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Abstract

Immediate early transcription is an integral part of the neuronal response to environmental
stimulation and serves many brain processes including devel opment, learning, triggers of
programmed cell death, and reaction to injury and drugs. Following a stimulus, neurons express a
select few genes within a short period of time without undergoing de novo protein trandation.
Referred to as the ‘ gateway to genetic response’, these immediate early genes (IEGs) are either
expressed within afew minutes of stimulation or later within the hour. In neuronal IEGsthat are
expressed rapidly, productive elongation in response to neuronal activity is jump-started by
constitutive transcription initiation together with RNA polymerase 11 stalling in the vicinity of the
promoter. |EGs expressed later in the hour do not depend on this mechanism. On the basis of this
Polymerase Il poising, we propose that the immediate early genes can be grouped in two distinct
classes: the rapid and the delayed IEGs. The possible biological relevance of these classesin
neurons s discussed.

The phrase ‘ Immediate early genes' was initially coined by virologists and was used
exclusively to describe viral regulatory factors transcribed de novoby host cells
immediately within two minutes after viral integration (Jayaraman, 1972). Any subsequent
transcription was, at that time, termed de/ayedtearly transcription and referred to
downstream genes on the circular viral plasmid. Decades later, the threshold of two minutes
faded as the phrase ‘immediate-early’ was adopted widely by cell biologists (Cochran et al.,
1983). This alteration in meaning was based on the recognition that many of the genes
induced by viral integration were also induced immediately by extracellular signals such as
growth factors (Greenberg and Ziff, 1984, Mulcahy et al., 1985). The mRNAs of most of
these genes were detected at their peaks between 30 minutes and an hour (Curran et al.,
1985). This observation led to incorporation of the hour into the general definition of 1EGs,
which are usually defined as genes that can be expressed without de novo protein synthesis.
Henceforth, most |EG studies in neurons were largely restricted to the hour long time-frame.

As the molecular mechanisms underlying long-term memory were becoming known to
neurobiologists, one important realization was that long lasting synaptic changes such as
long-term potentiation (LTP) relied on mechanisms distinct from the shorter lasting forms
(Bliss and Collingridge, 1993). Depending on persistence, L TP has been classified as LTP1,
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LTP2 or LTP3 (Raymond, 2007). The fast decaying L TP1, also known as the early- or E-
LTP, is protein and mRNA-synthesis independent. LTP2, the intermediary phase, is protein
synthesis-dependent but independent of gene transcription. Presumably, LTP2 could be
supported from existing pools of MRNA and protein in the cell, but LTP3, the longest
lasting form of LTP, seemed to require de novo mRNA synthesis followed by their

trang ation within avery short ‘ critical window’ of time (Montarolo et a., 1986, Nguyen et
al., 1994, Frey et a., 1996); if gene transcription was blocked outside of this window,
consolidation of L-L TP was unaffected. Thus the immediate induction of genes was
proposed to be an integral step in the consolidation of LTP. Identification of these
immediate early genes, therefore, was widely considered to be a priority for understanding
how synaptic changes could last for extended periods (Curran and Morgan, 1985, Greenberg
et a., 1985, Morgan and Curran, 1986, Morgan et al., 1987). Consistent with the idea that
immediate transcription can occur in neurons, several |EGs such as cfoswere found to be
strongly induced within a matter of minutes by such diverse stimuli as seizure activity,
electrical stimulation and injury (Dragunow and Robertson, 1987a, b, Morgan et al., 1987,
Saffen et al., 1988). Dueto their reliable temporal signature, IEG expression is now
commonly used to track neuronal activity in specific areas of the brain in response to
specific behaviors. For example, IEGs can be induced in the visual cortex by exposing dark-
reared animalsto light and in hippocampal neurons in response to an animal exploring a
novel environment (Worley et al., 1990, Guzowski et a., 1999). Thus, it appeared that IEG
expression was amajor early step in the neuronal genetic response to many different
physiological processes.

Given the likely relevance of IEGs to neuron function, therefore, identification of every
neuronal |EG was soon attempted using subtractive hybridization and differential cDNA
cloning (Nedivi et al., 1993, Qian et al., 1993, Yamagata et al., 1993). Based on these
screens, the number of neuronal activity-induced IEGs wasiinitially estimated to be around
500-1000 (Nedivi et al., 1993). Subsequently however, the number of activity-induced IEGs
was found to be closer to 3040 (Lanahan and Worley, 1998). A substantial number of these
|EGs were transcription factors and, as such, are expected to regul ate expression of
downstream gene products. Additionally though, neurons express a small number of unique
IEGs that are not transcription factors. These neuronal 1EGs, often referred to as ‘ effector
IEGSs', perform arange of functions outside the nucleus and many localize to synaptic sites
and regulate synaptic function (Leslie and Nedivi, 2011). Because | EGs have such an
important role in neuronal physiology, understanding the mechanisms leading to their
induction could lead to important insights into neuronal contexts in which different genes
are induced.

Many routes to neuronal IEG induction

Under physiological conditions, neurons perceive environmental signalsin the form of both
electrical activity through synapses and neuromodul atory signal s through the rel ease of
compounds such as growth factors. In the case of excitatory synapsesin the brain, binding of
glutamate to ligand-gated ion channels leads to Ca?* influx through NMDA-type glutamate
receptors. In addition, glutamate also binds to and opens AMPA-type glutamate receptors,
which generate a post-synaptic potential that depolarizes the membrane, allowing further
influx of Ca2* through voltage-gated ion channels. Calcium, a strong inducer of neuronal
and non-neuronal |EGs (Greenberg et al., 1986), is thought to be sensed locally near the
membrane and the signal then relayed to the nucleus via signaling cascades that require
post-synaptic second messengers and cAMP- and cal cium-dependent protein kinases (Greer
and Greenberg, 2008, Kandel, 2012). Phosphorylation of constitutively expressed
transcription factors could then bind to specific regulatory elementsin a gene promoter or
enhancer and initiate gene transcription by recruiting RNA Polymerase |1 (Pol I1) (Greer and
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Greenberg, 2008, West and Greenberg, 2011). This ‘ synapse-to-nucleus’ signaling model is
built on two lines of evidence. Firstly, activity-induced gene transcription is typically
sensitive to antagonists of NMDA receptors, amajor source of synaptic Ca2* influx in
neurons. Secondly, and more recently, signaling molecules have now been imaged en route
to the nucleus in response to synaptic activity. These molecules include widely studied MAP
and CaM kinases and more recently AIDA-1 and CRTC1 (Martin et a., 1997, Deisseroth et
al., 1998, Jordan et al., 2007, Ch'ng et al., 2012). Such spatial translocation of signaling
moleculesiswell characterized in non-neuronal cells where the nucleusis not far from the
membrane signaling events and thus the mechanism is well suited to mediate immediate
cellular response. However, neuronal nuclei are often located several hundred microns away
from distal synapses and signaling molecules may not transl ocate to the nucleus fast enough
to explain very fast IEG induction in response to neuronal activity or behavior that begins
almost instantaneoudly: several studies have reported behavioral task-induced |EG products
in two minutes (Guzowski et a., 1999, Guzowski et al., 2001).

To explain signal transduction suitable for the fastest IEG expression, we have previously
proposed that the signal for LTP-related gene transcription may be relayed to the nucleus via
action potential s through calcium (Adams and Dudek, 2005, Saha and Dudek, 2008).
Integrated post-synaptic potentials create trains of action potentials that depolarize the
membrane to allow Ca2* influx through NMDA receptors and voltage-gated channels.
Because the synaptic depolarization travels along the membrane in a flash, Ca2* influx can
occur throughout the neurons and at somatic membranesin proximity of the nucleus, thus
requiring very little time for the signal to travel from distal synapses. At that point, Ca2* can
either act at plasma membrane microdomains associated with L-type Ca2* channels, or else
diffuse in to the somatic cytosol to trigger signaling cascades such as the Ca2*-Calmodulin
and MAP kinase pathways (Hardingham et al., 2001, Wheeler et al., 2008). Alternatively,
incoming Ca2* can act directly in the nucleus where it can potentially signal gene
transcription (Zhang et al., 2009). Along these lines, several studies have shown that action
potentials can trigger important signaling cascades, induce gene transcription and rescue
long term potentiation from decay without synaptic involvement (Eshete and Fields, 2001,
Dudek and Fields, 2002, Alarcon et al., 2006, Adams et al., 2009, Schoenenberger et al.,
2009).

Nuclear molecular mechanisms: poised for rapid transcription

Certain viruses, like the mouse mammary tumor viruses (MMTYV), can incorporate their
DNAs into host chromatin and can then undergo rapid transcription bursts in response to
glucocorticoids (Ringold et a., 1977, Archer et al., 1994). Likely thisrapid responseis due
to permissive chromatin conformation and accessibility of DNA because the extent of
transcription of MMTV provirusesis regulated by the site(s) of host DNA wherethe viral
DNA integrates (Ringold et al., 1979). In physiological circumstances, however, the means
to serve very fast gene transcription within minutes, asis seen in neurons after a behavioral
task, remained unknown. Until recently, focusin neuronal gene transcription has been on
transcription factors as key regulators of transcription leading to synaptic plasticity and
long-term memory formation. For example, strong evidence exists favoring arole for cCAMP
response element-binding protein (CREB), CCAAT enhancer binding protein & (C/EBPS)
and nuclear factor kappaB (NF-xB) in the regulation of LTP and memory (Dash et al., 1990,
Martin and Kandel, 1996, Meffert et a., 2003, Pintchovski et al., 2009, Arguello et a.,
2013). Although transcription factors are undoubtedly important for neuronal gene
transcription, afocus on them as triggering element assumes that transcription proceeds
according to aclassical model. The classical model of transcription begins when
transcription factors bind to specific sequences in the promoter or enhancer elements of the
gene and co-ordinate with remodeling complexes to modify chromatin and assembl e the
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preinitiation complex. Although exact the temporal requirements of chromatin remodeling
and preinitiation complex assembly in cellsis unknown, an estimate may be made from
reconstituted transcription studies in cell-free systems. In these studies, preinitiation
complex assembly from purified initiation factors on nucleosome free DNA template
required about ten minutes (Serizawa et a., 1997). An additional critical rate-limiting step of
the classical model is aso the subsequent recruitment and phosphorylation of Pol |1 to
initiate gene transcription. However, a detailed consideration of the kinetics of the very
fastest of IEG induction in the context of neuronal activity has led us to suggest
inadequacies in this canonical model.

As mentioned already, many neuronal |EG transcripts, like arc, can be detected within two
minutes of a stimulating event (Guzowski et al., 1999). Accordingly all of the following
presumably must take place prior to those two minutes: 1) signal transduction to the nucleus,
2) post-trandational modifications, 3) DNA-binding of transcription factors like CREB, 4)
activation of enzymes to remodel chromatin, 5) assembly of preinitiation complexes, 6)
recruitment and phosphorylation of Pol Il and finally, 7) complete productive elongation to
produce a detectable RNA. Furthermore, transcription initiation is often abortive in the first
few rounds unless Pol Il clears the promoter (Marshall and Price, 1992). Taken together, we
proposed that the regulation of rapidly induced immediate genes, and in particular a&¢, may
take place at alevel other than that of transcription initiation. We recently tested this
hypothesis and learned that immediate gene induction can be achieved either by regulating
transcription initiation or by controlling transcription at the level of elongation (Sahaet al.,
2011).

Some cluesinto the very fast transcription of IEGs were found in recent work showing that
expression of many genes can be regulated affer polymerase |1 recruitment and transcription
initiation. RNA polymerase |1 initiates transcription in these genes, but pauses after
transcribing a short piece of MRNA near the promoter (Lis, 1998). Referred to as ‘ promoter
proximal Polymerase stalling’, this mechanism allows transcription to be regulated after
initiation by modulating efficient release of the stalled polymerase into productive
elongation. As seen convincingly in the prototypical heat shock protein (450 genesin
Drosophila, the paused polymerase is released infrequently and inefficiently in the absence
of stimuli and the mRNA failsto be productively elongated. However, upon heat shock
stimulation, the paused polymerase is released almost immediately to complete successful
transcription of the gene (Lis, 1998). This phenomenon of polymerase ‘stalling’ is
widespread in the genomes of yeast, Drosgphila, Caenorhabditis elegans, and mammals
(Radonjic et al., 2005, Guenther et a., 2007, Muse et al., 2007, Baugh et a., 2009). In
higher eukaryotes, a major mediator of stalling isthe Negative elongation factor (NELF), a
four subunit complex composed of NELF-A, B, E and either NELF-C or NELF-D (Narita et
al., 2003). Although the exact mechanism of NEL F-dependent inhibition remains unknown,
RNAi-mediated depletion of DrosgphilaNELF reduced Polymerase promoter occupancy in
most genes (Muse et ., 2007). This observation suggests that NELF is required for
promoter-proximal stalling and knocking it down is a suitable tool to study the biological
roles of polymerase stalling.

Currently, polymerase stalling is envisioned as a modulator of transcription dynamics and
coordinator of gene expression where effective regulation of the stalling duration can bring
about rapid and robust gene transcription (Nechaev and Adelman, 2011). However, the
correlation between Pol 11 pausing and rapid gene induction was not tested directly by
assessing the induction rate of a genein the absence of Pal 1 stalling (Li and Gilmour,
2011). Because polymerase stalling uncoupl es transcription from the time-consuming initial
steps, Saha et &. hypothesized that this mechanism was ideal to serve rapid expression of
neuronal |EGs (Sahaet al., 2011). Furthermore, because stalled polymerase helps to retain
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permissive epigenetic signatures on promoters, prompt successive rounds of polymerase
recruitment to the accessible chromatin would lead to arobust transcription output. In a
direct test of the hypothesis that polymerase stalling plays a critical role in neuronal activity-
induced |EG transcription, Saha ef &. (Saha et a., 2011) observed a strong relationship
between rapid transcription and poised polymerase |1. Also note that, upon transcription
initiation, transient polymerase stalling occursin all genes, including delayed |EGs.
However, the action of NELF in the case of rapid IEGs prolongs this natural pause and
utilizesit to respond rapidly to neurona activity.

Using the neuronal ‘effector’ 1EG, arc, as amodel genein untreated dissociated rat neurons,
Sahaet al. found polymerase 11 significantly enriched near the arctranscription start site
(TSS) (Sahaet al., 2011). This enrichment had hallmarks of transcription that has already
been initiated but is stalled: 1) Rpb1, the largest polymerase Il subunit, was phosphorylated
on serine 5 residues of the C-terminal domain (CTD) heptad repeats (Boehm et al., 2003), 2)
The arc promoter region was enriched with histones in a generally permissive state with
high levels of trimethylated lysine 4 residues of histone 3. Additionally, 3) NELF-A and
NELF-E enrichment aligned with the polymerase peak in chromatin-immunoprecipitation
studies. Knock-down of NELF-A or NELF-E abolished promoter proximal polymerase |l
enrichment. In the absence of poised polymerase in neurons from the knock down of
NELFs, rapid induction of arcwas severely attenuated at five minutes after an activity
trigger. Thisimpairment of rapid IEG transcription in the absence of stalling suggests that
the two processes are coupled. Interestingly, the lack of stalling did not reliably affect arc
induction 45 minutes after the trigger, suggesting that only the very earliest transcriptional
response relies on NELF and the polymerase stalling mechanism (Sahaet al., 2011).
Because RNA polymerase Il is stalled on numerous genes, including non-IEGs, NELF
subunit knockdown may have widespread effects (Gilchrist et a., 2008). Saha &. 4.,
therefore verified that neuronal excitability in their NEL F-depleted neurons was normal.
Thus even with the potential widespread effects of NELF knockdown, no differencesin
synaptic function or excitability were found.

A revised model: rapid and delayed IEGs

In order to determine the role of Pol Il stalling in the transcription of other neuronal 1EGs,
Saha ef 4. identified by microarray all 1EGs that responded to a neurona activity-inducing
protocol in rat cortical neuron cultures. Subsequently, next-gen sequencing of ChlP material
(ChlP-seq) was used to study the level of stalling in the identified IEGs. Similar to what was
found with arc, the complement of IEGs that are expressed with very short latencies was
characterized as having polymerase enriched in proximity to their promoters. Moreover,
their early expression was sensitive to NELF knockdown but their later expression remained
unaffected. The group of |EGs having alonger latency for detection was found to be largely
devoid of such polymerase enrichment near their promoter (Saha et al., 2011). Based on
these data, Saha et &. proposed that | EGs can be divided into two subtypes: rgoid IEGS,
defined as | EGs with products detected within minutes after stimulation, and delayed /1EGs,
the products of which are not detected until later in the hour. Not surprisingly, al of these
rapid |EGs had polymerase bound to the promoter regions and the majority of delayed genes
did not. A promoter was considered to be bound to Pol 11 if it was represented in the ChlP-
seq data significantly more than in quiescent intergenic regions of the genome. Although
promoters of some delayed |EGs were considered bound by the polymerase, the cases were
few, and did not differ from the percentage of genesin the genome asawhole. To
guantitatively assess stalling from ChlP-seq data, a stalling index was cal cul ated by
normalizing the number of polymerase ‘hits' in the promoter region by the number of *hits
within the gene body (Muse et al., 2007). For example, alow calculated stalling index can
be areflection of active transcription with arelative abundance of polymerase in the gene
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body, or it may reflect polymerase paucity near the promoter. Because basal expression of
IEGsistypically very low, small stalling indicesin the very few polymerase-bound delayed
IEGs isreflective of alack of stalling at their promoters (Saha et a., 2011). In contrast, the
rapid |[EGs were found to have high stalling indices. The average stalling index of all rapid
|EGs was significantly more than the average stalling index of all genesin the rat genome.
This suggested amolecular hallmark of those genes predisposed for immediate response.
Thus the classification of rapid- and delayed-1EGs coincides with an abundance of RNA
polymerase stalled near gene promoters, indicative of an actual biological underpinning to
these |EG subcategories (Saha et al., 2011).

|EGs are often key regulators of the neuronal genome that allow signaling pathways to
access specific sets of downstream genes (Dragunow, 1996). In addition, several effector
IEGs are now known to participate directly in several aspects of neuronal functions. Despite
such adiverse array of functions, the IEGs can now be grouped in sub-categories based on
the latency of their expression. This raises the question as to whether there existsa
functional role for of such a gene group that responds so rapidly to neuronal activity.

From the neuron’ s perspective, a parsimonious strategy for synchronous gene induction in
response to neuronal activity or other such fast signal would be to have a common
mechanism used by all genes that respond first and fast. In the case of transcription and
trang ation, factors could be required immediately to build upon and consolidate brief
synaptic events, such as LTP. These ‘urgent’ genes would be |oaded with stalled polymerase
to deliver almost instantaneous bursts of gene transcription (Figure 1). The trigger for these
rapid |EGs could be served by action potential driven signaling pathways. In contrast, with
their products apparently not urgently required at the synapse or to rapidly initiate
transcription cascades, the delayed IEGs likely undergo a more classical mode of
transcription that includes the initiation process (Figure 1). Signals for expression of these
genes could be conveyed by relatively slower mechanisms such as synapse-to-nucleus
signaling pathways.

Another correlative speculation can be derived from the concept of the ‘ critical window’ of
transcription necessary for consolidation of synaptic plasticity (Montarolo et a., 1986,
Nguyen et al., 1994, Frey et a., 1996). These studies have shown that transcription
inhibitors are effective in blocking long term synaptic changes only if administered before or
during stimulation but importantly, they are ineffective if applied even shortly after the
trigger. Presumably then, transcriptiona eventsin that brief window of time, which are now
known to depend on a poised polymerase mechanism, could be necessary for such long-term
alterations in synaptic strength.

Conclusion

Thereliable and rapid timing of IEG expression is utilized by several contemporary
techniques. Imaging techniques such as ‘ cellular compartment analysis of temporal activity
by fluorescent /n situhybridization’ (catFISH) uses probes for |EG pre-mRNA for tracking
neuronal activity in time (Guzowski and Worley, 2001). Recently though, IEG transcription
has al so been used as the basis of atechnology for reactivating memory traces across
specific neuronal circuits. By knocking in cfospromoter-driven artificial stimulation
systems, such as channelrhodopsin or Designer Receptors Exclusively Activated by
Designer Drugs (DREADDS), ensembles of neurons that had been activated naturally by an
animal’ s behavior can be made to express these genetically encoded receptors, which are
then used to reactivate the same neuronal ensemble artificialy (Garner et al., 2012, Liu et
al., 2012). Thus, the distinct behavioral roles of circuits activated in ways that induce rapid
and delayed IEGs may be probed /n vivo by designing similar studies comparing artificial
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stimulation systems driven by the cfospromoter (arapid IEG) with those driven by a
delayed IEG (cox2, for example).

The multiple mechanisms of |EG transcription described in this review present us with a
new opportunity to dissect the functional roles of the different classes of IEGs. With now an
appreciation for the very earliest of the dynamics, we can expect to gain a better
understanding of the parameters necessary for any relationship between |EG expression and
their physiological tasks on hand. For example, regionally selective reduction of rapid IEG
expression by local NELF knock out could reveal the role of these IEGs in a particular brain
region. The actual function of the rapid response in the wider context of cognition, therefore,
will require further study.
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Figure 1. Therevised model

Synaptic activity at distal synapses can induce action potentials, which leads to Ca2* influx
in the soma to engage signaling cascades to the nucleus. Within the nucleus, genes respond
to these incoming signalsin two ways. The delayed | EGs undergo transcription initiation,
which includes recruitment of general transcription factors (GTFs), Pol 11 and acquisition of
histone modifications. Thus, they manifest relatively slower expression kinetics. The rgoid
IEGs are poised for rapid transcription within 2-5 minutes of activity due to the NELF-
mediated Pol 11 stalling near their promoters. The presence of positive transcription
elongation factor b (P-TEFb) promotes the entry of stalled Pol 11 into the productive
elongation phase. Moreover, the stalling of the pioneer Pol 11 facilitates the recruitment of
additional Pal 11 to these promoters pre-loaded with GTFs and active histone marks. Newly
recruited Pol 11 can then re-initiate successive rounds of transcription resulting in a quick
burst of the gene product. The exact signaling pathway leading up to Pol 11 productive
elongation remains unknown. Also note that, upon transcription initiation, transient
polymerase stalling can occur in all genes, including delayed |EGs. However, rapid IEGs are
‘armed’ to prolong this natural pause and utilize it to respond rapidly.
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