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Immediate-early genes Arc and c-Fos
show divergent brain-wide expression
following contextual fear conditioning
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Nicholas E. Bulthuis®, Liliette I. Quintana ® 2, Michelle Stackmann'® & Christine A. Denny ®%#

Encoding or retrieving a fear memory induces activity across the entire brain. Neurons involved in
these processes are often identified by the expression of immediate-early genes (IEGs), but the extent
to which the patterns of this expression correspond between IEGs has not been well characterized.
Here, male mice were administered either context exposure (no shock) or 3-shock contextual fear
conditioning and euthanized 1 h after encoding, retrieval 1 day later, or retrieval 5 days later. Brain
tissue was immunostained for Arc and c-Fos protein, and expression was quantified across several
brain regions. We find that expression of the two IEGs substantially diverges, with fewer than 50% of
total labeled cells expressing both markers across memory states. Furthermore, memory state broadly
influences Arc™ but not c-Fos™ cell density in select regions. These results suggest that the ensembles
identified by each gene may be more anatomically and functionally distinct than commonly thought.

Learning or remembering a fearful experience requires the coordinated
activity of thousands of neurons across the brain'~. This brain-wide cellular
trace is termed an engram, memory trace, or neural correlate of a memory,
and it is defined as the ensemble of neurons active during both memory
encoding and retrieval that is hypothesized to underlie memory storage*”.
Indeed, engrams in the hippocampus (HPC), amygdala (AMG), and other
brain regions have functional significance: neurons active during contextual
fear conditioning (CFC) in mice can later be stimulated to drive retrieval in
the absence of learned contextual cues™ or inhibited to prevent retrieval in a
conditioned context'’.

The systems developed to tag and identify engrams take advantage of
immediate-early genes (IEGs), a class of genes expressed in neurons at low
basal levels, but which are rapidly and transiently expressed upon neural
activity. IEGs include a variety of transcription factors (TFs), intracellular
signaling molecules, and postsynaptic proteins, and they contribute in
various ways to synaptic plasticity, cell maintenance, and memory
formation'""”. Engram-tagging strategies use promoters for select IEGs to
drive expression of transgenic constructs, which are combined with drug-
inducible systems like Cre-loxP recombination or tetracycline transactivator
(tTA)- tetracycline response element (TRE)/Tet-Off transcriptional con-
trols to enable temporally-precise capture of active neurons. When paired
with a single-trial learning paradigm like CFC, IEG-based tools can identify
the engram of conditioned fear as the overlap between the populations of

cells tagged during initial foot shock (memory encoding) and cells expres-
sing IEGs shortly following context re-exposure (memory retrieval), as
assessed by in situ hybridization or immunohistochemistry.

Despite the widespread use of IEGs as activity markers, the corre-
spondence between the expression patterns of even the most commonly
used IEGs has not been fully characterized across multiple memory states.
One such IEG, c-Fos, encodes a TF that binds with other TFs such as JunB to
form the AP-1 complex. Expression of c-Fos is induced by increased
intracellular concentrations of cyclic adenosine monophosphate (cAMP)
and Ca** via the mitogen-activated protein kinase (MAPK) signaling
pathway, which activates TFs such as cAMP response element-binding
protein (CREB), Elk-1, and serum response factor (SRF)"*'“. c-Fos mRNA is
detectable in neurons within minutes" of learning-evoked activity'’, and
c-Fos protein levels peak approximately 1h after behavior or artificial
electroconvulsive stimulation'’.

Another commonly used IEG, Arc/Arg3.1 (Arc), encodes an effector
protein that serves multiple functions in several regions of an active neuron.
Arc was first discovered to be trafficked from the nucleus to synaptically-
active segments of dendrites'*"”, where Arc mRNA is translated locally”’ and
Arc protein is involved in AMPA receptor (AMPAR) trafficking’"*.
Interestingly, however, Arc also functions in the nucleus to regulate tran-
scription of the AMPAR subunit GluAl to control cell-wide synaptic
strength”. The expression of Arc can be driven by multiple distinct signaling
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Fig. 1 | Arc and c-Fos are differentially expressed across numerous quantified
brain regions. A Experimental timeline and conditions. Red indicates transient
expression of IEGs Arc and c-Fos following behavior-driven neuronal activity.

B Percentage of time spent freezing was greater in 1-day and 5-day retrieval groups
compared to no shock and encoding groups. C Left: representative coronal hemi-
sphere section showing Arc (green) and c-Fos (magenta) expression with a Hoechst
nuclear counterstain (blue). Right: schematic coronal hemisphere section showing
quantified brain regions (purple), adapted from the Allen Mouse Brain Atlas

(Mouse, P56) at http://atlas.brain-map.org”. D Expression levels of Arc (green) and
c-Fos (magenta) as measured by percentage of all cells per region expressing each
marker. Group means are represented by the thick inner line; SEM are represented
by thin outer lines. N = 4 (no shock) or 8 (encoding, 1-day retrieval, 5-day retrieval)
mice. Error bars indicate +SEM. ****p < 0.0001. DG dentate gyrus, BLA basolateral
amygdala complex, RSCv ventral retrosplenial cortex, PVT paraventricular nucleus
of the thalamus, LH lateral habenula. A was created in BioRender. Bulthuis, N.
(2025) https://BioRender.com/ih5c2sa.

factors, including MAPK*, CREB, SRF”, and myocyte enhancer factor 2
(MEF2), which interact with a region termed the synaptic activity-
responsive element (SARE) in the Arc promoter”. Functionally, Arc has
been shown to play a crucial role in memory encoding, as its inhibition has
been shown to impair long-term potentiation (LTP)*** (though see also
Kyrke-Smith et al.””), and Arc knockout (KO) mice retain intact short- but
not long-term memory”. Akin to c-Fos, Arc mRNA is detected rapidly
following behavior, within minutes after spatial exploration® or context
memory”’, and Arc protein levels peak between 1 and 4 h following elec-
troconvulsive stimulation'”. Lastly, Arc protein has also been shown to form
viral-like capsids that transport Arc mRNA from neuron to neuron™,
though the function of this novel phenomenon is not yet fully elucidated.
Here, we sought to determine how Arc and c-Fos are differen-
tially affected by learning state by examining their simultaneous
expression both temporally and spatially: across multiple states of
fear memory in numerous brain regions. Male mice were adminis-
tered either a control context exposure without shock or a 3-shock
CFC paradigm and euthanized 1h after (1) no shock, (2) CFC
encoding, (3) CFC retrieval 1 day later, or (4) CFC retrieval 5 days
later, after which brain tissue was processed and immunostained for
Arc and c-Fos. Both 1-day and 5-day retrieval timepoints were used
to determine if the length of time elapsed from memory encoding to
retrieval influences IEG expression. Brain areas analyzed included
subregions of the HPC, such as the dentate gyrus (DG) and CA3,
which are involved in contextual memory and pattern separation®*;
the basolateral amygdala complex (BLA), involved in fear

conditioning, extinction, and consolidation®”’; the ventral retro-
splenial cortex (RSCv), involved in spatial, contextual, and cue-
specific memory’®” and linked to age- and disease-related cognitive
decline**'; the ventral anterior cingulate cortex (ACAv), a region of
the dorsomedial prefrontal cortex (dmPFC), involved in cognitive
functions including long-term memory*; and thalamic/epithalamic
regions the paraventricular nucleus of the thalamus (PVT), involved
in salience processing and fear expression**, and the lateral habe-
nula (LH), involved in aversive behavior and learning”. We found
that the expression of Arc and c-Fos is both region- and memory
state-dependent, with dynamic shifts of Arc expression across time in
CA3 and greater c-Fos than Arc expression in numerous quantified
brain areas. Our results suggest that multiple experimental variables
differentially influence IEG expression, and they provide essential
context for how analyses of Arc or c-Fos as a neural activity marker
should be interpreted.

Results

Arc and c-Fos are simultaneously expressed during contextual
fear conditioning encoding and retrieval

Here, CFC was used to test the effect of memory state on the induction of
Arc and c-Fos. Mice were administered either a no shock control or 3-shock
CFC and euthanized 1 h following no shock, encoding, 1-day retrieval, or
5-day retrieval to capture Arc and c-Fos protein expression induced at each
timepoint (Fig. 1A). As expected, mice froze significantly more during
memory retrieval than no shock or encoding, indicating successful
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expression of the contextual fear memory (Fig. 1B). To visualize Arc and
c-Fos proteins simultaneously, several immunohistochemical protocols
were first tested to identify the combination of antibodies that provided the
most robust labeling with the least discernible cross-reactivity between
channels (Fig. S1). Our optimized strategy leveraged rabbit anti-Arc and rat

anti-c-Fos primary antibodies to reduce nonspecific binding, enabling
quantification of Arc” and c-Fos" cells in hippocampal, cortical, and sub-
cortical regions of fixed brain tissue slices (Fig. 1C). This approach deter-
mined that up to 30% of all cells in each region expressed each gene at each
timepoint (Fig. 1D).
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Fig. 2 | Arc and c-Fos expression patterns diverge at all memory states in the DG.
A Left: Arc (green) and c-Fos (magenta) expression; Hoechst nuclear counterstain
(blue). Right: inset. White arrow: example Arcc-Fos™ cell. B-E Arc™ and c-Fos™ cell
densities in the upper blade were greater than those in the lower blade during no
shock, encoding, and 5-day retrieval. At 1-day retrieval, c-Fos™ cell density was
greater in the upper than the lower blade, and there was a main effect of IEG

(*p =0.0236). F Mean Arc'c-Fos" co-labeling normalized to chance (dotted line)
was greater in the lower than upper blade during no shock, encoding, and 5-day
retrieval. G Among complements of labeled DG cells, Arc*c-Fos™ cell density did not
differ between blades but varied across memory states (main effect, *p = 0.0157).
H, I Arc*c-Fos" and Arc c-Fos™ cell densities were greater in the upper than the
lower blade during no shock, encoding, and 5-day retrieval. Arc*c-Fos" cell density
was greater in the upper than the lower blade at 1-day retrieval, and within the upper
blade, greater during no shock than 1-day and 5-day retrieval. All labeled upper (J)
and lower blade (K) cells for each group, summed across all mice, as a Venn diagram

of Arc, c-Fos, and their overlap (blue) (upper: n = 1179, n = 3445, n = 3751, and

n = 3871 cells; lower: n =521, n = 1513, n = 1950, and n = 1953 cells). L The
upper:lower density ratio was greater for c-Fos than Arc but not modulated by
memory state. M This ratio for all labeled cells did not change across timepoints but
was greater than 1 (dotted line) at each (one-sample #-tests, *p = 0.0375,

¥ < 0.0001, ¥**p =0.0002, and ***p = 0.0008). N Among complements, the
Arc*c-Fos™ blade ratio was modulated by memory state, with that of encoding
greater than that of all other groups, while both encoding and 1-day retrieval mean
ratios were greater than 1 (one-sample ¢-tests, ***p = 0.0004, and **p = 0.0093).
0, P Arc'c-Fos™ and Arc c-Fos* blade ratios were both greater than 1 at encoding
and retrieval but not no shock timepoints (one-sample ¢-tests, ***p = 0.0005,

#¥p = 0,0024, and ***p = 0.0009; **p = 0.0068, *p = 0.0129, and **p = 0.0024) but
were not modulated by memory state. N = 4 (no shock) or 8 (encoding, 1-day
retrieval, 5-day retrieval) mice. Error bars indicate +SEM. *p < 0.05; **p < 0.01;
*H#¥p < 0.001; ****p < 0.0001. DG dentate gyrus, U union.

Arc but not c-Fos expression varies by memory state and sub-
region in the hippocampus

We first examined the expression of Arc and c-Fos across both upper and
lower blades of the DG (Fig. 2A), given the region’s essential role in
memory encoding and retrieval* and the preferential recruitment of the
upper blade across an array of behaviors”. In the DG, c-Fos" cells showed
higher density in the upper than the lower blade across all memory states,
while Arct cells showed the same at no shock, encoding, and 5-day
retrieval (Fig. 2B-E). However, across blades and timepoints, Arc” and
c-Fos™ cell density generally did not differ, with only a main effect of IEG
at 1-day retrieval. As a measure of coordinated expression of both genes,
their observed co-labeling was normalized to that expected if Arc” and
c-Fos™ cells were randomly distributed, and observed overlap was greatly
above chance at all timepoints in both blades (Fig. 2F). Interestingly, this
metric was greater in the lower than the upper blade at no shock, encoding,
and 5-day retrieval timepoints, suggesting overall greater correspondence
between Arc and c-Fos labeling in the lower blade. Cells were then further
divided by blade into three complements based on their shared or unique
expression: Arc’c-Fos™ cells (Fig. 2G), Arc'c-Fos™ cells (Fig. 2H), and
Arc c-Fos™ cells (Fig. 21). Cells were quantified in all three complements
across both blades and all timepoints, indicating that Arc and c-Fos
expression patterns indeed diverged regardless of behavioral condition.
While memory state had a main effect on cell density in the Arc*c-Fos™
complement, blade had an effect on Arc*c-Fos* and Arc c-Fos" cell
densities, with greater density in the upper blade than the lower in all
conditions among Arc*c-Fos™ cells and in no shock, encoding, and 5-day
retrieval among Arc™c-Fos™ cells. Furthermore, Arc*c-Fos" cell density in
the upper blade was greater in control no shock conditions than in both
retrieval conditions, suggesting a subtle effect of memory state on co-
expression of Arc and c-Fos in the DG. To better visualize these com-
plements, Venn diagrams were generated of Arc” and c-Fos™ cells sum-
med across all sections, quantified for all mice in each group (Fig. 2], K),
highlighting substantial divergence in Arc and c-Fos expression despite a
plurality of co-labeled cells. Such a divergence cannot be explained by the
inability of cells to express one or the other IEG, as activation of the DG via
administration of kainic acid induced both Arc and c-Fos expression in
virtually every granule cell in both blades (Fig. S2).

Next, to better understand the relative expression of Arc and c-Fos
between blades, the ratio of cell density in the upper to the lower blade was
calculated per mouse. All calculated ratios at all timepoints were greater than
1, showing again that the upper blade displayed greater density of IEG
labeling than the lower blade, and this ratio among c-Fos™ cells was greater
overall than that among Arc” cells (Fig. 2L). The mean upper:lower ratio for
all labeled cells (Arc" U c-Fos™) per group significantly exceeded 1 at every
time point but was not influenced by memory state (Fig. 2M). Finally,
among complement populations, this ratio was greater at encoding than at
any other timepoint among Arc*c-Fos™ cells alone, with no effect of time-
pointamong Arc*c-Fos* or Arc c-Fos* cells (Fig. 2N-P), indicating that the
balance of cells expressing only Arc is biased toward the upper blade during

CFC encoding specifically. Overall, these results provide evidence of sub-
stantial populations of active DG cells that express only Arc or c-Fos but not
both, and they suggest that Arc and c-Fos expression are largely invariant to
the memory state that induced them.

A more prominent effect of memory state, however, was found in CA3
(Fig. 3A). Arc” cell density increased from both no shock and encoding to
1-day retrieval and from encoding to 5-day retrieval (Fig. 3B), reflected in
corresponding increases in Arc'c-Fos™ cell density from both no shock and
encoding to both 1-day and 5-day retrieval, and in Arc*c-Fos™ cell density
from encoding to 1-day and 5-day retrieval (Fig. 3C, D). These increases
corresponded to commensurate decreases in Arc”c-Fos™ cell density from
both no shock and encoding to 1-day retrieval and from encoding to 5-day
retrieval (Fig. 3E), altogether suggesting that an increase in Arc across time
occurs in c-Fos™ and c-Fos® CA3 populations alike, despite total Arc
or c-Fos labeling not changing over time (Fig. 3F). Nonetheless, Arc*c-Fos™
co-labeling occurred at levels greater than chance (Fig. 3G), suggesting that
expression of the two IEGs was still generally coordinated in this region.
Variations across memory states were also reflected in the fraction of labeled
cells per complement at each timepoint (Fig. 3H-L), with the greatest
proportion of CA3 cells Arc c-Fos”, then Arc’c-Fos", then Arc*c-Fos™ at
no shock and encoding (Fig. 3H, 1), a greater proportion Arc'c-Fos* than
Arc*c-Fos™ at 1-day retrieval (Fig. 3I), and a greater proportion Arc'c-Fos®
or Arcc-Fos' than Arc'c-Fos™ at 5-day retrieval (Fig. 3]). These data
emphasize that memory state has a profound influence on IEG expression in
CA3, identifying an increase in Arc expression from baseline and memory
encoding to memory retrieval at multiple timepoints that appears inde-
pendent of c-Fos expression.

In order to further confirm that divergence in Arc and c-Fos expression
patterns in the HPC was not due to underlying cell type differences, we
quantified expression of both IEGs in GAD67" inhibitory neurons in a
subset of mice euthanized 1 h after 5-day CFC retrieval (Fig. S3A). As in the
data above (Fig. 2E), DG Arc' and c-Fos" cell density did not differ
(Fig. S3B), but a larger portion of GAD67* cells expressed c-Fos than Arc
(Fig. S3C). Nonetheless, these GAD67" cells comprise only a fraction of the
cells that express Arc or c-Fos alone (Fig. S3D). Overall CA3 c-Fos™ cell
density was greater than Arc” cell density (Fig. S3E), again aligning with
findings above (Fig. 3B), and once again a greater portion of GAD67" cells
expressed c-Fos than Arc (Fig. S3F). As in the DG, however, these GAD67*
cells comprised a very small fraction of the cells that expressed either IEG
alone (Fig. S3G), suggesting that differences in Arc and c-Fos labeling in the
HPC cannot be explained by a difference in expression in underlying cell
types, at least at a 5-day retrieval timepoint.

Arc and c-Fos expression patterns diverge in the basolateral
amygdala complex, the ventral retrosplenial cortex, and the
ventral anterior cingulate cortex

We next examined Arc and c-Fos expression in the BLA and RSCv, limbic
brain regions both involved in fear memory, and the ACAv, a prefrontal
cortical region thought to be involved in longer-term memory recall. In
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contrast to the DG but similar to CA3, BLA c-Fos" cell density was sig-
nificantly greater than Arc™ cell density at a no shock baseline and at CFC
encoding (Fig. 4A, B). Though neither Arc* nor c-Fos" cell density varied
across memory states, Arc'c-Fos™ cell density increased from no shock to
1-day retrieval, and Arc c-Fos™ cell density decreased from encoding to
5-day retrieval (Fig. 4C-E), while overall expression remained constant
(Fig. 4F). Arc'c-Fos' co-labeling in the BLA was significantly greater than

chance at all timepoints (Fig. 4G), and among complements, a greater
proportion of cells were Arc”c-Fos" than Arc*c-Fos™ at every timepointand
than Arc'c-Fos® cells at no shock, encoding, and 5-day retrieval
(Fig. 4H-L). Arc*c-Fos™ cell density was also greater than Arc*c-Fos™ cell
density in no shock and encoding groups, collectively suggesting that Arc
and c-Fos are expressed at different levels at both baseline and experimental
behavioral conditions.
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Fig. 3 | Arc but not c-Fos expression varies with memory state in CA3. A Left:
representative section showing Arc (green) and c-Fos (magenta) expression with
Hoechst nuclear counterstain (blue). Right: inset, with Arc and c-Fos channels
presented separately. White arrow: example Arc’c-Fos™ cell. B Densities of Arc* and
c-Fos™ CA3 cells varied significantly by IEG and timepoint. In no shock, encoding,
and 5-day retrieval groups, c-Fos™ cell density was greater than Arc” cell density.
Arc” cell density also increased from no shock to 1-day retrieval and from encoding
to both 1-day and 5-day retrieval timepoints (significant interaction comparisons,
not shown, are detailed in Supplementary Table 2). Among complements,

C Arc*c-Fos™ cell density increased from both no shock and encoding to both 1-day
and 5-day retrieval. D Arc'c-Fos™ cell density increased from encoding to both
retrieval timepoints. E Arc c-Fos™ cell density decreased from no shock to 1-day
retrieval and from encoding to both retrieval timepoints. F There was no effect of
timepoint on the density of the total number of CA3 cells expressing Arc or c-Fos.
G The level of Arc*c-Fos™ co-labeling normalized to expected chance levels (dotted

line) did not differ between timepoints, but at each timepoint mean co-labeling was
greatly above chance (one-sample ¢-tests, **p = 0.0049, ****p < 0.0001,

*RH*D < 0.0001, ****p < 0.0001). Among complements of cells in the H no shock
andI encoding groups, the Arc™c-Fos* proportion was greater than both Arc*c-Fos™
and Arc*c-Fos" proportions while a greater proportion of cells were Arc*c-Fos*
than Arc’c-Fos . J At 1-day retrieval, a greater proportion of cells were Arc*c-Fos™
than Arc’c-Fos™. K At 5-day retrieval, both the Arc*c-Fos" and Arc c-Fos™ pro-
portions were greater than the Arc*c-Fos™ proportion. L All labeled CA3 cells for
each group, summed across all sections quantified for all mice, represented asa Venn
diagram of Arc expression (green), c-Fos expression (magenta), and their overlap
(blue) (n = 2424, n = 5801, n = 6223, and n = 7415 cells, respectively). Percentages of
total cells in each complement are overlaid for each timepoint. N = 4 (no shock) or 8
(encoding, 1-day retrieval, 5-day retrieval) mice. Error bars indicate +SEM.

*p < 0.05; **p < 0.01; ¥**p < 0.001; ****p < 0.0001. U union.

The RSCyv, considered part of the limbic memory circuit alongside the
HPC and anterior thalamus®, revealed subtle effects of memory state on
IEG expression (Fig. 5A). First, in the no shock group, c-Fos* cell density
was greater than Arc” cell density, but this difference was not detected in any
CFC experimental group, and timepoint had no overall main effect (Fig. 5B).
Next, while Arc*c-Fos" cell density did not vary between memory states,
Arc’c-Fos™ and Arc c-Fos™ cell densities showed inverse parallel trends,
with the former increasing from no shock to both encoding and 1-day
retrieval conditions and the latter decreasing from both no shock and
encoding to 1-day retrieval groups (Fig. 5C-E) while total labeled RSCv cell
density remained constant (Fig. 5F). Arc’c-Fos* co-labeling was above
expected chance levels for all groups and varied with timepoint (main
effect), though this metric did not differ between any two timepoints in
individual comparisons (Fig. 5G). Finally, among complements of cells, at a
no shock baseline the Arc c-Fos® proportion was greatest, followed by
Arc*c-Fos™, and then Arc*c-Fos~, matching trends observed in several
other brain regions assessed here (Fig. 5H). At encoding, a greater pro-
portion of cells were Arc c-Fos* than either Arc*c-Fos™ or Arc*c-Fos*, and
at 5-day retrieval, a greater proportion were either Arc'c-Fos™ or
Arc c-Fos" than Arc’c-Fos~ (Fig. 5I-K), while all timepoints showed less
than 40% co-labeling (Fig. 5L). These data show that Arc and c-Fos
expression patterns diverge in the BLA and RSCv as in the HPC, and they
suggest that memory state influences these patterns, though to a lesser
degree than in CA3.

To compare these findings to another cortical region more typically
associated with long-term memory retrieval, we also quantified IEG
expression in the ACAv, a subregion of the dmPFC (Fig. S4A). Here, c-Fos*
cell density was greater than Arc* cell density at each timepoint (Fig. S4B),
but timepoint did not have any influence on either of these densities, the
density of any complement of cells, or the density of Arc or c-Fos labeling
overall (Fig. S4C-F). As in other regions, the rate of Arc'c-Fos™ co-labeling
was above chance in all groups, indicating broad coordination in Arc and
c-Fos expression, but this metric was not influenced by timepoint (Fig. S4G).
Finally, within every timepoint, the Arc c-Fos" proportion of labeled cells
exceeded both other complements, and the Arc’c-Fos" proportion often
exceeded the Arc*c-Fos™ proportion, again reflecting trends shown in other
brain regions (Fig. S4H-L). Broadly, these data indicate that over a span of 5
days, encoding or retrieval of a CFC memory does not alter Arc or c-Fos
expression in this subregion of the dmPFC from a no shock baseline.
Compared to the effects observed in the RSCv, these findings thus suggest
that IEG expression in different cortical areas may have different sensitivities
to behavioral states.

c-Fos expression is greater than Arc expression at all memory
states in the paraventricular nucleus of the thalamus and the
lateral habenula

Finally, we examined two subcortical regions that are both involved in
aspects of fear memory, the PVT and LH. Most remarkably, in the PVT,
c-Fos™ cell density was much greater than Arc” cell density at every memory

state (Fig. 6A, B). Among complements, Arc*c-Fos™ cell density was greater
in the encoding group than the no shock and 5-day retrieval groups, while
Arc*c-Fos" cell density was greater in the encoding group than the no shock
group only (Fig. 6C, D). In contrast, Arc c-Fos" and total PVT labeled cell
densities remained constant across timepoints (Fig. 6E, F). As in other
regions, the level of normalized Arc*c-Fos" co-labeling was above chance in
every group, though interestingly, this rate decreased from no shock to all
other memory states, representing a relative decorrelation of Arc and c-Fos
expression with shock or shock memory retrieval (Fig. 6G). Nonetheless, a
much greater proportion of cells were Arc c-Fos* than both other com-
plements at every memory state (Fig. 6H-K), composing 90-95% of all cells
labeled in the PVT (Fig. 6L).

Finally, in the LH, c-Fos" cell density was greater than Arc* cell density
at each timepoint and greater at 5-day than 1-day retrieval (Fig. 7A, B).
Among complements, Arc”c-Fos™ cell density was greater at encoding than
at a no shock baseline, and Arc*c-Fos* cell density was greater at 5-day
retrieval than at a no shock baseline (Fig. 7C-E). Interestingly, the LH
showed a decrease in total labeled cell density from CFC encoding to 1-day
retrieval (Fig. 7F), which may correspond to changing stress levels across
exposures to the conditioned context®. All rates of co-labeling normalized
to chance were once again greater than 1, though as in the PVT, this metric
decreased from the no shock group to the encoding and 5-day retrieval
groups, again representing a decorrelation of IEG expression at these latter
timepoints (Fig. 7G). In the LH, at every timepoint, the Arc c-Fos" pro-
portion of cells was significantly greater than both other complements in all
groups (Fig. 7H-K), with the Arc’* and c-Fos® populations sharing a
maximum of 12.5% overlap among all quantified LH cells (Fig. 7L). In sum,
though both the PVT and LH displayed profound differences in expression
of Arc and c-Fos, memory state only subtly impacted IEG expression in
these regions overall.

Discussion

In this study, we cataloged the simultaneous expression of the IEGs Arc and
c-Fos in seven regions of the mouse brain at four timepoints: during novel
context (no shock) exposure, during encoding of a CFC memory, during
retrieval of that memory 1 day later, or during retrieval 5 days later. We
showed that expression differed greatly between Arc and c-Fos, with sub-
stantial numbers of cells in every brain region across all timepoints positive
for Arc or c-Fos but not both. In the DG, Arc and c-Fos expression did not
vary or varied only subtly with memory state, in contrast to CA3 where Arc
but not c-Fos expression increased substantially from CFC encoding to
retrieval. In the BLA and RSCv, but not the ACAv, memory state influenced
some aspects of the relative expression of Arc and c-Fos, and in the sub-
cortical regions PVT and LH, expression of c-Fos vastly exceeded that of Arc
across all memory states. Though patterns of Arc and c-Fos expression were
not independent of one another, as evidenced by their rate of co-labeling
above chance in every region examined, these data strongly suggest that
factors beyond neuronal activity alone determine whether Arc and c-Fos are
expressed.
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Fig. 4| Arc and c-Fos expression differ in the BLA but are not strongly influenced
by memory state. A Left: representative section (BLA in dotted outline) showing Arc
(green) and c-Fos (magenta) expression with a Hoechst nuclear counterstain (blue). Right:
inset, with Arc and c-Fos channels presented separately. White arrow: example
Arc*c-Fos™ cell. B c-Fos™ cell density was greater than Arc” cell density in the no shock
and encoding groups. C Arc*c-Fos~ cell density increased from no shock to 1-day
retrieval. While D Arc*c-Fos™ cell density did not change with memory state,

E Arc c-Fos" cell density decreased from encoding to 5-day retrieval. F The density of the
total number of BLA cells expressing Arc or c-Fos did not differ across timepoints. G The
level of Arc*c-Fos™ co-labeling normalized to expected chance levels (dotted line) did not
differ between timepoints, but at each timepoint mean co-labeling was above chance (one-
sample t-tests, **p = 0.0029, ****p < 0.0001, ****p < 0.0001, and ** p = 0.0021

respectively). Among complements of all cells in H no shock and I encoding groups, the
greatest proportion of cells were Arc™c-Fos™, followed by Arc'c-Fos™, then Arc'c-Fos™.
J At 1-day retrieval, a greater proportion of cells were Arc c-Fos" than Arc*c-Fos™. K At
5-day retrieval, a greater proportion of cells were Arc c-Fos' than Arc’c-Fos™ or
Arc*c-Fos". L All labeled BLA cells for each group, summed across all sections quantified
for all mice, represented as a Venn diagram of Arc expression (green), c-Fos expression
(magenta), and their overlap (blue) (n = 2654, n = 4439, n = 6080, and n = 5248 cells,
respectively). Percentages of total cells in each complement are overlaid for each timepoint.
N =4 (no shock), 7 (encoding), or 8 (1-day retrieval, 5-day retrieval) mice. Error bars
indicate £SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. BLA basolateral
amygdala complex, U union.
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One variable influencing IEG expression is the different molecular and
electrophysiological conditions under which these genes are transcribed and
translated”. c-Fos mRNA in the DG, for example, does not correlate with
burst firing observed in field recordings during electrically-induced seizures
in rats®, decoupling its expression from neuronal activity. One possible
cause of this discrepancy is AFosB, a TF that represses c-Fos and is upre-
gulated in phenomena as varied as cocaine administration”, repeated
training in a spatial task™, and spontaneous seizures in Alzheimer’s disease
(AD) and epilepsy model mice™. Conversely, Arc induces repeated cycles of
its own transcription following stimulation™ and is expressed differentially

encoding 1-day retrieval 5-day retrieval

1-day retrieval 5-day retrieval

37.4% 32.8%

Arc

c-Fos

c-Fos

Arc

between cells of the same type in different brain regions”, identifying
characteristics of Arc that likewise separate its expression from direct neural
firing. The expression of both genes is also induced by distinct sets of
enhancers activated in stimulus-specific manners™, adding an additional
epigenetic regulatory layer that may result in expression of Arc or c-Fos but
not both. Furthermore, we found here that c-Fos was more highly expressed
than Arcin GAD67* hippocampal interneurons, and while this discrepancy
only explained a small fraction of the divergence of the two genes, other
brain regions may have greater proportions of inhibitory neurons that bias
their overall expression toward c-Fos. Lastly, both c-Fos and Arc have been
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Fig. 5 | Arc and c-Fos expression patterns diverge in the RSCv at all memory
states. A Left: representative section (RSCv in dotted outline) showing Arc (green)
and c-Fos (magenta) expression with a Hoechst nuclear counterstain (blue). Right:
inset, with Arc and c-Fos channels presented separately. White arrow: example
Arc*c-Fos™ cell. BRSCv c-Fos™ cell density was greater than that of Arc” cells in the
no shock control group (significant interaction comparisons, not shown, are detailed
in Supplementary Table 2). C Arc"c-Fos™ cell density increased from no shock to
both encoding and 1-day retrieval timepoints. D Arc*c-Fos™ cell density did not
significantly differ across timepoints. E Arc”c-Fos" cell density decreased from both
no shock and encoding groups to 1-day retrieval. F There was no effect of timepoint
on the density of the total number of RSCv cells expressing Arc or c-Fos. G The level
of Arc*c-Fos* co-labeling normalized to expected chance levels (dotted line) differed
with timepoint (main effect, *p = 0.0449) but not between timepoints in post hoc
comparisons. At each timepoint, mean co-labeling was above chance (one-sample

t-tests, ***p = 0.0002, **p = 0.0011, ***p = 0.0002, and ***p = 0.0007 respec-
tively). H Among complements of all labeled cells in the no shock group, a greater
proportion were Arc c-Fos" than Arc*c-Fos™ or Arc"c-Fos®, and a greater pro-
portion were Arc*c-Fos" than Arc*c-Fos™. I At encoding, a greater proportion were
Arc c-Fos™ than either Arc*c-Fos™ or Arc’c-Fos™. While complement proportions
did not differ at J 1-day retrieval, K both Arc*c-Fos"™ and Arc c-Fos" proportions
were greater than the Arc’c-Fos™ proportion at 5-day retrieval. L All labeled RSCv
cells for each group, summed across all sections quantified for all mice, represented
as a Venn diagram of Arc expression (green), c-Fos expression (magenta), and their
overlap (blue) (n = 11,472, n = 30,984, n = 27,188, and n = 27,263 cells, respectively).
Percentages of total cells in each complement are overlaid for each timepoint. N = 4
(no shock) or 8 (encoding, 1-day retrieval, 5-day retrieval) mice. Error bars indicate
+SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. RSCv ventral retro-
splenial cortex, U union.

observed in glial cells™, which may contribute to quantifications of

IEG expression despite their dissociation from neurons entirely. Indeed, a
recent study identified c-Fos-expressing astrocyte ensembles during
learning whose activation could causally influence memory recall”. All
together, these findings emphasize the many mechanisms that decorrelate
the presence of c-Fos and Arc from one another and from neuronal activity
or inactivity, possibly driving the divergence in their expression
revealed here.

Past attempts at quantifying simultaneous Arc and c-Fos expression
have been limited by their study of select brain regions or controlled cell
culture conditions. In the DG, Stone et al. euthanized mice 1.5 h following
testing of a water maze task and found 78.8% co-labeling among all Arc* or
c-Fos™ granule cells across mice*. Additionally, Rao-Ruiz et al. euthanized
mice 1.5 h following context exposure and found 82.6% co-labeling among
all Arc* or c-Fos™ DG granule cells”. Possible reasons for the discrepancies
between these studies and our data include different times elapsed before
euthanasia, varying cognitive demands of the behavioral paradigms used,
contrasting strategies for cell quantification, or nonspecific binding of host
antibodies that match the same species as the tissue examined. Here, we did
not use mouse antibodies, which historically have increased leak in mouse
sections, but instead used rat and rabbit hosts and confirmed minimal leak
with control experiments. Better aligning with our work, a recent study
found that LTP in hippocampal cell cultures yielded only 53.1% co-labeling
among all cells Arc™ or c-Fos™ on average®, while another similarly found
no more than 50% co-labeling in the hippocampus and amygdala after
context exposure or fear conditioning. This latter study also did not detect
Arc expression in the PVT or LH despite robust c-Fos detection, aligning
with the present findings showing strong dominance of c-Fos in these
regions®'. Our work thus joins a growing body of evidence® that divergence
in Arg, c-Fos, and other IEG expression is a robust brain-wide yet region-
specific phenomenon occurring in various paradigms of neuronal
activation.

This evidence that active sets of neurons have different IEG profiles also
supports the perspective that a single engram is composed of multiple
heterogeneous subunits******”. Recent work has shown that DG ensembles
tagged by c-Fos expression receive enhanced excitatory inputs and promote
memory generalization, while those tagged by expression of another IEG,
Npas4, receive enhanced inhibitory inputs and promote memory
discrimination®. Separate gene regulatory mechanisms may undetlie such
functionally distinct ensembles, and neurons expressing Arc alone may
constitute yet another of these units. To this end, using the expression of a
full suite of IEGs to generate a multidimensional neuronal activation sig-
nature, as has been implemented for single-cell and spatial transcriptomics®’
and across various HPC cell types®, may be especially critical in identifying
active neurons in distinct subunits. Such an approach would also inform
novel strategies to label and manipulate ensembles that express multiple
IEGs, enabling increased control over the heterogeneous components that
constitute an engram. Lastly, these subunits may even be leveraged to form a
combinatorial decoder of brain state”, where the expression patterns of

multiple IEGs are together better at distinguishing one state from another
than any IEG alone, or had all IEGs been expressed identically.

Finally, our results also suggest that Arc may be more dynamically
responsive to memory state than c-Fos, particularly in areas like CA3 and
RSCv. Indeed, some of the earliest work on expression of IEGs in the rat
HPC found that levels of Arc but not c-Fos mRNA correlated with the
strength of a spatial memory 0.5 h after its retrieval'’. In this case, what role
might an increase in Arc expression play in retrieval of a contextual fear
memory compared to its encoding? Given its many functions in the cell, Arc
may support memory strength in ways not directly corresponding to neu-
ronal activity. For instance, one proposed function of Arc is homeostatic
scaling via AMPAR endocytosis, where the strengths of all synapses of a
neuron are scaled down while retaining their relative strengths to preserve
the capacity for further potentiation®””’. Such a function may be more
important for a highly recurrent region like CA3 than for a sparsely active
region like the DG”", and it may be more necessary during memory retrieval
than encoding due to the role of CA3 in pattern completion. As CA3
ensembles reinstate a full representation of the encoded conditioning, Arc
expression may be induced to maintain the specificity of the representation
and prevent over-generalization, as homeostatic scaling has been shown to
do in other brain regions like the gustatory cortex’”. Alternatively, early
lesion studies demonstrated that severing direct input to CA3 along the
perforant path impaired retrieval but not encoding of a spatial navigation
task”, and it is possible that increased Arc” cell density specifically identifies
CA3 cells newly recruited by direct input at memory retrieval. In either case,
further research is needed to determine whether Arc in CA3 serves the same
or a different role as in other brain areas such as the DG or BLA.

In summary, we found that two commonly used IEGs, Arc and c-Fos,
showed divergent expression patterns across several brain regions and
behavioral conditions in male mice. Arc in particular showed memory state
dependence in regions such as hippocampal CA3, suggesting that engrams
identified by its use may capture cells uniquely involved in memory pro-
cessing. Conversely, the relative invariance of c-Fos expression between
behavioral contexts and anatomical regions may encourage its use as a less
biased proxy for neural activation across a wider array of behavioral phe-
nomena. Importantly, future research is also needed to determine whether
these findings are replicated in female mice, given the extensive literature
revealing sex differences in IEG expression across behavioral tasks in several
rodent and avian species’”". With distinct molecular and regulatory fea-
tures, it is not surprising that neither Arc nor c-Fos represents a complete
portrait of all active cells, but the specific ways in which their expressions
diverge should critically inform the way they are used to connect complex
behaviors with the cell ensembles underlying them.

Methods

Mice

Male mice on a 12956/SvEv background were generated in-house and used at
3 to 6 months of age. Mice were housed 4 to 5 per cage in a 12-h (06:00-18:00)
light-dark colony room at 22 °C. Food and water were provided ad libitum.
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Behavioral testing was performed during the light phase. Some unavoidable
but temporary discomfort (e.g,, foot shock) was associated with testing. As a
humane endpoint, if any mice displayed prolonged pain or distress, as evi-
denced by significant weight loss, signs of dehydration, poor grooming, signs
of pain, and/or hunched posture due to unpredicted illness or injury, they
would have been euthanized; however, no such unexpected adverse events

occurred. We ensured that discomfort to the mice was limited to all possible
extent while still completing the aims of this research. All experiments were
approved by the Institutional Animal Care and Use Committees (IACUC:s) at
Columbia University Irving Medical Center (CUIMC) and the New York
State Psychiatric Institute (NYSPI), and we have complied with all relevant
ethical regulations for animal use.
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Fig. 6 | c-Fos expression is greater than Arc expression and is independent of
memory state in the PVT. A Left: representative section (PVT in dotted outline)
showing Arc (green) and c-Fos (magenta) expression with a Hoechst nuclear coun-
terstain (blue). Right: inset, with Arc and c-Fos channels presented separately. White
arrow: example Arc*c-Fos" cell. B PVT c-Fos™ cell density was greater than that of Arc
at every timepoint. C Arc*c-Fos™ cell density increased from no shock to encoding but
decreased from encoding to 5-day retrieval. D Arc’c-Fos™ cell density increased only
from the no shock to the encoding group. E Arc c-Fos™ cell density did not differ
across timepoints. F The density of the total number of PVT cells expressing Arc or
c-Fos did not differ across timepoints. G The level of Arc*c-Fos™ co-labeling nor-
malized to expected chance levels (dotted line) decreased from the no shock control

group to every experimental timepoint. At each timepoint, mean co-labeling was above
chance (one-sample t-tests, ***p = 0.0006, *p = 0.0323, ***p =0.0003, and

*¥*p = 0.0003 respectively). H-K Among complements of all labeled PVT cells, a
greater proportion were Arc c-Fos* than Arc’c-Fos™ and than Arc’c-Fos® at every
timepoint. L All labeled PVT cells for each group, summed across all sections quan-
tified for all mice, represented as a Venn diagram of Arc expression (green), c-Fos
expression (magenta), and their overlap (blue) (n =2494, n=5977, n = 5075, and

n = 6239 cells, respectively). Percentages of total cells in each complement are overlaid
for each timepoint. N =4 (no shock) or 8 (encoding, 1-day retrieval, 5-day retrieval)
mice. Error bars indicate +SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
PVT paraventricular nucleus of the thalamus, U union.

Contextual fear conditioning (CFC)

A 3-shock CFC paradigm was administered as previously described"’.
Chambers with Plexiglas walls and a stainless-steel grid floor were obtained
from Med Associates (St. Albans, VT). A house light (CM1820 bulb, 28 v,
100 mA) mounted directly above the chamber provided illumination. Each
chamber was located inside a larger light- and sound-insulated plastic
cabinet with a ventilation fan that operated during all behavior sessions.
During both conditioning and context re-exposure, a paper towel dabbed
with lemon scent was placed underneath the chamber floor. Mice were held
outside the experimental room in their home cages prior to testing and
transported to the conditioning apparatus individually in standard mouse
cages. Chambers were cleaned with Virkon S (LANXESS, Cologne, Ger-
many) before and after trials.

During conditioning trials, mice were placed into the chamber and
received 2-s foot shocks 0of 0.75 mA at 180 s, 240 s, and 300 s after the start of
the trial. Mice were removed from the chambers 15 s after termination of the
final shock and returned to their home cage. During context re-exposure
trials, the testing procedure and context was identical, except mice were
placed in the conditioning chamber for 300 s and did not receive any foot
shocks. All sessions were recorded with ceiling-mounted digital video
cameras and freezing behavior in the first 180 s of each trial was scored using
FreezeFrame software (v4, Actimetrics, Wilmette, IL). No criteria were set to
exclude animals during the experiment. Regression analyses were run to
assess whether freezing levels at retrieval in 1-day and 5-day groups cor-
related with IEG expression in any of the quantified regions, though no
relationships were statistically significant.

Drugs

Kainic acid: Activation of the limbic system was induced via a single
intraperitoneal (i.p.) injection of kainic acid in physiological saline (0.9%
NaCl) at 20 mg per kg body weight™. This administration induced acute
convulsive seizures that persisted for several minutes.

Immunohistochemistry
One hour after behavior, mice were anesthetized, and brains were extracted
via transcardial perfusion. Brains were stored in 4% paraformaldehyde
(PFA) in 1x phosphate buffered saline (PBS) overnight, then in 1x PBS.
Brains were sectioned at 40 pum thickness on a vibratome (Leica Biosystems,
Wetzlar, Germany) and stored in 1x PBS with 0.1% sodium azide. Floating
sections were used for all immunohistochemistry.

For Arc and c-Fos detection, sections were first washed 3 times in 1x
PBS for 10 min each then blocked in 1x PBS with 0.5% Triton X-100 and
10% normal donkey serum (NDS) for 2h at room temperature (RT).
Incubation with primary antibodies (rat anti-c-Fos, 226 017, 1:5000; rabbit
anti-Arc, 156 003, 1:1000; Synaptic Systems, Gottingen, Germany) in 1x
PBS with 0.5% Triton X-100 was performed at 4 °C overnight. After primary
incubation, sections were washed 3 times in 1x PBS for 10 min each and
incubated in secondary antibodies (donkey anti-rat Alexa Fluor 647,
ab150155, 1:500; donkey anti-rabbit Alexa Fluor 488, ab150073, 1:500;
Abcam, Cambridge, UK) in 1x PBS for 2 h at RT. After secondary incu-
bation, sections were washed 3 times in 1x PBS for 10 min each then
counterstained with Hoechst 33342 (1:10,000, Thermo Fisher Scientific,

Waltham, MA) in 1x PBS for 15 min at RT. Sections were washed in 1x PBS
for 10 min then mounted on slides before adding mounting medium
Fluoromount-G (Southern Biotechnology Associates, Inc., Birmingham,
AL) and a coverslip approximately 30 min later.

For GADG67 detection alongside Arc and c-Fos, the protocol above was
modified to use a 30 min permeabilization in 1x PBS with 0.1% Triton X-100
at RT, the addition of a blocking step for 1 h in 1x PBS with 5% NDS and 3%
bovine serum albumin (BSA) at RT, and a 48 h incubation in primary anti-
bodies in this blocking buffer, adding mouse anti-GAD67 (MAB5406, Sigma-
Aldrich, Burlington, MA) at 1:500. Secondary incubation also occurred in
blocking buffer, with the addition of donkey anti-mouse Cy3 (715-165-150,
Jackson ImmunoResearch, West Grove, PA) at 1:250.

Prior to determining the combination of Arc and c-Fos primary and
secondary antibodies listed above, several other antibodies were tested to
simultaneously detect IEG expression, as depicted in Supplementary Fig. 1
and described in Supplementary Table 1. In each of these tests, incubation
lengths and temperatures were identical to above unless otherwise noted. In
tests using AffiniPure Fab fragments (Jackson ImmunoResearch, West
Grove, PA) to block extraneous antibody binding to mouse immunoglo-
bulins, sections were incubated in a 0.1 mg per mL solution in 1x PBS with
0.5% Triton X-100 for 2h at RT immediately prior to primary antibody
incubation. In tests using a hydrochloric acid solution (pH = 1) for antigen
retrieval, sections were incubated for 15 min at RT after initial washes then
washed in 1x PBS for 10 min prior to NDS block. In tests using a sodium
citrate solution (pH = 8.5) for antigen retrieval, sections were incubated for
1 h at 80 °C after initial washes then washed in 1x PBS for 10 min prior to
NDS block. Finally, to ensure specificity of the antibodies chosen for use,
control immunostains were run lacking either rat anti-c-Fos primary or
rabbit anti-Arc primary but including both anti-rat and anti-rabbit sec-
ondary antibodies. These tests confirmed minimal cross-reactivity between
Arc and c-Fos labels in the strategy detailed above.

Confocal microscopy and quantification

For Arc and c-Fos detection, all samples were imaged on a Leica TCS SP8
confocal scanning microscope with LAS X software (Leica Microsystems
Inc., Wetzlar, Germany) and 2 simultaneous PMT detectors as previously
described®'. Tmages were taken in sequence, first with Alexa Fluor 488
excited at 488 nm and detected at 506-556 nm and Alexa Fluor 647 excited
at 638 nm and detected at 646-696 nm. Then Hoechst 33342 was excited
with ultraviolet light at 405 nm and detected at 429-478 nm. Laser power
was held constant between all sections. Sections were imaged with a dry
Leica 20x objective (NA 0.70, WD 0.5 mm) at a resolution of 1024 x 1024
and pixel size of 1.08 um’. Fields of view were stitched to form tiled images
using an automated stage and the LAS X statistical blending algorithm with
multi-frame search. Lastly, background fluorescence was subtracted from all
images in Fiji (ImageJ) software (v2.16.0) prior to quantification®.

To image GADG67 expression alongside Arc and c-Fos, excitation of Cy3
at 552 nm and detection at 543-593 nm was added simultaneous to Hoechst
33342 detection, and sections were imaged in a z-stack of 4 x 3 pm steps (9 um
depth total) to better capture limited numbers of GAD67" cells. Quantifica-
tion as described below occurred in maximum projections of signal through
this stack, with verification of colocalization within each slice as needed.
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To assess expression of Arc and c-Fos in an unbiased manner, brain
regions were first outlined using the polygon selection tool in the Hoechst
channel of each image. Next, Arc and c-Fos channels were quantified
individually, recording positive cells with the multi-point selection tool
and storing the set as a region of interest (ROI) object for each respective
marker. Then, to identify Arc*c-Fos™ cells, both ROI objects were overlaid
on a merged-channel section image, and co-labeled cells were noted as
those marked positive for each IEG separately. This set was marked and
stored as a third and final ROI object. Data per mouse were summed

from 3 to 4 bilateral sections (1 to 2 sections for the ACAv) and divided by
total area quantified. BLA counts for one animal and ACAv counts
for four animals were excluded for not meeting a threshold of 3 or 1 high-
quality bilateral BLA or ACAv section(s) respectively. To calculate per-
centages of labeled cells by region, estimates of cells per mm’ (per mm?® for
Arc/c-Fos/GAD67 counts) were generated by counting Hoechst™ cells in
4 sections from each of 4 randomly selected experimental mice and
averaging density across all mice by region. In dense regions like the DG,
confocal images were taken with an oil-immersion Leica 63x
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Fig. 7 | Arc and c-Fos expression patterns diverge in the LH across all memory
states. A Left: representative section (LH in dotted outline) showing Arc (green) and
c-Fos (magenta) expression with a Hoechst nuclear counterstain (blue). Right: inset,
with Arc and c-Fos channels presented separately. White arrow: example
Arc*c-Fos™ cell. B LH c-Fos" cell density was greater than that of Arc at every
timepoint. c-Fos" cell density was also greater at 5-day than 1-day retrieval. Among
complements of cells, C Arcc-Fos™ cell density increased only from no shock to
encoding timepoints, while D Arc*c-Fos* cell density increased only from no shock
to 5-day retrieval timepoints. E There was no difference in the density of Arc”c-Fos™
cells in the LH across timepoints. F Total LH Arc” or c-Fos™ cell density decreased
from CFC encoding to 1-day retrieval but did not differ from either timepoint to no
shock or 5-day retrieval. G The level of Arc*c-Fos™ co-labeling normalized to

expected chance levels (dotted line) decreased from no shock to both encoding and
5-day retrieval. At each timepoint, mean co-labeling was above chance (one-sample
t-tests, *p = 0.0209, * p =0.0135, ****p < 0.0001, and ***p = 0.0006 respectively).
H-K Among complements of all labeled LH cells, a greater proportion were

Arc c-Fos* than Arc’c-Fos™ and than Arc’c-Fos* at every memory state. K All
labeled LH cells for each group, summed across all sections quantified for all mice,
represented as a Venn diagram of Arc expression (green), c-Fos expression
(magenta), and their overlap (blue) (n = 1444, n = 1974, n = 1627, and n = 1857 cells,
respectively). Percentages of total cells in each complement are overlaid for each
timepoint. N = 4 (no shock) or 8 (encoding, 1-day retrieval, 5-day retrieval) mice.
Error bars indicate +SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. LH
lateral habenula, U union.

objective (NA 1.4, WD 0.14 mm), to aid in discriminating Hoechst" nuclei
for quantification.

Statistics and reproducibility

All data were analyzed using Prism (v10.5.0, GraphPad, San Diego, CA)
with alpha set to 0.05 and tests two-tailed where applicable. Results from
analyses are expressed as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
*HHKEp < 0.0001. Effects of blade, IEG, timepoint, and factor interactions
were analyzed using one- or two-way analysis of variance (ANOVA) tests,
where significant main effects were followed by Siddk’s post-hoc compar-
isons within groups across the significant factor(s), adjusted for multiple
comparisons. In two-way ANOV As, comparisons between groups differing
across both factors were only made following significant interaction effects.
To test whether levels of Arc*c-Fos* co-labeling were different from those
expected by chance, a normalized value was calculated for each mouse using
the following formula, and each group mean was compared to the theore-
tical mean p=1 in a one-sample t-test.

ArctcFos™ / chance =

# Arct cFos™ cells x area (mm?) x cell density (Hoechst™ cells/mm?)
# Arctcells x # cFos™cells

To test whether IEG expression correlated with freezing levels, linear
regression analyses were run independently for 1-day and 5-day retrieval,
and R-squared goodness of fits were tested against the null hypotheses of
slope =0 (no relationship between variables) in each case. q-values were
calculated from resultant p values and evaluated at a false discovery rate
(FDR) of 0.1 within each metric, across all regions and groups analyzed, to
account for multiple comparisons and limit false-positive significant cor-
relations to a maximum of 10%. These analyses did not reveal any significant
relationships between behavior and regional IEG-labeled cell counts.

Consistent with prior studies of hippocampal activity in CFC**",
sample sizes were n = 4 for the no shock group and n = 8 for encoding, 1-day
retrieval, and 5-day retrieval groups each, unless otherwise noted in each
figure legend, run as one cohort (no shock) or two cohorts (encoding and
retrieval groups). A subset of cell counts was cross-referenced between
experimenters to ensure consistency in quantification, and all experimenters
were blind to the condition of tissue from each mouse within each mixed-
group cohort. Allocation to experimental group was random for each
mouse, including within shared housing cages, using a list randomizer. All
statistical tests and p-values are listed in Supplementary Table 2.

All key resources are noted with sources and identifiers in Supple-
mentary Table 3.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the paper
and provided as Source data. Should raw data files be needed in another

format, they are available from the corresponding author upon reasonable
request.
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