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SUMMARY

One of the cardinal features of neural development
and adult plasticity is the contribution of activity-
dependent signaling pathways. However, the inter-
relationships between different activity-dependent
genes are not well understood. The immediate early
gene neuronal-activity-regulated pentraxin (NPTX2
or Narp) encodes a protein that has been associated
with excitatory synaptogenesis, AMPA receptor ag-
gregation, and the onset of critical periods. Here,
we show that Narp is a direct transcriptional target
of brain-derived neurotrophic factor (BDNF), another
highly regulated activity-dependent gene involved in
synaptic plasticity. Unexpectedly, Narp is bidirec-
tionally regulated by BDNF. Acute BDNF withdrawal
results in downregulation of Narp, whereas transcrip-
tion of Narp is greatly enhanced by BDNF. Further-
more, our results show that BDNF directly regulates
Narp to mediate glutamatergic transmission and
mossy fiber plasticity. Hence, Narp serves as a signif-
icant epistatic target of BDNF to regulate synaptic
plasticity during periods of dynamic activity.

INTRODUCTION

Activity-dependent gene expression forms the basis of many

periods of heightened brain plasticity, which are influenced by

the balance between excitation and inhibition, synaptogenesis,

and competition between different environmental signals. These

events can affect the onset and closure of critical periods, neuro-

developmental disorders, and behavioral flexibility (West and

Greenberg, 2011; Takesian and Hensch, 2013). While transcrip-

tion factors were originally identified as immediate early genes

(IEGs) induced by growth factors, a growing list of diverse pro-

teins has been discovered as activity-dependent genes. These

include cytoskeletal proteins, such as Arc (Lyford et al., 1995),
Cell Re
chromatin modification enzymes (Wijayatunge et al., 2014),

and extracellular proteases, such as tissue-plasminogen acti-

vator (Qian et al., 1993). How the activities of immediate early

genes are coordinated and interconnected is an open question.

Many activity-dependent genes were identified using differen-

tial cloning techniques in the hippocampus following conditions

of electroconvulsive seizure. A major IEG protein is neuronal ac-

tivity-regulated pentraxin (Narp), which is involved in experience-

dependent synaptic plasticity and is upregulated following long-

term potentiation (LTP) induction (Tsui et al., 1996). Narp is highly

expressed in the hippocampus and cortex, where it undergoes

induction by synaptic activity and is present in both pre- and

post-synaptic compartments (Reti et al., 2002; Chang et al.,

2010). Overexpression of Narp results in colocalization and ag-

gregation of AMPA receptor subunits in heterologous cells and

spinal neurons (O’Brien et al., 1999). Deletion of Narp leads to

a loss in excitatory inputs to fast-spiking parvalbumin-positive

interneurons in the visual cortex and interferes with the timing

and establishment of ocular dominance plasticity (Gu et al.,

2013). Experience-dependent expression of Narp therefore con-

tributes to cellular adaption to the environment.

Another gene that is a sensor of neuronal activity is brain-

derived neurotrophic factor (BDNF). Because BDNF mRNA is

significantly upregulated after seizures compared to other neu-

rotrophins (NGF and NT-3) (Ernfors et al., 1991; Isackson et al.,

1991), BDNF was implicated as a gene directly involved in syn-

aptic plasticity (Thoenen, 1995). This idea has been borne out

by the close association of BDNF with hippocampal plasticity

(Kang and Schuman, 1995; Patterson et al., 1996). Consistent

with this function, BDNFmodulates local protein synthesis, cyto-

skeleton dynamics, synaptic neurotransmission, neuronal excit-

ability, and LTP (Park and Poo, 2013; Panja and Bramham,

2014). Mice lacking the BDNF receptor, TrkB, or carrying a tar-

geted mutation in the PLCg site of TrkB show abnormal hippo-

campal LTP (Minichiello et al., 1999, 2002).

Changing the levels of BDNF has a number of consequences.

For example, the human BDNF Val66Met polymorphism results

in an impairment of episodic memory and hippocampal function

(Egan et al., 2003). Measurement of BDNF levels in BDNFMet/Met
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mice revealed a 30% reduction in activity-dependent release

(Chen et al., 2006). Another prominent phenotype of the BDNF

Val66Met polymorphism is anxiety, in both humans and mice

(Soliman et al., 2010). The mechanism is due to intracellular traf-

ficking of pro-BDNF and a reduction of regulated release by the

pro-BDNF Met polymorphism (Egan et al., 2003; Chen et al.,

2006). Accordingly, a small decrease in BDNF can have a dra-

matic impact.

There are hints that Narp and BDNF expression are related

from microarray analyses of different environmental and devel-

opmental states (Tong et al., 2001; Wibrand et al., 2006; Spiegel

et al., 2014). However, the interrelationships of these genes are

not well understood. Here, we report that Narp is transcription-

ally upregulated through BDNF-TrkB signaling mechanisms.

Conversely, a loss of BDNF results in significant decrease in

expression of Narp. More importantly, these changes manifest

in an appreciable impact upon synaptic transmission and LTP

in the mossy fiber pathway. Our studies reveal a heretofore un-

recognized activity-dependent pathway for synaptic function.

RESULTS

BDNF Regulates Expression of Narp
We previously investigated the transcriptional events that occur

when hippocampal neurons were deprived of BDNF. A signifi-

cant downregulation of genes involved in synaptic function

was observed from microarray analysis (Mariga et al., 2015).

One of the target genes that were downregulated following with-

drawal of BDNF is the activity-dependent gene Narp (Figure 1A).

The downregulation of Narp transcription was particularly strik-

ing in light of the previous transcriptional profiling of cortical neu-

rons treatedwith BDNF, which showed a 8-fold induction of Narp

mRNA (Figure 1A). These findings prompted us to test whether

Narp is transcriptionally regulated by BDNF.

We utilized qPCR to validate our microarray findings in hippo-

campal cultures deprived of BDNF using a Trk receptor ligand

scavenger, TrkB-Fc. In the presence of TrkB-Fc, Narp transcrip-

tion was markedly decreased in a time-dependent manner,

reaching a 50% reduction by 6 hr (Figure 1B). Conversely,

when hippocampal cells were treated with BDNF in a similar

time frame, we observed a consistent increase in Narp levels

as early as 1.5 hr (Figure 1C). Narp displayed a 6-fold increase

1.5 hr following BDNF treatment, remained upregulated up to

3 hr, and started decreasing toward baseline levels by 6 hr.

These findings confirmed a significant bidirectional regulation

of Narp by BDNF.

The regulation of Narp mRNA by BDNF suggested that cross-

talk existed between these two activity-dependent genes. To

further confirm this regulation, we examined Narp protein levels

in response to BDNF changes. We deprived hippocampal neu-

rons of BDNF in a similar time-course and analyzed Narp protein

expression. Consistent with themRNA findings, Narp expression

began decreasing 1.5hrs after BDNF sequestration and main-

tained a significant decrease (50%) up to 12 hr (Figures 1D and

1E). When hippocampal neurons were treated with BDNF,

Narp expression increased in a time-dependent manner, reach-

ing over 200% of basal levels by 6–12 hr (Figures 1F and 1G). We

also performed immunocytochemical analysis of the cellular dis-
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tribution of Narp protein following BDNF treatment and observed

a significant enrichment in the somatodendritic areas (Figure 1H).

The enrichment in Narp expression was coincident with MAP2

staining and time dependent, with peak levels between 6 and

12 hr (Figure 1I).

BDNF Regulates Narp In Vivo
Given the profound regulation of Narp by BDNF in vitro, we asked

if Narp was also regulated by BDNF in vivo. To address this ques-

tion,weexaminedNarp levels inBDNFknockinmice that carry the

Val66Met SNP in the prodomain of BDNF (Chen et al., 2006). The

Val66MetSNPselectively affects the regulated secretion ofBDNF

and hasbeen associatedwith learning andmemory deficits (Egan

et al., 2003; Chen et al., 2006). Narp expression was significantly

reduced in both heterozygous (val/met) and homozygous knockin

(met/met) mice compared to wild-type (val/val) mice (Figures 2A

and 2B). The decrease was striking; a 30% decrease in regulated

secretionofBDNFresulted in a67%decrease inNarpexpression,

highlighting a significant contribution of BDNF signaling in Narp

regulation (Chen et al., 2006).

Role of Activity in BDNF-Dependent Narp Induction
Given that Narp is an activity-dependent gene product, we

asked if Narp induction by BDNF is downstream of neuronal ac-

tivity.We incubated hippocampal neurons with AP5 ((2R)-amino-

5-phosphonopentanoate), tetrodotoxin (TTX), and CNQX (6-

cyano-7-nitroquinoxaline-2,3-dione) to block neuronal activity

prior to BDNF treatment. When neuronal activity was sup-

pressed, BDNF induced Narp to levels comparable to BDNF

alone (Figures 2C and 2D), suggesting that BDNF is sufficient

to induce Narp, even in the absence of neuronal activity.

BDNF Regulates Narp through the MAP Kinase and
PLC-g Pathways
When BDNF binds to TrkB receptor, it activates three main

signaling pathways—MAPK/Erk, phosphatidylinositide 3-kinase

(PI3K), and phospholipase C-gamma (PLCg)—to mediate

cellular processes such as neuronal differentiation, survival,

and neuroplasticity (Chao, 2003; Huang and Reichardt, 2003).

We used selective pharmacological inhibitors of each pathway

to identify the signaling mechanism responsible for induction of

Narp downstream of BDNF. Blocking PI3K using LY29004, did

not interfere with the induction of Narp by BDNF (Figure 3A).

Similarly, inhibiting AKT with MK2206 did not block BDNF-

induced Narp expression (Figure 3B), suggesting that induction

of Narp downstream of BDNF signaling is independent of

PI3K-Akt signaling. Blocking phosphorylation of PLC-g with

U73122 prior to BDNF treatment resulted in a partial reduction

in Narp expression (Figure 3C), while its inactive analog

U73433 did not interfere with Narp expression after BDNF stim-

ulation (Figure 3D). These results suggest that the PLC-g

pathway contributes to activation of Narp expression down-

stream of BDNF signaling. To test the involvement of the MAP

kinase pathway, we used U0126 and AZD6244 to block phos-

phorylation of MAPK/ERK. Unlike the lack of effect of PI3K/Akt

inhibitors and the modest effect of PLC-g inhibition, preincuba-

tion of hippocampal neurons with MAP kinase inhibitors abol-

ished Narp activation by BDNF, supporting an important role
hors
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Gene symbol Gene name  +BDNF Fold Change  -BDNF Fold Change
Nptx2 Neuronal Pentraxin 2 (Narp) 7.7 0.69

A

Figure 1. BDNF Regulates Narp in Hippocampal Neurons

(A) Microarray analysis of Narp gene expression in response to changes in BDNF.

(B and C) Narp mRNA levels after (B) BDNF withdrawal (n = 4) and (C) BDNF treatment (n = 4).

(D and F) Narp protein levels after (D) BDNF withdrawal (n = 3) and (F) BDNF treatment (n = 4).

(E and G) Quantitation of Narp levels.

(H) Narp enrichment in the somatodendritic area after BDNF treatment; scale bar, 10 mm.

(I) Colocalization of Narp, MAP2, and Tau; scale bar, 50 mm.

Data are presented as mean ± SEM; *p < 0.05, **p < 0.001, and ****p < 0.0001.
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Figure 2. Narp Is Downstream of BDNF

Signaling

(A and B) Expression of Narp in Val66Met mice;

n = 2 (val/val), n = 4 (val/met), and n = 3 (met/met).

(C and D) Role of activity in BDNF-dependent Narp

induction. BDNF can induce Narp when neuronal

activity is blocked (lane 6), and the induction is

comparable to BDNF alone and higher than KCl.

UTC, untreated culture; ACT, AP5/CNQX/TTX.

*p < 0.05, **p < 0.01, ****p < 0.001; n = 3,

mean ± SEM for each experiment.
for the MAP kinase pathway in BDNF-mediated Narp induction

(Figures 3E and 3F).

Transcriptional Induction of Narp
Is Narp regulated transcriptionally by BDNF? Transcription inhi-

bition with actinomycin D prior to BDNF treatment blocked

BDNF-induced Narp expression (Figure 4A). We then sought

to identify the transcriptional mechanism by examining the

Narp promoter for potential transcription factor binding sites.

We identified putative binding sites for CREB and early growth

response1 (Egr1) within a 300-bp fragment upstream of the tran-

scription start site (Figure 4B). We cloned the fragment into a

pGL3-luciferase reporter construct and assessed luciferase

expression after transfection in hippocampal neurons. Trans-

fected neurons were treated with BDNF and luciferase re-

sponses were monitored. Luciferase intensity increased with

time, peaking to a 2-fold increase by 3–6 hr (Figure 4C). The pro-

file of increase in luciferase intensity was consistent with the time

course of Narp expression in response to BDNF that we had

observed by qPCR and immunoblotting (Figure 1).

Given that the Narp promoter fragment contained two pro-

moter binding sites, Egr1 and CREB, we asked if these sites

were both important for driving expression of luciferase upon

BDNF treatment. We used site-directed mutagenesis to inde-

pendently delete CREB or Egr1 binding sites and monitored

luciferase intensity in response to BDNF treatment. When the

CREB binding site (DCREB) was deleted, there was no increase

in induction of luciferase after BDNF stimulation (Figure 4C,

DCREB panel). Conversely, deleting the Egr1 binding site

(DEgr1) had no effect on BDNF-induced increase in luciferase

expression; there was a 2-fold increase in luciferase levels at 3

and 6 hr that was comparable to the wild-type construct at the

same time points. These results suggest that Egr1 is not required

for mediating Narp induction downstream of BDNF signaling. To
1750 Cell Reports 13, 1747–1756, December 1, 2015 ª2015 The Authors
confirm the involvement of CREB in Narp

induction, both the CREB and Egr1 bind-

ing sites (DCREB-Egr1) were deleted. As-

saying for luciferase induction after BDNF

stimulation indicated an absence of

luciferase expression. Hence, CREB is

necessary and sufficient to induce Narp

downstream of BDNF signaling.

Luciferase reporter experiments

strongly supported the importance of

CREB in transcriptional activation of

Narp. To further characterize the occu-
pancy of CREB on the Narp promoter, we conducted chromatin

immunoprecipitation on hippocampal neurons treated with

BDNF. Phospho-CREB was highly enriched on the Narp pro-

moter in BDNF-treated neurons relative to untreated control,

further supporting the role of CREB in BDNF-mediated induction

of Narp expression (Figure 4D).

We further confirmed the binding of CREB to the CREB bind-

ing site on the Narp promoter using electrophoretic mobility

shift analysis. Hippocampal nuclear extracts were incubated

with 30-biotin-labeled 25-mer oligonucleotides containing the

consensus CREB binding sequence followed by resolution of

the protein-DNA complexes on a non-denaturing polyacrylamide

gel. A gel shift was observed in both untreated and BDNF-

treated extracts (Figure 4E, lanes 2 and 5), which competed

with the unlabeled CREB sequence (Figure 4E, lanes 4 and 7).

Moreover, the shift was not observed when nuclear extracts

were incubated with a CREB oligomer mutated on the CREB

binding motif (Figure 4E, lanes 3 and 6). Supershift assays with

phospho-CREB antibody confirmed the presence of a DNA-pro-

tein complex containing CREB bound to the Narp oligomer (Fig-

ure 4F). Taken together, these results confirmed CREB as the

transcription factor that is responsible for inducing Narp down-

stream of BDNF signaling.

Narp Is Important for BDNF-Dependent Synaptic
Function
Given the bidirectional regulation of Narp by BDNF, we asked if

Narp plays a role in BDNF-dependent modulation of synaptic

function. To determine whether BDNF requires Narp for its effect

on glutamatergic transmission, we measured miniature excit-

atory post-synaptic currents (mEPSCs) from BDNF-treated

(50 nM, 4 hr) and untreated cultured hippocampal neurons from

Narp�/� and wild-type littermates. We observed an increase

in frequency of mEPSCs in BDNF-treated wild-type cultures
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Figure 3. BDNF Regulates Narp through the MAP Kinase and PLC-g Pathways

Effect of (A and B) the PI3K-AKT inhibitors LY29004 (50 mM) and MK2206 (250 nM) (n = 4), (C and D) the PLC-g inhibitor U73122 (10 mM) and the inactive analog

U73433 (10 mM) (n = 3), and (E and F) the MAPK/Erk inhibitors U0126 (10 mM) and AZD6244 (5 mM) (n = 3) on the BDNF-induced increase in Narp. Data are

presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
(9.3 ± 0.48 Hz, n = 10; p < 0.0001) relative to untreated neurons

(5.04 ± 0.65 Hz, n = 11; Figures 5A and 5B), while the effect of

BDNF on mEPSC amplitude was statistically insignificant (un-

treated: 15.3 ± 1.39 pA, n = 11; BDNF-treated: 17.7 ± 1.34 pA,

n = 10; p = 0.23; Figures 5A and 5C). In contrast to the effect of

BDNF on wild-type hippocampal cultures, Narp�/� neuronal cul-

tures failed to respond to BDNF treatment. Both the frequency

(untreated: 8.02 ± 0.8 Hz, n = 10; BDNF treated: 8.71 ± 0.46,

n = 10; p = 0.46) and amplitude (untreated: 16.97 ± 1.43 pA,

n = 9; BDNF treated: 18.78± 1.34 pA, n = 10; p = 0.29) ofmEPSCs

were not significantly different (Figures 5A–5C).

The lack of an effect of BDNF in Narp�/� neurons suggested

that Narp is necessary for BDNF-induced enhancement of gluta-

matergic transmission in hippocampal neurons. Interestingly, a

comparison of mEPSCs measured in untreated wild-type and

Narp�/� cultures showed a higher mEPSC frequency in Narp�/�

cultures (Figure 5B; p < 0.009). These results suggest that Narp

may have a functional role in regulating spontaneous synaptic

transmission that is developmentally regulated.

Next, we asked whether Narp plays a role in activity-depen-

dent synaptic plasticity in the mossy fiber pathway that is medi-

ated by BDNF (Schildt et al., 2013). Based on our biochemical

data, abundant presence of BDNF and Narp in the mossy fi-
Cell Re
ber/CA3 pathway and the role of BDNF in mossy fiber LTP (Xu

et al., 2003, Schildt et al., 2013, Huang et al., 2008), we reasoned

that synaptic plasticity in the mossy fiber pathway requires

Narp. First, we studied paired pulse facilitation (PPF), a form of

short-term plasticity that involves a pre-synaptic mechanism

(Hess et al., 1987; Zucker, 1989). The paired pulse ratio (PPR)

was significantly reduced in BDNF-treated wild-type slices

(0.92 ± 0.09, n = 10; p < 0.0001) compared to untreated slices

(1.79 ± 0.063, n = 10; Figures 5D and 5E), suggesting enhanced

glutamate release in the BDNF-treated group. The untreated

Narp�/� group showed a robust PPR similar to the wild-type

group (1.75 ± 0.09, n = 8; Figures 5D and 5E). However, in

contrast to the BDNF-treated wild-type group, PPR remained

unchanged in the BDNF-treated Narp�/� group (1.74 ± 0.15,

n = 5; p = 0.972) (Figures 5D and 5E). These results suggest

that BDNF-mediated enhancement of glutamate release at the

mossy fiber synapses depends upon Narp.

Given the aforementioned results showing the role of Narp in

BDNF-inducedpre-synapticplasticity in themossyfiberpathway,

we asked whether Narp is required for mossy fiber LTP, which is

BDNF dependent (Schildt et al., 2013). BDNF-treated wild-type

slices showed a significantly higher LTP compared to untreated

wild-type slices (F(2,20) = 17.9, p < 0.0001; Figure 5F). However,
ports 13, 1747–1756, December 1, 2015 ª2015 The Authors 1751
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Figure 4. Regulation of Narp by BDNF Involves Activation of CREB

(A) Blocking transcription with actinomycin D (100 nM) blocks Narp expression.

(B) Top: 300-bp fragment upstream of the Narp transcription start site. Shown are the promoter fragment (yellow), Egr1 binding site (pink), CREB binding site (red),

and transcription start site (blue). Bottom: outline of the luciferase reporter experiments.

(C) Luciferase induction after 3 and 6 hr of BDNF treatment. Increase in luciferase intensity with CREB-Egr1 andDEgr1, but not withDCREBorDCREB-Egr1; n = 3;

*p < 0.05 ***p < 0.001; mean ± SEM.

(D) 6-fold enrichment of pCREB on the Narp promoter after BDNF treatment; n = 4, p < 0.05, mean ± SEM.

(E) EMSA confirmation of transcription factor binding. A gel shift was observed in both untreated and BDNF-treated nuclear extracts with labeled wild-type CREB

oligo (lanes 2 and 5), but not with mutant oligo (lane 3 and 6) or excess unlabeled wild-type CREB oligo (lane 4 and 7).

(F) Protein-DNA supershift in the presence of pCREB.

1752 Cell Reports 13, 1747–1756, December 1, 2015 ª2015 The Authors
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Figure 5. Narp Is Required for BDNF-Dependent Synaptic Function

(A) Representative mEPSC traces from untreated and BDNF-treated wild-type and Narp�/� cultures.

(B and C) Average mEPSC frequency (B) and amplitude (C) in untreated and BDNF-treated wild-type and Narp�/� cultures.

(legend continued on next page)
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we observed a significant impairment of LTP in Narp�/� mice,

which did not undergo any further increase following BDNF treat-

ment (F(2,10) = 1.08; p = 0.38; Figure 5G). These results suggested

that Narp is required not only formossy fiber LTP, aBDNF-depen-

dentplasticity, but also forBDNF-inducedenhancementofmossy

fiber LTP. Consistent with the role of MAPK in the regulation of

Narp by BDNF, U0126 (20 mM) blocked LTP and BDNF-induced

enhancement of LTP in wild-type slices (F(2,11) = 1.15; p = 0.353;

Figure 5H). Taken together, these results suggest that the mossy

fiber LTP and its enhancement by BDNF aremediated by aMAP-

kinase-dependent transcriptional mechanism that culminates in

increased Narp expression.

DISCUSSION

In this study, we have demonstrated a fundamental relationship

between BDNF and Narp that is important for activity-dependent

synaptic plasticity. We have shown that Narp is transcriptionally

regulated by BDNF in a time-dependent manner. This regulation

occurs through phosphorylation of the MAP kinase and PLC-g

signaling pathways and consequent activation of CREB to

induce Narp expression. Narp and BDNF have been separately

reported to be induced by neuronal activity (Tsui et al., 1996; Ern-

fors et al., 1991); however, the interplay between neuronal activ-

ity and BDNF or Narp regulation was unclear. Here, we show that

when neuronal activity is blocked, BDNF can still activate Narp,

suggesting that BDNF is sufficient to induce Narp expression.

This regulation was also replicated in vivo. Narp levels were

dramatically reduced in mice carrying a BDNF (Val66Met) SNP

that leads to a decrease in regulated secretion of BDNF. Despite

amoderate decrease in regulated secretion of BDNF in Val66Met

mice (Chen et al., 2006), Narp expression is profoundly reduced

in these mice, highlighting an important bidirectional transcrip-

tional control of Narp by BDNF.

Most importantly, our findings demonstrate that Narp plays a

critical role in BDNF-dependent synaptic modulation. Unlike the

effect of BDNF on excitatory synaptic transmission in wild-type

hippocampal neurons, BDNF did not affect glutamatergic trans-

mission in Narp�/� neurons, suggesting that Narp is important

for BDNF-mediated modulation of glutamatergic synapses. In

the dentate gyrus, both Narp and BDNF are highly expressed

and Narp is enriched in fiber terminals in the CA3 stratum

lucidum (Xu et al., 2003). Furthermore, mossy fiber LTP depends

on BDNF (Huang et al., 2008; Schildt et al., 2013); however, the

mechanism by which BDNF modulates mossy fiber plasticity

had not been described. We observed impaired mossy fiber LTP

in Narp�/� mice, a finding that was not observed before. More-

over, BDNF treatment failed to rescue the lack of plasticity in
(D) Representative PPR traces from untreated and BDNF-treated wild-type and

(E) Average PPR for untreated and BDNF-treated wild-type and Narp�/� slices.

(F) Mossy fiber LTP in untreated (n = 8) and BDNF-treated (n = 6) wild-type slices

(black trace) HFS.

(G)Mossy fiber LTP is impaired in the Narp�/� group (n = 6) and is unaffected by BD

and after (black trace) HFS.

(H) Mossy fiber LTP and its enhancement by BDNF are impaired in the presence

trace) and after (black trace) HFS.

Data are reported as mean ± SEM.
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Narp�/�mice, underscoring the importance ofNarp inmodulating

mossy fiber plasticity downstream of BDNF. Despite compelling

evidence for the role of BDNF in experience-dependent plasticity

both in vivo and in vitro and its impact upon behavior, the down-

stream signaling mechanisms by which BDNF is mediating these

functionshavenot beendescribed.Our studydemonstratesacrit-

ical transcriptional regulation of Narp byBDNF and identifies Narp

as a downstream target of BDNF at the synapse.

How does Narp modulate BDNF-dependent plasticity? Both

cell culture and brain slice experiments revealed that Narp�/�

neurons exhibit an impairment in BDNF-dependent increase in

glutamate release, suggesting that Narp plays a critical role on

the effect of BDNF on pre-synaptic function. These results are

further supported by an impairment of activity-dependent LTP

in the mossy fiber pathway, a synaptic plasticity event mediated

by a pre-synaptic mechanism (Zalutsky and Nicoll, 1990; Castillo

et al., 1994). Furthermore, our findings are consistent with earlier

studies demonstrating the role of the PLC-g pathway and pre-

synaptic proteins downstream of BDNF-TrkB signaling in medi-

ating enhanced neurotransmitter release (Jovanovic et al., 2000;

Pan et al., 2011). Previous reports have also shown that MAPK-

dependent phosphorylation of CREB results in transcriptional

regulation involved in LTP (Davis et al., 2000). Also, the release

of BDNF and consequent nuclear translocation of activated

MAPK is involved in hippocampal plasticity (Patterson et al.,

2001). Similarly, long-term plasticity and memory in Aplysia in-

volves BDNF-induced MAPK signaling (Purcell et al., 2003).

The effect of exogenous BDNF upon the enhancement of LTP

in the wild-type mice may also be mediated by a post-synaptic

mechanism, as Narp is known to facilitate the synaptic targeting

and stabilization of AMPA receptors on excitatory synapses

(Chang et al., 2010; Pelkey et al., 2015).

In summary, we have unraveled the relationship between

BDNF and Narp, two genes that have been widely thought to

be independently regulated by activity. BDNF signaling primarily

activates the MAPK pathway, leading to increase in Narp, which

orchestrates the plasticity process at the synapse. These find-

ings provide insight on the interrelationship between activity-

dependent genes and their functional relevance in regulating

network stability during synaptic plasticity.
EXPERIMENTAL PROCEDURES

Animals

Timed-pregnant Sprague-Dawley rats (Taconic), C57BL6mice (Charles River),

and C57BL6 Narp�/� transgenic mice (Worley laboratory, Johns Hopkins Uni-

versity) were allowed ad libitum access to food and water and maintained on a

12-hr light/dark cycle. All protocols were in compliance with the New York
Narp�/� hippocampal slices.

. Upper panel shows representative fEPSP traces before (gray trace) and after

NF (n = 5). Upper panel shows representative fEPSPs traces before (gray trace)

of U0126. Left panel shows representative fEPSP traces fEPSPs before (gray

hors



University Langone Medical Center guidelines for the care and use of labora-

tory animals.

Cell Culture

Primary hippocampal neurons were prepared from embryonic day 18 (E18)

timed-pregnant Sprague-Dawley rats. Neurons were cultured in neurobasal

medium (Life Technologies) containing NeuroBrew-21 supplement (Miltenyi

Biotech), 0.5 mM L-glutamine (Life Technologies), and 5-fluoro-uridine/uridine

(10 mM each). The mouse primary culture protocol was adapted from Chang

et al., 2010 (Supplemental Experimental Procedures).

Biochemistry

Day in vitro 7 (DIV7) neurons were treated with BDNF (50 nM) or (TrkB-Fc

(100 ng/ml) for indicated time points. For inhibitor experiments, neurons

were starved in supplement-free media (4 hr), then pre-incubated with the in-

hibitor for 1 hr prior to a 4-hr BDNF treatment. For neuronal activity experi-

ments, neurons were incubated with supplement-free neurobasal medium

with TTX (1 mM)/CNQX (10 mM)/AP5 (50 mM) for 4 hr before adding BDNF

(50 nM) or KCl (25mM) for 4 hr. After treatments, cells were lysed in NP-40 lysis

buffer. Hippocampal tissues from 2-month-old Val66Met knockin mice were

lysed in RIPA buffer. Changes in protein expression was assessed by western

blotting and quantified by densitometry in ImageJ.

Luciferase Reporter Assays

Hippocampal neurons were transfected with a PGL3 basic luciferase vector

(Promega) containing firefly luciferase reporter gene under the control of a

300-bp fragment of the NPTX2 (Narp) promoter (NCBI Reference Sequence:

NM_001034199.1) and a renilla luciferase internal control. Two days after

transfection, neurons were treated with BDNF for 3 and 6 hr, and luciferase

activity was assayed using the Dual Glo luciferase kit (Promega) per the man-

ufacturer’s instructions. Luciferase intensity was normalized to renilla. Muta-

genesis of the Narp promoter fragment was performed using the site-directed

mutagenesis kit (Agilent Biotechnologies).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation of BDNF-treated hippocampal neurons

was performed using the Magna ChIP A Kit (Millipore). SYBR Green qPCR

was performed with primers flanking a putative CREB binding site on the

Narp promoter (forward: 50-CCTCCTCATGACGCGAATGC-30, reverse: 50-
CCGCGCGCCCTTTCTTA-30). Fold enrichment of pCREB enrichment on

Narp promoter was determined by normalizing gene expression to input

DNA and immunoglobulin G control.

Electrophysiology

Cultured Hippocampal Neurons

mEPSCs were recorded from DIV12– DIV14 hippocampal neurons at �60 mV

in the presence of TTX and bicuculline. Recordings were done using Clampex

10 software (Molecular Devices) and analyzed with Mini Analysis program

(Synaptosoft).

Hippocampal Slices

Field excitatory post-synaptic potentials (fEPSPs) were recorded from mossy

fiber pathway in hippocampal slices at 32�C (Castillo et al., 1994). PPR was

measured at 40-ms interstimulus intervals. Mossy fiber LTP was induced at

30% maximal stimulation strength by a 1-s-train stimulation protocol (33

100 Hz at 20-s intervals). Data analysis was performed with Clampex 10 soft-

ware (Molecular Devices)

Statistics

Statistical analysis was conducted usingGraph Pad Prism version 6.0 and IBM

SPSS Statistical programs. Statistical significance was defined at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and can be found with this article online at http://dx.doi.org/10.1016/j.

celrep.2015.10.064.
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