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The ability of neurons to process and store salient environmental features underlies
information processing in the brain. Long-term information storage requires synaptic
plasticity and regulation of gene expression. While distinct patterns of activity have
been linked to synaptic plasticity, their impact on immediate early gene (IEG) expres-
sion remains poorly understood. The activity regulated cytoskeleton associated (Arc)
gene has received wide attention as an IEG critical for long-term synaptic plasticity and
memory. Yet, to date, the transcriptional dynamics of Arc in response to compartment
and input-specific activity is unclear. By developing a knock-in mouse to fluorescently
tag Arc alleles, we studied real-time transcription dynamics after stimulation of dentate
granule cells (GCs) in acute hippocampal slices. To our surprise, we found that Arc
transcription displayed distinct temporal kinetics depending on the activation of excit-
atory inputs that convey functionally distinct information, i.e., medial and lateral perfo-
rant paths (MPP and LPP, respectively). Moreover, the transcriptional dynamics of Arc
after synaptic stimulation was similar to direct activation of GCs, although the contri-
bution of ionotropic glutamate receptors, L-type voltage-gated calcium channel, and
the endoplasmic reticulum (ER) differed. Specifically, we observed an ER-mediated syn-
apse-to-nucleus signal that supported elevations in nuclear calcium and, thereby, rapid
induction of Arc transcription following MPP stimulation. By delving into the complex
excitation—transcription coupling for Arc, our findings highlight how different synaptic
inputs may encode information by modulating transcription dynamics of an IEG linked
to learning and memory.
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Encoding of salient stimuli through changes in immediate early gene (IEG) expression
highlights a crucial aspect of information processing in the brain (1-3). The activity
regulated cytoskeleton associated (Are) gene has received wide attention as a critical
IEG involved in certain forms of memory (4-6). Transcriptional activation of Are
occurs after long-term changes in neurotransmission (7-9), and the Arc messenger
RNAs (mRNAs) localize to recently activated synapses (7). Local synthesis of Arc pro-
tein was suggested to modulate synaptic strength by stabilization of F-actin and endo-
cytosis of AMPA receptors (AMPARs) (10, 11). Therefore, Arc impacts different forms
of synaptic plasticity: long-term potentiation and long-term depression (5, 11-14), but
see ref. 15, as well as homeostatic synaptic scaling (16). In addition to influencing syn-
aptic functions, evidence for Arc protein regulation of synaptic plasticity related genes
is emerging (17, 18). Taken together, these studies emphasize that precise tuning of
Arc protein levels is required to support synaptic plasticity and long-term memory.
Thus, elucidating the mechanisms controlling the temporal dynamics of Arc gene
expression is crucial to our understanding of information processing in the brain.

The pattern and location of neuronal activity required for temporal control of IEG
expression remains an open question (19-21). Most studies evaluating how neuronal
activity is transduced into gene transcription are primarily based on genome-scale analyses
(22) or mRNA detection in fixed tissue (7, 19, 23). Modified in situ hybridization
approaches identified Are transcribing neurons after a behavioral task or synaptic stimula-
tion (7, 23). In recent years, Arc transcribing neurons have been tracked using reporters
expressing GFP or dVenus driven by IEG promoters (24-26). However, visualizing the
complexity of endogenous Are transcriptional dynamics remains challenging in live tissue.
Overcoming such limitation is important for studying how neurons distinctly encode
environmental features through changes in IEG expression. To address this unknown and
advance gene-imaging technology, we developed a conditional Cre recombinase approach
that fluorescently labels endogenous Arc mRNAs in mice. Our tagging strategy was able
to detect allelic Arc transcription in tissue with high temporal sensitivity. Since transcrip-
tion is the first step of IEG regulation, imaging Arc transcription kinetics is a good indica-
tor of how activity is transduced into different temporal patterns of Arc expression.
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Significance

Environmental experiences trigger
neuronal activity that elicits gene
expression in the nervous system.
Rapid induction of specific genes
known as immediate early genes
(IEGs) supports activity-dependent
changes of neuronal circuits to
ultimately influence animal
behavior. However, the cellular
and molecular mechanisms
controlling how distinct forms of
neuronal activity modulate IEG
expression remain unclear. The
activity regulated cytoskeleton
associated (Arc) gene is a critical
IEG linked to memory. By imaging
Arc transcription in real time after
neuronal activity, we identified
how different receptors and
signaling pathways influence
transcriptional induction and
dynamics of an IEG. Our findings
provide insights into how
information received by distinct
synaptic inputs could be encoded
by modulating IEG dynamics.
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Using acute hippocampal slices from our reporter mouse, we
measured the magnitude and temporal kinetics of Arc transcrip-
tion after direct activation of dentate granule cells (GCs) and
selective activation of the excitatory synaptic inputs: medial perfo-
rant path (MPP) and lateral perforant path (LPP). We found
that presynaptic patterns of activity led to distinct temporal
dynamics of Arc transcription. MPP synapses rapidly and robustly
activated Are transcription via a synapse-to-nucleus signal sup-
ported by the endoplasmic reticulum (ER) that contributes to
nudlear calcium (Ca?*) elevation. In contrast, LPP stimulation
resulted in delayed Are transcription and lower nuclear Ca** rise.
Furthermore, we developed an optical stimulation method to
trigger Arc transcription in GCs and identified the relative contri-
butions of receptors and subcellular signaling in optical- versus
synaptic-driven neuronal activity. Our findings strongly suggest
that excitation—transcription coupling of IEGs in neurons display
input specificity and that compartmentalized neuronal activity
may encode specific environmental features in the genome.

Results

Visualizing Real-Time Transcription of Endogenous Arc in Live
Tissue after Neuronal Stimulation. To monitor gene transcrip-
tion in real time, we utilized the stem loop technology, whereby
mRNAs tagged with multimerized RNA stem loops are
detected after synthesis by high-affinity binding of fluorescently
labeled coat proteins (27). The endogenous Arc gene was
tagged by introducing 24 repeats of PBS loops into the 3’
untranslated region (28) that are bound by the coat protein
PCP fused to GFP. A mouse line where PCP-GFP expression
was designed to be Cre-dependent using loxP sites enabled cell-
specific PCP-GFP labeling (Fig. 14). This PCP-GFP mouse
was then crossed with the PBS- tagged Arc mouse (A7), to
generate double homozygous mice (Ar"" x PCP-GFP) for
imaging Arc mRNA synthesis in live tissue (Fig. 1A4). Viral
delivery of Cre to hippocampal GCs elicited recombination for
fluorescent labeling of Ar¢ mRNAs. To induce Arc gene expres-
sion, stimulation of MPP and LPP synapses was confirmed by
paired-pulse properties of field excitatory postsynaptic poten-
tials (Fig. 1B). Meanwhile, optogenetic activation of the fast
kinetics channelrhodopsin variant ChIEF (29) expressed in
GCs elicited action potentials (Fig. 1B). Using two-photon
microscopy, Arc transcription was detected as bright fluorescent
foci in GC nuclei after neuronal stimulation (Fig. 1C and
Movie S1). The emergence of fluorescent foci (intensity >10%
from nuclear background) indicated de novo transcription of
an Arc allele (Fig. 1C). Basal transcription can be maintained/
enhanced by increasing the amplitude of the preexisting allele
or by the appearance of the second allele (Fig. 1C). Quantifica-
tion of these transcriptional signatures was designated as total
percentage of Arc transcribing cells in the imaging field (Fig.
10). As a result, we could interrogate how GC activity induces
Arc transcription ex vivo in real time with high spatiotempo-
ral resolution.

Stimulation of Proximal and Distal GC Synapses Activates Arc
with Different Temporal Kinetics. Long-term changes in neuro-
transmission and epileptic forms of activity at perforant path
inputs elicit Are transcription in GCs (7-9). However, the precise
impact of perforant path synapses on the temporal kinetics of Are
transcription in GC nuclei is unknown. This is a relevant ques-
tion because these inputs convey functionally distinct informa-
tion; while proximal MPP inputs encode contextual information,
distal LPP inputs carry the content of an experience (30-33).
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Fig. 1. Cre-inducible Arc mRNA tagging system to visualize transcription
triggered by neuronal activity in live tissue. (A) Arc™’? animals were crossed
with PCP-GFP transgenic animals that contained PCP-GFP in the ROSA 26
locus flanked by a stop/lox site rendering PCP-GFP expression Cre-
dependent. The double homozygous mouse (Arc™"/PCP-GFP) was stereotac-
tically injected with Cre, enabling PCP-GFP binding to the PP7 stem loops
on the Arc mRNAs and detection of the transcribing alleles. (B) (Left) Experi-
mental arrangement for the electrical stimulation of LPP and MPP synaptic
inputs and optical activation of GCs expressing ChIEF. (Top Right) MPP and
LPP field excitatory postsynaptic potentials elicited by paired-pulse stimula-
tion and (Bottom Right) light-induced action potentials in GCs. (C) (Left)
Representative image shows two transcribing alleles producing tagged Arc
mMRNAs in GCs. (Right) Transcription signals were classified as emergence of
new (de novo) or increase of basal transcription by enhancement of signal
intensity (amplitude) or induction from the second allele. The combined quan-
tification of all signals is denoted as total transcriptional activation.

Hence, we determined how stimulation of MPP or LPP inputs
(100 pulses at 200 Hz, repeated five times, interburst interval at
0.2 Hz) regulates Arc transcriptional dynamics in real time (Fig.
2A). MPP activation significantly induced Arcin 12.5 + 0.6% of
the GC population at 15 min and peaked at 30 min (Fig. 2B) (87
Appendix, Table S1). Conversely, distal LPP stimulation led to Are
up-regulation only at later time points (Fig. 25; LPP 8.3 + 0.9%
at 45 min; LPP 9.2 + 1.1% at 60 min). Unstimulated naive slices
did not exhibit any increase in Are transcription (Fig. 2B; naive
2.6 + 0.5% at 30 min) (Table S1). To confirm that fluorescent
foci reported mRNA synthesis, we imaged slices in the presence of
the transcriptional inhibitor DRB (100 pM). Under this
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Fig. 2. Electrical stimulation of MPP inputs activates Arc transcription with rapid onset as compared to LPP activation. (A) Representative time course

images of (Top) MPP and (Bottom) LPP before and after electrical stimulation (denoted by arrowhead). Yellow boxes highlight a GC exhibiting Arc transcrip-
tion in the field of view. (B) Quantification of total transcribing cells revealed a significant increase following MPP stimulation (MPP at different time points
vs. basal at 0 min; AMAAP < 0.001 at 15 and 30 min; AMAP < 0.005 at 45 min; one-way ANOVA). LPP stimulation led to a significant increase in total transcrib-
ing cells at later time points (LPP at different time points vs. basal at 0 min; P < 0.01 at 45 min, *##P < 0.001 at 60 min; one-way ANOVA). Early time points
of transcriptional activation are significantly different between MPP and LPP (MPP vs. LPP at 15 and 30 min, ****P < 0.001, Bonferroni's multiple comparison
test). Naive slices showed no increase in transcription signals. (C) MPP elicited larger cumulative de novo transcription as compared to LPP (MPP vs. LPP,
****P < 0.001 at 30 min, *P < 0.05 at 45 min, Bonferroni's multiple comparison test). In B and C, naive nonstimulated slices served as control. MPP, n = 9
slices, 7 animals; LPP, n = 8 slices, 6 animals; naive, n = 6 slices, 5 animals. Data are presented as mean + SEM; ****P < 0,001, AMMAAP < 0,001, #*###p < 0.001,

AMP < 0.005, P < 0.01, *P < 0.05. (Scale bar, 20 pm.)

condition, fluorescent foci were absent, and a decline in total tran-
scribing cells was observed (SI Appendix, Fig. S1 A and B). We
also determined the stability of transcription signals postslice prep-
aration that did not vary significantly over time (87 Appendix, Fig.
S10). After 4 h, we detected transcription foci in 3.9 + 0.5% of
the GC population in fixed tissue (S Appendix, Fig. S1C).

To gain deeper insight into activity-dependent A induction,
we selectively quantified GCs displaying de novo transcription.
While MPP stimulation elicited immediate early de novo tran-
scription, a significant delay was observed for LPP (Fig. 2CG MPP
9.2 + 0.8% vs. LPP 4.3 + 0.6% at 30 min). De novo transcrip-
tion was seen in LPP at 45 min; however, it remained signifi-
cantly lower than MPP (Fig. 2C). Together, these observations
strongly suggested that LPP inputs trigger Arc transcription with
lower efficacy and longer latency than MPP inputs. The proxim-
ity of MPP synapses to GC somata could elicit action potentials
and thereby influence Arc induction kinetics. We excluded this
possibility by performing whole-cell current-clamp recordings
that revealed repetitive MPP stimulation did not trigger action

PNAS 2022 Vol. 119 No.38 2123373119

potentials (87 Appendix, Fig. S2A). In contrast, LPP stimulation
generated action potentials in four out of six GCs with a range of
0 to 10 action potentials (S7 Appendix, Fig. S2B). Weaker recruit-
ment of LPP inputs or a slower synapse-to-nucleus signal could
explain differences in temporal kinetics. To address these possibil-
ities, we first increased the number of stimulation bursts that may
enhance synapse-to-nucleus signaling (34). Augmenting LPP
stimulation in this manner increased charge transfer by three-
fold but did not accelerate Arc transcription (SI Appendix, Fig.
S3 A-E). In an effort to recruit a larger population of LPP
inputs, a second stimulation pipette was placed in the synaptic
field that increased synaptic charge transfer by fivefold (87
Appendix, Fig. S3B). We compared total Arc transcription and
the magnitude of charge transfer and identified a threshold for
immediate early Arc activation at 15 min (SI Appendix, Fig.
S30). By recruiting more inputs, we detected a comparable frac-
tion of Arc transcribing cells for LPP stimulation as seen for MPP
at 30 min (SI Appendix, Fig. S3D; LPP 2 pipettes 11.2 + 1.5%
vs. MPP 13.3 + 1.2%) accompanied by an earlier onset of de
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novo Arc transcription (S Appendix, Fig. S3E; LPP 2 pipettes
10.8 + 1.3% vs. MPP 9.2 + 0.8%). Strikingly, de novo tran-
scription elicited by two stimulation pipettes in LPP showed a
dramatic increase at 45 to 60 min (S/ Appendix, Fig. S3E).
Whole-cell patch-clamp experiments revealed that LPP two-
pipette stimulation generated a large number of action potentials
in all GCs with a range of 24 to 84 action potentials (S/
Appendix, Fig. S3F). Hence, the alteration of transcription kinet-
ics mediated by LPP two-pipette stimulation was, at least in
part, due to action potential signaling. Altogether, our observa-
tions suggest that the temporal dynamics of Arc transcription dis-
play input specificity and that enhancing the recruitment of LPP
synapses triggers action potentials that accelerate Arc induction.

Somatic Action Potential Activity of GCs Elicits Arc Transcription.
The role of action potential activity in excitation—transcription
coupling remains poorly understood (21). Recent evidence indi-
cated that specific forms of neuronal depolarizations impact tran-
scription and translation of selective target genes and proteins,
many of which are immediate early in nature (19, 22). Using
optogenetic stimulation of GCs, we elicited action potentials and
visualized the temporal kinetics of Arc transcription (Fig. 3A).
Quantification of transcription signals after optogenetic stimula-
tion showed that Arc was induced within 15 min, with peak val-
ues 12.4 + 1.6% at 30 min, and lasted up to 60 min (Fig. 3B).
To ensure that ChIEF expression did not result in aberrant
up-regulation of Arc transcription, we delivered antidromic electri-
cal stimulation to GCs and observed comparable immediate early
kinetics (Fig. 3 B and ). Additionally, we detected changes in
amplitude of transcription signals with optogenetic and synaptic

stimulation by quantifying allele intensity (S Appendix, Fig. S4).
Based on intensity traces of de novo sites, we calculated that
activity-induced transcription was maintained for an average of
30 min (SI Appendix, Fig. S4), corroborating the ON-duration
measured in cultured hippocampal neurons (28). Such observa-
tion suggests that the kinetics of the transcriptionally active
state may be conserved and intrinsically regulated. Our results
established optogenetic stimulation as an effective method to
investigate Arc transcription in tissue. Accordingly, we sought
to determine the stimulation frequencies that induce Arc activa-
tion by imaging fixed tissue (S/ Appendix, Fig. S5). By varying
the frequency of electrical and optical stimulation we deter-
mined that 50-Hz MPP and 25-Hz GC firing is sufficient to
trigger Arc transcription, respectively (SI Appendix, Fig. S5).
Taken together, our results indicate that the threshold fre-
quency for Arc induction is lower for action potential activity
than synaptic stimulation.

Role of lonotropic Glutamate Receptors and L-Type VGCC in
Arc Transcription. Neuronal activity can trigger Ca”" influx via
different postsynaptic ionotropic glutamate receptors (iGluRs),
such as AMPARs and NMDA receptors (NMDARs), or voltage-
gated Ca®" channels (VGCCs). Therefore, we determined the
impact of these Ca®* sources on the timing and efficacy of Arc
transcription. MPP stimulation in the presence of the AMPAR
antagonist, NBQX (10 pM), and NMDAR antagonist, D-APV
(25 pM), significantly reduced Arc transcription as compared to
control (Fig. 4 A, Top; MPP 13.3 + 1.3%; D-APV + NBQX
3.8 + 1.1% at 30 min). Meanwhile, antagonism of NMDARs
alone also prevented a rapid induction of Are transcription for
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Fig. 3. Optogenetic stimulation of GCs induces Arc transcription. (A) Representative time course images before and after optogenetic stimulation with
473 nm light (denoted by arrowhead). Yellow box highlights a GC exhibiting Arc transcription in the field of view. (B) Quantification of total transcribing cells
after optogenetic stimulation showed significant Arc activation as compared to baseline (Opto vs. basal at 0 min, ****P < 0.001 at 15, 30, and 45 min; *P < 0.05
at 60 min, one-way ANOVA). Antidromic electrical stimulation of GCs elicits similar Arc transcriptional onset as optogenetic activation (Opto vs. antidromic,
Bonferroni's multiple comparison test). (C) Quantification of de novo transcription following optogenetic stimulation revealed a significant increase as com-
pared to naive slices (Opto vs. naive at all time points, P < 0.05, Bonferroni's multiple comparison test). Optogenetic and antidromic stimulations display com-
parable de novo transcription. Opto, n = 8 slices, 6 animals. Naive, n = 3 slices, 3 animals. Antidromic, n = 3 slices, 3 animals. Data are presented as mean + SEM;

*P < 0.05, **P < 0.01, ****P < 0.001.
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Fig. 4. Contribution of iGluRs and L-type VGCC to Arc transcription following synaptic or somatic activation. (A) Pharmacological inhibition of iGIuRs signifi-
cantly reduces transcriptional activation as compared to control MPP stimulation (MPP vs. D-APV + NBQX, ****P < 0.001 at 15 and 30 min, ***P < 0.005 at
45 min, Bonferroni's multiple comparison test). A similar effect was observed with blockade of NMDARs alone (MPP vs. D-APV, AMAAP < 0.001 at 15 and
30 min, AMP < 0.01 at 45 min, Bonferroni's multiple comparison test). L-type VGCC blockade does not impact early Arc induction but impaired maintenance
at 45 min (MPP vs. Nimodipine, *P < 0.05 at 45 min, Bonferroni's multiple comparison test). De novo transcription exhibits high sensitivity to iGIuR antago-
nism (MPP vs. D-APV + NBQX, P < 0.005, Bonferroni’'s multiple comparison test). MPP, n = 9 slices, 7 animals; D-APV + NBQX, n = 5 slices, 4 animals; D-APV,
n = 5 slices, 4 animals; Nimodipine, n = 6 slices, 5 animals. (B) L-type VGCC blockade attenuates Arc transcription after somatic activation (Opto vs. Nimodi-
pine, #P < 0.01 at 15 min, #*P < 0.05 at other time points, Bonferroni's multiple comparison test). Although iGIuR inhibition dampened transcription, it did
not have any significant impact on Arc induction following somatic activation (Opto vs. D-APV + NBQX, P > 0.05, Bonferroni's multiple comparison test).
De novo transcription is diminished in the presence of Nimodipine following somatic activation (Opto vs. Nimodipine, P = 0.05 at 15 min, #*P < 0.05 at
30 min, **P < 0.01 at 45 min, **P < 0.005 at 60 min, Bonferroni's multiple comparison test). Opto, n = 8 slices, 6 animals; D-APV + NBQX, n = 4 slices, 4 animals;
Nimodipine, n = 5 slices, 4 animals. Data are presented as mean + SEM; ****p < 0.001, *** P < 0.005, **#p < 0.005, AMMP < 0.005, , *P < 0.01, MP < 0.01,, *P <

0.05, 7P < 0.05.

both total and de novo transcription (Fig. 44). The L-type
VGCC has been implicated in IEG expression mechanisms
(35-37) and is presumably localized to the soma and proximal
dendrites of GCs (38). L-type VGCC blockade with Nimodipine
(30 uM) had no significant effect on immediate early Arc tran-
scription induced by MPP stimulation (Fig. 4 A, Top; MPP
13.3 + 1.2%; Nimodipine 10.6 + 1.2 at 30 min). However,
the L-type VGCC may play a role in sustaining transcriptional
activation for longer durations (>45 min) after synaptic stimu-
lation (Fig. 4 A, Top; MPP 10.5 + 1.3%, Nimodipine 6.1 +
0.9% at 45 min). De novo transcription following MPP stimu-
lation was significantly impaired by inhibiting iGluRs (Fig. 4
A, Bortom) but not with L-type VGCC antagonism (Fig. 4 A,
Bottom). Conversely, optogenetic stimulation activated early Arc
transcription in the presence of iGluR antagonists, while L-type
VGCC blockade caused robust reductions in total and de novo
Are transcription (Fig. 4B; Opto 12.4 + 1.6%; Nimodipine
6.7 + 1.5% at 30 min; Opto de novo 10.7 + 2.1%; Nimodipine
de novo 4.3 + 1.0% at 30 min). Therefore, the L-type VGCC
highly influences Arc transcription mediated by somatic activa-
tion. To determine how L-type VGCC activity contributes to
Apre transcription, we assessed the impact of Nimodipine on burst
stimulation and cell firing. Our observations did not reveal any
major impact on these parameters (SI Appendix, Fig. S6) and

PNAS 2022 Vol. 119 No.38 2123373119

suggest that Ca®" influx or other signaling cascades may be at
play. Although we did not detect a statistically significant effect
of iGluR antagonists on optogenetic evoked Arc transcription,
a trend toward reduction at 45 min was noted (Fig. 4B). GC
firing can activate hilar mossy cells (MC) that project back
onto GCs to constitute the GC-MC-GC autoassociative cir-
cuit. Hence, it is not surprising that synaptic activity may par-
tially support action potential-driven Arc transcription in
autoassociative circuits. Our findings suggest that the Ca**
influx via postsynaptic iGluRs and the L-type VGCC has a dis-
tinct contribution to the immediate early activation of Arc and
transcriptional efficacy depending on the spatial origin of
the stimulus.

The ER Facilitates Arc Transcription Following MPP Stimulation.
The subcellular mechanisms supporting synapse-to-nucleus com-
munication can deeply influence adaptations in gene expression
(35, 39-41). To test the involvement of ER-mediated Ca**
wave propagation (42, 43), we depleted intracellular Ca’" stores
using the inhibitor of Ca**-dependent ATPases, cyclopiazonic
acid (CPA, 30 pM) (43, 44). CPA strongly attenuated both total
and de novo Arc transcription after MPP stimulation (Fig. 54;
MPP 12.5 + 0.6%; CPA 6.9 + 1.1% at 15 min; MPP de novo
6.1 + 0.5%; CPA de novo 1.5 + 0.5% at 15 min). Moreover,
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Fig. 5. The ER supports immediate early Arc transcription after MPP stimulation. (A) Bath application of cyclopiazonic acid (CPA, 30 uM) blocks early phase
transcription following MPP stimulation (MPP vs. CPA, ***P < 0.005 at 15 and 30 min, Bonferroni's multiple comparison test). CPA treatment attenuates de
novo transcription (MPP vs. CPA, ***P < 0.005 at 15 min, ****P < 0.001 at 30 and 45 min, ***P < 0.005 at 60 min, Bonferroni's multiple comparison test).
MPP, n = 9 slices, 7 animals; CPA, n = 5 slices, 5 animals. (B) Total and de novo transcription are not impacted by CPA treatment after somatic activation.
Opto, n = 8 slices, 6 animals; CPA, n = 4 slices, 4 animals. Data are presented as mean + SEM; ****P < 0.001, ***P < 0.005.

CPA delayed the onset of transcription that remained signifi-
cantly lower than control (Fig. 5 A, Bottom). In contrast, CPA
had no significant effect on total and de novo Arc transcription
induced by optogenetic activation (Fig. 5B8; Opto 10.6 + 1.4%;
CPA 9.3 + 2.1%; Opto de novo 6.7+ 1.5%; CPA de novo 5.7
+ 2.0% at 15 min). To determine the potential contribution of
the ER to Arc transcription we tested the effect of CPA on burst
stimulation and cell firing. Despite observing an increase in
charge transfer in CPA conditions (S/ Appendix, Fig. S6B), this
effect did not promote Arc activation. In contrast, CPA had no
impact on cell firing (S/ Appendix, Fig. SGE) indicating
ER-mediated Ca®* wave propagation may largely underlie
synapse-driven Arc induction. Together, these findings strongly
suggest that the ER supports a synapse-to-nucleus signal to pro-
mote rapid Arc transcription during repetitive MPP activity. In
contrast, direct activation of GCs that elicits action potentials
induces Arc transcription that is independent of the ER.

MPP Inputs Elicit Nuclear Ca?* Elevations Supported by the
ER. Our observations raised the possibility of ER-mediated
Ca®* wave propagation as a synapse-to-nucleus si%nal support-
ing Arc induction (45-47). To detect nuclear Ca®* elevations
in GCs, we expressed a genetically encoded Ca”* indicator con-
taining a nuclear localization signal, NLS-GCaMP6s (Fig. 6 A
and B). Two weeks postsurgery, acute slices were prepared and
stimulation of MPP inputs elicited nuclear Ca" rise (Fig. 60).
Subsequent bath application of CPA (30 uM) diminished
nuclear Ca’t levels following MPP activity (Fig. 6C; MPP
5.6 + 1.1, CPA 2.9 + 0.6; total nuclear Ca2+). To discard the
possibility that Ca®* reductions were due to photobleaching or
repetitive MPP stimulation, we ferformed successive MPP acti-
vations and observed higher Ca”™™ rise after the second stimula-
tion (Fig. 6D; MPP-first 4.3 + 0.9; MPP-second 6.6 + 1.6;
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total nuclear Ca®"). Hence, nuclear Ca** elevation is supported
by the ER and possibly underlies rapid transcription initiation
following MPP activation. Given LPP stimulation led to slower
transcription kinetics, we sought to determine whether this obser-
vation can be explained by the nuclear Ca** levels induced by
LPP synapses. Recruitment of LPP inputs resulted in low nuclear
Ca”" levels, while a subsequent MPP activation significantly
increased total Ca®* in the same nuclei (Fig. 6E; LPP 2.1 + 0.5;
MPP 4.7 + 1.3; total nuclear Ca*"). Our findings indicate that
GC excitatory synapses distinctly elevate nuclear Ca®* levels with
MPP inputs specifically eliciting large Ca®* elevations supported
by the ER.

Discussion

In this study, we performed high-resolution imaging of Arc tran-
scription in real time to elucidate how activity at different spatial
locations induces distinct excitation—transcription coupling to
regulate Arc gene expression in live tissue. We have established
that repetitive stimulation of MPP and LPP inputs activate Arc
transcription in different ways and with unique kinetics (Fig. 7).
MPP stimulation strongly induces Arc transcription within
15 min, accompanied by increases in nuclear Ca* that is depen-
dent on ER-Ca®*—mediated signaling. In contrast, LPP stimula-
tion induces a gradual onset of Are transcription that peaks at
45 to 60 min with slower kinetics and lower levels of nuclear
Ca®* rise. Input-specific transcription kinetics potentially reflects
distinct synapse-to-nucleus signaling mechanisms underlying Arc
activation. Furthermore, we have characterized the contribution
of iGluRs and the L-type VGCC to Are transcription following
synaptic (MPP) and somatic activation of GCs. Our results
highlight the complex relationship of neuronal activity, nuclear
Ca**, and gene regulation. Importantly, the temporal differences
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in subcellular processes that gate IEG transcription in response
to GC activity may critically impact hippocampal circuit func-
tions such as learning and memory.

Long-term potentiation, epileptic forms of activity, and
memory-related behaviors have been shown to elicit Are tran-
scription in the dentate gyrus of the rodent hippocampus (7-9,
48, 49). Specifically, in situ detection of mRNAs has linked Arc
transcription to animal behaviors including spatial exploration
and gustatory memory (23, 50). However, the ability to persis-
tently track transcription of IEGs in the same neuron in tissue
has remained a technical challenge in the field. The development
of transgenic mice expressing GFP and dVenus under the Are
promoter (24—26) enabled in vivo monitoring of promoter activ-
ity (51) but provided an indirect readout of transcription. By
tagging the endogenous Arc gene, we demonstrate activity-
induced transcription with single-allele resolution and detect
modes of transcription (amplitude, duration, and de novo
activation) in live tissue. Employing electrical and optogenetic
stimulation of GCs, we delineate how neuronal activity along
the somatodendritic axis influences immediate early Arc tran-
scription dynamics. The optogenetic approach may be applied
in future work to attain insights into action potential-driven IEG
regulation in vivo. The impact of modifying the temporal kinet-
ics of transcription on synaptic plasticity and brain circuit func-
tions remains enigmatic. Future longitudinal studies using this
Ard"*-PCP-GEP mouse may provide a deeper understanding of
IEG dysregulation in maladaptive behaviors associated with
brain disorders such as drug addiction, epilepsy, and cognitive
decline.

Neuronal activity occurring throughout the somatoden-
dritic axis can differentially impact IEG expression in neurons

(21, 35, 40). Recent work on the IEG Npas4 proposed that

PNAS 2022 Vol. 119 No.38 2123373119

neuronal depolarizations in the form of action potentials and
excitatory postsynaptic potentials triggered distinct genomic regu-
lation by NPAS4-heterodimers in CAl pyramidal neurons (19).
Although IEGs display commonalities, including activation with-
out the requirement of protein synthesis, each IEG exhibits
precise temporal windows of expression (22, 52). In case of Arc
transcription in the dentate gyrus, our findings revealed similar
temporal dynamics following synaptic or somatic activation,
although the underlying signaling mechanisms differed (Figs. 4
and 5). Strikingly, synaptic stimulation along the dendritic axis
displayed input-specific Arc expression. MPP activation resulted
in robust and rapid Arc transcriptional onset as compared to
LPP (Fig. 2). Differences in the latency and magnitude of Arc
transcription indicate that structural and functional properties of
synapses may determine how the same presynaptic activity trans-
duces distinct transcriptional output. Although our results do
not fully discard other possibilities, such as differences in synapse
distance from the soma, the fact that increasing LPP burst stimu-
lation alone did not alter Are induction suggests that synaptic
properties likely influence the threshold for IEG activation. In
this regard, we determined that enhanced recruitment of LPP
inputs supports rapid onset of Arc transcription. Two stimula-
tion pipettes increased the charge transfer by fivefold and led to
earlier Arc induction at 30 min (S/ Appendix, Fig. S3). Mean-
while, de novo transcription induced by two pipette LPP stimu-
lation showed a dramatic increase at later time points, 45 to
60 min. Whole-cell patch-clamp experiments revealed that this
kinetics was in part due to robust action potential generation (S/
Appendix, Fig. §3). Our ability to tune transcription onset and
kinetics by modifying the recruitment of inputs provides the
means to understand activity-dependent transcription regulation
with unprecedented resolution. Considering that MPP and LPP
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Fig. 7. Synaptic and somatic Ca®* signaling influences Arc transcription
dynamics in hippocampal dentate GCs. (A) Electrical stimulation of synap-
tic inputs or optogenetic stimulation of the soma (Left) elicits distinct Arc
transcription dynamics (Right). Blockade of ER or L-type VGCC (L-VGCC)
delays or attenuates Arc induction following MPP or somatic stimulation,
respectively. LPP stimulation activates Arc with delayed kinetics; how-
ever, recruiting more inputs and triggering action potentials (APs) can
accelerate transcription induction (Right). (B) Cartoon depicting receptor
activation and intracellular signaling in synapses and in soma leading to
nuclear Ca®* elevations and Arc transcription. LPP stimulation triggers
small nuclear Ca®* elevations and slow Arc induction, possibly due to
reduced ER engagement. In contrast, MPP stimulation leads to robust
nuclear Ca®* elevations supported by the ER and rapidly activates Arc
transcription. Somatic action potentials recruit L-VGCC to engage fast Arc
dynamics.

mainly convey information about context and content of animal
experience, respectively (30-33), our findings may implicate
how environmental information processed at different synaptic
inputs is uniquely imprinted in the genome to support hippo-
campal circuit functions.

Synaptic signals are transmitted to the nucleus through sev-
eral subcellular processes and employ different sources of Ca**
(21, 35, 40, 41, 45). Our results indicate that iGluRs signifi-
cantly contribute to Arc gene activation (Fig. 4) as previously
described, albeit using a different stimulation protocol of MPP
inputs (7). We identified a potential MPP signaling cascade that
engages the ER to elevate Ca®* in the nucleus and induce rapid
Are transcription. Depleting ER-Ca®™ using CPA  strongly
attenuated and significantly delayed Arc transcription following
MPP stimulation (Fig. 5). ER-Ca** disruption in MPP mir-
rored the transcriptional kinetics observed by stimulating LPP
synapses, suggesting that ER-Ca™" signaling contributes mini-
mally to LPP-driven Arc activation, but this possibility requires
further testing (Fig. 7). Overall, our findings showcase the con-
tribution of the ER to excitation—transcription coupling follow-
ing synaptic (MPP) but not somatic activation (Fig. 5). A similar
mechanism of Ca**-induced Ca®" release from the internal
stores via ryanodine receptors has recently been reported to

up-regulate IEGs like Npas4 (53). Other signaling cascades, such
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as MAPK/ERK and BDNF signaling have been implicated in
Aprc activation (54, 55), and these pathways may be operating in
concert or independently, depending on the stimulation imple-
mented to induce transcription. In addition, the delayed de
novo transcription of Arc in the presence of CPA suggests that
an alternative slower synapse-to-nucleus mechanism may exist,
including activity-dependent shuttling of transcription factors or
other proteins from the synapse to the nucleus (41, 56).

MPP stimulation robustly activated Are transcription and
generated large nuclear Ca®" elevations, as compared to LPP.
Therefore, lower Ca®* rise in the nucleus likely results in slower
Aprc transcriptional activation, as seen following LPP stimula-
tion. Given the synaptic distance of LPP inputs from the GC
soma, distal depolarizations may attenuate due to cable proper-
ties (57). Recently, NMDAR-mediated plateau potentials and
sodium dendritic spikes were shown to robustly impact synaptic
plasticity of LPP inputs (58). While dendritic Ca®* spike propa-
gation to the soma can activate the transcription factor NFAT
(59), whether LPP dendritic spike mechanisms compensate for
electrical attenuation to support Arc transcription remains to be
explored. Nonetheless, our results suggest that MPP and LPP
could initiate distinct subcellular processes resulting in different
temporal regulation of IEGs to support synaptic plasticity of
specific GC inputs. Dissecting the molecular and cellular signal-
ing intricacies of LPP and MPP inputs will further our under-
standing of how environmental features of content and context
are conveyed to the dentate gyrus (30-33).

Our study highlights the importance of revealing the under-
pinnings of IEG activation that may critically impact brain
function. In particular, the possibility of studying IEGs in per-
sistent neuronal populations over time provides opportunities
to delve into how compartment- and input-specific activity reg-
ulates gene expression in the mammalian brain. While the
induction threshold for IEGs like Arc, Npas4, c-fos, and zif-268
may vary as previously suggested (20), our findings indicate
IEG temporal dynamics may be influenced not only by activity
but also exhibit input-specificity. The precise neuronal activity
required to set in motion cell type-specific gene programs war-
rants further investigation. Given the implication of IEG
dysfunction in brain disorders (46, 60), understanding the tem-
poral kinetics and requirements of IEG expression and their
effect on neuronal physiology may provide insights to identify
novel therapeutic targets.

Materials and Methods

Arc™® x PCP-GFP transgenic mouse in a C57BL/6 background (4- to 8-wk-old,
both males and females) were used in this study. All animals were group housed
in a standard 12 h light/12 h dark cycle and had free access to food and water.
Animal handling, breeding, and use followed a protocol approved by the Animal
Care and Use Committee of Albert Einstein College of Medicine, in accordance
with the NIH guidelines. Experimental procedures, involving Arc™® x PCP-GFP
transgenic mouse generation, genotyping, stereotaxic surgery, hippocampal slice
preparation, electrophysiology, optogenetics, two-photon microscopy for Arc tran-
scription signal detection and for nuclear Ca** imaging, Arc transcription image
processing and analysis, nuclear Ca?* imaging analysis, viruses, reagents, and
data analysis and statistics, are detailed in S/ Appendix, Supplementary Materials
and Methods.
For more details, refer to S/ Appendix, Supplementary Materials and Methods.

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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