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Abstract

Neuronal activity sculpts brain development by inducing the transcription of genes such as Brain-
Derived Neurotrophic Factor (Bdnf) that modulate the function of synapses. Sensory experience is
transduced into changes in gene transcription via the activation of calcium signaling pathways
downstream of both L-type voltage gated calcium channels (L-VGCCs) and NMDA-type
glutamate receptors (NMDARS). These signaling pathways converge on the regulation of
transcription factors including Calcium-Response Factor (CaRF). Whereas CaRF is dispensable
for the transcriptional induction of Banffollowing the activation of L-VGCCs, here we show that
loss of CaRF leads to enhanced NMDAR-dependent transcription of Banfas well as Arc. We
identify the NMDAR subunit-encoding gene Grin3aas a regulatory target of CaRF, and we show
that expression of both Carfand Grin3ais depressed by the elevation of intracellular calcium,
linking the function of this transcriptional regulatory pathway to neuronal activity. We find that
light-dependent activation of Badnfand Arctranscription is enhanced in the visual cortex of young
CaRF knockout mice, suggesting a role for CaRF-dependent dampening of NMDAR-dependent
transcription in the developing brain. Finally, we demonstrate that enhanced Badnfexpression in
CaRF-lacking neurons increases inhibitory synapse formation. Taken together these data reveal a
novel role for CaRF as an upstream regulator of NMDAR-dependent gene transcription and
synapse formation in the developing brain.

Introduction

In the developing mammalian brain, transient sensory stimuli drive long-lasting changes in
synapse development and neuronal function by inducing the transcription of activity-
regulated genes (West and Greenberg 2011). Calcium plays a key role in this signal
transduction by initiating intracellular signaling cascades that carry the signal to the nucleus
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where they activate multiple transcription factors that bind regulatory elements of activity-
regulated genes (Lyons and West 2011). In addition to ubiquitous immediate early genes
(IEGs) such as Fosand Jun, synaptic activity regulates a functionally important set of
neuron-selective genes, which include the neurotrophin BDNF, the intracellular scaffolds
Arc and Homer, the glutamate receptor binding protein Narp, and the transcription factor
Npas4 (Leslie and Nedivi 2011; Hong et a/. 2008; Bloodgood et al. 2013; Gu et al. 2013,;
Wang et al. 2006; Hu et al. 2010). Induced expression of these gene products couples
synapse development and function with sensory-driven neuronal activity to adapt brain
development to the environment.

Glutamate release at synapses drives calcium into neurons by opening both NMDA-type
glutamate receptors (NMDARS) and L-type voltage-gated calcium channels (L-VGCCs).
Calcium acts locally at these channels to induce the signaling cascades that regulate nuclear
transcription factors, and the source of calcium entry can influence the specificity of
downstream signaling (Bito et a/. 1996; Dolmetsch ef a/. 2001; Karpova et al. 2013,;
Hardingham et al. 2002). We and others have used transcription of Banfas a model to
discover the neuronal activity-regulated transcriptional mechanisms that are important for
developmental synapse plasticity. BDNF is a key effector of activity-dependent synapse
development and plasticity, and it is the precise temporal and spatial control of Banf
transcription that permits this signaling molecule to regulate these dynamic processes (Leslie
and Nedivi 2011; West et al. 2014).

The Badnfgene contains nine alternative promoters, each of which is activity-inducible in
neurons and most of which are regulated by multiple activity-dependent transcription factors
(West et al. 2014). Banfexon IV-containing transcripts (BanfIV ) are the most highly
expressed and activity-regulated of the Banfsplice variants in developing neurons, and the
transcription factors that regulate Banfpromoter IV have been well described. We first
identified Calcium Response Factor (CaRF) as a transcription factor based on its ability to
bind the L-VGCC-responsive calcium-response element 1 (CaRE1) in Bdnfpromoter 1V
(Tao et al. 2002). Basal expression of Banf1V is reduced in the cortex of adult CaRF
knockout mice, consistent with CaRF functioning as an activator of Badnfpromoter IV
(McDowell et al. 2010). However L-VGCC-induced transcription of BanfIV is unaffected
by the loss of CaRF and instead the transcription factor MEF2C mediates the actions of
CaREL1 in response to this stimulus (Lyons et al. 2012).

Given our evidence for the stimulus-specific contributions of CaRF to Badnfpromoter IV
regulation, here we set out to determine the requirement for CaRF in NMDAR-induced
transcription of Banf. Here we report that loss of CaRF leads to enhanced NMDAR-
dependent induction of both BanfIV and the activity-regulated gene Arc, and we investigate
potential mechanisms as well as biological consequences of this change in transcriptional
regulation. These data reveal a novel role for CaRF as an upstream regulator of NMDAR-
dependent processes in the developing brain.
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Materials and Methods

Dissociated Neuron Cultures

Neuron-enriched cultures were generated from cortex of male and female E16.5 CD1 mouse
embryos (Charles River Laboratories) and cultured as previously described (McDowell et al.
2010; Tao et al. 2002). Withdrawal from tetrodotoxin (TTX WD) was done by treating
neurons for 48 hrs with 1uM TTX (Tocris) prior either to harvesting cells (for the control
condition) or washing out the TTX with Neurobasal medium (Invitrogen). Isotonic
membrane depolarization with 55mM extracellular KCI was done as previously described
(Lyons et al. 2012). APV (Tocris) was used at a concentration of 100uM. Nimodipine
(Sigma) was used at a concentration of 5uM. EGTA (Sigma) was used at 2.5mM.
Actinomycin D (Sigma) was used at 30nM. Pharmacological blockers were added 2 min
prior to TTX WD or KCI addition and maintained throughout the period of stimulation. All
experiments were conducted in accordance with an animal protocol approved by the Duke
University Institutional Animal Care and Use Committee.

Quantitative PCR

RNA was harvested from cultured mouse cortical neurons on DIV7 following 90min or 6hrs
of KCI-mediated membrane depolarization or TTX WD as described in the text. RNA was
harvested using the Absolutely RNA Miniprep Kit (Agilent) and cDNA was synthesized by
Superscript I (Invitrogen). Quantitative SYBR green PCR was performed on an ABI 7300
real-time PCR machine (Applied Biosystems) using intron-spanning primers (IDT): Mouse
ArcF: 5- GAGCCTACAGAGCAGGAGA -3, R: 5- TGCCTTGAAAGTGTCTTGGA -3/;
Mouse Bdnfexon | F: 5- AGTCTCCAGGACAGCAAAGC -3, R: 5/-
GCCTTCATGCAACCGAAGTA -3’; Mouse Bdnfexon IV: F: 5
CGCCATGCAATTTCCACTATCAATAA -3/, R: 5’- GCCTTCATGCAACCGAAGTATG
-3’; Mouse CarfF: 5- GCATTGACAAATGGGATTCCGTC -3/, R: 5/-
GTTGAAGAACCTTTGCTGGCTC -3’; Mouse/Rat CarfF: 5'-
TGCCGTCTTAGGAGTTGTGA-3, R: 5-CTCGACTTCCTGCATTGACA-3'. Mouse cFos
F:5- TTTATCCCCACGGTGACAGC -3, R: - CTGCTCTACTTTGCCCCTTCT -3/;
Mouse GapdhF: 5- CATGGCCTTCCGTGTTCCT -3, R: &/~
TGATGTCATCATACTTGGCAGGTT-3’; Mouse Grinl F: 5'-
GCTCAGAAACCCCTCAGACA -3, R: 5- GGCATCCTTGTGTCGCTTGTAG -3’; Mouse
GrinZaF: 5- TACTCCAGCGCTGAACATTG -3/, R: 5- TCAGCTGGACCTGTGTCTTG
-3’; Mouse Grin2bF: 5'- GAGCATAATCACCCGCATCT -3/, R: 5/-
AAGGCACCGTGTCCGTATCC -3’; Mouse GrinZcF: 5- GCAGAACTTCCTGGACTTGC
-3/, R: 5- CTCTTCACGGGAGCAGTAGG -3’; Mouse Grin2dF: 5'-
TTTTGAGGTGCTGGAGGAGT -3, R: 5- GTCTCGGTTATCCCAGGTGA -3’; Mouse
Grin3aF: 5- AAA GCC ATT TGC CAT TGA AG -3/, R: 5’- GAA TCC TAT GCA CAG
CAG CA -3'; Mouse Grin3bF: 5- CTACATCAAGGCGAGCTTCC -3/, R: 5/~
AGCTTGCAGTCCGCATCTAT -3'. Data were all normalized to expression of the
housekeeping gene Gapdhto control for sample size and processing. For CaRF luciferase
assay, RNA was harvested from HEK293T cells at 2 days after transfection. cCaRE-Luc
plasmid was previously described (Pfenning ef a/. 2010; Lyons ef a/. 2012) and TK-renilla
luciferase is from Promega. The firefly luciferase mMRNA levels were normalized for each
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well to cotransfected renilla luciferase mRNA levels. The primer sequences for firefly
luciferase were 5’-GAGGTGAACATCACGTACGCG-3’ and 5'-
AAGAGAGTTTTCACTGCATACGACG-3 and for renilla luciferase were 5'-
GAAACTTCTTGGCACCTTCAACA-3 and 5’-
GCTTATCTACGTGCAAGTGATGATTT-3

RNAI and Lentiviral Infection

Four independent shRNAs were used to knockdown mouse Carf, and were paired with a
vector-matched control (Ctrl). CarfshRNA1 (5-GAAGACAGCACCAGCAATTAC-3) and
Ctrl1(5-AAACAAGCCCATTCGCGGATT-3), which is a scrambled version of Carf
shRNAL, were cloned into vector pLLx3.8 (Zhou et al. 2007). CarfshRNA2
(TRCN0000086260; 5’-GCAGATGAACATAGCCCTCAA-3), CarfshRNA3
(TRCN0000086262; 5’-GACGATGGTGAGAAGTCAGAA-3), CarfshRNA4
(TRCNO0000086261; 5’-CCAGCCAGGATATACATTAAA-3") were purchased from Thermo
Scientific and the empty pLKO.1 vector was used as Ctrl2. BdnfshRNA
(TRCN0000065384; 5’-CAAGGCTGTTAGAGAGATAATTGGA-3') were purchased from
Thermo Scientific and the empty pLKO.1 vector was used as Ctrl. The rat GIUN3A and rat
CaRF-myc expression plasmids were constructed by placing the rat Grin3aor Carf-myc
coding sequences under control of the ubiquitin promoter in the lentiviral expression vector
pFUIGW (Lois et al. 2002). The C-terminally truncated rat CaRF(1-268) expression plasmid
was cloned by PCR from rat brain cDNA generating a fragment expressing amino acids
1-268, which corresponds to the shortest truncated version of mouse CaRF (AAs 1-251, Fig.
S4). The construct was placed under control of the ubiquitin promoter in the lentiviral
expression vector pFUIGW (Lois et al. 2002). For viral infection of neurons, shRNA or viral
expression constructs were packaged as lentiviral particles in HEK 293T cells following
standard procedures. Concentrated viruses were titered on mouse cortical neurons which
were infected for 6 hrs on day in vitro (DIV) 1 at a multiplicity of infection of 1 in BME
medium (Sigma) with 0.4ug/mL added polybrene (Sigma).

Immunofluorescence

Embryonic mouse cortical neurons were cultured on PDL/laminin coated glass coverslips
(Bellco) and fixed in 4% paraformaldehyde at room temperature for 10mins. Neurons were
blocked in 10% normal goat serum and permeabilized in 0.3% Triton X-100 prior to
antibody incubation. Coverslips were incubated in primary antibodies overnight at 4°C.
Secondary antibodies were incubated at room temperature for 1 hr. Hoechst dye (0.1pg/ml,
Sigma) was used to label nuclei. Primary antibodies used in this study for
immunocytochemistry were mouse anti-MEF2D, 1:1000 (BD Biosciences; #610774). mouse
anti-Gephyrin, 1:500 (Synaptic Systems; 147021), rabbit anti-GADG65, 1:500 (Millpore;
AB5082), chicken anti-GFP, 1:2000 (Millpore; AB16901).

Western Blotting

Cells were homogenized in homogenization buffer (320 mM Sucrose, 10mM HEPES pH
7.4, 2mM EDTA, 1mM DTT and protease inhibitors). Nuclear pellet was centrifuged out at
1500xg for 15min. Cytosolic and membrane fractions were separated by centrifuging at
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200000xg for 20min. Membrane, cytoplasmic, and nuclear extracts were run for SDS-PAGE
and transferred to Nitrocellulose for western blotting following standard procedures.
Primary antibodies used in this study for western blotting were mouse anti-Actin, 1:5000
(Millipore; MAB1501); rabbit anti-CaRF, 1:500 (#4510,McDowell et al., 2010); rabbit anti-
Histone H3, 1:5000 (Millipore; catalog #070-690); rabbit anti-GIuUN3A, 1:1000 (Millipore;
#07-356); mouse anti-Transferrin Receptor, 1:2000 (Invitrogen; #13-6800).

Electrophoretic Mobility Shift Assays (EMSA)

Nuclear extracts from cultured mouse cortical neurons infected on DIV1 with viruses
expressing the shRNAs targeting Carfor their respective controls were harvested on DIV7
and used for EMSA as previously described (McDowell ef a/. 2010). Probes were end
labeled with 32P and EMSA images were captured on a Storm phosphorimager (Molecular
Dynamics). The high affinity CaRF-binding cCaRE probe, CaRE1 and mCaRE1 have been
previously described (Pfenning et al. 2010; Lyons et al. 2012). The probes of two potential
CaRF binding sites near Grin3apromoter are listed here (gCaREL: 5/~
TCATTATGAGACAGA, gCaRE2: 5’-TCTCGAGGAGACAGA).

BDNF ELISA

Two-site BDNF ELISA was performed as previously described (Hong ef a/. 2008;
McDowell et al. 2010). Total protein concentration in the lysate was measured by BCA
protein assay kit (Pierce) and BDNF protein concentrations were measured by the BDNF
Emax ImmunoAssay System (Promega).

Pilocarpine-induced Seizure

Adult (8-12 week old) male C57BL6/J mice (Charles River Labs) were weighed and
injected with 1 mg/kg methyl scopolamine nitrate (i.p.). 30 min later mice were injected i.p.
with either 337 mg/kg pilocarpine HCI or saline (control mice) and monitored for status
epilepticus as previously described (Wijayatunge et al. 2014). 1, 3, or 6 hrs following the
onset of status epilepticus, mice were deeply anesthetized with isofluorane and decapitated
for brain harvesting. Brains of control mice were harvested 3 hrs after the saline injection.
5-6 mice were used for each time point. The hippocampus was rapidly dissected bilaterally,
flash frozen on dry ice/ethanol, and stored at —80°C prior to RNA harvesting, cDNA
synthesis, and quantitative PCR as described above.

Dark Adaptation and Light Exposure

Male and female Carfwildtype (WT) and knockout (KO) adult mice (McDowell et a/. 2010)
or pups with their mothers at postnatal day 14 (P14) were transferred from their normal
housing room with a 12 hr:12 hr light:dark cycle into a light-tight dark housing room to
maintain constant darkness for 7 days. Animals in the unstimulated (dark) condition were
killed and their eyes enucleated in the dark prior to bringing the body into the light to dissect
the brain. Animals in the stimulated (light-exposed) condition were removed from the dark
room and exposed to normal lighting for 6 hrs prior to tissue harvesting. For MK-801
(Sigma) experiments, 6-month-old adult were injected intraperitoneally (i.p.) in the dark
with either saline (control) or 1mg/kg MK-801 diluted in 0.9% NaCl 30 min prior to being
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brought into the light. V1 visual cortex and S1 somatosensory cortex were isolated based on
anatomical landmarks and immediately flash frozen. RNA and protein were harvested and
measured as described above.

Quantification of inhibitory synapse density

Embryonic mouse cortical neurons were cultured on PDL/laminin coated glass coverslips
(Bellco). Neurons were transfected with Ctrll or CarfshRNAL by lipofectamine 2000 on
DIV 3 and fixed in 4% paraformaldehyde at room temperature for 10mins on either DIV14
or DIV19. Neurons were blocked in 16% normal goat serum and permeabilized in 0.2%
Triton X-100 prior to antibody incubation. Coverslips were incubated in primary antibodies
overnight at 4°C. Secondary antibodies were incubated at room temperature for 1 hr.
Hoechst dye (0.1ug/ml, Sigma) was used to label nuclei. Primary antibodies used in this
study were mouse anti-Gephyrin, 1:500 (Synaptic Systems; 147021), rabbit anti-GAD65,
1:500 (Millpore; AB5082), chicken anti-GFP, 1:2000 (Millpore; AB16901). Images were
acquired on a Leica SP8 confocal microscope with a 40X objective at 1024X1024 pixel
resolution. Images were collected as a z-stack of 10-12 sections at 0.5um step size, and
maximum intensity projections generated from the z-stack were used for analysis. Synapse
density was quantified with ImageJ using NeuronJ and SynapCountJ plugin. For each
experiment, approximately 5-10 neurons from at least two different coverslips were
analyzed, and between 2-3 experiments were conducted per condition.

Statistical Analyses

Results

Unless otherwise indicated, all data presented are the average of at least three biological
replicates 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. Bar and line graphs show mean values and all error bars show S.E.M.

Loss of CaRF results in potentiation of NMDAR-dependent transcription

To assay NMDAR-dependent activation of Badnftranscription, we stimulated dissociated
mouse cortical neuron cultures with tetrodoxin withdrawal (TTX WD). This stimulus has
previously been characterized for its ability to induce IEG expression in neurons in an
NMDAR-dependent manner (Rao et al. 2006; Saha et al. 2011; Ghiretti et al. 2014),
including exon 1V-containing forms of Badnf(Fig.1A). We confirmed that pretreatment with
the NMDAR antagonist APV significantly attenuated TTX WD-induced BdnflV expression
(p=0.0285). Conversely, pre-treatment with the L-VGCC antagonist Nimodipine alone had
no significant effect on TTX WD-induced Banf1V expression (p=0.5372), though it blocked
Badnf1V transcription induced by membrane depolarization with elevated extracellular KCI
(p=0.0047) (Fig. 1A,B). Thus using these two stimulation paradigms (TTX WD and
elevation of extracellular KCI) we can selectively activate gene transcription in an NMDAR-
or L-VGCC-dependent manner.

To test the requirement for CaRF in NMDAR-dependent activation of Banf1V, we
characterized two independent shRNAs in lentiviral vectors that knockdown (KD)
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expression of CaRF in cultured neurons (Fig. S1). We then measured Banf1V mRNA
following TTX WD. To our surprise, given that we have previously characterized CaRF as
an activator of Banftranscription, we found that Banf1V induction was significantly
potentiated upon TTX WD in CaRF KD neurons compared with neurons that were infected
with paired control viruses (CarfshRNAL: p= 0.0171; CarfshRNA2: p= 0.0269; Fig. 2A).
This effect was selective for the activation of BanfIV transcription by NMDARs because we
did not observe any significant difference in Banf1V induction between CaRF control and
KD neurons when we stimulated L-VGCC-dependent transcription with the elevation of
extracellular KCI (CarfshRNAL: p=0.8989; CarfshRNAZ2: p= 0.9814; Fig. 2B). The
transcriptional activation of Banf1V by both TTX WD and KCI leads to increased
expression of BDNF protein as measured by ELISA (Fold induction BDNF after KCI: 4.54
+0.17, n=6; after TTX WD: 3.06 *+ 0.49, n=6). Importantly, the potentiation of NMDAR-
dependent Banf1V transcription we observed in CaRF KD neurons resulted in enhanced
expression of BDNF protein in CaRF KD compared with control neurons (p< 0.0001; Fig.
2C). By contrast, KCIl-mediated membrane depolarization induced BDNF protein expression
to similar levels in both CaRF control and KD neurons (p=0.7889; Fig. 2C).

In addition to Bdnf, other IEGs including Fosand Arcare strongly induced by TTX WD
stimulation and the activation of NMDARSs (Saha et a/. 2011). We found that KD of CaRF
did not lead to a nonspecific increase in all NMDAR-activated transcription (Fig. 2D),
because the TTX WD-induced expression of Foswas not different between CaRF control
and KD neurons (CarfshRNA1: p=0.1926; CarfshRNA2: p=0.6159). However KD of CaRF
did lead to a potentiation of TTX WD-induced Arc expression compared with that seen in
control-infected neurons (CarfshRNAL: p= 0.0264; CarfshRNA2: p< 0.0001),
demonstrating that the effects of CaRF on NMDAR-dependent gene expression extend
beyond the regulation of Bdnf. These data reveal for the first time that CaRF regulates
NMDAR-dependent neuronal plasticity by selectively inhibiting NMDAR-dependent
activation of a subset of IEGs, which include not only Banf1V but also Arc.

The NMDAR subunit gene Grin3a is a regulatory target of CaRF

CaRF is a DNA binding transcription factor that in neurons is bound to a large number of
regulatory elements dispersed across the genome (Pfenning et al. 2010). Because the effects
of CaRF KD were selective for NMDAR-dependent transcription, we reasoned that CaRF
might confer this specificity via regulation of components of the NMDAR itself. In addition
to the obligatory GIuN1 subunit encoded by the GrinI gene, forebrain neurons most highly
express the GIUN2A and B subunits encoded by GrinZaand Grin2b as well as the GIUN3A
subunit encoded by Grin3a (Fig. S2). Of the genes encoding these subunits, only Grin3awas
among those we found significantly changed in microarray analysis of gene expression in
mouse cortical neurons lacking Carf(Whitney et al. 2014). Q-PCR confirmed that CaRF
knockdown had consistent and significant effects expression on the Grin3a gene, which was
reduced by more than 50% in CaRF KD neurons relative to control (CarfshRNAL: p=
0.0001; CarfshRNA2: p< 0.0001; Fig. 3A). Furthermore, levels of GIUN3A were
significantly reduced in membrane fractions taken from the cortex of postnatal day 21 (P21)
CaRF knockout (KO) mice as compared with their wildtype (WT) littermates (p=0.0013;
Fig. 3B).
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If Grin3ais a regulatory target of CaRF, these gene products should be co-regulated. Grin3a
is most highly expressed during a transient period in early postnatal forebrain development
(Ciabarra et al., 1995; Sucher et al., 1995), and notably, CaRF expression follows a similar
pattern of temporal regulation (McDowell et a/. 2010). Furthermore our data show that, in
addition to this slow developmental regulation, expression of CaRF is under the more acute
control of activity-regulated signaling pathways. Following pilocarpine-induced seizure,
which rapidly upregulated expression of BanflV and Fosin hippocampus (Fold induction
Banf1V 1hr after pilocarpine injection: 9.24 + 1.53, n=5-6; Fold induction Fos 1hr after
pilocarpine injection: 105.73 + 23.5, n=5-6), Carfexpression was significantly reduced
(F1,21=19.15, p<0.0001; Fig. 3C). Grinl, GrinZa, and Grin2b showed no significant change
in their expression over this timecourse (Grinl: F1 21=0.42, p=0.7342; GrinZa. F1 21=0.96,
p=0.4296; Grin2b. F1 21=0.17, p=0.9148; Fig. 3D), however like Carf, Grin3aexpression
was significantly reduced following pilocarpine treatment (F1 1=7.26, p=0.002; Fig. 3C).
The downregulation of both Carfand Grin3awas recapitulated by elevation of extracellular
KCI in cultured hippocampal neurons, suggesting a role for calcium signaling pathways in
this regulation (Carf. p< 0.0001; Grin3a. p= 0.0001; Fig. 3E). Consistent with this
hypothesis, treating cultures with 2.5mM EGTA, which chelates free extracellular calcium,
drove a significant increase in both Carfand Grin3a mRNA expression (Carf. p=0.0051;
Grin3a. p=0.0001; Fig. 3E). This induction was transcription-dependent, because the EGTA-
dependent increase of Carfand Grin3a mRNA expression was blocked by pre-treatment with
the transcriptional inhibitor Actinomycin D (Carf. p=0.0002; Grin3a: p< 0.0001; Fig. 3E).

Because CaRF can function as a DNA sequence-specific transcriptional activator (Tao et al.
2002), it could regulate the expression of Grin3a directly by binding to the Grin3a promoter.
Although a search of the proximal Grin3apromoter revealed two elements with partial
homology to the consensus CaRF binding site, electrophoretic mobility shift assays revealed
no evidence for CaRF binding at these sites (Fig. S3) and furthermore CaRF binding was not
detected at the proximal Grin3a promoter by ChlP-seq (Pfenning et al. 2010). Thus these
data suggest that CaRF does not directly bind the proximal Grin3a promoter.

The Carfgene encodes several splice variants, some of which lack the C-terminal activation
domain and are predicted to encode truncated CaRF isoforms that function as transcriptional
repressors (Fig. S4, S5) (Tao et al. 2002; McDowell et al, 2010; Pfenning et al. 2010). To
determine which forms of CaRF are required for regulation of Grin3awe tested the
consequences of knocking down CaRF using sShRNAs that are either specific to the longer
forms or common to sequences contained within all variants (Fig. S4). Whereas all ShRNAs
reduced the expression of CaRF mRNA (Fig. 4A) only the shRNAs that targeted all of the
truncated and the full-length CaRF variants resulted in reduced expression of Grin3a (Carf
shRNAZ2: p= 0.0018; CarfshRNA3: p<0.0001; CarfshRNA4: p=0.0882; Fig. 4B). Because
these data suggested that expression of the shorter truncated version of CaRF might be
sufficient to promote expression of Grin3a, we selectively re-expressed rat isoforms of either
truncated or full-length CaRF in CaRF KD neurons, which due to sequence variation in the
region targeted by CarfshRNA1 are resistant to knockdown. Though both rescue constructs
were overexpressed relative to endogenous levels of CaRF (Fig. S5), only the truncated form
of rat CaRF was able to restore Grin3aexpression in CaRF KD neurons (CarfshRNAL:
p<0.0001; rCaRF rescue: p=0.009; rCaRF(1-268): p=0.1018; Fig. 4C). Since this variant of
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CaRF lacks the transcriptional activation domain (Fig. S4, S5), taken together with the lack
of CaRF binding to the Grin3apromoter (Fig. S3), these data suggest that CaRF functions in
an indirect manner to drive Grin3a expression.

Regardless of the mechanism by which CaRF regulates expression of Grin3a, if the
potentiation of NMDAR-dependent transcription in CaRF KD neurons is due to the reduced
GIuN3A expression we observed, then rescuing the expression of GIUN3A in these neurons
should be sufficient to restore the regulation of TTX WD-induced Bdnf1V expression to
control levels. To test this hypothesis, we first asked whether selective re-expression of the
truncated form of rat CaRF would restore NMDAR-regulated BanfIV induction to control
levels in CaRF KD neurons. Consistent with this hypothesis we found that expression of an
shRNA-resistant form of CaRF significantly reduced NMDAR-dependent Banf1V induction
in shRNA-expressing neurons toward control levels (rCaRF(1-268): p=0.0005; Fig. 4D).
Notably, re-expressing full-length rat CaRF also partially rescued Bdnf1V inducibility
despite the fact that it did not rescue Grin3aexpression (rCaRF: p=0.0031; Fig. 4C,D).
Because our previous microarray and chromatin immunoprecipitation experiments have
identified a large number of putative CaRF target genes (Pfenning et al. 2010; Whitney et al.
2014), we interpret these latter data to suggest that full length CaRF may regulate gene
products other than Grin3athat can also impact Badnfinducibility. Thus to more directly
determine whether restoration of GIUN3A can rescue Banfinducibility in neurons lacking
CaRF, we overexpressed rat GIUN3A or GFP as a control in both CaRF KD and control
neurons and measured the induction of Banf1V mRNA upon TTX WD. Whereas CaRF KD
neurons expressing GFP showed potentiated induction of Banf1V and Arc relative to control
neurons, when we expressed rat GIUN3A together with the CarfshRNA, the induction of
Banf1V and Arcwas not significantly different from control (Bdnf1V: p= 0.8960; Arc. p=
0.8243; Fig. 4E and 4F). Together these data place CaRF as an indirect upstream regulator of
Grin3a, and Grin3a upstream of Bdnf1V and Arcinduction, establishing a mechanism by
which CaRF can selectively modulate NMDAR-dependent processes in the developing
brain.

Enhanced sensory experience induced gene transcription in the developing cortex of
CaRF knockout mice

NMDARs and activity-regulated genes like Banfplay an important role in the sensory
experience-dependent refinement of cortical organization in the postnatal brain. Given that
both CaRF and GIUN3A show peak expression during of the first two postnatal weeks of
brain development (McDowell et al. 2010; Ciabarra et al. 1995; Sucher et al. 1995), we
hypothesized that the CaRF-GIUN3A pathway we have elucidated here may be important for
regulating NMDAR-dependent gene expression by sensory stimuli in the developing
postnatal brain. To test this hypothesis, we assayed light-dependent activation of
transcription in the visual cortex of mice that were dark-adapted from postnatal day 14 (P14)
to P21.

Light exposure drives rapid upregulation of Bdnfexpression in visual cortex (Castrén et al.
1992). This induction is NMDAR-dependent because when we pretreated dark-adapted mice
with the NMDAR inhibitor MK-801 prior to light exposure we significantly inhibited the
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induction of Banf1V mRNA by light (p= 0.0309; Fig. 5A). Because we found that GIUN3A
expression is reduced in the developing cortex of CaRF KO mice relative to their WT
littermates at P21 (Fig. 3B) we predicted that light-dependent activation of NMDAR-
dependent gene transcription at this time point would be enhanced in the visual cortex of
these mice. Indeed we found that light-induced expression of both BanflV mRNA and
BDNF protein were potentiated in visual cortex of P21 dark-adapted CaRF KO mice
compared with their identically treated WT littermate controls (mMRNA: p=0.0003; protein:
p=0.0156; Fig. 5B). The induction of gene expression was specific to brain regions activated
by the light stimulus, because we saw no light-dependent regulation of activity-dependent
genes in somatosensory cortex of the same mice (Fold induction Fos. 1.21 + 0.56; Arc. 0.90
+0.32; Banf1V: 0.67 + 0.12. Fig. S6). The potentiation of Banf1V transcription in CaRF
KO mice did not reflect a general increase in all NMDAR-dependent transcription because
we saw no difference between CaRF WT and KO mice in the light-dependent induction of
Fos (p= 0.2446; Fig. 5C). However, similar to our results in cultured neurons, the
potentiation of NMDAR-dependent transcription in CaRF KO mice did extend to other
NMDAR-dependent genes including Arc (p= 0.0001; Fig. 5D). Interestingly, although
transcriptional regulation of Banfpromoter | is also regulated by NMDARs expression of
Badnfexon | does not show potentiation of light-induced expression in the visual cortex of
CaRF KO mice (p=0.7034; Fig. 5E). Taken together these data demonstrate that CaRF plays
an important role in limiting sensory stimulus-regulated transcription of NMDAR-dependent
genes in the developing postnatal brain.

Enhanced BDNF expression in CaRF-knockdown neurons accelerates inhibitory synapse
development

The best characterized function of neuronal activity-dependent BDNF transcription in the
developing brain is its role in promoting the formation of GABAergic synapses (Hong et al.
2008). We previously reported that we found increased expression of GABAergic synaptic
proteins in the striatum of adult CarfKO mice (McDowell et al. 2010). To determine
whether the enhanced NMDAR-dependent BDNF expression we detected in the CaRF KO
and KD neurons could contribute to increases in GABAergic synapse formation, we assayed
the development of GABAergic synapses by co-localization of pre- and post-synaptic
markers in cultured control and Carf KD neurons. The density of GABAergic synapses
increased between Day 14 in culture (DIV14) and DIV19 (Ctrl1: p<0.0001; Fig. 6). This
developmental increase in GABAergic synapses was attenuated by transfection of an ShRNA
that knocks down expression of Badnf(Fig. S7), demonstrating the importance of BDNF as a
modulator of GABAergic synapse number (DIV19, Ctrl1+BdnfshRNA: p=0.0417). This
increase was significantly greater in CaRF KD neurons compared with control (DIV19, Carf
shRNAL: p=0.0425) indicating that CaRF functions to limit GABAergic synapse formation
during development. The effect of losing CaRF on GABAergic synapse number was BDNF-
dependent because knocking down BDNF in CaRF KD neurons blocked the increase of
GABAergic synapses compared to control on DIVV19 (DIV19, CarfshRNA1+ BdnfshRNA:
p=0.0473; Fig. 6). Together these data demonstrate that CaRF-dependent modulation of
BDNF transcription is important for regulating GABAergic synapse formation during
development.
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Discussion

NMDA-type glutamate receptors couple sensory experience with synapse maturation and
neuronal survival in the developing brain (Scheetz and Constantine-Paton 1994; Cull-Candy
and Leszkiewicz 2004). NMDARs exert long-lasting effects on brain development at least in
part via their ability to activate calcium-regulated gene transcription (Bading 2013). Our
studies provide a new angle on the molecular mechanisms of this experience-dependent
brain development by showing for the first time that the transcription factor CaRF regulates
NMDAR-dependent gene transcription. Specifically we find that neurons lacking CaRF have
enhanced NMDAR-dependent activation of Banfand Arc, transcription of which mediates
experience-dependent synaptic plasticity in the developing cortex (Leslie and Nedivi 2011).
Interestingly our data further suggest that CaRF acts upstream of NMDARs to limit synaptic
activity-dependent gene transcription in the developing brain by regulating NMDAR subunit
composition.

Permissive and instructive actions of CaRF on activity-regulated genes

It is well established that the promoters and enhancers of activity-regulated genes including
Badnfand Arcare bound by multiple activity-responsive transcription factors (e.g. CREB,
MEF2, SRF) (Lyons and West 2011). Under basal conditions these activity-dependent
transcription factors are either inactive or they actively repress their target genes. In response
to synaptic activity, calcium signaling pathways rapidly convert these factors into potent
transcriptional activators. CaRF is also bound to the promoters of many activity-regulated
genes including Banf(Tao et al. 2002; Pfenning et a/. 2010). However unlike CREB and
MEF2, full-length CaRF is competent to mediate transcription even in the absence of
synaptic activity and it undergoes a comparatively small increase in its ability to promote
transcription following membrane depolarization (Tao ef a/ 2002; West 2011). CaRF can
likely also act as a basal repressor, because among the set of genes that have CaRF bound at
their promoters, equal numbers are up- versus down-regulated in CaRF knockout neurons
compared with control (Pfenning et a/. 2010). Although the mechanisms that allow CaRF to
both activate and repress genes are not fully understood, the Carfgene does encode short
variants that contains the DNA binding domain but lack the transcriptional activation domain
(Tao et al. 2002) and our evidence that selective re-expression of the truncated form of CaRF
in CaRF KD neurons is sufficient to rescue both Grin3aexpression and NMDAR-dependent
Badnf1V induction (Fig. 4C,D) suggests that the repressor forms contribute to neuronal gene
regulation. Taken together, we interpret these data to suggest that CaRF primarily acts at
activity-regulated gene promoters not as a calcium-inducible activator, but rather as a basal
activator or repressor.

Stimuli that increase synaptic activity decrease CaRF expression (Fig. 3C). Thus we propose
that it is the loss of the basal activator or repressor activity at CaRF-regulated promoters
following synaptic activity that permits transcription of these genes to rise or fall. This
model helps to explain our previous microarray analysis of L-VGCC regulated transcription
in CaRF knockout and knockdown neurons (Whitney et al. 2014). In those experiments we
discovered a set of genes that increase or decrease their expression following membrane
depolarization in CaRF wildtype neurons, but which show either basally increased or
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decreased expression, respectively, in neurons that lack CaRF. Furthermore, these genes
show no change in their expression following membrane depolarization in neurons lacking
CaRF. The occlusion of L-VGCC-dependent regulation in CaRF-lacking neurons suggests
that the activity-induced loss of CaRF expression mediates the transcriptional regulation of
these target genes. Conversely, since CaRF expression is elevated by pharmacological
inhibition of intracellular calcium (Fig. 3E) our model also predicts that CaRF may play an
instructive role in activating or repressing gene transcription following the inhibition of
synaptic activity. This is interesting because although increases in transcription are required
to mediate homeostatic synaptic scaling following inhibition of neuronal firing (Ibata et a/.
2008), very few transcription factors have been described that show increases in their
transcriptional activity under conditions of reduced neuronal activity. Other than CaRF the
only known transcription factor that may show inactivity-induced increases in its
transcriptional activity is CCAT, which is derived from an alternative promoter in an intron
of the gene encoding the L-VGCC subunit Cacnalc and which translocates to the nucleus of
neurons under conditions of low intracellular calcium (Gomez-Ospina et al. 2006; Gomez-
Ospina et al. 2013). Whether CaRF or CCAT is required for inactivity-dependent
glutamatergic synaptic scaling remains to be determined.

Modulation of NMDAR-dependent transcription

In addition to regulating a subset of activity-responsive genes directly, our data suggest that
CaRF also impacts NMDAR-dependent transcription by promoting the expression of the
Grin3a gene, which encodes the NMDAR subunit GIUN3A. NMDARs are comprised of an
obligatory GIuN1 subunit together with variable GIuN2(A-D) and GIuN3(A-B) subunits
(Kéhr 2006). Expression of GIUN3A is strongly developmentally regulated in the mouse
forebrain, with highest levels of expression occurring during the first two postnatal weeks of
life (Al-Hallaq et al. 2002; Sasaki et al. 2002; Wong et al. 2002). Transient expression of
GIuN3A in this time period is required for the proper temporal regulation of excitatory
synapse maturation (Roberts et al. 2009; Kehoe et al. 2014; Henson et al. 2012). Our data
are the first to suggest that GIUN3A may contribute to activity-dependent synapse
development by modulating NMDAR-dependent changes in gene transcription. Specifically
our observation that rescuing the expression of GIUN3A in CaRF knockdown neurons is
sufficient to restore the induction of Badnfand Arcto control levels (Fig. 4D,E), places the
actions of GIUN3A downstream of CaRF and upstream of NMDAR-dependent BanflV and
Arcinducibility.

The presence of GIUN3A could impact NMDAR-dependent transcription either by altering
the biophysical or the biochemical signaling properties of NMDARs. NMDARs containing
GIuN3A have reduced calcium permeability (Kehoe et a/. 2013), and because calcium is a
key mediator of NMDAR-induced gene transcription (Lyons and West 2011) it is possible
that GIUN3A inhibits the induction of activity-dependent genes by limiting the synaptic
activity-induced elevation of postsynaptic calcium. However this model fails to explain why
only a subset of activity regulated genes (e.g. Banf1V and Arc, but not Fosand Banf1)
appear to be sensitive to GIUN3A expression. An alternative possibility, in analogy to the
differential ability of GIUN2A versus GIuN2B containing NMDARs to activate CREB
(Martel et al. 2012), is that GluN3A-containing and GIuN3A-lacking NMDARs differ in
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their abilities to activate specific downstream transcription factors. This could explain the
specificity of gene regulation because different activity-regulated genes are induced by
distinct complements of transcription factors (Lyons and West 2011). The long intracellular
C-terminal tail of GIUN3A, which is distinct from that of other NMDAR subunits, provides
docking sites for an assortment of intracellular signaling molecules (Henson et a/. 2010). If
GIluN3A-mediated recruitment of one or more of these signaling molecules to NMDARs
were to change the ability of NMDARS to signal to specific transcription factors in the
nucleus, this could impact the transcriptional outcome of NMDAR activation. Identifying
whether specific stimulus-regulated transcription factors are differentially activated in the
presence or absence of GIUN3A will help advance understanding of the mechanisms by
which subunit composition can affect the specificity of NMDAR-dependent transcriptional
regulation.

Activity-dependent transcription in the developing brain

Our evidence that young CaRF knockout mice show enhanced light-dependent induction of
Badnfand Arcin the visual cortex (Fig. 5B and 5D) suggests that CaRF-dependent
modulation of NMDAR-dependent transcription may contribute to the fidelity of experience-
dependent synapse maturation in the developing brain. Consistent with this model we find
that CaRF knockdown neurons show enhanced GABAergic synapse development in culture
that is BDNF-dependent (Fig. 6). The expression of both Bdnfand Arcis under tight spatial
and temporal control in the developing cortex and even subtle disruption of this regulation
can have a substantial impact on cortical development. Activity-dependent transcription of
Badnfmediated by CREB activation is required for proper development of inhibitory
GABAergic synapses in the developing brain (Hong et a/. 2008). Inhibition has been tightly
linked to timing the critical period for plasticity in visual cortex (Hensch 2005), and indeed
transgene expression of BDNF early in postnatal development both accelerates maturation of
GABAergic synapses and leads to premature closure of the critical period for ocular
dominance plasticity (Huang et a/, 1999). Arc functions in excitatory synapse maturation
and the loss of Arc in the postnatal brain is associated with impaired sensory-dependent
synapse plasticity in the visual cortex (McCurry et al. 2010; Wang et al. 2006). Given that
expression of CaRF is highly developmentally regulated, with peak expression in the early
postnatal brain (McDowell et al. 2010), we propose that CaRF may act to refine the fidelity
of sensory- and NMDAR-dependent gene transcription in the developing cortex in ways that
optimize the timing of critical period plasticity. Adult CaRF knockout mice have enhanced
expression and synaptic localization of GABAergic synapse proteins (McDowell et al. 2010)
and display aberrant learning in Morris Water Maze, novel object, and interval timing tasks
(Agostino et al. 2013; McDowell et al. 2010). Determining whether these defects arise from
impaired postnatal expression of CaRF will enhance our understanding of the importance of
tuning activity-dependent gene regulation in this critical period of brain development.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stimulus-selective induction of Bdnf exon 1V transcription
(A) Levels of Bdnfexon IV-containing mRNA in mouse cortical neurons either without

stimulation (Basal) or 6 hrs following TTX withdrawal (TTX WD) or 55mM elevated
extracellular potassium (KCI) prior to RNA harvesting. Stimulation was done in the
presence of the following pharmacological blockers of NMDARs and L-VSCCs: none (Ctrl),
+APV, nimodipine (+Nim), or APV + Nim (+APV/Nim). mRNA levels are reported as fold
induction relative to Basal. n=3. (B) Relative induction Banfexon IV-containing mRNA by
TTX WD or KCl replotted from (A) for direct comparison of the relative efficacy of
NMDAR and L-VSCC inhibitors in the two different stimulation protocols. We set the fold
induction reached by either TTX WD or KClI in the Ctrl group to 100%. *p<0.05 compared
with Ctrl in TTX WD. #p<0.05 compared with Ctrl in KCI.
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Figure 2. Knockdown of Carf selectively enhances NM DAR-dependent transcription
(A) Levels of Bdnfexon IV mRNA in cortical neurons infected with the indicated

lentiviruses then stimulated with 6hrs TTX WD. Left, relative basal and stimulus fold
induction of Banf1V mRNA in WT and CaRF KD neurons. Right, induced mRNA levels for
neurons infected with each shRNA targeting Carf(ShRNA1, shRNAZ2) are reported as
percentages of induction relative to their respective control vectors (Ctrll or Ctrl2). n=3-4,
*p<0.05 compared with Ctrl1, #p<0.05 compared with Ctrl2. (B) Levels of Banfexon IV
mMRNA in cortical neurons infected with the indicated lentiviruses then stimulated with
55mM extracellular KCI for 6hrs. Left, relative basal and stimulus fold induction of BanfIV
mMRNA in Ctrl and CaRF KD neurons. Right, induced mRNA levels for neurons infected
with each shRNA targeting Carf(sShRNA1, shRNA2) are reported as percentages of
induction relative to their respective control vectors (Ctrl1 or Ctrl2). n=3-4 (C) Levels of
BDNF protein as measured by ELISA from neurons treated for 6 hrs as in (A) and (B).
Protein levels are reported as percentages of induction by TTX WD or KCI relative to
control shRNA (Ctrl1) n=6, *p<0.05 compared with Ctrl1. (D) Levels of Arcand Fos
mMRNA in cortical neurons infected with the indicated lentiviruses then stimulated with
90min TTX WD. n=3-4 *p<0.05 compared with Ctrl1, #p<0.05 compared with Ctrl2.
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Figure 3. Carf and Grin3a are co-regulated
(A) Grin3a mRNA levels in mouse cortical neurons infected with the indicated lentiviruses.

n=8, *p<0.05 compared with Ctrl1. #p<0.05 compared with Ctrl2. (B) Representative image
(left) and quantification (right) of Western blot showing GIUN3A level in membrane
fractions from the cortex of p21 CaRF WT or CaRF KO mice. Transferrin receptor is shown
as a loading control. Band density in each lane was quantified using ImageJ. n= 6WT, 3KO.
*p<0.05 compared with CaRF WT. (C) Carfand Grin3a mRNA levels in the hippocampus
of mice injected with either saline (Basal) or pilocarpine for the indicated amounts of time.
n=5-6, *p < 0.01 compared with CarfBasal. #p<0.05 compared with Grin3a Basal. (D)
Indicated mRNA levels in the hippocampus of mice injected with either saline (Basal) or
pilocarpine for the indicated amounts of time. n=5-6. (E) Carfand Grin3a mRNA levels in
mouse cortical neurons treated with KCI, EGTA, Actinomycin D or EGTA + Actinomycin D
for 6hrs. n=5-6, *p < 0.05 compared with Basal. #p<0.05 compared with EGTA.
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Figure 4. CaRF regulates Grin3a expression indirectly
(A) Levels of CarfmRNA in mouse cortical neurons infected with lentiviruses encoding

shRNAs targeting three independent sequences in Carf. CarfmRNA levels are shown
normalized to expression in cells infected with the paired control virus (Ctrl2). n=3. *p<0.05
compared with Ctrl2. (B) Grin3a mRNA levels in mouse cortical neurons infected with the
indicated lentiviruses. n=3, *p<0.05 compared with Ctrl2. (C) Grin3a mRNA levels in
mouse cortical neurons infected with the indicated lentiviruses. n=4-10, *p<0.05 compared
with Ctrl1. (D) Bdnfexon IV mRNA level in cortical neurons infected with the indicated
lentiviruses following stimulation with 6hrs TTX WD. n=6-10, *p<0.05 compared with
Ctrll1. #p<0.05 compared with CarfshRNAL. (E) Bdnfexon IV and (F) Arc mRNA level in
cortical neurons infected with the indicated lentiviruses following stimulation with 6hrs TTX
WD. n=5-6, *p<0.05 compared with Ctrl1. #p<0.05 compared with CarfshRNAL.
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Figure 5. Potentiation of light-induced genetranscription in the visual cortex of CaRF knockout
mice

(A) Levels of Bdnfexon IV mRNA in the primary visual cortex of adult mice adapted to
darkness for 7 days. Mice were injected with either saline or the NMDAR blocker MK-801
in the dark, then 30 min later they were either maintained in darkness (Dark) or exposed to
light for 2hrs (Light) prior to tissue harvesting. 7= 3, *p<0.05, Saline vs MK-801. (B) Levels
of Bdnfexon IV mRNA and BDNF protein in the primary visual cortex of P21 CaRF WT
and KO mice after 7 days of constant darkness (Dark) or following exposure to light for 6hrs
(Light) prior to tissue harvesting. n=8-11 animals per condition, *p<0.05, Dark vs. Light.
#0<0.05 WT vs. KO. (C-E) Fos (C), Arc (D), and Bdnfexon | (E) mRNA levels in primary
visual cortex of mice from (B). n=8-11 animals per condition, *p<0.05, Dark vs. Light.
#p<0.05 WT vs. KO.
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Figure 6. Knockdown of Carf acceleratesinhibitory synapse formation in a BDNF dependent
manner

(A) Representative low and high magnification images of ShRNA transfected mouse cortical
neurons immunostained with indicated antibodies. The smaller images are the enlargement
of the boxed area in low magnification images shows details of dendrites. Scale bar, 10 pm.
(B) Quantification of the average density of GAD65/Gephyrin coclusters along the dendrites

of mouse cortical neurons transfected with indicated shRNA. 10-15 cells per condition,
*p<0.05 compared with Ctrl. #p<0.05 compared with CarfshRNA1.
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