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Abstract

Immediate early genes (IEGs) are rapidly activated after sensory and behavioral experience and
are believed to be critical for converting experience into long-term memory. Neuronal PAS domain
protein 4 (Npas4), a recently discovered IEG, has several characteristics that make it likely to be a
particularly important molecular link between neuronal activity and memory: it is among the most
rapidly induced IEGs, is expressed only in neurons, and is selectively induced by neuronal activity.
By orchestrating distinct activity-dependent gene programs in different neuronal populations,
Npas4 affects synaptic connections in excitatory and inhibitory neurons, neural circuit plasticity
and memory formation. It may also be involved in circuit homeostasis through negative feedback
and psychiatric disorders. We summarize these findings and discusses their implications.

Introduction to Npas4

A fleeting moment of experience can leave a memory lasting a lifetime. Conversion of a
momentary event into permanently encoded information in the brain starts with groups of
neurons that are activated by the transient sensory and behavioral stimulation. It is believed
that the changes that subsequently occur in these activated neuronal ensembles, which
require de novo protein synthesis, create long-term memory. Thus, acutely triggered activity-
dependent gene transcription in specific neuronal ensembles is critical for recording a
fleeting moment of experience.

Neuronal activity-triggered gene transcription, mediated by intracellular free calcium (Ca2*)
as the second messenger, occurs within minutes and is spearheaded by a group of immediate
early genes (IEGs, Box I) whose expression does not require de novo protein synthesis [1].
Beginning with the IEG-dominated first wave of gene transcription, a global gene
transcription cascade is unleashed, resulting in transcription of a second wave of genes that
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usually requires new protein synthesis and carries out the specific cellular functions of the
response, such as synapse modification and memory formation. Notably, many IEGs are
transcription factors and directly regulate transcription of the second wave of effector genes.
Not surprisingly, there has been an increasing interest in IEGs in the neuroscience field in
the past few decades, not only because of the key molecular link they provide between
experience and subsequent modification of the brain, but also because the robust and near-
instantaneous activation of many IEGs provides a means of identifying the neuronal
ensembles that presumably encode specific memories.

Many IEGs are rapidly and robustly induced by neuronal activity, including c-fos, arg3.1
(Arc) and zif268 (egri), and have been studied for more than two decades [2—4]. This review
focuses on a more recently identified IEG, Neuronal PAS domain protein 4 (Npas4, see Box
I1). Npas4 possesses several important features, some of which are unique among known
IEGs (Figure 1). Firstly, unlike most IEGs, Npas4 is only expressed in neurons. Secondly,
Npas4 is unique in that it is activated selectively by neuronal activity, not by extracellular
stimuli such as growth factors and neurotrophins [5, 6]. Thirdly, Npas4 appears to directly
control the expression of a very large number of activity-dependent genes [5-7]. Finally,
Npas4 has been shown to be important for both glutamatergic and GABAergic synapse
development in both glutamatergic and GABAergic neurons [5, 7-9], a set of functions that
has not been reported for other IEGs. Npas4 appears to have substantial functional
importance: it is involved in neural circuit plasticity, may be involved in maintaining circuit
homeostasis, and is required for long-term memory formation [6, 10]. Thus, studying Npas4
provides an opportunity to greatly increase our understanding of activity-dependent
mechanisms underlying learning and memory.

Activity-dependent induction of Npas4

When IEGs were first identified 3 decades ago, it was postulated that different sets of IEGs
would be found to carry out immediate responses to different stimuli in different cell types
[11]. 1t was therefore surprising that in subsequent decades the core set of IEGs was found to
be induced in almost all cell types by a wide range of stimuli. Npas4 is one of the few
exceptions.

Npas4 is expressed exclusively in neurons [5, 12]. Its expression in other cell types is
actively suppressed by the binding of RE-1 silencing transcription factor/neuron-restrictive
silencer factor (REST/NRSF) to Npas4’s promoter and intron regions [13]. When Npas4
was selected in our screen for neuronal activity-regulated genes in cultured neurons, we
found it to be responsive to depolarization only, not to growth factors, neurotrophins or
several kinase pathways that are known to induce other IEGs such as ¢-fos, zif268 and Arc
[5, 6]. Calcium influx and nuclear calcium signaling are required for the activation of Npas4
expression [5, 14].

We currently know only a little about the upstream transcriptional pathways that induce
Npas4 expression. The mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3
kinase (PI3K) pathways have been shown to be required for the induction of Npas4 by
pharmacologically-induced LTP (long term potentiation) and LTD (long term depression),
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respectively, in mouse hippocampal slices [15]. A recent study showed that serum response
factor (SRF) is a possible upstream regulator of Npas4, as its deletion led to a significant
decrease in Npas4 expression [16]. Npas4’s promoter region contains two SRF binding sites,
suggesting that SRF directly regulates Npas4 expression. However, since many signaling
pathways, both activity-dependent and -independent, lead to the activation of SRF-
dependent transcription, SRF alone does not seem sufficient to explain the activity-
dependence of Npas4 induction. It is quite possible that induction of Npas4 expression
requires the interaction of multiple upstream pathways.

Typical features of IEG activation are that it is both rapid (occurring within minutes) and
transient (lasting only a few hours). In depolarized cultured neurons, Npas4 is one of the
most rapidly induced genes [5]. The Npas4 mRNA level in cultured neurons reaches its
maximum between 30 minutes and 1 hour after stimulation, and the protein level peaks
between 1 and 2 hours [5]. Although its temporal induction profile /n vitrois very similar to
that of ¢-fos, in vivoin the hippocampus Npas4 appears to be have a much steeper induction
profile than other IEGs [6]: after contextual fear conditioning (CFC), the level of Npas4
mMRNA in the hippocampus reaches its peak within 5 minutes, compared to 30 minutes for ¢-
fosand Arc. Protein levels follow the same trend: Npas4 protein reaches its maximum by 30
minutes (the earliest time point we examined), compared to 1.5 hours for ¢-fos. We do not
know why the Npas4 transcript reaches its peak much earlier /7 vivothan in cultured
neurons or the significance of its extremely steep induction dynamics for activity-dependent
transcription programs. The rapid induction of Npas4 could be achieved by the release of
RNA polymerase Il molecules that were staging at the transcription start site, ready to
transcribe the gene [17]. Interestingly, it was shown recently that formation of a double
strand break in the promoter region can facilitate the induction of a select few IEGs,
including c-fos, zif268 and Npas4 [18].

Behaviorally-induced Npas4 expression

In vivo, Npas4 is induced in many regions of the brain by physiological [5, 6, 10, 19-22] or
pathological stimuli [23-26]. Under CFC, in which mice learn to associate a novel context
with aversive stimuli (foot shocks) during a brief training session, Npas4’s expression in the
mouse hippocampus was different from that of other well-known IEGs. Npas4 was induced
only when mice were engaged in contextual learning. Treatments that didn’t lead to long-
term contextual memory, such as foot shocks alone, did not significantly induce Npas4,
although they activated expression of ¢-fosand Arc [6]. Furthermore, CFC-induced Npas4
expression was largely limited to the CA3 subregion, with very low expression in the dentate
gyrus and almost none in CA1 [6]. As the CFC paradigm is known to require the CA3
subregion [27-29], the very rapid and regionally specific expression of Npas4 in CA3 seems
likely to be important in the formation of contextual memories (this is discussed further
below).

Consistent with the idea that Npas4 expression may often be induced selectively by
associative learning, during tone-fear conditioning Npas4 expression in the amygdala is
induced only when a tone stimulus is paired with an aversive foot shock [10]. In the barrel
cortex, Npas4 is induced by sensory conditioning in which whisker stimulation (CS:
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conditional stimulus) is paired with an aversive stimulus (US: unconditioned stimulus), but
not by unpaired CS and US or by US alone [30]. Similarly, in the striatum Npas4 expression
was induced in the nucleus accumbens only by repeated, and not by acute, amphetamine
(AMPH) treatments, which are believed to be associated with long-term circuit change and
drug-seeking behavior. In contrast, c-foswas induced by both acute and repeated AMPH
treatment [31].

Several recent studies have examined the expression of Npas4 under stressful conditions.
Treatment with corticosterone or physical stress exposure down-regulates Npas4 expression
in both prefrontal cortex and hippocampus /n vivo [21, 32-34]. This may result from the
activation of glucocorticoid pathways that suppress Npas4 expression [35]. However, it is
unclear whether down-regulation of Npas4 is involved in the maladaptive changes that lead
to stress-induced disorders or the stress adaption response that reinstates homeostasis.
Results from studies using Npas4 knockout animals [32, 36], although not entirely
consistent with each other, generally appear to support the latter idea, although mice
deficient in Npas4 exhibited impaired adult neurogenesis in the hippocampal subventricular
zone, consistent with the former possibility [32]. Further studies are needed to investigate
Npas4’s function in stress in a region-specific manner, as it might play different roles in
different brain regions.

Synaptic functions of Npas4

Npas4 was initially thought to preferentially regulate GABAergic synapses on excitatory
neurons [5]. However, it has how become clear that it plays a broader role in modulating
activity-dependent synaptic connections. Depending on the circumstances and the neuronal
cell type, Npas4 may modulate either GABAergic, glutamatergic, or both types of synapses.
Npas4 does appear to be preferentially involved in negatively regulating synaptic drive in
response to activity, suggesting that it is part of negative feedback mechanisms and may be
involved in synaptic homeostasis to maintain neural circuit balance [5, 7].

In cultured hippocampal pyramidal neurons, reducing Npas4 expression by RNAI leads to a
decrease in the number of inhibitory synapses formed on these neurons, while over-
expression of Npas4 increases their number [5]. These results suggest that the level of Npas4
expressed in an excitatory neuron dictates the amount of inhibitory drive it receives. Since
Npas4 expression was manipulated before or during the major wave of synaptogenesis that
occurs in these cultures, these data suggest a role for Npas4 in inhibitory synaptogenesis
during early development. However, in organotypic hippocampal slices, in addition to
modulating the number and strength of GABAergic synapses on CA1 pyramidal neurons,
manipulation of the Npas4 expression level also leads to a change in the number and
strength of excitatory synapses on those neurons, although to a much lesser extent [5]; a
reduced Npas4 level leads to less inhibition and more excitation, while a higher Npas4 level
results in more inhibition and less excitation. It remains to be seen whether Npas4’s effect
on excitatory synapses is a secondary effect resulting from its effect on inhibitory synapses.
However, it is clear that Npas4’s effects on both inhibitory and excitatory synapses result in
reduced excitability of pyramidal neurons.
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Npas4’s role in modulating GABAergic synapses on excitatory neurons was later confirmed
in vivo. Based on mIPSCs recorded from CA1 pyramidal neurons in acute hippocampal
slices, in response to heightened activity following epileptic seizure or enriched environment
exposure, Npas4 appeared to be required for activity-dependent upregulation of GABAergic
synapses onto these neurons [37]. Npas4’s effect on glutamatergic synapses was not
examined in that study. Further investigation showed that Npas4 expression in CA1
pyramidal neurons actually increased the number of perisomatic GABAergic synapses while
decreasing the number on distal apical dendrites. This finding implies that Npas4 is involved
in modulating the neuron’s subsequent response to inputs received in different subcellular
compartments. We do not yet know how Npas4 manages to differentially regulate
GABAergic synapses in different subcellular domains.

Npas4 is also induced by neuronal activity in GABAergic neurons. For example, in the
primary visual cortex Npas4 is robustly induced after light exposure in both excitatory
neurons and major subtypes of GABAergic neurons [5, 7]. Consistent with a general role for
Npas4 in negatively modulating the overall synaptic drive of neural circuits in response to
activity, deletion of Npas4 from somatostatin (SST)-expressing GABAergic neurons, both in
culture and /n vivo, resulted in a reduction in the number of glutamatergic synapses on these
neurons, without affecting the number of GABAergic synapses [7]. This finding, together
with the results described above, suggests that Npas4 might be involved in homeostatic
plasticity, maintaining the excitatory/inhibitory balance of neural circuits by recruiting
inhibitory synapses onto excitatory neurons and excitatory synapses onto inhibitory neurons
in response to increased activity.

Npas4’s role in activity-dependent synapse formation during development has also been
examined in neurons born during adult neurogenesis, when neuronal activity is important for
their incorporation into the surrounding established neural circuit. In adult-born dentate
gyrus granule neurons, Npas4 has been found to be a major mediator of the effect of neural
activity on both the GABAergic and glutamatergic synaptic inputs the neurons receive:
increasing the excitability of individual newborn neurons significantly altered their
GABAergic synaptic inputs and dendritic spines (the sites of the majority of glutamatergic
synapses), and these effects were completely abolished by deleting the Npas4 gene [8]. In
adult-born olfactory bulb granule cells (OBGCs), which are GABAergic, Npas4 is induced
by odorant exposure and is required for dendritic spine formation in these cells following the
sensory experience [9]. Since dendritic spines on OBGCs are the sites of synapses between
OBGCs and mitral/tuft cells that relay olfactory sensory information to the cortex, by
regulating the experience-dependent formation of these dendritic spines Npas4 could play an
important role in the processing of olfactory information.

Transcriptional targets of Npas4: mechanisms underlying its synaptic

functions

Being a transcription factor, Npas4 exerts its biological function by controlling the
expression of its downstream transcriptional targets. To uncover genes that are involved in
activity-dependent development of GABAergic synapses, RNAIi was used to acutely knock
down Npas4 expression in cultured hippocampal neurons prior to transcription profiling
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using DNA microarrays. About 300 genes were found to be significantly altered when
Npas4 was knocked down, more than half of which were also acutely regulated by neuronal
activity [5].

Among these possible Npas4 targets, brain-derived neurotrophic factor (BDNF) stood out
because of its established role in GABAergic synapse development [38]. Npas4 directly
regulates the activity-dependent expression of BDNF by binding to its activity-dependent
promoters [5]. BDNF appears to be a major downstream effector of Npas4 in modulation of
GABAergic synapses, because when BDNF is knocked down by RNAI the ability of Npas4
overexpression to elevate GABAergic synapses is greatly diminished, although not
completely abolished [5]. BDNF was subsequently shown to be required only for the
activity-dependent up-regulation of perisomatic inhibitory synapses on CA1 pyramidal
neurons that is mediated by Npas4, but not for its down-regulation of dendritic inhibitory
synapses [37]. Surprisingly, BDNF was not involved in the activity-dependent modulation of
either GABAergic or glutamatergic synapses on adult-born dentate gyrus granule neurons,
which requires Npas4 [8]. In adult-born OBGCs, Npas4 regulates dendritic spine density
through the E3-ubiquitin ligase murine double minute 2 (Mdm2) [9]. These various findings
suggest that Npas4 engages different downstream transcriptional targets in different cell
types to modify synaptic connections.

A thorough investigation of Npas4-dependent genetic programs in excitatory and inhibitory
neurons revealed that Npas4 regulates different sets of downstream targets in those different
cell types [7]. BDNF, which is normally expressed in excitatory but not in inhibitory
neurons, could not be induced in inhibitory cortical neurons even when Npas4 was over-
expressed. Therefore, other Npas4 targets are responsible for its role in modulating synapses
in GABAergic neurons. It would be very enlightening to understand how Npas4 orchestrates
different transcriptional programs in each cell type to help maintain the overall homeostasis
of the network.

Npas4 appears to be important for the activity-dependent regulation of a very large number
of genes. Acute removal of the Npas4 gene from cultured Npas4 conditional knockout
neurons by Cre recombinase greatly reduced the activity-dependent induction of a large
number of activity-regulated genes, including most of the well-known IEGs [6]. This is
supported by ChlP-seq data showing that Npas4 co-localizes with RNA polymerase Il (Pol
I1) on promoters and enhancers of thousands of activity-regulated genes [39]. In the absence
of Npas4, the recruitment of Pol 11 to promoter and enhancer regions of both ¢-fos and
BDNFwas abolished [6]. It is unclear whether Npas4 is directly involved in or plays a
permissive role at the level of chromatin structure to facilitate Pol Il recruitment. Because
Npas4 appears to have such a broad impact on activity-regulated gene expression, it would
be interesting to investigate if it mediates many types of adaptive responses of neurons to
activity.

Npas4’s role in plasticity and memory

Activity-dependent transcription mechanisms are believed to underlie experience-induced
synaptic changes both during development and in the mature brain. It is possible that Npas4
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plays a role in both processes. While Npas4 is known to directly regulate genes such as
BDNF and Narp that have been shown to be important for plasticity [40-42], Npas4’s role in
neural circuit plasticity has not yet been completely elucidated.

Npas4 has recently been implicated in the restoration of ocular dominance (OD) plasticity to
the juvenile level in adult mice after fluoxetine treatment [43], presumably through a
reduction in intracortical inhibition [44, 45]. Npas4 expression was found to be elevated by
fluoxetine treatment and Npas4 knockdown prevented the fluoxetine-induced reactivation of
plasticity in adult mice [43]. Furthermore, overexpression of Npas4 alone mimicked the
fluoxetine effect. Interestingly, expression of the Npas4 target BDNF was transiently
increased by fluoxetine treatment and blocking BDNF-TrkB signaling also abolished the
fluoxetine effect [46]. These findings strongly suggest that the Npas4-dependent
transcription program in the relevant cells includes components that promote neural circuit
plasticity. However, these experiments do not tell us whether Npas4 promotes adult plasticity
by modulating inhibitory synapses. It would be interesting to determine whether Npas4 is
also important for critical period OD plasticity, which has been shown to be dependent on
the development of GABAergic synapses.

Npas4 has been shown to be important for long-term memory formation in two regions of
the brain: hippocampus and amygdala. CFC was used to test the involvement of Npas4 in
long-term memaory formation in the hippocampus. Npas4 knockout mice fail to form
contextual fear memories and this result does not seem to be due to impairment of their
locomotive activity, ability to sense pain (from the footshocks) or an abnormal anxiety level
[6]. As mentioned earlier, Npas4 induction in the hippocampus following CFC is largely
restricted to the CA3 subregion, suggesting that Npas4 might be required specifically in
CAZ3 for contextual memory formation. Both loss-of-function and gain-of-function
experiments showed that this is indeed the case. Deletion of Npas4 from CA3 in Npas4
conditional knockout mice led to impairment of long-term contextual memory formation,
and re-expression of Npas4 in CA3 in Npas4 total knockout animals restored memory
formation capacity [6]. Moreover, Npas4 is not required in CAL for contextual memory
formation. This selective induction of Npas4 in CA3 is unusual, because other activity-
dependent genes such as ¢c-fosand Arcare induced throughout the hippocampus during
CFC. This is consistent with the fact that the CA3 region is known to be required for the
rapid encoding of contextual information in the CFC paradigm, but until now the molecular
pathways involved had not been elucidated [27-29].

While it is clear that Npas4 is required in CA3 but not in CA1 for contextual memory
formation, we do not yet know what distinct signaling pathway in CA3 leads to the
induction of Npas4 here but not in CAL, or exactly why Npas4 is required only in CA3 for
contextual memory formation. It would be interesting to find out whether Npas4 is important
in other hippocampus-dependent learning and memory tasks that don’t require CA3.

Auditory fear memory, which depends on the amygdala but not the hippocampus, is normal
in Npas4 total knockout mice, suggesting that the amygdala circuit is intact [10]. This may
be due to compensatory pathways that produce normal amygdala function in the absence of
germline Npas4, since when Npas4 is acutely knocked down in the lateral amygdala (LA) by
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adeno-associated virus (AAV) expressing a short hairpin RNA (shRNA) that specifically
targets Npas4, auditory fear memory formation is impaired [10].

It is not known for which step of long-term memory formation and storage Npas4 is
required. Acute deletion of Npas4 does not impair short-term CFC memory, suggesting that
the initial learning is intact [2]. In the amygdala Npas4 is not required for memory retrieval,
because infusing sShRNA-expressing AAV 3 days after auditory fear conditioning to knock
down Npas4 in LA had no effect on fear memory reactivation 21 days later. Npas4 might
therefore be involved in post-learning consolidation and reconsolidation. Consistent with
this idea, Npas4 knockdown impaired retention of the auditory fear memory after
reactivation [10]. Npas4’s effect on synaptic plasticity in the hippocampus or amygdala
under these paradigms remain to be examined in order for us to understand how Npas4 is
involved in memory formation at the cellular level.

Note that there is no reason to think that Npas4’s role in memory is limited to the paradigms
we have discussed involving the hippocampus and amygdala; it may very well be involved in
the formation of other type of memories in other parts of the brain.

Future directions: active ensembles and linking neuronal activity to the

memory trace

As neuroscience pursues an understanding of the mechanisms that underlie long-term
memory, a looming challenge is to identify the sites in the brain where particular memories
are encoded and stored (the memory trace). A recently emerging view is that IEG-expressing
neural ensembles might represent key components of the memory trace. In recent studies
optogenetic reactivation or inactivation of IEG-defined ensembles led to retrieval or
suppression of memories, respectively [47, 48].

We have seen that Npas4 expression is regulated selectively by neural activity [5, 6], that its
expression leads to modification of synaptic connections, that it is induced in specific
neuronal populations by various learning experiences [6, 30, 31], and its deletion results in
impairment of memory formation [6, 10]. It is therefore reasonable to speculate that
experience-dependent changes in neural circuits that are important for memory formation
are likely to take place in neurons in which Npas4 is induced. The development of tools to
identify and manipulate Npas4-expressing neural ensembles will allow us to test this
hypothesis and investigate the mechanism of memory. Note that ensembles defined by
expression of Npas4 may not be identical to those defined by ¢-fos or Arc. Ensembles
defined by different IEGs may play distinct roles in memory. Given the unique features of
Npas4 that distinguish it from other IEGs, neuronal ensembles defined by Npas4 expression
may play a unique role in memory formation and provide particularly enlightening
information about the process.

Having identified the active neuronal population associated with a specific experience,
plasticity occurring in the active neurons and their synapses and the gene expression
programs required for long-lasting cellular changes in these neurons can be isolated and
investigated as being specifically relevant to the experience being encoded. This information
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key to our understanding of how a memory is encoded by the ensemble neurons acting
llectively as a neural circuit. From the various roles of Npas4 in activity-dependent
napse modification in several different types of neurons, a picture of how an experience

may shape the memory-encoding circuit by modulating the interactions between ensemble

ne

urons is starting to emerge (Figure 2). However, as illustrated in Figure 2, many missing

links need to be found before we can move closer to fully understanding how a transient

€X|

perience is recorded permanently in the brain.
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Box |

The term immediate-early gene (IEG) was first used to describe the viral genes that are
transcribed in host cells within 2 minutes after viral infection [49]. Since then, the term
IEG has been more broadly used to describe genes that are activated rapidly and
transiently in response to extracellular stimuli and independently of de novo protein
synthesis [11], even if the transcription happens after the 2 minute mark.

In mammalian neurons, ¢-fos is arguably the best known IEG. It was first studied in non-
neuronal cells in response to growth factors. Applying PDGF (platelet-derived growth
factor) to cultured 3T3 cells induced ¢-fos transcription within minutes, and it became
undetectable after 30 minutes [2]. The initial characterization of IEG expression in
neuronal cells was done in the pheochromocytoma cell line PC12, in which c¢-foswas
induced by growth factors or depolarizing stimuli [50]. This last finding suggested for the
first time a potential role for IEGs in linking neuronal activity to long-term changes in
gene expression. Since then some 30-40 different IEGs have been identified that are
known to be induced /n vitro by extracellular stimuli and/or activated /7 vivo under
physiological conditions [51, 52]. The table below lists some well-known IEGs expressed
in the nervous system. Most IEGs found in mammals are conserved across many species,
from invertebrates such as C. elegans [53], Aplysia [54] and Drosophila [55] to
vertebrates, but only a subset have been tested to see whether they are rapidly induced by
neuronal activity.

While IEGs with rapid induction similar to ¢-fos, such as Arc and Zif268 (also called
Egrl), usually come to mind when neuronal IEGs are mentioned, the induction of many
neuronal IEGs, such as BDNF and Narp, is much slower. Npas4 belongs to the rapidly
induced group. Since in most cases the point when transcription begins has not been
determined, the distinction between quickly and slowly induced IEGs is usually based on
when their mMRNA levels peak after stimulation, with faster IEGs usually peaking within
30 minutes and slower IEGs around 3-6 hours /7 vivo. In neurons, the definition of an
IEG may not be clear cut, because some slower IEGs may actually be activated by faster
IEGs already expressed due to on-going basal activity, which strictly speaking
disqualifies them from being true IEGs (since their expression requires de novo protein
synthesis). Definitions aside, it is important to characterize the activity-dependent
transcription cascades in order to understand how activity-dependent events unfold in
neurons after neuronal stimulation.

Functionally, IEGs can be categorized into two major classes: transcription factors that
regulate downstream gene expression (e.g. c-fos, Zif268, Npas4) and effector proteins
that directly modulate cellular functions (e.g. Arc, BDNF, Homerla, Narp). The majority
of the transcription factor IEGs are induced rapidly, while effector IEGs, with the
exception of Arc, are generally induced more slowly.

IEGs, particularly the rapidly induced ones, have been used as markers of neuronal
activity in the brain, although the precise quantitative relationship between IEG
expression and neuronal firing is unclear. As different IEGs are activated by distinct
signaling pathways in some cases, the ensembles of neurons defined by expression of
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different IEGs are not necessarily identical [6]. A major problem is to determine how the
transcription cascades led by individual IEGs function either independently or in concert
to modify neural circuits. Recently, a picture of complicated crosstalk among them has
started to emerge. For example, Npas4 and c-fos not only bind enhancer elements on each
other’s promoter, they also both bind, often in the same region, to the promoters of a
large number of other activity-regulated genes (including other IEGS), potentially directly
regulating their expression [56, 57]. Furthermore, Npas4 has been shown to directly
regulate the expression of BDNF and Narp, and BDNF in turn strongly induces the
expression of ¢-fosand Arc, but not Npas4. Such interconnections between IEGs may
contribute to feed-forward and feedback regulation within activity-dependent gene
transcription cascades.

Long-term plasticity and memory generally require transcription during and immediately
after stimulation. This period coincides with IEG induction, suggesting that IEGs may
play important roles in experience-dependent modulation of synapses in order to encode
memory. It is therefore unsurprising that mutant animals missing IEGs, including c-fos,
Zif268, Arc and Npas4, are found to be deficient in learning and memory. However, the
steps between IEG induction and memory formation are largely unknown and are likely
to remain an area of intensive investigation for some time.
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Box
Npas4 and bHLH-PAS family transcription factors

Npas4 belongs to the basic-helix-loop-helix (0HLH)-PER-ARNT-SIM (PAS) family of
transcription factors, which consist of a bHLH domain for DNA binding and tandem PAS
domains for dimerization and protein-protein interaction. bHLH-PAS transcription
factors are generally engaged in acute responses to extracelluar stimuli and environmental
changes. Well-studied members of the bHLH-PAS family include those involved in
response to xenobiotic stress (AhR), hypoxia (HIF1a), and circadian regulation (Clock
and BMAL). The mechanisms by which these proteins initiate an adaptive response are
different. AhR resides in the cytoplasm and translocates into the nucleus upon ligand
binding to activate downstream gene expression. The activity of HIF1a is tightly
controlled at the protein level: it is constitutively degraded under normoxia, but stabilized
under hypoxic conditions. Clock and BMAL form an autoregulatory transcriptional
feedback loop in response to day-night light cycles that results in the circadian rhythm
[78].

To activate transcription, bHLH-PAS proteins must form a dimer with one of the bHLH-
PAS binding partners ARNT, ARNT2, BMAL1 or BMALZ2. In experiments conducted /n
vitro, Npas4 appears to form dimers with ARNT and ARNT2, but not with BMALL1 or
BMAL2 [79, 80]. Since ARNT and ARNT2 have different expression patterns in the
brain, different heterodimers may be responsible for downstream gene expression in
different brain regions and possibly during different behaviors, and may induce
expression of different downstream genes.

Npas4 was named as the fourth member of the Neural PAS domain protein (NPAS)
group. Note that proteins in the NPAS group, although they are all bHLH-PAS family
proteins, are not closely related homologs and appear to have distinct biological
functions.
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Outstanding Questions Box

1. To what extent does Npas4 regulate synapses in an input-specific manner, and
what is the mechanism?

« In hippocampal CA1 pyramidal neurons, Npas4 may differentially
regulate perisomatic and distal inhibitory inputs onto the cells. To what
extent does similar input-specific regulation occur for other types of
synaptic inputs (such as excitatory synapses), in other cell types (such as
inhibitory neurons) and in other regions of the brain? Also, by what
mechanism is this input-specificity achieved?

2. To what extent does Npas4 function differently in different subtypes of neurons,
and what is the mechanism?

« Npas4 has been shown to upregulate inhibitory inputs in excitatory
neurons, but increase excitatory inputs in SST+ GABAergic interneurons.
Does Npas4 have the same function in all subtypes of excitatory neurons?
How about in other subtypes of inhibitory neurons? By what mechanism
are these cell type differences achieved?

3. Does Npas4 regulate the intrinsic excitability of neurons and, if so, by what
mechanism?

«  Given that Npas4 is known to affect the expression of several ion
channels, it seems quite likely that Npas4’s functions include regulation
of intrinsic excitability. It would be interesting to determine whether
Npas4 does in fact have this function and, if so, what mechanism is used.

4. Do Npas4* neurons form interconnected subnetworks?

» In Npas4* excitatory neurons, do the inhibitory inputs that are
upregulated in response to activity come directly from Npas4* inhibitory
neurons? Similarly, do activated Npas4+ excitatory neurons send stronger
excitatory inputs onto Npas4+ inhibitory neurons? The formation of such
subnetworks may facilitate memory encoding within larger neural
ensembles.

5. Does Npas4 function cell-autonomously?

» Npas4 is expressed only in a sparse population of neurons under
physiological conditions. Do activity-dependent responses in Npas4+
neurons modulate the function of Npas4— neurons, for example through
secreted factors or modification of the synaptic connections between
them.

6. Does Npas4 regulate neural circuit homeostasis?

» Npas4 has been implicated in maintaining homeostasis of activity levels
in neural circuits, probably by increasing inhibitory inputs on excitatory
neurons and elevating excitatory drive onto inhibitory neurons. Future
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studies are needed to test this idea directly using a homeostatic plasticity
paradigm. Additionally, are these homeostatic responses restricted to
Npas4+ neurons, with Npas4* and Npas4~ neurons perhaps displaying
different homeostatic responses?
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Trends Box

Memory formation requires converting experience-induced neuronal activity
into long lasting changes in the brain. This process generally requires activity-
dependent gene transcription.

A neuron-specific immediate-early gene (IEG), Npas4 is induced only by
neuronal activity.

In learning and memory paradigms, Npas4 induction is more tightly associated
with manipulations that will result in long term memory than other well-known
IEGs, making it a unique molecular link for memory formation.

Npas4 is involved in activity-dependent synaptic modulation in both excitatory
and inhibitory neurons. It regulates the expression of a large number of activity-
regulated genes that mediate diverse effects on synapses.

Npas4 function is required for memory formation in multiple brain regions. It
has also been implicated in neural circuit plasticity, although here detailed
studies are still lacking.
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Figure 1. Schematic drawing showing the activity-dependent induction and synaptic functions of
Npas4
Npas4 is induced by calcium influx triggered by neuronal activity. As a transcription factor,

Npas4 regulates the expression of a large number of downstream genes (e.g. BDNF, Narp,
Kcnal), which mediate the diverse effects of Npas4 on synapses. In excitatory neurons that
have been activated to express Npas4 (Npas4*), Npas4 upregulates perisomatic inhibitory
synapses, diminishes distal dendritic inhibitory synapses and downregulates excitatory
synapses. In Npas4* inhibitory neurons, Npas4 may upregulate excitatory synapses in
response to activity, as shown here in somatostatin-expressing neurons. In general, Npas4
appears to scale down the level of network activity in response to neuronal excitation.
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Figure 2. Schematic drawing showing the potential roles of Npas4 in regulating neural circuits
Npas4 has been shown to regulate both excitatory and inhibitory synapses, but how this

synaptic modulation contributes to neural circuit plasticity is largely unknown. Isn’t
changing synapses in this way plasticity? Six questions regarding the potential roles of
Npas4 in regulating neural circuits are listed, and are discussed further in the Outstanding
Questions Box.
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