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Abstract

The rapid encoding of contextual memory requires the CA3 region of hippocampus, but the
necessary genetic pathways remain unclear. We found that the activity-dependent transcription
factor Npas4 regulates a transcriptional program in CA3 that is required for contextual memory
formation. Npas4 was specifically expressed in CA3 after contextual learning. Global knockout or
selective deletion of Npas4 in CA3 both resulted in impaired contextual memory, and restoration
of Npas4 in CA3 was sufficient to reverse the deficit in global knockout mice. By recruiting RNA
polymerase 11 to promoters and enhancers of target genes, Npas4 regulates a learning-specific
transcriptional program in CAS3 that includes many well-known activity-regulated genes,
suggesting that Npas4 is a master regulator of activity-regulated gene programs and is central to
memory formation.

The ability to form a long-term memory after a single experience is essential for the survival
of higher organisms. In rodents and humans, memory of places or contexts can be formed
after a single brief exposure to a novel environment, and this process requires the
hippocampus (1, 2). It has been suggested that hippocampal area CA3 is required for rapid
encoding of contextual memory (3-6). However, CA3-specific molecular pathways
underlying contextual memory formation remain uncharacterized.

The formation and maintenance of long-term memories requires new gene and protein
synthesis (7, 8). Learning-induced expression of activity-regulated genes, especially
immediate early genes (IEGS), provides a link between behavioral experience and the
molecular events required to encode memory (9, 10). Genetic perturbations of IEGs or
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transcription factors that control activity-regulated gene expression thus often lead to deficits
in neuronal plasticity and memory (11-15). However, most IEGs can be induced by a wide
range of stimuli and are involved in processes essential to normal cellular function and
survival (16, 17), suggesting that their function may not be specific to learning-related
neuronal activity. Therefore, identifying IEGs whose function is selectively correlated with
both synaptic activity and learning may help to reveal the genetic programs required for
memory encoding.

The expression of the activity-dependent transcription factor Npas4 (neuronal PAS domain
protein 4) was previously shown to selectively coupled to neuronal activity (18). We
therefore investigated whether it regulates a learning-specific transcriptional program
underlying the formation of contextual memories.

Npas4 expression is selectively induced by neuronal activity and

contextual learning

We first characterized the induction of Npas4, together with several other IEGs, in cultured
mouse hippocampal neurons. Membrane depolarization resulted in robust protein synthesis-
independent expression of Npas4 mRNA, suggesting that Npas4 is an IEG (Fig. 1A). Npas4
was selectively induced by depolarization and Ca?* influx, but not by activators of several
other signaling pathways that induce IEGs, such as c-Fos, Arc (activity-regulated
cytoskeleton-associated protein) and Zif268 (Fig. 1A and 1B), similar to previous
observations in dissociated rat neurons (18).

To examine experience-induced expression of Npas4, we trained mice in a hippocampus-
dependent contextual fear conditioning (CFC) paradigm, which is thought to be dependent
on new gene and protein synthesis (8), and examined Npas4 mRNA expression in dorsal
hippocampus (DH). We focused on DH on the basis of extensive work showing that DH is
required for CFC (19).

Mice were sacrificed at various time points following CFC to measure expression of Npas4,
c-Fos, and Arc mRNA using quantitative PCR (qPCR; Fig. 1C). Npas4 mRNA reached its
peak level 5 minutes after training and returned to baseline levels 4.5 hours later. c-Fos and
Arc reached their peak levels by 30 minutes and returned to baseline levels 4.5 hours after
training (Fig. 1C).

Next we trained mice under CFC conditions that provided both context learning and shock
association (C+S), or under conditions that involved just context learning (C) or shock (S)
alone (Fig. 1D). Both C+S and C represent learning conditions, because the hippocampus
forms contextual representations independent of shock delivery (20, 21), but only C+S
provides a behavioral readout of learning (Fig. 1D). Immediate shock (S) fails to induce
long-term contextual memories, as the context exposure is not long enough for the
hippocampus to form a representation (Fig 1D) (20, 22). Therefore, this served as a control
condition, allowing us to distinguish IEG induction specific to context learning from
induction due to the shock.
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Gene expression analysis in mice sacrificed 30 minutes after training indicated that,
compared to naive subjects, Npas4 was induced in the C+S and C groups, but not in the S
group. In contrast, c-Fos and Arc were significantly induced in all behavioral conditions
(Fig. 1E).

Learning and memory deficits in Npas4 global knockout mice

We next determined whether CFC was impaired in Npas4 knockout (Npas4”) mice. During
the training session and the memory test 5 minutes later, we observed robust freezing
behavior in both Npas4™~ and wildtype (Npas4*/*) littermates, suggesting that the ability to
acquire CFC is normal in Npas4”- mice (Fig. 2A and 2B). Furthermore, locomotor activity,
anxiety levels, footshock sensitivity, and hippocampal morphology were similar across
genotypes (figs. S1 and S2). However, despite having intact memories five minutes after
training, freezing elicited by the context 1 hour and 24 hours after training was significantly
reduced in Npas4”- mice (Fig. 2C and 2D), suggesting that both short-term memory (STM)
and long-term memory (LTM) are impaired.

There is now a general consensus that the amygdala is required for all forms of fear
conditioning, while only a subset of fear conditioning paradigms (including CFC) rely on
hippocampal integrity (23, 24). We therefore tested whether Npas4~- mice were deficient in
auditory delay conditioning, a form of fear conditioning known to depend on the amygdala
but not the hippocampus (24). We saw no difference between Npas4™~ and wildtype mice
when tone-induced freezing was measured 24 hours after training, confirming that sensory
detection and fear memory acquisition are normal in Npas4”~ mice and suggesting that the
impairment we observed in CFC was likely due to a deficit in the hippocampus, and not the
amygdala (Fig. 2E).

Selective deletion of Npas4 from CA3, but not CAl, impairs long-term

contextual memory

We hypothesized that the memory impairment observed in the global knockout was due to a
loss of learning-induced Npas4 expression in DH, based on its selective expression after
context learning (Fig. 1E). Because the different subregions within DH may play dissociable
roles in contextual memory formation (3), we examined whether CFC resulted in a
regionally-selective expression of Npas4. While Npas4 was expressed broadly in several
brain regions after CFC, including amygdala and entorhinal cortex (fig. S3), within the
hippocampus Npas4 expression after CFC was largely restricted to the CA3 subregion (Fig.
3A), with higher expression in dorsal CA3 than in ventral CA3 (fig. S4). In contrast, c-Fos
was robustly expressed in both CA1 and CA3 (Fig. 3A) and similar patterns of induction
have been reported for Arc and Zif268 (25, 26). We also noted that the highest level of
Npas4 was observed 30 minutes after CFC, 1 hour before the peak expression of c-Fos (Fig.
3B). This observation suggests that pathways activating Npas4 may be distinct from those
for other IEGs. Importantly, localized induction of Npas4 in CA3 appears to be specific to
contextual learning, because Npas4 was induced in all regions of hippocampus following
kainic acid-stimulated seizures (Fig. 3A). While the CA3 region is known to be required for
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rapid contextual learning, these data are the first to show the selective induction of a specific
IEG within CA3 by this form of learning.

If induction of Npas4 in CA3 is required for contextual memory, then deleting Npas4 in
CA3 should replicate the memory impairments seen in the global knockout (Fig. 2). We
acutely deleted Npas4 by stereotaxically injecting a herpes simplex virus (HSV) expressing
Cre recombinase (HSV-Cre) into the CA3 region of Npas4 conditional knockout
(Npasa™/fXy mice (Fig. 3C). HSV is naturally neurotropic and reaches peak expression
within three days of delivery (27, 28). In another group of mice, we used an equivalent
amount of virus to delete Npas4 from a similar volume of cells in dorsal CA1, where we see
no activation of Npas4 after CFC (Fig. 3C). To control for any effects of expressing Cre
recombinase we injected HSV-Cre into CA3 of wild type mice. Mice were injected with
HSV-Cre 3 days before CFC and tested 1 hour and 24 hours after training (Fig. 3D). All
animals showed similar freezing during the 1 hour context test. However, 24 hours after
training animals with Npas4 deletions in CA3 had attenuated freezing responses compared
to animals with Npas4 deletions in CAL or wild type animals injected with HSV-Cre in CA3
(Fig. 3D).

Npas4 regulates an activity-dependent genetic program that includes

several IEGs

As an activity-dependent transcription factor, Npas4 likely regulates a genetic program that
is required for CA3-dependent encoding of contextual memory. Npas4 expression peaks
prior to that of several other IEGs (Fig 1C and 3B), and its acute deletion abolished
expression of c-Fos (Fig 4A); together these data suggest that Npas4 may regulate the
activity-dependent expression of other IEGs. To explore this possibility, we acutely deleted
Npas4 in a high percentage of cultured Npas4X/fX hippocampal neurons by infecting them
with HSV-Cre and assayed the mRNA expression of several IEGs following membrane
depolarization. Compared to uninfected and HSV-GFP infected controls, deletion of Npas4
abolished depolarization-induced expression of Arc, c-Fos and Zif268 mRNA (Fig. 4B).
Expression of the housekeeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
was not altered.

Deletion of Npas4 could affect expression of activity-regulated IEGs indirectly, for example
by generally disrupting the cellular response to neuronal activity. To examine this
possibility, we designed a series of luciferase reporter assays to determine whether other
activity-dependent transcriptional pathways function normally in the absence of Npas4. We
first characterized transcription from the promoter of Npas4 (Pnpass-Luc), to look at
pathways upstream of Npas4. This reporter was induced in response to KCI depolarization
but not to activators of other signaling pathways, similar to endogenous Npas4 (fig. S5;
compare Fig. 1A and 1B). When Npas4 was acutely deleted by the expression of Cre
recombinase in cultured hippocampal neurons generated from Npas4X/fix mice, activity of
Pnpasa-Luc in response to KCI depolarization was unchanged (Fig. 4C). We also examined
the activity of the transcription factors CREB (CAMP responsive element binding protein)
and MEF2 (myocyte enhancer factor-2). Unlike Npas4, these proteins are constitutively
expressed, and are activated by post-translational modifications in response to depolarization
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(29, 30). Reporters expressing luciferase under the control of CREB and MEF2 response
elements (CRE and MRE) were unaffected by acute deletion of Npas4 (Fig. 4C).

We then directly determined whether Npas4 binds to the genomic DNA of two activity-
regulated genes, BDNF and c-Fos, using chromatin immunoprecipitation (ChlP). These
genes are dependent on Npas4 for their expression in response to neuronal activity (Fig. 4A-
C and (18)), have well characterized genomic structures (31-35), and have been implicated
in learning and memory (14, 36, 37). We examined one of the activity-regulated promoters
of BDNF, promoter | (Plgpngp), the proximal promoter region of c-Fos and one of its
upstream enhancer regions, E2 (38). After depolarization, Npas4 bound to Plgpng and c-Fos
E2, but not to the c-Fos proximal promoter (Fig. 4D).

Npas4 is required for recruitment of RNA polymerase Il to regulatory

regions of its target genes

Genome-wide ChIP-sequencing has revealed that Npas4 co-localizes with RNA polymerase
I1 (Pol 1) at enhancer and promoter sites of many activity-regulated genes, including BDNF
and c-Fos (38). However, it is not known whether this co-localization plays an important
role in regulating transcription of these genes. We hypothesized that Npas4 is required for
activity-dependent recruitment of Pol Il to promoter and enhancer regions of its targets, in
order to activate their transcription.

We acutely deleted Npas4 using HSV-Cre in a high percentage of cultured Npas4fX/flx
cortical neurons and then performed ChIP for Pol Il after 2 hours of membrane
depolarization. In control neurons infected with HSV-GFP, Pol Il localized to Plgpng, the c-
Fos enhancer E2, the c-Fos promoter region, and the f-actin promoter after depolarization
(Fig. 5A). When Npas4 was deleted by HSV-Cre, localization of Pol Il to Plgpnr and c-Fos
E2 was impaired (Fig. 5A). As we described above, Npas4 binds to both of these regions.
Pol 1l binding to the promoter regions of c-Fos and p-actin, where we did not observe Npas4
binding (Fig. 4D), was not affected by deletion of Npas4. To confirm that the Npas4-
dependent binding of Pol Il is important for gene expression, we compared luciferase
reporters driven by Plgpnr and the c-Fos promoter and found that expression from Plgpng
was abolished by deletion of Npas4, while expression from the c-Fos promoter was not
attenuated (Fig. 5B).

To confirm our findings in vivo, we performed ChIP for Pol Il from hippocampal tissue
extracted from adult Npas4*/* and Npas4™~ littermates. Npas4 is expressed only in a sparse
population of neurons following CFC (Fig. 3A), making it difficult to detect Pol Il binding
in these cells. We therefore used kainic acid-induced seizures to activate all neurons in order
to determine the genomic localization of Pol Il in vivo. Seizure has been shown to robustly
induce activity-regulated genes, many of which have been implicated in memory formation,
and under certain conditions can induce potentiation similar to LTP (39). In line with our in
vitro observations, localization of Pol Il to Plgpng and c-Fos E2 was impaired in Npas4™-
mice compared to Npas4*/* littermates, while Pol 11 binding to the promoter regions of c-
Fos and B-actin was similar across genotypes (Fig. 5C and fig. S6).

Science. Author manuscript; available in PMC 2014 May 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ramamoorthi et al. Page 6

Expression of Npas4 in CA3 rescues transcription and memory formation
in global knockouts

We next investigated whether re-expressing Npas4 in CA3 of Npas4™~ mice leads to
expression of its genetic program and consequently rescues memory formation.

The CA3 region of Npas4”- mice was infected with HSV expressing Npas4 (HSV-Npas4)
(Fig. 6A) and activation of Npas4 gene targets was examined using immunostaining. HSV-
Npas4 induced the expression of c-Fos (Fig. 6B), but a transcriptionally inactive version of
Npas4 (ANpas4) did not, confirming that the transcription activation ability of Npas4 is
required. We also tested whether expression of Npas4 is sufficient to induce BDNF by
measuring the activity of a Plgpng reporter construct in vitro. We transfected Cre into
Npas4™/fIX neurons and found that activity of the Plgpng reporter was abolished. Co-
transfecting Npas4, but not ANpas4, rescued the activity of the Plgpng reporter (Fig. 6C).

We then determined whether expressing Npas4 in CA3 of the global knockout mice is
sufficient to restore the ability to form long-term contextual memories. The use of HSV
allowed us to acutely express Npas4, with a peak expression 3 days after injection (27, 28).
Mice were injected with virus, trained three days after injection, and tested 1 hour and 24
hours after training (Fig. 6D). Expressing Npas4 in CA3 completely reversed both the short-
term and long-term contextual memory deficits observed in the global knockouts, since
Npas4 knockout mice with HSV-Npas4 injected into CA3 showed similar freezing behavior
to wild type control animals injected with GFP. Global knockouts with HSV-Npas4
delivered to CAL showed no such recovery (Fig. 6D). Expressing ANpas4 in CA3 failed to
overcome the memory deficits in Npas4”- mice, confirming that activation of the genetic
program regulated by Npas4 is required for rescue of memory formation.

Discussion

We have identified a genetic pathway in CA3 required for rapid encoding of hippocampal-
dependent contextual memory. While several studies have identified CA3 function and
output as essential to the encoding of contextual information (3-6), very little is known about
the molecular mechanisms underlying this process. We found that acute deletion of Npas4
from CA3 resulted in a dramatic reduction in IEG expression and impaired contextual
memory formation, and that expression of transcriptionally active Npas4 in CA3 was
sufficient to restore both IEG expression and memory formation in the global knockout.
Additionally, we found that expression of Npas4 in CAL is neither necessary nor sufficient
for contextual memory formation. While our viral strategy cannot target all of CA1, these
findings are in line with other studies using transgenic mouse lines targeting CREB in CAl
(40, 41), but see (42)). Our data indicate that regulation of a transcriptional program by
Npas4 is a mechanism through which CA3 supports the rapid acquisition and consolidation
of contextual information.

Activity-dependent gene expression is thought to be required for LTM, but not for STM (8).
We observed a STM deficit in the Npas4 global knockout mice, but not in the conditional
CA3 knockout (Fig. 3C). Although the STM impairment could be due to a developmental
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deficit caused by germline deletion of Npas4 in the global knockout, the rescue by acute
expression of Npas4 argues against this explanation. It is possible that basal levels of
neuronal activity maintain a low level of Npas4, which in turn provides a moderate level of
the downstream molecules required for STM. Then, perhaps, while acute deletion of Npas4
does not reduce the level of those genes below that required for STM, chronic deletion in the
global knockout results in insufficient levels to support STM.

It is intriguing that Npas4 global knockout mice function normally in auditory delay
conditioning, which is hippocampus-independent but amygdala-dependent, because long-
term memory formation in the amygdala is thought to be dependent on activity-regulated
gene expression. We observed that the expression of Npas4 gene targets is attenuated in the
Npas4 global knockout, but not to the degree that was observed in the conditional deletion
(fig. S7), suggesting that compensatory pathways may result in some expression of target
IEGs. Conceivably these pathways are sufficient to support memory formation in the
amygdala, but IEG expression fails to reach a level sufficient to support the hippocampal
learning required for CFC. Alternatively, or additionally, the activity-regulated genetic
program induced through compensating pathways independent of Npas4, although including
certain IEGs such as c-Fos and BDNF, may not contain all the components necessary for
CFC. It seems likely that acute deletion of Npas4 in the amygdala will result in impairment
of auditory delay conditioning.

Our findings suggest the possibility of a hierarchical genetic program in which Npas4 is
upstream of several activity-regulated genes. However, Npas4 itself is regulated by activity
at the mRNA level and though it reaches peak expression slightly earlier than other rapidly
responding IEGs (Fig 1C and Fig. 3B), it is unclear whether Npas4 protein is synthesized
quickly enough to initiate the first wave of IEG expression. It seems more likely that Npas4,
through the recruitment of Pol 11, only enhances and sustains IEG expression at later time
points, as suggested recently for Npas4-dependent regulation of BDNF transcripts (43).

The mechanism by which Npas4 affects Pol Il recruitment to its target genes is not
immediately obvious. It could directly recruit Pol Il to genomic regions in a manner similar
to CBP, or it could be indirectly involved through interactions with other proteins, such as
CREB (44, 45).

Our previous work identified a role for Npas4 in the activity-dependent regulation of
inhibitory synapse development (18). Thus the genetic program controlled by Npas4 may be
involved in contextual memory formation, at least in part, through the modulation of
inhibitory synapses in the hippocampal circuit. Consistent with this idea, learning-induced
increases in inhibitory synaptic transmission have recently been reported in the hippocampus
(46, 47).

We have focused here on the role of Npas4 in hippocampus-dependent contextual learning,
but the genetic program regulated by this transcription factor likely contributes to several
other experience-dependent processes. We hope to leverage the function of Npas4 in order
to dissect specific neural circuits actively engaged in information processing in order to
better understand the molecular and cellular mechanisms underlying learning and memory.
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Fig. 1. Npas4 expression is selectively induced by neuronal activity in vitro and by learningin
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induced by membrane depolarization

and dependent on Ca?* influx. Induction of Npas4

MRNA does not require new protein synthesis. n = 4 cultures.

(C) Npas4 is rapidly induced after co

ntextual fear conditioning (CFC). Separate groups of

mice were sacrificed 5min (n = 8), 30min (n = 9-11), 1hr (n = 6), or 4.5hr (n = 5) after CFC
and compared to naive home cage mice (HC, n = 10). Values are plotted relative to peak

timepoint.
(D) Experimental scheme and behavi

oral outcomes of CFC and control conditions. C+S:

context + shock; C: context exposure; S: immediate shock; HC: home cage.
(E) Npas4 mRNA is selectively induced by context learning. C+S: n=8-10; C: n=8; S: n=
8 and HC: n = 10. All groups were sacrificed 30min after training. *p < 0.001.
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Fig. 2. Npas4 global knockout mice exhibit impaired hippocampal-dependent STM and LTM
(A,B) Npas4” and Npas4*'* littermates exhibit similar freezing during the training session

(A) and 5 min after training (B). p = 0.879.

(C,D) 1h (C) and 24h (D) after CFC Npas4™- mice freeze at a significantly lower level than
Npas4*/* littermates. *p < 0.001.

(E) 24h after auditory delay conditioning, Npas4~- and Npas4** mice exhibit similar
freezing during a tone memory test. p = 0.859.
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Fig. 3. Npas4 expression in CA3isrequired for contextual fear conditioning
(A) Upper panel: Npas4 expression is increased only in CA3 and to a lesser extent in dentate

gyrus after CFC. Lower panel: c-Fos expression is induced in all subregions of DH after

CFC. Right hand column: seizure induces Npas4 and c-Fos in all subregions of

hippocampus.
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(B) Western blot analysis of Npas4 and c-Fos expression in DH at various times after CFC.
n =5 mice/condition. Values are plotted relative to peak timepoint. *p < 0.04.

(C) Selective deletion of Npas4 in CA3 or CA1 three days after injecting HSV-Cre.

(D) Selective deletion of Npas4 in CA3 impairs long term CFC memory formation. *p <

0.001.
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Fig. 4. Npas4 regulates the expression of several IEGs
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(A) Conditional deletion of Npas4 in CA3 results in loss of c-Fos expression.
(B) Dramatic loss of depolarization-induced IEG expression by acute deletion of Npas4 in

cultured mouse neurons. n = 3 cultures. *p < 0.001.

(C) The activity of PIgpnr reporter is abolished in the absence of Npas4, while Pnpass,
CRE, and MRE reporters show similar induction in the presence or absence of Npas4. n = 4

cultures. *p < 0.001.

(D) ChlIP experiments showing that under depolarized conditions Npas4 binds to PlgpnE
and enhancer Il of c-Fos (c-Fos E2). No binding is observed at the c-Fos promoter, the -

actin promoter, or a negative control region.
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Fig. 5. Npas4 isrequired for therecruitment of RNA polymerase |1 to enhancer and promoter
regions of activity-regulated genes

(A) Localization of Pol Il to Plgpng and c-Fos enhancer region E2 is dependent on Npas4.
No change is observed in Pol Il binding at the c-Fos or -actin promoter.

(B) Depolarization-induced activity of Plgpnr reporter is abolished in the absence of Npas4,
but the c-Fos promoter reporter is unaffected. n = 4 cultures. *p < 0.001.

(C) qPCR analysis of ChIP samples from seized Npas4™~ and Npas4*/* littermates. Pol 11
binding to Plgpnr (*p < 0.008, n=7/genotype) and c-Fos E2 (*p < 0.048, n=6/genotype) is
diminished in Npas4~- mice relative to Npas4*/* littermates. No change is observed in Pol 1
binding at the c-Fos promoter (p = 0.333, n = 6/genotype).
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Fig. 6. Acute expression of Npas4 in CA3 rever ses short-term and long-term memory deficits
observed in Npas4‘/' mice
(A) Expression of Npas4 in CA3 of Npas4”- mice using HSV-Npas4.

(B) Npas4, but not ANpas4, restores expression of c-Fos in vivo.

(C) Expression of Npas4, but not ANpas4, drives activity of Plgpnr independent of KCI
depolarization. n = 4 cultures. *p < 0.001.
(D) Npas4”- mice with Npas4 injected into CA3 freeze at similar levels to Npas4*/* mice
injected with GFP 1hr and 24hrs after training. CA1 injection of Npas4 or CA3 injection of
ANpas4 did not reverse the memory deficit. *p < 0.001.
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