeled as control conditions or KCl-stimulated 
conditions and SCR (scrambled virus) or KD (Carf KD virus).  The cells of the heat map 
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are labeled as blue for a decrease in the Carf KD and red for an increase with the "Color 
Key" giving the log fold change of the color intensities.  Each transcript is normalized to 
the control conditions and scrambled control virus.  The light blue line in the color tree 
shows a histogram of various expression changes.  (B) Validation of a selected number of 
genes from the CaRF array.  Cultured embryonic mouse cortical neurons were infected 
with either a Carf shRNA-containing (KD) or a scrambled control (WT) lentivirus.  
Expression of the indicated endogenous mRNA levels were validated by quantitative RT-
PCR.  Genes important for calcium signaling include Kcnip2, Trpc1, Efcbp1, Camk2a, 
Camk2d.  Genes encoding neurotransmitter receptors include Gabra1, Gabra2, Htr2c, 
Grin3a.  n = 6.  (C) Validation of Grin3a mRNA reduction in CaRF KD neurons.  RNA 
from cultured neurons infected with the indicated lentiviruses were analyzed for Grin3a 
expression by quantitative RT-PCR.  n = 4-6.  Error bars represent S.E.M.  *p<0.05 shRNA 
vs. control. 

number of genes whose protein products are annotated as being important for 

calcium signaling pathways in neurons.  These results agree with and lend 

further credence to our earlier findings from GSEA. 

Taken together, our results indicate that CaRF can regulate a set of gene 

targets important for neuronal excitability and calcium signaling in neurons, 

including proteins that are capable of directly binding calcium ions, ligand-gated 

ion channel subunits, and members of the Ca2+/calmodulin-dependent protein 

kinase II (CaMKII) family.  These results suggest that CaRF could potentially 

function in a homeostatic feedback loop, whereby activity can regulate the 

transcriptional activation of CaRF, which then affects the transcription and 

subsequent expression of various calcium signaling molecules, thus regulating 

the overall activity levels of the cell.  To validate that some of the top candidates 

of the array were changing in response to Carf KD, we performed RT-PCR to test 

for the expression levels of several genes identified in the array in Carf KD 

neurons.  We found that the expression levels of several genes in CaRF-deficient 

neurons were statistically significantly different from controls (Figure 19B). 

Among these genes, we identified Grin3a, which encodes the NMDAR 

subunit NR3A (also known as GluN3A).  We validated that expression of the 
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gene Grin3a was significantly decreased in Carf KD neurons with both Carf 

shRNAs (Figure 19C).  The possibility that the transcription factor CaRF could 

regulate the expression of the gene Grin3a is very intriguing, given that we have 

already shown that NMDAR-dependent gene transcription is altered in CaRF 

deficient neurons, thus providing a potential mechanism for this phenomenon.  

Taken together, these results suggest that NR3A itself could have an important 

modulatory role in NMDAR-dependent programs of gene transcription.

3.4.3 NMDAR-dependent Bdnf exon IV transcription is 
potentiated in NR3A-deficient neurons  

3.4.3.1 Generation of two Grin3a shRNA-containing lentiviruses 

In order to determine whether NR3A plays a role in NMDAR-dependent 

gene transcription, we first generated lentiviruses to deliver shRNAs against 

Grin3a.  We used two different shRNAs, which target independent sites in the 

gene, to knock down Grin3a.  We found that both shRNAs were highly 

efficacious in knocking down Grin3a mRNA levels (Figure 20A).  Additionally, 

we ran Western blots on membrane fractions from neurons infected with the 

shRNA4-containing lentivirus to verify protein knockdown.  We found that, as 

compared with controls, NR3A protein is nearly completely absent in Grin3a KD 

neurons (Figure 20B).  Importantly, we do not see a change in the protein 

expression levels of the NR1 subunit, indicating that the shRNA against NR3A is 

both specific and that there is no compensation.  These data indicate that we can 

effectively eliminate the vast majority of NR3A protein with our shRNAs against 

Grin3a.
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Figure 20: Validation of Grin3a knockdown by lentiviral infection.  (A) Cultured 
embryonic rat hippocampal neurons were infected with lentiviruses containing shRNAs 
targeting two independent sites within the Grin3a gene.  Knockdown (KD) of 
endogenous mRNA levels was validated by quantitative RT-PCR.  Levels of Grin3a 
expression are shown normalized to levels in cells infected with the control viruses.  n = 
4-20.  (B) Membrane fractions from cultured neurons infected with the indicated 
lentiviruses were analyzed by Western blot using an antibody that detects the NR3A 
protein.  The NR1 NMDAR subunit was blotted for as a control.  Error bars represent 
S.E.M.  *p<0.05 KD vs. control (Ctrl). 

3.4.3.2 Bdnf exon IV induction following tetrodotoxin withdrawal is 
potentiated in NR3A knockdown neurons 

NMDAR-dependent Bdnf exon IV transcription is potentiated in CaRF-

deficient neurons, and our earlier results indicate that Grin3a might be a target of 

CaRF.  Furthermore, it is known that NR3A is capable of reducing calcium influx 

through NMDARs (Das et al., 1998; Sasaki et al., 2002; Tong et al., 2008).  These 

findings suggest that neurons deficient for NR3A might also show potentiated 

NMDAR-dependent gene transcription.  We found that following knockdown of 

NR3A with two independent shRNAs, Bdnf exon IV transcription following TTX 

withdrawal is indeed significantly potentiated (Figure 21A,B).  These data 

suggest that, in Carf KD neurons, the concomitant reduction in NR3A expression 

levels could be responsible for the potentiation of NMDAR-dependent Bdnf exon 

IV induction.  Furthermore, these data are exciting and novel because this is the 

first evidence that the NMDAR subunit NR3A is capable of exerting a unique  
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Figure 21: TTX withdrawal-dependent Bdnf exon IV induction is potentiated in Grin3a 
KD neurons.  (A) Cultured embryonic rat hippocampal neurons were infected with either 
Grin3a shRNA 4-containing or control (Ctrl) lentiviruses.  Cells were treated with 1 µM 
TTX on DIV7 ± 6 hrs TTX withdrawal (TTX w/d) on DIV9.  Samples were analyzed for 
Bdnf exon IV induction by quantitative RT-PCR.  n = 9-18.  (B) Cultured neurons were 
infected with either Grin3a shRNA 5-containing or control (Ctrl) lentiviruses.  Cells were 
treated as described in part A and samples were analyzed for Bdnf exon IV induction.  n 
= 3.  Error bars represent S.E.M.  *p<0.05 shRNA TTX w/d vs. Ctrl TTX w/d. 

effect on activity-dependent gene transcription.  Specifically, our data suggest 

that NR3A might actually function to limit activity-induced gene transcription 

following NMDAR activation.

3.4.3.3 Bdnf exon IV induction is not altered following L-VGCC activation in 
NR3A knockdown neurons 

In order to verify that the effects of Grin3a KD on NMDAR-dependent 

Bdnf exon IV induction are specific to NMDAR-dependent stimuli, and not a 

result of a more general, global effect on gene transcription, we stimulated 

neurons with 55 mM KCl, a stimulus known to activate gene transcription in 

anL-VGCC-dependent manner (Figure 17A).  We found that Bdnf exon IV 

induction following 6 hours of KCl treatment was not statistically different in 

neurons that had been infected with the NR3A shRNA-containing virus as  
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Figure 22: Membrane depolarization-dependent Bdnf exon IV induction is normal in 
Grin3a knockdown (KD) neurons.  Cultured embryonic rat hippocampal neurons were 
infected with either Grin3a shRNA 4-containing or control (Ctrl) lentiviruses.  Cells were 
treated with 55 mM KCl for 6 hrs on DIV9.  Samples were analyzed for Bdnf exon IV 
induction by quantitative RT-PCR.  Error bars represent S.E.M.  n = 6-9. 

compared to control neurons (Figure 22).  These data indicate that Grin3a KD 

selectively affects NMDAR-dependent signaling to the nucleus, rather than 

altering the inducibility of gene transcription on a more global scale.

3.4.3.4 Potentiation of Bdnf exon IV induction in NR3A-deficient neurons is 
both NMDAR- and transcription-dependent 

To further establish that the effects of Grin3a KD on Bdnf exon IV 

induction rely specifically on NMDAR activation, we withdrew control or Grin3a 

KD neurons from TTX in the presence of various channel blockers.  We found 

that APV is capable of completely blocking the relative increase in Bdnf exon 

IVtranscription following TTX withdrawal in Grin3a KD neurons as compared 

with controls (Figure 23A).  We found that the L-VGCC blocker nifedipine is also 

capable of reducing TTX withdrawal-induced levels of Bdnf exon IV, although 

this effect is not statistically significant.  Importantly, in the presence of both 

blockers combined all detectible increases in Bdnf exon IV following TTX 

withdrawal were abolished (Figure 23A). 
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Figure 23: Potentiation of TTX withdrawal-mediated Bdnf exon IV induction in Grin3a 
knockdown (KD) neurons is NMDAR- and transcription-dependent.  Cultured 
embryonic rat hippocampal neurons were infected with either Grin3a shRNA 4-
containing or control (Ctrl) lentiviruses.  Cells were treated with 1 µM TTX on DIV7 ± 6 
hrs TTX withdrawal (TTX w/d) on DIV9.  Samples were analyzed for Bdnf exon IV 
induction by quantitative RT-PCR.  (A) TTX withdrawal was done in the presence of 100 
µM APV, 10 µM nifedipine, or both, as indicated.  n =3.  (B) Cells were treated with the 
transcriptional inhibitor actinomycin D (ActD; 30 nM), as indicated.  n =3.  Error bars 
represent S.E.M.  *p<0.05 TTX w/d in Ctrl vs. in the presence of indicated blockers.  
#p<0.05 TTX w/d in Grin3a KD vs. in the presence of indicated blockers. 
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To determine whether the potentiated Bdnf exon IV induction we observe 

in Grin3a KD neurons following TTX withdrawal is dependent upon an increase 

in active gene transcription, we withdrew control or Grin3a KD neurons from 

TTX in the presence or absence of the transcriptional inhibitor actinomycin D 

(Figure 23B).  We found that actinomycin D completely blocked TTX 

withdrawal-dependent Bdnf exon IV induction in both Grin3a KD neurons and 

control neurons.  Taken together, these data indicate that in neurons deficient for 

NR3A, Bdnf exon IV induction is potentiated following TTX withdrawal in an 

NMDAR- and transcription-dependent manner. 

3.4.4 MEF2 transcriptional activity is potentiated in NR3A 
knockdown neurons  

Clearly, there is some signaling cascade capable of transmitting 

information from the synapse to the nucleus that is differentially activated in 

Grin3a KD neurons as compared with controls.  One way to begin to elucidate 

what signaling mechanisms might be mediating the potentiation in Bdnf 

transcription that we see in neurons deficient for NR3A is to study the relative 

activation levels of different transcription factors known to regulate Bdnf 

promoter IV. 

To begin to address this, we transfected control or Grin3a KD neurons 

with luciferase reporter plasmids containing either the CREB binding site (CRE) 

or MEF2 binding site (MRE).  Interestingly, we found that while CREB activation 

is not significantly different in Grin3a KD neurons as compared with controls 

(Figure 24A), MEF2 activation is significantly potentiated (Figure 24B).  These 

data further substantiate the idea that only select signaling cascades are 

potentiated in neurons deficient for NR3A, and suggest that MEF2 could be at  
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Figure 24: MEF2-, but not CREB-, dependent transcription is potentiated in Grin3a 
knockdown (KD) neurons.  (A) A luciferase reporter plasmid enhanced by the 
Calcium/cAMP Response Element (CRE) was transfected into cultured embryonic rat 
hippocampal neurons that had been infected with either Grin3a shRNA 4-containing or 
control (Ctrl) lentiviruses.  Cells were treated with 1 µM TTX on DIV7 and then 
withdrawn from TTX (TTX w/d) on DIV9 for the indicated lengths of time.  n =3-6.  (B) 
The experiment described in part A was performed using a luciferase reporter plasmid 
enhanced by the MEF2 Response Element (MRE).  n =6-9.  Error bars represent S.E.M.  
*p<0.05 Ctrl vs. Grin3a KD, as determined by two-way analysis of variance (ANOVA). 
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least one of the transcription factors responsible for the increase in Bdnf exon IV 

mRNA that we see following TTX withdrawal in Grin3a KD neurons.

3.4.5 NR3A knockdown neurons exhibit an exuberance of 
GABAergic synapses 

It has been shown that activity-dependent Bdnf exon IV transcription is 

important for GABAergic synapse formation (Hong et al., 2008).  Additionally, 

NR3A has been shown to be important for glutamatergic synapse development 

(Das et al., 1998; Roberts et al., 2009).  Given these two pieces of information, we 

hypothesized that the increased levels of Bdnf exon IV mRNA that we see in 

Grin3a KD neurons following NMDAR stimulation might lead to increased 

GABAergic synapse formation.  To address this, we cultured embryonic rat 

hippocampal neurons at low density on glass cover slips, transfected them with 

either shRNA-containing or control plasmids at DIV5, and fixed and stained 

them after 21 DIV.  We used antibodies against the GABAAγ2 subunit (a 

postsynaptic marker) and GAD65 (a presynaptic GABAergic marker) to identify 

GABAergic synapses (Figure 25A).  Additionally, neurons were co-transfected 

with a GFP-encoding plasmid in order to identify transfected neurons.  Synapses 

were defined as points of colocalization of pre-and postsynaptic markers, and the 

number of synapses touching a GFP-labeled dendrite were quantified as a 

function of units of dendrite length.  Following quantification, we found that 

Grin3a KD neurons have a significantly higher number of GABAergic synapses 

per unit of dendrite length as compared to controls (Figure 25B).  These data 

suggest that NR3A's effects on gene transcription could be a regulatory 

mechanism in the activity-dependent control of GABAergic synaptogenesis. 
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Figure 25: Grin3a knockdown (KD) neurons exhibit an exuberance of GABAergic 
synapses.  (A) Confocal microscope images of cultured embryonic rat hippocampal 
neurons transfected with either the Grin3a KD shRNA-containing plasmid or control 
vector, as well as a GFP-expressing vector for the purpose of identification.  Cells were 
maintained for 21 DIV prior to fixation.  The white box in the first panel is enlarged to 
show synapses.  Grayscale – cell fill in transfected cells; red – GABAAγ2 subunit 
(GABAergic postsynaptic marker); green – GAD65 (GABAergic presynaptic marker).  (B) 
Quantification of GABAergic synapse density in 21 DIV hippocampal neurons 
transfected, fixed, and stained as described in part A.  n =29.  Error bars represent S.E.M.  
*p<0.05 Ctrl vs. Grin3a KD. 

3.4.6 Expression of Carf and Grin3a is inversely regulated by 
changes in neuronal activity 

3.4.6.1 Carf and Grin3a are inversely regulated by alterations in neuronal 
activity in vitro 

It has previously been shown that CaRF and NR3A are regulated at the 

level of expression over developmental time, with expression of both peaking in 

the early postnatal period (Al-Hallaq et al., 2002; McDowell et al., 2010; Sasaki et 

al., 2002; Wong et al., 2002).  Additionally, our data and other previously 

published studies indicate that CaRF and NR3A are both important for normal 

synapse development (Das et al., 1998; McDowell et al., 2010; Roberts et al., 2009).  

However, it is well known that synapse formation is not only developmentally-
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regulated, but can also be influenced by changes in neural activity.  These 

findings raise the question of whether CaRF and NR3A might be regulated by 

changes in neuronal activity.  While there is evidence that the transcriptional 

activity of CaRF can be regulated in a neuron- and calcium-selective manner (Tao 

et al., 2002), and that the localization and surface expression of NR3A can be 

altered in response to neuronal activity (Pérez-Otaño et al., 2006), it has never 

been shown whether the expression of either CaRF or NR3A is sensitive to 

changes in activity. 

To determine whether the expression of these two genes might be 

regulated in response to changes in neuronal activity, we treated cultured rat or 

mouse hippocampal neurons with either EGTA or TTX to silence either calcium 

signaling or evoked synaptic activity in neurons, respectively.  We then used KCl 

or bicuculline and 4-AP treatment to increase either depolarization-dependent 

calcium signaling to the nucleus or evoked synaptic activity, respectively.  

Interestingly, we find that expression of both Carf and Grin3a mRNA is inversely 

regulated by changes in neuronal activity (Figure 26).  In response to both EGTA 

and TTX treatment, we find that Carf mRNA levels are significantly upregulated.  

While both EGTA and TTX lead to upregulation of Grin3a mRNA, only EGTA 

treatment leads to a statistically significant increase.  One possible explanation 

for this is that the moderate levels of calcium signaling that are still present 

during TTX treatment (as a result of spontaneous neurotransmitter release and 

subsequent calcium influx) are sufficient to keep Grin3a levels slightly lower. 

Conversely, we find that treatment with either 55 mM KCl or a 

combination of bicuculline and 4-AP lead to significant downregulation of both 

Carf and Grin3a mRNA.  Taken together, these data indicate that in vitro stimuli 
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Figure 26: Carf and Grin3a are inversely regulated by neuronal activity in vitro.  RNA was 
harvested from cultured hippocampal neurons after the following treatments: Ctrl – no 
treatment; EGTA – 6 hrs 2.5 mM EGTA; TTX – 24-48 hrs 1 µM TTX; KCl – 6 hrs 55 mM 
KCl; Bicuc – 3 hrs 50 µM bicuculline + 2.5 mM 4-AP.  EGTA, TTX, and KCl treatments 
were done in embryonic rat hippocampal neurons at DIV 7-9; bicuculline/4-AP 
treatments were done in P0 mouse hippocampal neurons at DIV 16.  Samples were 
analyzed by quantitative RT-PCR for either Carf or Grin3a induction.  n = 3-27.  Error bars 
represent S.E.M.  *p<0.05 indicated treatment vs. Ctrl for Carf.  #p<0.05 indicated 
treatment vs. Ctrl for Grin3a. 

are capable of regulating the expression levels of Carf and Grin3a in a manner 

that is inversely related to neuronal calcium signaling.  These results lend further 

credence to the idea that Grin3a could be a potential target of CaRF, given that 

Grin3a levels are highest when Carf levels are highest and vice versa.  

Additionally, these data indicate that CaRF and NR3A might be important 

homeostatic regulators of neuronal calcium signaling and developmental 

synaptic metaplasticity. 
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3.4.6.1 Carf and Grin3a are both downregulated by seizure in vivo  

We next asked whether our findings that Carf and Grin3a are inversely 

regulated by neuronal activity would be substantiated in response to neuronal 

stimuli in vivo.  To test this, we induced seizure by pilocarpine injection in mice, 

harvested RNA from brain tissue, and analyzed samples by RT-PCR.  We found 

that, similar to our findings in vitro, Carf and Grin3a are both downregulated over 

the course of several hours in response to seizure induction (Figure 27A).  To 

verify that this downregulation is specific to these genes, we examined the 

expression levels of other NMDAR subunit-encoding genes.  We found that 

neither Grin1, Grin2a, nor Grin2b are significantly altered in their expression 

levels in response to seizure over the time course that we examined (Figure 27B).  

Finally, as a control, we examined Bdnf exon IV and Fos induction in our samples 

(Figure 27C).  It is well established that both of these genes are significantly 

upregulated in response to seizure in the brain (Morgan et al., 1987; Poulsen et al., 

2004; Timmusk et al., 1993), and, as expected we found that they are both 

significantly upregulated in our samples as well (Figure 27C). 

Taken together, these data indicate that Carf and Grin3a are inversely 

regulated by neuronal activity, both in vitro and in vivo.  Given that CaRF is a 

transcription factor that can be regulated in several ways by disparate neuronal 

stimuli, and the fact that our gene array results suggest that it can regulate the 

expression of a set of gene targets important for numerous calcium signal-

dependent processes, this suggests that CaRF could play an important role in 

mediating activity-induced homeostatic processes in the brain.  Additionally, the 

fact that NR3A is also inversely regulated by neuronal activity suggests that its 

effects on NMDAR-dependent changes in gene expression could have important 
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Figure 27: Carf and Grin3a are both downregulated in vivo in response to pilocarpine-
induced seizure.  Adult C57/B6 mice were injected with saline or with pilocarpine (375 
mg/kg) to induce seizure, and the hippocampus was dissected out at the indicated time 
points.  Quantitative RT- PCR was run on cDNA made from harvested total RNA.  

!"

!#$"

!#%"

!#&"

!#'"

("

(#$"

)*+," ("-." /"-." &"-."

!
"#
$
%&
'(
)*

+$
,!

-
./

%0
*1

+

2'$)+%3)#+"45)6+"7+58$9&95+

!"#$%
&#'()"%

-+

!"
!#$"
!#%"
!#&"
!#'"
("

(#$"
(#%"
(#&"
(#'"

)*+," ("-." /"-." &"-."

!
"#
$
%&
'(
)*

+$
,!

-
./

%0
*1

+

&#'(*%
&#'(+"%
&#'(+,%

:+

("

(!"

(!!"

)*+," ("-." /"-." &"-."

!
"#
$
%&
'(
)*

+$
,!

-
./

%0
*1

+

-.($%/01(%23%
415%

;+
,0*+"12"

3"

4"

3"

3"

4"

3"

4"

3"

4"



 

 

127 

“None” condition represents tissue harvested three hours after mice were injected with 
saline.  (A) Carf and Grin3a were normalized to Gapdh mRNA values.  *p<0.05 Carf time 
point vs. Carf “None,” as determined by one-way ANOVA.  #p<0.05 Grin3a time point 
vs. Grin3a “None,” as determined by one-way ANOVA.  (B) Grin1, Grin2a, and Grin2b 
were normalized to Gapdh mRNA values.  (C) Bdnf exon IV and Fos were run as positive 
controls and also normalized to Gapdh values.  *p<0.05 Bdnf exon IV time point vs. Bdnf 
exon IV “None,” as determined by one-way ANOVA.  #p<0.05 Fos time point vs. Fos 
“None,” as determined by one-way ANOVA.  All data points are represented as a fold 
induction above or below the “None” control value for that gene.  n = 3-7.  Error bars 
represent S.E.M. 

physiological implications in the developing brain.  Specifically, given our 

findings that NR3A is important for GABAergic synapse development, 

developmental- and activity-dependent regulation of NR3A expression could be 

an important form of metaplasticity, enabling the temporal window of synapse 

formation and maturation to be shifted in response to environmental cues.

3.5 Discussion 
In this study we have identified a transcriptional signaling pathway that 

selectively couples induction of Bdnf transcription to activation of NMDARs.  

This selectivity suggests that this pathway may be particularly important for 

NMDAR-dependent processes during brain development, such as the sensory 

experience-guided formation of synapses.  In light of our previously published 

findings, these results indicate that CaRF is capable of regulating gene 

transcription in different ways in response to disparate stimuli.  While loss of 

CaRF results in decreased levels of basal Bdnf exon IV mRNA and BDNF protein 

in mouse cortex, loss of CaRF has no effect on L-VGCC-mediated gene 

transcription (McDowell et al., 2010).  By contrast, our most recent results show 

that CaRF actually appears to limit, rather than induce, NMDAR-dependent gene 

transcription.  Given that CaRF was originally identified as an activator of the 

CaRE1 site in Bdnf promoter IV, we hypothesize that the effects of Carf KD on 
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transcription of Bdnf promoter IV following NMDAR stimulation is due to an 

indirect interaction.  While it is possible that CaRF is functioning as a repressor at 

this site in response to NMDAR activation, our data suggest that it is actually the 

reduction in Grin3a expression in CaRF-deficient neurons that is responsible for 

the altered levels of Bdnf exon IV mRNA following TTX withdrawal.  Thus, CaRF 

exerts different effects on the transcriptional activation of Bdnf promoter IV in a 

stimulus-specific manner: 1) CaRF is an activator of basal Bdnf exon IV 

transcription (McDowell et al., 2010), 2) CaRF has no effect on L-VGCC-

dependent Bdnf exon IV transcription (McDowell et al., 2010), and 3) CaRF limits 

or reduces NMDAR-dependent Bdnf exon IV transcription in an indirect manner, 

which has important implications for synapse development (Figure 28). 

Our identification of a number of genes important for calcium signaling 

as putative targets of CaRF suggests that CaRF could be an important mediator 

of homeostatic programs of gene transcription in neurons.  Homeostatic 

plasticity describes the process used by cells to maintain a preferred and constant 

intracellular state in the face of changing extracellular stimuli.  In neurons, 

homeostatic mechanisms are crucial for regulating both cell excitability and the 

strength of activity-dependent signal pathways under conditions of altered 

synaptic activity (Turrigiano, 2007; Turrigiano and Nelson, 2004).  Homeostatic 

processes have in some cases been proposed to function globally in neurons 

(Burrone and Murthy, 2003), implicating activity-regulated transcription as a 

plausible mechanism to mediate subsequent cellular responses.  In particular, the 

fact that CaRF expression is highest when neuronal activity levels are low 

indicates that CaRF could have a role in homeostatic programs that enable 

neuronal responses to low levels of calcium signaling.  Our results from the gene  
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Figure 28: An NMDAR-selective pathway for regulation of Bdnf.  A model depicting our 
working hypothesis for how Carf or Grin3a knockdown (KD) might affect NMDAR-
dependent signaling and subsequent gene induction and synapse development.  Green 
arrows indicate activating interactions or effects.  Red arrows indicate limiting or 
repressive interactions or effects. 

array suggesting that CaRF can regulate a set of genes important for calcium 

signaling are consistent with our previously published ChIP-Seq results 

(Pfenning et al., 2010).  Both when testing for genes whose expression is affected 

by loss of CaRF function, and when testing for genes that actually have CaRF 

bound to their promoters (Pfenning et al., 2010), we identify complements of 

genes known to be important for calcium signaling, neuronal excitability, and 

synaptic transmission.  Additionally, both studies suggest that CaRF can function 

either as an activator or a repressor, depending on the site it is regulating.  Taken 

together, our data indicate that the transcription factor CaRF integrates 
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information about the overall level of activity a neuron is experiencing and plays 

a crucial role in regulating the expression of genes that capable of scaling the 

“gain” of cell excitability accordingly. 

Based on our gene array data and validation by real-time PCR in Carf KD 

neurons, we suggest that Grin3a could be a potential target of CaRF.  We further 

hypothesize that it is the reduction in Grin3a expression that is responsible for 

the potentiation in NMDAR-dependent Bdnf exon IV transcription that we see in 

Carf KD neurons.  These data are exciting and novel because this is the first 

evidence that the NMDAR subunit NR3A is capable of exerting an effect on 

NMDAR-dependent gene transcription.  While there are numerous studies 

establishing the electrophysiological properties of NR3A-containing NMDARs 

(Das et al., 1998; Sasaki et al., 2002; Tong et al., 2008), and there is a significant 

body of evidence detailing the biological effects and signaling mechanisms of 

NMDAR-dependent changes in gene transcription (Hardingham and Bading, 

2003; Lyons and West, 2011; Wayman et al., 2006; West et al., 2002), this is the first 

study to demonstrate that NR3A is capable of having an effect on gene induction 

following NMDAR stimulation.  Further experiments will be necessary, 

however, to establish Grin3a as a true, direct target of CaRF.  While in silico 

analysis suggests that there may be a CaRF binding site within the Grin3a 

promoter (data not shown), there is a possibility that the reduction in Grin3a 

expression in Carf KD neurons is actually an indirect effect itself.  Additional 

work will need to be done to tease apart this issue; if Grin3a is not actually a 

direct target of CaRF then we propose that, at the very least, the two genes must 

have some key regulatory mechanism in common. 
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We have shown, using in vitro and in vivo stimuli, that Carf and Grin3a are 

both regulated at the level of expression by changes in neuronal activity.  

Specifically, both genes are inversely regulated by activity, meaning that 

expression is highest when neuronal signaling is quiescent.  Additionally, 

previous studies indicate that CaRF and NR3A are also regulated in a similar 

fashion over developmental time; the expression levels of both genes are highest 

in the brain of rodents within the first 10 to 14 days after birth (Al-Hallaq et al., 

2002; McDowell et al., 2010; Sasaki et al., 2002; Wong et al., 2002).  Given NR3A's 

interesting developmental expression patterns (Al-Hallaq et al., 2002; Sasaki et al., 

2002; Wong et al., 2002) and the fact that our data indicates that NR3A actually 

functions to limit NMDAR-dependent gene induction, this suggests that NR3A 

could be capable of regulating gene transcription in a temporally-specific manner 

during development.  Given that NR3A’s expression peaks in the early postnatal 

period and begins to drop off around the time when synaptogenesis is most 

robust (Al-Hallaq et al., 2002; Sasaki et al., 2002; Wong et al., 2002), our data 

demonstrating that Grin3a KD leads to an exuberance of GABAergic synapses 

raises the exciting possibility the modulation of activity-dependent cellular 

processes by NR3A could play a role in several neurodevelopmental processes 

that take place around this time, such the closure of the critical period in the 

visual cortex.  The idea that NR3A is important for the normal development of 

neural connections is further supported by previously published work 

demonstrating that mutant mice that are either deficient for NR3A or 

overexpress NR3A have altered numbers of glutamatergic synapses (Das et al., 

1998; Roberts et al., 2009).  Further work will need to be done to determine 

whether the apparent effects of NR3A on glutamatergic synapse development vs. 
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GABAergic synapse development have a causal relationship, and if so, which 

one precipitates the other.  In the case of CaRF, its developmentally-regulated 

expression profile, combined with the complement of genes we have identified 

by gene array as being potential CaRF targets, suggest that CaRF could have a 

role in regulating activity-dependent changes in gene expression in a stimulus- 

and temporally-specific manner.  Our previously published finding that CaRF 

KO mice have altered GABAergic synapse development in the striatum 

(McDowell et al., 2010) suggests that CaRF-dependent gene transcription is 

physiologically important for normal brain development.  Taken together, our 

data presented here characterize a number of novel mechanisms of signaling 

specificity in the activity-regulated transcription of Bdnf exon IV.
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4. Discussion 

4.1 Specificity: the “next frontier” in the field of activity-
regulated gene transcription 

One of the conundrums that has arisen in the last two decades in the field 

of activity-regulated gene transcription is: how can the influx of a single ion – 

calcium – transmit so many different types of signals from the synapse to the 

nucleus of a neuron?  How, based on the type of channel, duration, and context 

of a particular influx of calcium ions, can a neuron distinguish between signals 

that induce synaptic proliferation versus synaptic pruning, or cell survival versus 

apoptotic cell death?  The answer lies in cellular mechanisms of signal specificity.  

Such mechanisms can lie at the synapse – in channel subunit composition, for 

example – or at the nucleus – in the complement of transcription factors 

expressed in that particular neuron. 

In my dissertation research, I have identified and characterized several 

novel mechanisms of specificity in the activity-regulated transcription of the 

gene encoding Brain-Derived Neurotrophic Factor (BDNF), a member of the 

neurotrophin family that is critical for many aspects of neural development.  In 

this chapter, I will provide some further discourse and analysis regarding the 

significance and implications of my work, as well as some suggestions for future 

directions that could be pursued.

4.2 Musical chairs: CaRF and MEF2 can both regulate the 
Bdnf gene, but in response to different stimuli 

In Chapter 2, I provided evidence that the transcription factor MEF2 is 

capable of binding to the CaRE1 element within Bdnf promoter IV.  This is the 
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same site that the transcription factor CaRF has previously been shown to be 

capable of binding to and regulating (Tao et al., 2002).  Interestingly, we have also 

found that CaRF and MEF2 appear to regulate Bdnf in response to disparate 

stimuli.  CaRF appears to be more important for basal regulation of Bdnf 

transcription, while MEF2 seems to be important for L-VGCC-mediated 

induction of Bdnf transcription.  Additionally, it appears that CaRF has a role in 

limiting NMDAR-dependent gene transcription, although this interaction 

appears to be indirect (Chapter 3).  The fact that we have found that CaRF and 

MEF2 associate with CaRE1 independently – that is, they neither cooperate nor 

compete in their binding to the site – further substantiates the idea that these two 

factors function autonomously from one another and regulate CaRE1 under 

largely disparate conditions.  Moreover, we have also never seen evidence in our 

EMSA experiments that CaRF and MEF2 are capable of binding to the CaRE1 

element simultaneously. 

Given that CaRF and the MEF2 family of transcription factors both show 

distinct spatial and temporal patterns of expression in the developing brain, this 

could have important implications for regulation of Bdnf expression over the 

course of development.  While CaRF has only been found to bind to the CaRE1 

element within promoter IV of the Bdnf gene, a second putative binding site for 

MEF2 has been identified in an enhancer element upstream of Bdnf promoter I 

(Flavell et al., 2008).  Based on my experiments and previously published studies, 

I predict that regulation of the expression levels of CaRF and the various MEF2s 

in a given neuron over time could control to what degree Bdnf is expressed 

basally and also how activity-responsive Bdnf transcription is.  In my 

experiments, I see significantly greater expression levels of Bdnf exon IV than of 
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Bdnf exon I – both basally and in response to membrane depolarization.  

Consequently, genetic manipulations that affect Bdnf exon IV transcription (such 

as knocking down MEF2C) also have a significant impact on total Bdnf transcript 

levels.  Conversely, genetic manipulations that only affect Bdnf exon I (such as 

knocking down MEF2D) do not also necessarily exert a significant effect on total 

Bdnf transcript levels.  One could imagine however, that in older neurons, when 

exon I is the dominantly-expressed Bdnf transcript, transcriptional mechanisms 

that regulate this promoter would be much more important in regulating total 

Bdnf levels. 

Taken together, the work I have presented in Chapter 2 of this 

dissertation describes a novel mechanism by which multiple transcription factors 

can regulate the age- and stimulus-dependent transcription of a single gene.  But 

what does this mean, functionally, for the developing brain and for various 

forms of plasticity that occur throughout life?  It would be interesting in future 

studies to examine processes known to be dependent upon activity-regulated 

Bdnf transcription in the brains of mice deficient for CaRF and/or one of the 

MEF2 isoforms.  For example, given evidence that activity-dependent Bdnf exon 

IV induction is critical for normal GABAergic synapse development (Hong et al., 

2008), I hypothesize that in mice deficient for MEF2C, one might observe a 

reduction in GABAergic synapse number.  Carf KO mice have already been 

shown to have altered GABAergic synapse development in the striatum 

(McDowell et al., 2010).  Additionally, while Bdnf exon I is not very highly 

expressed early in development, it is one of the more dominant activity-inducible 

Bdnf transcripts later on in life (Timmusk et al., 1994).  Would mice deficient for 

MEF2D perhaps perform better than wildtype mice in learning and memory 
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tasks, given that Mef2d KD leads to potentiated Bdnf exon I transcription?  

Further work will need to be done to elucidate which neural processes rely upon 

the differential stimulus-specific regulation of the Bdnf gene by CaRF and MEF2.

4.3 My big, fat MEF family: MEF2 isoforms and splice 
variants and their roles in activity-regulated gene 
transcription 

I have reported evidence in Chapter 2 that the different MEF2 isoforms 

are differentially capable of regulating transcription of endogenous genes.  

Additionally, it appears that different MEF2 splice variants of a single isoform 

can also be differentially activity-responsive.  Specifically, I showed that MEF2C 

splice variants containing the γ domain are less activity-responsive than γ-lacking 

MEF2C splice variants.  Furthermore, it appears that the β domain actually has a 

positive effect on activity responsiveness; that is, the presence of the β domain 

enhances transcriptional activation following membrane depolarization.  One 

possible caveat to the experiment shown in Figure 14C is that the different splice 

variants could exhibit varied time courses of transcriptional activation, which 

might not have been detected by only examining luciferase activity 6 hours after 

KCl treatment.  To fully address this, one would need to do the experiment with 

the Gal4-MEF2 fusion constructs over the course of a variety of depolarization 

times.  In any case, these data indicate that regulation of Mef2c transcript splicing 

could have important effects on the activity-inducibility of genes regulated by 

this transcription factor. 

I also show that KD of MEF2A, MEF2C, or MEF2D has disparate effects 

on the membrane depolarization-dependent induction of Bdnf exon IV and exon I 

transcription.  Specifically, Mef2c KD results in a decrease in depolarization-
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induced Bdnf exon IV transcription, while KD of Mef2a or Mef2d has no 

statistically significant effect.  This is in contrast to Bdnf exon I, the 

depolarization-induced transcription of which is potentiated by Mef2d KD and 

unaffected by either Mef2a or Mef2c KD.  This suggests, at the most simplistic 

level, that MEF2C is a transcriptional activator Bdnf exon IV and MEF2D is a 

transcriptional repressor of Bdnf exon I. 

That Mef2c KD reduces Bdnf exon IV inducibility is not surprising, given 

that MEF2C is also the dominant isoform expressed in our cortical neuron 

culture system.  The most parsimonious explanation for this is that we are 

eliminating the majority of the MEF2 factors present in the cell, thus reducing the 

inducibility of all MEF2 target genes.  However, it may not be that simple.  In 

every diploid neuronal cell, there are only two Bdnf exon IV promoters.  

Theoretically, there could still be enough MEF2A and D protein left in the 

nucleus of Mef2c KD neurons to bind and activate the CaRE1 site in response to 

membrane depolarization.  One alternative explanation for why only Mef2c KD 

leads to impaired Bdnf exon IV induction following membrane depolarization is 

that in our neuron cultures, MEF2C may be more sensitive to activation by 

membrane depolarization.  Only the Mef2c gene encodes variants that lack the γ 

domain (Shalizi and Bonni, 2008; Zhu and Gulick, 2004), and we find that γ-

lacking MEF2C variants are the most highly activated of the MEF2Cs upon 

membrane depolarization.  Additionally, Mef2c is by far the predominant Mef2 

gene expressed in the developing cortex, and in our cultures nearly half of the 

Mef2c transcripts lack the γ domain.  Thus, loss of γ-lacking MEF2C variants 

could be what is leading to a decrease in depolarization-dependent inducibility 

of Bdnf exon IV in Mef2c KD neurons.  To test this hypothesis, one could 
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selectively knockdown only γ-lacking MEF2C variants and then examine 

depolarization-induced Bdnf exon IV transcript levels.  This could then be 

compared to knockdown of only γ-containing MEF2C variants, which I would 

predict would not have a significant effect on Bdnf exon IV induction following 

membrane depolarization.  If this hypothesis is correct, the heightened sensitivity 

of γ-lacking MEF2C variants to L-VGCC activation may be particularly important 

for coupling the induction of activity-regulated genes like Bdnf to environmental 

stimuli during cortical development. 

In contrast to what we observe with Bdnf exon IV, we have found that 

Bdnf exon I induction following membrane depolarization is potentiated by 

Mef2d KD.  It has previously been shown that MEF2D is capable of binding to an 

enhancer element upstream of Bdnf exon I, and this has been indicated to be 

important for depolarization-dependent induction of Bdnf exon I (Flavell et al., 

2008).  Why then, do we see MEF2D acting as a functional repressor of Bdnf exon 

I?  One possible explanation is the difference in cell types between our study and 

the study published by Flavell and colleagues (2008); while their experiments 

were done in cultured hippocampal neurons, our work was done in cultured 

cortical neurons.  It could be that in some cell types, MEF2D acts as a 

transcriptional activator, while in others it acts as a transcriptional repressor.  

This could be mediated by interactions between MEF2D and specific 

complements of co-factors present only in a given population of neurons, or by 

differences in post-translational modifications, which could also be regulated in a 

cell type-specific manner.  An alternative explanation for the potentiation of Bdnf 

exon I in Mef2d KD neurons is that MEF2D is not actively repressing Bdnf exon I, 

but rather occupying – and thereby blocking – a site either within the enhancer 
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or promoter I itself from being occupied by another, activating transcription 

factor, possibly a different MEF2 variant.  The interesting finding that KD of 

Mef2d leads to derepression of Bdnf exon I could suggest a possible mechanism 

by which the activity-inducibility of this particular exon could be increased with 

age. 

One other point of interest is that the MEF2 family of transcription factors 

is known to function as dimers.  It would be interesting in future studies to do 

double- or even triple-knockdowns of different MEF2 isoforms to see if particular 

heterodimer combinations are important for differential regulation of Bdnf 

promoter I and IV.  Additionally, another interesting experiment would be to 

attempt to rescue the effects of Mef2c KD with various MEF2C splice variants, to 

see if a particular splice variant is particularly important for activity-dependent 

gene induction early in development.  Finally, future studies could create mice 

that are deficient for only particular MEF2C splice variants – rather than the 

entire Mef2c gene – to ask if one or more splice variants are particularly 

physiologically important for normal brain development.

4.4 It’s a balancing act: CaRF as a homeostatic regulator of 
calcium signaling in neurons 

In Chapter 3, I characterize an NMDAR-selective signaling pathway that 

could be important for stimulus-specific synapse development.  The 

transcription factor CaRF was originally identified as an activator of Bdnf 

promoter IV (Tao et al., 2002).  Interestingly however, Carf KD leads to a 

potentiation – rather than a reduction – in Bdnf exon IV transcription following 

TTX withdrawal, an NMDAR-selective stimulus.  While our results from the 

gene array indicate that for a small fraction of potential CaRF target genes, CaRF 
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could function as a repressor, it is more likely that the effects of Carf KD on Bdnf 

exon IV transcription following TTX withdrawal are a result of an indirect 

interaction.  Specifically, my working hypothesis is that regulation of the 

expression levels of the NMDAR subunit NR3A is a critical mechanistic link 

between CaRF and NMDAR-selective gene transcription. 

More generally, looking across the complement of putative CaRF targets 

from the gene array yields some interesting observations.  First of all, out of the 

100 genes whose expression is most significantly altered by Carf KD, 69 of them 

exhibit decreased expression levels while 31 of them are increased in expression.  

While it remains to be determined how many of these are actually direct targets 

of CaRF, this generally indicates that CaRF is capable of functioning both as a 

transcriptional activator and as a transcriptional repressor.  These findings are 

generally in agreement with the findings from our lab’s previously published 

CaRF ChIP-Seq study (Pfenning et al., 2010).  Additionally, the identification of a 

number of groups of genes that are broadly important for calcium signaling and 

synaptic transmission in neurons (specifically, ionotropic neurotransmitter 

receptor subunits, calcium ion binding proteins, and CaMKII subunits) suggests 

that CaRF could have a role in regulating the overall excitability of a neuron.  

Even more exciting, we have also found that CaRF's transcriptional activity is 

regulated bidirectionally over two different time courses.  In the short term, 

increased calcium signaling in neurons appears to activate CaRF (Tao et al., 2002).  

In the long term however, increased calcium signaling actually leads to a 

decrease in CaRF expression.  Since CaRF is inversely regulated at the level of 

expression by neuronal activity, CaRF could potentially serve as a transcription 

factor important for homeostatic changes in the “gain” of calcium signaling 



 

 

141 

pathways in response to decreases in overall activity levels.  This idea is further 

substantiated by evidence that newly expressed CaRF protein is transcriptionally 

active (data not shown).  Finally, our previously published finding that CaRF 

appears to be able to bind to and repress its own promoter (Pfenning et al., 2010) 

makes this picture of CaRF as a homeostatic feedback mediator in neurons even 

more intriguing. 

Our gene array run on Carf KD neurons indicates that Grin3a could be a 

potential target of CaRF.  While there does appear to be a very small CaRF ChIP 

peak in the Grin3a promoter based on our previously published ChIP-Seq data 

(Pfenning et al., 2010), this peak is not statistically significant.  Also, we have not 

been able to find evidence that Grin3a mRNA or NR3A protein levels are altered 

in the brains of Carf KO mice.  While it is possible that Grin3a is a true target of 

CaRF and there is simply some compensatory mechanism being engaged in the 

constituent Carf KO mice that prevents Grin3a expression from being altered, this 

could also indicate that Grin3a is in fact not a direct target of CaRF.  If so, then the 

reduction in Grin3a expression in Carf KD neurons would be due to an indirect 

effect of loss of CaRF function.  One way to test for this is to perform EMSAs 

with CaRF protein and radiolabeled oligonucleotide sequences matching the 

putative CaRF binding site within the Grin3a promoter.  While we have 

preliminarily tried this experiment and not found any convincing evidence that 

CaRF does bind to the sequence within the Grin3a promoter, it is possible there is 

an alternative CaRF binding site within the Grin3a promoter that was not 

detected by the ChIP-Seq experiment.  Further work will need to be done to 

establish whether the effects of Carf KD on Grin3a expression are direct or 

indirect. 
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Another question remaining to be addressed is how CaRF-deficient 

neurons differ physiologically from wildtype neurons.  Do Carf KD or KO 

neurons have altered mEPSC (or mIPSC) frequency or amplitude?  Do they have 

altered rates of calcium ion diffusion?  CaRF-deficient neurons might actually 

have altered levels of activity, given that numerous other genes were identified 

in the gene array that have important functions in calcium signaling, neuronal 

excitability, and synaptic transmission.  We have already found that Carf KD 

neurons have decreased CaMKII activity (data not shown), a result that is not 

surprising given that several CaMKII subunits were identified on the gene array.  

Given the effects of Carf KD on Grin3a expression, and the fact that it does not 

appear as if Grin3a is a direct target of CaRF, I hypothesize that Carf KD neurons 

have increased levels of calcium signaling under basal conditions.  This makes 

sense given my data showing that Grin3a is inversely regulated by neuronal 

activity.  If Grin3a is not a direct target of CaRF, but Grin3a expression is 

decreased by increasing neuronal activity, then increased levels of activity in Carf 

KD neurons could explain the decrease in Grin3a expression that we observe.  

Given that all stimuli that I tested that ultimately result in an increase in calcium 

signaling to the nucleus lead to decreased expression of Grin3a, there are a 

number of hypotheses that could be made regarding in what way specifically 

Carf KD neurons have increased levels of activity.  This could be due to any 

number of changes in neuronal physiology, including increased frequency or 

amplitude of excitatory synaptic signaling events, a potentiation of the “gain” in 

signaling cascades downstream of synaptic events, or a reduction in either local 

or global calcium buffering within the cell.  Any of these would lead to increased 

calcium-dependent signals being transmitted to the nucleus, which based on our 
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data, we suggest could lead to decreased expression of Grin3a.  Any of these 

mechanisms may be in place in Carf KD neurons; future electrophysiological and 

calcium imaging experiments should further address these issues. 

One potential discrepancy between the results described in this 

dissertation and our lab’s previously published findings is the effect of loss of 

CaRF function on expression of genes encoding GABAA receptor subunits.  We 

have previously found that the brains of Carf KO mice have increased expression 

levels of the GABAAβ2/3 subunit, the GABAAγ2 subunit, and GAD65 (McDowell 

et al., 2010).  Additionally, our previously published study demonstrated that the 

brains of Carf KO mice have increased numbers of GABAergic synapses in the 

striatum.  By contrast, we have identified two other GABA receptor subunits as 

being decreased in expression at the mRNA level in Carf KD neurons based on our 

data from the gene array.  However, the genes identified in the array are the 

GABAAα1 and GABAAα2 subunits, neither one of which was shown to have 

increased expression of the protein level in the brains of Carf KO mice (McDowell 

et al., 2010).  The most obvious explanation for these two findings is simply that 

there are other GABAAα subunits that could potentially be incorporated to form 

functional GABAA receptors in CaRF-deficient neurons.  In fact, there are six 

different GABAAα subunits, all of which have distinct spatial and temporal 

patterns of expression.  Interestingly, the functional relevance of such spatial and 

temporal regulation of GABAA subunit expression largely remains to be 

determined (Hevers and Lüddens, 1998).  Thus, it is possible that loss of CaRF 

results not only in an increase in total numbers of GABAergic synapses, but also 

in a shift in the relative subunit composition of the GABAA receptors at those 

synapses.  A different hypothesis that must be considered, however, is that Carf 
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KO and Carf KD could simply have disparate effects on GABAergic synapse 

formation in general.  Still another alternative hypothesis is that loss of CaRF 

function somehow has disparate effects on the transcription of GABAA subunit 

genes than it does on the translation of those gene products.  An easy way to test 

whether the last two hypotheses could be true is to examine GABAergic synapse 

numbers in Carf KD neurons in culture, and to perform immunoblotting 

experiments to test for the relative expression levels of the GABAAα subunits in 

the striata of Carf KD mice.  Given my evidence that Grin3a KD also results in 

increased numbers of GABAergic synapses, which is consistent with the effects 

observed in the brains of Carf KO mice, I currently favor the first hypothesis as 

being most likely. 

Taken together, the results detailed in Chapters 2 and 3 of this 

dissertation indicate that CaRF is capable of regulating transcription of Bdnf in a 

complex, stimulus-dependent manner.  Additionally, I have shown that CaRF is 

capable of regulating the expression of other genes important for calcium 

signaling in neurons.  This, coupled with the fact that CaRF is itself regulated in 

an inverse fashion by changes in neuronal calcium signaling, suggest that CaRF 

could play an important role in the initiation of homeostatic programs of gene 

expression and that this could have important functional consequences for 

synapse formation and other neurodevelopmental processes.  Future studies will 

hopefully further elucidate the upstream regulatory processes and downstream 

gene targets of this interesting transcription factor.
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4.5 Minority report: NR3A has a big effect on NMDAR-
dependent gene transcription 

In this dissertation, I have provided the first evidence that the NMDAR 

subunit NR3A is capable of having a modulatory effect on NMDAR-dependent 

programs of gene transcription (Chapter 3).  These data are especially exciting 

and surprising given that, even at the peak of its expression, NR3A is only 

estimated to be incorporated into roughly 10-15% of total surface NMDARs (Al-

Hallaq et al., 2002).  How is it possible that knockdown of a subunit only present 

in 10-15% of all NMDARs is capable of exerting such a drastic effect on NMDAR-

dependent Bdnf exon IV transcription?  Specifically, I observed almost a threefold 

increase in Bdnf exon IV transcription following TTX withdrawal in Grin3a KD 

neurons as compared with controls.  These data indicate that either NR3A must 

be strategically localized to have a disproportionately large effect on NMDAR-

dependent gene transcription, or NR3A is capable of interacting with some sort 

of signaling cascade that enables amplification of an NR3A-specific signal.  While 

it has been shown that NR3A is capable of significantly reducing single channel 

conductance and calcium permeability of NMDARs (Das et al., 1998; Sasaki et al., 

2002; Tong et al., 2008), rough calculations that I have performed suggest that this 

would have only a very marginal effect on global calcium signals within the 

neuron.  It is possible that NR3A’s effects on NMDAR calcium permeability 

could have more significant implications if one considers the phenomenon of 

calcium microdomains around the opening of a channel pore.  It is possible that 

the differential calcium influx in Grin3a KD neurons could be sufficient to 

activate a signaling molecule tethered close to the opening of the NMDAR ion 

channel pore that, in WT neurons, might not necessarily be activated. 
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An alternative explanation to the calcium signaling hypothesis described 

above is that NR3A could be uniquely capable of interacting with a signaling 

molecule via its C-terminal domain.  For example, NR3A has been shown to 

physically associate with the protein phosphatase PP2A (Chan and Sucher, 2001; 

Ma and Sucher, 2004).  Additionally, in Grin3a KD neurons, I observe a robust 

potentiation of TTX withdrawal-induced Npas4 transcription.  Npas4 is a 

transcription factor that is known to be regulated at the level of expression by 

neuronal activity and to activate transcription of Bdnf exons I and IV in an 

activity-dependent manner (Lin et al., 2008; Pruunsild et al., 2011).  It is possible 

that enhanced induction of Npas4 expression is responsible for the increase in 

NMDAR-dependent Bdnf exon IV transcription observed in Grin3a KD neurons.  

This is especially enticing given that I have evidence suggesting that it is actually 

the time course, rather than the total amplitude, of Bdnf induction that is altered 

by Grin3a KD (data not shown).  That is, Bdnf exon IV transcription is prolonged 

in Grin3a KD neurons by several hours (data not shown).  A similar mechanism 

has been described for long-term induction of the Arc gene by expression of Egr1 

and Egr3 (Li et al., 2005).  Specifically, Arc induction has two phases: a short-term, 

translation-independent phase (hence its original identification as an “immediate 

early gene”) and a longer-term, translation-dependent phase that Li and 

colleagues have demonstrated relies on transcription and translation of the Egr1 

and Egr3 transcription factors (2005).  One could test whether induction of Npas4 

expression is mediating the extended time course of Bdnf exon IV induction by 

treating neurons with a translational inhibitor prior to TTX withdrawal.  Finally, 

the fact that MEF2-, but not CREB-, dependent signaling is potentiated in Grin3a 

KD neurons could give us some clue as to what signaling cascades might be 
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differentially activated between the synapse and the nucleus in Grin3a KD 

neurons.  For example, p38/MAPK is known to phosphorylate and activate 

MEF2 but not CREB (Mao et al., 1999).  Further studies addressing the 

mechanism by which NR3A can limit NMDAR-dependent gene transcription 

will doubtlessly prove interesting. 

I have already shown that GABAergic synapse development is altered in 

Grin3a KD neurons, but might there be other functional ramifications of NR3A-

dependent signaling to the nucleus?  The fact that NR3A is both regulated over 

developmental time and inversely regulated by changes in neuronal activity is 

certainly intriguing, and suggests that NR3A could be of an important regulator 

of other activity-dependent developmental processes and/or homeostatic 

mechanisms in neurons.  Of particular interest, a study by Nakanishi and 

colleagues have shown that NR3A is neuroprotective, and that genetic ablation 

of NR3A results in increased susceptibility to excitotoxicity, while 

overexpression of NR3A reduces ischemic lesion size (Nakanishi et al., 2009).  

These findings are exactly in line with my own unpublished results; unless the 

NMDAR blocker APV is added to the media at the time of lentiviral infection, 

Grin3a KD neurons consistently die, while their control counterparts continue to 

live happily and extend neurites for days or weeks in culture.  Previous studies 

have shown that distinct NMDAR subpopulations are capable of exerting 

opposite effects on activity-dependent gene transcription and neuronal survival 

(Hardingham and Bading, 2002; Hardingham et al., 2002; Sala et al., 2000).  Is it 

possible that an alteration in NMDAR-dependent gene transcription in Grin3a 

KD neurons is responsible for the apparent “tipping of the balance” in favor of 

cell death over survival?  If so, I would hypothesize that the observed reduction 
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in Grin3a expression in the brains of mice that have undergone pilocarpine-

induced seizure is pathological, rather than compensatory. 

As already mentioned in Chapter 3, I hypothesize that the developmental 

regulation of NR3A in vivo could be important for regulating the timing of 

various critical periods in the brain.  It has been shown that NR3A KO mice have 

increased numbers of glutamatergic synapses (Das et al., 1998) while transgenic 

mice that overexpress NR3A have fewer and less mature glutamatergic synapses 

(Roberts et al., 2009).  However, it remains to be determined whether these effects 

on glutamatergic synapses and the effects that I observed of Grin3a KD on 

GABAergic synapse formation occur in series or in parallel.  Specifically, is the 

effect on one type of synapse causal to the effect on the other type of synapse, 

and if so which one is responsible for which?  It has been shown that BDNF 

expression is important for GABAergic synapse formation, which has been 

implicated in the closure of the visual critical period (Huang et al., 1999).  Based 

on this, I hypothesize that the effect of Grin3a KD on Bdnf transcription results in 

increased – or possibly expedited – GABAergic synapse formation, and that this 

is responsible for the effects on glutamatergic synapse development reported by 

others (Das et al., 1998; Roberts et al., 2009).  Thus, in this scenario, NR3A could 

function to regulate the metaplasticity of critical period timing.  Specifically, 

activity-dependent modulation of the developmental time course of NR3A 

expression could function to either shorten or prolong the critical period in an 

experience-dependent manner.  Finally, one other point that is still unclear in the 

broader field of BDNF-dependent synapse development is to what degree basal 

versus stimulus-induced Bdnf expression is required for normal development.  

Given that I also see enhanced baseline expression of Bdnf exon IV in Grin3a KD 
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cultures, the degree to which stimulus-evoked Bdnf expression specifically 

contributes to the ability of NR3A to modulate experience-dependent brain 

development remains to be determined.  Hopefully, future in vivo studies will 

tease apart this complicated issue and shed further light on the physiological 

functions of NR3A the developing brain. 

4.6 Concluding remarks 
My dissertation research has elucidated several novel mechanisms of 

specificity in activity-regulated gene transcription in the nervous system.  These 

include the binding of multiple transcription factors to a single response element 

within a promoter following disparate types of stimuli, the specific spatial and 

temporal expression of different isoforms or splice variants of a single family of 

transcription factors, alterations in the expression levels of a transcription factor 

in response to altered activity states, and the regulation of expression of a 

neurotransmitter receptor subunit that can modulate gene transcription 

downstream of that receptor’s activation.  Taken together, the work described 

here represents a significant and novel contribution to my field that I hope others 

will find useful and continue to build on for years to come.



 

 

150 

Appendix A 
Table 2: 100 most significantly altered genes in Carf KD neurons as compared 

with scrambled controls, as determined by the t-statistic. 

Name Log Fold Change t Statistic p Value Adj. p Value 
Nras -0.89 -7.92 3.56E-06 0.1091681 
Stk24 -0.87 -7.17 9.83E-06 0.1091681 
BC010981 -1.22 -6.85 1.54E-05 0.1091681 
Wrnip1 -0.84 -6.78 1.71E-05 0.1091681 
Nras -0.93 -6.67 2.01E-05 0.1091681 
Calm3 -0.90 -6.59 2.26E-05 0.1091681 
Mib1 -0.84 -6.26 3.75E-05 0.1536465 
Rab6b -0.92 -6.02 5.39E-05 0.1984771 
Rab21 -0.83 -5.84 7.15E-05 0.2295043 
E030003F13Rik -1.14 -5.81 7.52E-05 0.2295043 
Aldoc -0.44 -5.67 9.49E-05 0.2496894 
Rps20 /// 
LOC245676 /// 
LOC623568 -1.47 -5.60 1.05E-04 0.2582404 
Rab21 -0.84 -5.32 1.66E-04 0.3122721 
Sdc2 -0.98 -5.29 1.76E-04 0.3122721 
Lrrc16 -0.90 -5.28 1.78E-04 0.3122721 
Peci -0.50 -5.26 1.85E-04 0.3122721 
Tnrc9 -0.30 -5.23 1.95E-04 0.3122721 
Ptgfrn -0.48 -5.20 2.05E-04 0.3135735 
Ranbp5 -0.25 -5.18 2.13E-04 0.3135735 
Fgf12 -1.14 -5.14 2.26E-04 0.3186328 
Tmtc4 -1.27 -5.09 2.46E-04 0.3230816 
39513 -0.60 -5.05 2.63E-04 0.3230816 
Narg1 -0.51 -5.03 2.70E-04 0.3230816 
AI956758 -0.70 -5.03 2.72E-04 0.3230816 
BB332873gs -0.59 -4.99 2.90E-04 0.3341906 
Wnk1 -0.47 -4.93 3.22E-04 0.3440913 
Pitrm1 -0.47 -4.93 3.23E-04 0.3440913 
Impa1 -0.74 -4.92 3.27E-04 0.3440913 
Rab6b -1.28 -4.79 4.09E-04 0.3969603 
Armc1 /// 
LOC634390 -0.77 -4.75 4.39E-04 0.4091632 
BB395066gs -0.92 -4.74 4.44E-04 0.4091632 
4933425L03Rik -0.52 -4.71 4.68E-04 0.4112755 
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Name Log Fold Change t Statistic p Value Adj. p Value 
Acsbg1 -0.52 -4.70 4.80E-04 0.4112755 
Lnp -0.41 -4.68 5.00E-04 0.4187374 
Pdzd8 -0.54 -4.63 5.39E-04 0.4412917 
Abcb7 -0.59 -4.61 5.66E-04 0.4513683 
2900019E01Rik -0.43 -4.56 6.08E-04 0.4513683 
AV238942gs -0.44 -4.56 6.18E-04 0.4513683 
4930431H11Rik -0.38 -4.55 6.28E-04 0.4513683 
9330121K16Rik -0.30 -4.50 6.80E-04 0.4513683 
Camk2g -0.48 -4.50 6.88E-04 0.4513683 
Ttll7 -0.98 -4.48 7.03E-04 0.4513683 
Nt5dc2 -0.48 -4.46 7.29E-04 0.4513683 
Gdap1 -0.36 -4.45 7.44E-04 0.4513683 
Lxn -0.39 -4.45 7.48E-04 0.4513683 
Ntrk2 -0.58 -4.44 7.59E-04 0.4513683 
Cpd -0.94 -4.38 8.51E-04 0.4562823 
Mtfr1 -0.64 -4.37 8.54E-04 0.4562823 
Nebl -0.32 -4.37 8.58E-04 0.4562823 
Gls -0.93 -4.37 8.62E-04 0.4562823 
BE200144gs -0.74 -4.37 8.67E-04 0.4562823 
2210010L05Rik -0.88 -4.35 8.88E-04 0.4610779 
Pex11a -0.57 -4.34 9.14E-04 0.4651824 
Rap2c -0.57 -4.33 9.22E-04 0.4651824 
C85320gs -0.51 -4.28 1.01E-03 0.4749934 
BB750118gs -0.42 -4.28 1.01E-03 0.4749934 
C130030K03Rik -0.58 -4.27 1.03E-03 0.4749934 
Gopc -0.51 -4.26 1.06E-03 0.4749934 
Nrxn1 -0.61 -4.21 1.14E-03 0.4749934 
5430431D22Rik -0.61 -4.20 1.17E-03 0.4749934 
A2bp1 -0.66 -4.19 1.18E-03 0.4749934 
Dip2c -0.35 -4.19 1.19E-03 0.4749934 
D6Ertd90e -0.20 -4.18 1.22E-03 0.4749934 
Phgdh /// 
LOC673015 -0.33 -4.15 1.28E-03 0.4749934 
Sycp3 -0.64 -4.14 1.29E-03 0.4749934 
Zrsr2 -0.46 -4.14 1.30E-03 0.4749934 
B3galtl -0.38 -4.13 1.32E-03 0.4749934 
Hipk3 -1.07 -4.13 1.32E-03 0.4749934 
BB128963 -0.34 -4.13 1.32E-03 0.4749934 
Slco5a1 0.75 7.26 8.64E-06 0.1091681 
1110033J19Rik 0.94 6.56 2.37E-05 0.1091681 
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Name Log Fold Change t Statistic p Value Adj. p Value 
Usp20 0.42 5.76 8.10E-05 0.2295043 
5730405I09Rik 0.92 5.41 1.43E-04 0.3122721 
BC029214 0.40 5.33 1.65E-04 0.3122721 
5033417F24Rik 0.34 5.23 1.93E-04 0.3122721 
Smug1 0.72 5.12 2.33E-04 0.3186328 
Rasip1 0.50 4.88 3.52E-04 0.3604237 
Inha 0.54 4.86 3.65E-04 0.3632989 
6330403K07Rik 0.44 4.71 4.69E-04 0.4112755 
AI847427gs 0.38 4.59 5.83E-04 0.4513683 
5730407M17Rik 0.20 4.58 5.94E-04 0.4513683 
1110014J01Rik 0.45 4.53 6.47E-04 0.4513683 
Pnpo 0.58 4.51 6.68E-04 0.4513683 
1700019N19Rik 0.24 4.47 7.26E-04 0.4513683 
Stxbp5 0.59 4.46 7.33E-04 0.4513683 
Nfatc2ip 0.40 4.43 7.72E-04 0.4514067 
Pcdhb3 0.47 4.41 7.97E-04 0.4540151 
St6galnac4 0.29 4.41 8.01E-04 0.4540151 
Ubap2 0.25 4.31 9.50E-04 0.4728744 
Dnalc1 0.44 4.29 9.84E-04 0.4749934 
D7Wsu128e 0.25 4.23 1.10E-03 0.4749934 
Wdr70 0.33 4.22 1.13E-03 0.4749934 
BB325333gs 0.27 4.21 1.14E-03 0.4749934 
Ophn1 0.37 4.20 1.16E-03 0.4749934 
4432405B04Rik 0.34 4.19 1.18E-03 0.4749934 
Golga3 0.46 4.17 1.22E-03 0.4749934 
BE851919gs 1.05 4.17 1.24E-03 0.4749934 
Pxdn 0.57 4.16 1.24E-03 0.4749934 
Lum 0.28 4.16 1.26E-03 0.4749934 
AW489535gs 0.29 4.14 1.29E-03 0.4749934 
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Appendix B 
Table 3: Top 250 genes most altered by Carf KD, as determined by signal:noise 

analysis of gene array results. 

Name Score 
Rps20 /// LOC245676 /// LOC623568 -0.2825215 
E030003F13Rik -0.28060117 
D430047L21Rik -0.23011786 
1458273_at -0.21128891 
BC010981 -0.2027103 
Ttr -0.2021612 
1450105_at -0.20025764 
1436182_at -0.19933924 
1460588_at -0.19703409 
1444025_at -0.19501264 
9330121K16Rik -0.19337286 
LOC665081 -0.19230613 
Ddx3y -0.19108956 
1441305_at -0.18909322 
1439779_at -0.18422458 
C230004L04 -0.18309343 
AI956758 -0.18256724 
2610305J24Rik /// BC005512 /// LOC215866 /// 
LOC629242 /// LOC630153 /// LOC630525 /// 
LOC631386 /// LOC637482 /// LOC641366 /// 
LOC668904 /// LOC669019 /// LOC669231 /// 
LOC669436 /// LOC670270 /// LOC670719 /// 
LOC672061 /// LOC672196 /// LOC672939 /// 
LOC673876 /// LOC674912 /// LOC674927 /// 
LOC675168 /// LOC675410 /// LOC675706 /// 
LOC676247 /// LOC676718 /// LOC677506 -0.18142499 
Ass1 -0.18111022 
Hipk3 -0.18014309 
Aqp4 -0.18003294 
Sycp3 -0.1773934 
1437400_at -0.17624933 
2610528B01Rik -0.1758265 
AI649393 -0.1733874 
2210010L05Rik -0.17055087 
1436400_at -0.16979 
1430995_at -0.16887155 
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Name Score 
Lpl /// LOC669888 -0.16880794 
1441716_at -0.16721894 
1441974_at -0.16663879 
Jarid1d -0.16637936 
Tmtc4 -0.16569519 
4921517B04Rik -0.16087969 
2900009J20Rik -0.15989335 
1457805_at -0.15926613 
1459325_at -0.15893063 
Lrrc16 -0.15874523 
1439990_at -0.15861319 
Efcbp1 -0.15860036 
Pdlim5 /// LOC669660 -0.15851548 
1437987_at -0.1576822 
Htr2c -0.15638976 
Armc1 -0.15409419 
1440516_at -0.15400913 
BC014699 -0.15327406 
4631408O11Rik -0.15136336 
Mib1 -0.15045214 
D930002L09Rik -0.14992993 
AW493563 -0.14901145 
1455150_at -0.14841506 
Nts -0.14833179 
1440015_at -0.14807887 
2810453I06Rik -0.14613539 
Kcnip2 -0.14513983 
Nov -0.1450502 
Slc41a2 -0.141799 
Hist1h2bc -0.14100033 
Eda2r -0.14057834 
Pex11a -0.14034148 
1438310_at -0.14005046 
5430431D22Rik -0.139517 
Wrnip1 -0.13874286 
1422687_at -0.1386503 
1439170_at -0.13832016 
LOC677213 -0.13822457 
1442073_at -0.13607338 
C130030K03Rik -0.135969 
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Name Score 
Kif2a -0.13595751 
Nell1 -0.1355765 
Arl10 -0.13456309 
4921509J17Rik -0.13434154 
1456953_at -0.13416412 
Pdk1 -0.13373436 
Kcnt2 -0.13347845 
Lactb2 -0.13330984 
1110018F16Rik -0.13326876 
1443960_at -0.13298818 
37688 -0.1329563 
1435120_at -0.13213077 
2610201A13Rik -0.13123113 
Adamts1 -0.13085169 
5530402H23Rik -0.13078289 
AI591476 -0.13057259 
5430405N12Rik -0.13042091 
2810455D13Rik -0.13005346 
Thy1 -0.12933767 
1440363_at -0.12827721 
2900078E11Rik -0.12822807 
A530017D24Rik -0.12799379 
Camk2d -0.12790267 
Sdc2 -0.12789321 
2900064F13Rik -0.12728642 
Edg1 -0.12726152 
Id3 -0.12700671 
Hist1h1c -0.12638772 
Cpeb1 -0.12625554 
E130309B19Rik -0.12600464 
1460043_at -0.12571205 
C030014L02 -0.12570724 
Eif2s3y -0.12567759 
Nras -0.12548214 
Adam10 -0.12532562 
1457832_at -0.12527294 
Thrsp -0.12503795 
Neurod6 -0.124976315 
2900041A09Rik -0.1249699 
Hdgfrp3 /// Tm6sf1 -0.124694645 
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Name Score 
1443196_at -0.12461962 
Ttpa -0.12452247 
Kcne2 -0.12445941 
1455406_at -0.12410688 
Ap3m1 /// LOC671800 -0.12350894 
Cav2 -0.12339597 
1450693_at -0.1231813 
2900086B20Rik -0.123049766 
Zfy2 -0.12304054 
1436412_at -0.12279823 
Pla2g7 -0.12031193 
Hist1h2bc /// Hist1h2be /// Hist1h2bl /// Hist1h2bm /// 
Hist1h2bp /// LOC665596 /// LOC665622 /// LOC671645 -0.12027094 
Armc1 /// LOC634390 -0.12002038 
Parvb -0.11999683 
Ankrd29 -0.119841605 
1455074_at -0.11951268 
1700066M21Rik -0.11926441 
Dok4 -0.1186251 
Itpka -0.11824521 
LOC669787 -0.11769759 
D10627 -0.11716637 
1455374_at -0.1171052 
Rdh9 -0.116936006 
1434861_at -0.11672797 
LOC666801 /// LOC669012 /// LOC672036 -0.11618908 
Pnoc -0.11589195 
Slc25a16 -0.11578711 
Slc39a12 -0.11564604 
Hapln1 -0.11563554 
C030009O12Rik -0.11559686 
Lrp4 -0.11532145 
D7Ertd715e -0.115137845 
AI503301 -0.11448379 
AFFX-18SRNAMur/X00686_5_at -0.11423634 
Gabra2 -0.11412726 
Pdk4 -0.11353026 
Gm879 -0.11335074 
BC049806 -0.112569995 
1439300_at -0.11253192 
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Name Score 
BB182297 -0.11220863 
LOC433230 -0.112040386 
5730499H23Rik -0.11170812 
Mobkl1a -0.11163051 
Mtap2 /// A730034C02 -0.111579075 
Ptprg -0.1113335 
Prkcc -0.111270785 
AI448984 -0.11106875 
Hectd2 -0.1110441 
Gem -0.11095785 
1452886_at -0.11075944 
4933406J04Rik -0.11043119 
Pcdha4 /// Pcdha6 /// Pcdha7 /// Pcdha5 /// Pcdha11 /// 
Pcdha10 /// Pcdha1 /// Pcdha9 /// Pcdha@ /// Pcdha3 /// 
Pcdha12 /// Pcdha2 /// Pcdha8 /// Pcdhac1 /// Pcdhac2 -0.1097385 
Efemp1 -0.10955043 
Gabra1 -0.10937475 
1445421_at -0.10936063 
Trpc1 -0.10925758 
1441905_x_at -0.108643666 
1440305_at -0.10850036 
Pthlh -0.1082409 
AI851453 -0.10820619 
Calm3 -0.10803136 
Tshz2 -0.1077434 
Hmox1 -0.107658476 
Rfx4 -0.10753904 
3110035E14Rik -0.10737101 
Stk24 -0.10729288 
Sp3 -0.10726867 
Setd7 -0.10717848 
Rab21 -0.10695588 
Itgb8 -0.10670135 
Nkd1 /// LOC634379 /// LOC671838 -0.10648793 
Fxyd7 -0.106318675 
Rock2 -0.105685994 
2610209A20Rik -0.10561517 
9330118A15Rik -0.10546716 
1700047I17Rik /// LOC665155 -0.105380155 
Ankib1 -0.10530036 
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Name Score 
1440759_at -0.105208576 
Cutc -0.10498504 
Dfna5h -0.10485709 
Zbtb41 -0.104703836 
Amy2 -0.10452834 
Abhd3 -0.10450386 
Rmnd5a -0.10439554 
B230343J05Rik -0.10425444 
BC023892 -0.10417433 
Myl9 -0.1038725 
2900019E01Rik -0.10381727 
Stk32a -0.103583135 
Acsbg1 -0.10350252 
Dnajb14 -0.10332526 
Tax1bp1 -0.10313047 
Cntn4 -0.10289702 
1442867_at -0.10280334 
Lpl -0.102587014 
1110020G09Rik -0.1025681 
9330184L24Rik -0.10249032 
2900084O13Rik -0.10247687 
Cmtm6 -0.102445714 
1444602_at -0.102335356 
Cldn10 -0.10200441 
Cth -0.10199171 
Tnrc15 -0.10190366 
Fut9 -0.101445146 
Cacng3 -0.10143349 
AI608492 -0.101005144 
Crim1 -0.10091354 
Axl -0.10087706 
Lats1 -0.100807026 
LOC674888 -0.10061945 
Satb1 -0.1003515 
Ak5 -0.10030998 
Garnl3 -0.10002143 
2410078J06Rik -0.09984514 
6330407I18Rik -0.09976694 
Zfp81 -0.09959218 
Nav3 -0.09946574 
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Name Score 
F3 -0.099333115 
Asph -0.09914524 
9930028C20Rik -0.0991053 
1417769_at -0.098864965 
Tnpo1 -0.098812066 
H1foo -0.098730296 
Timp3 -0.09870146 
Grin3a -0.0986072 
Ankrd43 -0.098544195 
2810019C22Rik -0.09827948 
1700020I14Rik -0.098234616 
Syt13 -0.09788909 
Tacc1 -0.09782982 
AU023006 -0.097667135 
Usp25 -0.097452596 
Cpt1a -0.09743322 
AI504432 -0.09743308 
1445686_at -0.09742651 
Trove2 -0.09731496 
1458046_at -0.09703266 
BC023179 -0.096960805 
Acadl -0.096942864 
37871 -0.09689227 
Rpl5 /// LOC382740 /// LOC665407 /// LOC668032 /// 
LOC672748 /// LOC675821 -0.09672272 
1431274_a_at -0.09660724 
6430502M16Rik -0.09644795 
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