
Brief Communication

Immediate-early gene transcriptional activation
in hippocampus CA1 and CA3 does not accurately
reflect rapid, pattern completion-based retrieval
of context memory
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No studies to date have examined whether immediate-early gene (IEG) activation is driven by context memory recall. To

address this question, we utilized the context preexposure facilitation effect (CPFE) paradigm. In CPFE, animals acquire con-

textual fear conditioning through hippocampus-dependent rapid retrieval of a previously formed contextual representa-

tion. Despite differences in behavior, we did not find any difference in CA1 or CA3 IEG activity associated with this

rapid recall phase when comparing context preexposed and non-pre-exposed groups. These findings indicate that IEG ac-

tivation in CA1 and CA3 is not an accurate readout of the neural activity associated with hippocampus-dependent rapid

memory retrieval.

The hippocampus is posited to be part of the primary circuit in-
volved in encoding and retrieval of context memory (Hirsh
1974; Fanselow 2000; Maren 2001; Rudy et al. 2004). Theories of
hippocampal function propose that memory retrieval depends
on neural reactivation of previously active ensembles within
this region (Morris et al. 1977; Teyler and DiScenna 1986; Norman
and O’Reilly 2003; Rolls and Kesner 2006; Teyler and Rudy 2007).
This tenet has recently been tested with optogenetic stimulation
and inhibition (Liu et al. 2012; Ramirez et al. 2013; Tanaka and
Wiltgen 2013). While the experimental data are in accord with
the theoretical proposal that retrieval of a context memory is de-
pendent on reactivation within the hippocampus, so far the un-
derlying mechanisms and accompanying neural activity that is
associated with the retrieval process have not been addressed.

One proposed mechanism of memory retrieval in the hippo-
campus is through “replay” activity during sharp wave ripple
events (SWRs) (Kudrimoti et al. 1999; Carr et al. 2011). SWRs are
intermittent oscillatory patterns of network activity in the 150–
200 Hz range. During these periods CA1 pyramidal cells fire syn-
chronously in a pattern reflecting the activity of place cells which
were recorded during a previous spatial exploration (Jones and
Wilson 2005; Foster and Wilson 2006; Diba and Buzsáki 2007).
This experience-dependent place cell synchronization during
SWR is associated with memory recall and its replay is necessary
for memory retrieval (Girardeau et al. 2009; Jadhav et al. 2012;
Pfieffer and Foster 2013). In contrast to the electrophysiological
data, the molecular correlates of retrieval-based neural activity
are unknown. Thus, we tested if rapid retrieval of context memory
would drive immediate-early gene (IEG) expression in the main
output pathway of hippocampus, the CA1 subfield.

IEG imaging has been used extensively to measure hippo-
campal network activity in response to exposure to an environ-
mental context (Guzowski et al. 1999, 2006; Barot et al. 2009;

Miyashita et al. 2009; Wiltgen et al. 2010; Nalloor et al. 2012;
Nomura et al. 2012; Pevzner et al. 2012). However, despite the
broad use of IEGs to visualize activated ensembles, the design of
past behavioral studies has precluded specifying the transcription-
al activation of IEGs explicitly to either the encoding or retrieval
of a context memory. A “retrieval” test does not circumvent this
problem, as it is likely that the animal encodes (or “reencodes”)
the context during the test session (Tolman 1925; Tolman et al.
1946; Good et al. 1998). Thus, a task capable of disambiguating
encoding and retrieval of context is required in order to map
IEG activation to one or both of these neural processes.

Here we used the context preexposure facilitation effect
(CPFE) paradigm (Matus-Amat et al. 2004; Rudy et al. 2004) to
test whether hippocampal IEG expression is driven by rapid re-
trieval of context memory. The power of CPFE to dissociate encod-
ing andretrievalprocesses stems fromthe finding that preexposure
to a context alleviates the immediate-shock deficit (ISD). The ISD
describes the observation that an animal shocked immediately
upon placement into a novel chamber during training fails to
develop conditioned freezing to that context as assessed during re-
tention testing (Blanchard et al. 1976; Fanselow 1986). It is hy-
pothesized that the ISD arises from inadequate time given to the
animal to form a contextual representation prior to the shock
(Fanselow 1990). The ISD can be overcome, however, by preexpos-
ing an animal to the chamber 24 h before the shock (Fanselow
1990; Kiernan and Westbrook 1993; Westbrook et al. 1994).
This phenomenon, along with supporting studies, led to the hy-
pothesis that a hippocampus-dependent representation of the
context is established during the preexposure phase (Fanselow
1990; Barrientos et al. 2002; Matus-Amat et al. 2004), which can
then be rapidly retrieved and associated with the shock during
the immediate-shock phase (Barrientos et al. 2002; Rudy et al.
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2002; Matus-Amat et al. 2007). Because
the interval during the immediate-shock
phase is too brief for the animal to en-
code the context de novo (Fanselow
1990; Wiltgen et al. 2011; Pevzner et al.
2012), comparing context preexposed
and non-pre-exposed rats allows one to
assess hippocampal network activity dur-
ing the rapid recall of a context-specific
memory.

Neuronal ensembles activated by
two discrete behavioral experiences,
such as two context exposures, can be vi-
sualized using Arc/Homer catFISH. Using
this IEG imaging method, the first epoch
is evaluated with Homer 1a expression
while the second experience is visualized
with Arc (Guzowski 2002; Vazdarjanova
and Guzowski 2004; Kubik et al. 2007).
Colocalization of the two IEG RNAs
can be interpreted as activation of the
same neuronal population, while nono-
verlap in their expression is thought to
arise from activation of two distinct
populations.

Here we assessed the contribution of memory retrieval to IEG
activation by combining the CPFE paradigm with Arc/Homer
catFISH imaging. The CPFE paradigm is composed of three stages,
each separated by 24 h: preexposure to an environmental context,
immediate shock, and test of fear memory. During the immediate-
shock phase, animals engage in rapid retrieval of a contextual rep-
resentation established during the preexposure (Barrientos et al.
2002; Rudy et al. 2002; Matus-Amat et al. 2007). If no contextual
representation exists (i.e., no preexposure), then animals are
unable to display conditioned fear during the memory test. We
compared conditioning of rats given one of three different preex-
posure conditions. In the PE-A group, rats were given three brief
preexposures (PE) to context A (a standard conditioning chamber;
Coulbourn Instruments), the to-be shocked context, across three
consecutive days. The first exposure was 5 min, while the other
two context exposures were 1 min each. Animals in the PE-B
group were given equivalent preexposures to a different context
(context B; an enclosed circular arena in a different room). The
non-PE animals received no preexposure to any context and
served to establish baseline freezing due to the immediate-shock
training.

An ANOVA comparison of freezing (as defined in Fanselow
1982) during the 24-h retention test revealed significant differenc-
es between the groups, with a Fisher’s post hoc test confirming
that the PE-A group froze significantly more than both PE-B and
non-PE groups (Fig. 1A). Importantly, there was no difference in
freezing between the PE-B and non-PE groups. In addition to the
freezing data, the number of rears (Carrive 2000; Lever et al.
2006) was significantly different between the groups as deter-
mined using a Kruskal–Wallis test (Fig. 1B). Subsequent analysis
using the Mann–Whitney U-test indicated that while the PE-A
group reared less than the non-PE group, the comparison to the
PE-B group approached, but did not reach, statistical significance
(U ¼ 11.5, P ¼ 0.051). More important, however, the PE-B group
did not differ from the non-PE group in rears. This is consistent
with the notion that the observed fear behavior in the PE-A group
was not a product of generalized contextual fear conditioning, but
rather resulted from an association of a specific contextual repre-
sentation with shock. Both measures of fear behavior were
strongly convergent, and illustrate that during the preexposure
the rats formed a contextual representation of context A, which

was then rapidly retrieved during a subsequent brief exposure to
support conditioning.

Given that animals in the PE-A group engaged in the rapid re-
call of a context-specific memory, we next examined hippocam-
pal IEG activation during this brief context exposure. Analogous
to the behavioral experiment, on the test day rats that were given
preexposure to context A were placed back into the context for
5 sec. During this brief time, animals rapidly retrieve the cellular
representation of the previously explored context (Rudy et al.
2002) through a pattern completion-like process requiring the
dorsal hippocampus (Rudy and O’Reilly 1999, 2001; Matus-
Amat et al. 2004). Pattern completion, as it is applied to neural
networks, is a computational process by which a partial input is
able to result in the activation of the full network (Rudy and
O’Reilly 1999). The brief exposure during the immediate-shock
phase of CPFE is likened to a “partial input” because this interval
is too brief for the animals to fully encode the context (Fanselow
1990; Pevzner et al. 2012). However, with pattern completion the
partial input is capable of recalling the previously acquired con-
text representation established during the preexposure phase
(i.e., full network). In order to assess context specificity of the re-
called network, animals were given a second, 5-min exposure to
the environment 25 min after the first exposure. If IEG transcrip-
tion is driven within the same neuronal ensemble by rapid mem-
ory retrieval (first behavioral epoch) and during ongoing
experience (encoding or reencoding in the second behavioral
epoch), then we predict to observe a high degree of colocalization
of Arc and Homer RNAs in a subset of hippocampal neurons
(Vazdarjanova and Guzowski 2004; Guzowski et al. 2005).

We tested two main hypotheses regarding the impact of con-
text preexposure on cell activity: (1) it would decrease the behav-
ioral experience needed for robust IEG activation in CA1 (Pevzner
et al. 2012) and (2) it would increase context specificity in ensem-
ble activation as assessed with catFISH in CA1 and CA3. The first
hypothesis stems from a recent finding that increased exposure
to a context was associated with an increase in Arc+ cells in
CA1 and the formation of a contextual representation (Pevzner
et al. 2012). Thus, we reasoned the relationship of greater CA1 ac-
tivity and formation of a context memory would also be preserved
in the preexposed rats (PE-A), and this would be observed as an in-
crease in IEG (Homer 1a) expression relative to non-PE rats. The

Figure 1. Context preexposure alleviates the immediate-shock deficit in a context-specific manner.
(A) Mean percentage (+SE) of time spent freezing during the 5-min retention test. Only preexposure
to the to-be shocked context (PE-A, n ¼ 11) resulted in conditioned freezing at the 24-h retention test
(ANOVA: F(2,19) ¼ 4.74, P ¼ 0.021; Fisher’s post hoc: PE-B P ¼ 0.023, Non-PE P ¼ 0.023). Preexposure
to a different context (PE-B, n ¼ 5) was not statistically different from the non-pre-exposed group
(Non-PE, n ¼ 5) (P ¼ 0.99). (∗) P , 0.05, significantly different from all other groups. (B) Mean
number of rears (+SE) during the 5-min retention test. The PE-A group reared less than the Non-PE,
consistent with a conditioned fear response (Kruskal–Wallis: H ¼ 6.73, df ¼ 2, P ¼ 0.035; Mann–
Whitney U: U ¼ 9.5, P ¼ 0.031). The PE-B group was not different from the Non-PE group U ¼ 10,
P ¼ 0.602 (̂ ) P , 0.05, relative to Non-PE. One outlier from each of the Non-PE and PE-B behavioral
groups was identified and excluded using Dixon’s Q test at the 99% confidence interval. For all exper-
iments adult male Sprague Dawley rats (weighing 250–275 g on arrival) were used, which were
ordered from Charles River Laboratories (Wilmington, MA).
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second hypothesis was largely driven by the theoretical proposal
that pattern completion during the rapid retrieval instantiates
the full, previously acquired contextual representation.

At the termination of the experiment brains were processed
for Arc/Homer 1a catFISH (Vazdarjanova and Guzowski 2004). In
CA1 there was a main group effect for percent Homer+ cells,
which corresponds to activity from the first context exposure
(Fig. 2A,B). While post hoc tests revealed that there was no differ-
ence between PE and non-PE groups, both groups were signifi-
cantly different from the A/A group, which defined the
maximal expected activity. The A/A group was not preexposed
to the context, and on the test day was given two 5-min exposures
to the same context. The lack of maximal Homer 1a activation in
CA1 with a brief context exposure is congruent with a past study
demonstrating the same pattern of activity for Arc with brief con-
text exposure (Pevzner et al. 2012). In contrast to Homer+ cells,
there was no difference between the experimental groups for per-
cent Arc+ cells (Fig. 2C). Importantly, all three context exposure
groups demonstrated an increase in both Homer and Arc activity
relative to the caged controls (CC) (Fig. 2B,C), indicating that

the detected IEGs resulted from neural activity associated with
context exposure.

In order to test the context specificity of the IEG expression,
we quantified the extent to which cells were active between both
context exposures using a similarity score (SS) (Fig. 2D). This is a
normalized measure that takes into account the level of IEG activ-
ity between the two epochs (Vazdarjanova and Guzowski 2004).
Fisher’s post hoc test showed that the SS of the A/A group was sig-
nificantly greater from both the PE-A and non-PE groups. This dif-
ference was not due to more cells activated with a full 5-min
exposure, because the SS metric accounts for total proportion of
active cells. The higher SS for the A/A group indicates a greater
degree of overlap in the neuronal ensembles activated during
the two exposures to A, as compared with the other groups.
Surprisingly, preexposure did not increase overlap relative to
non-pre-exposure, despite the fact that preexposure allowed ani-
mals to fear condition to the specific context (Fig. 1).

We next examined Arc/Homer expression in CA3. There were
no overall differences in the percent of Homer+ or Arc+ cells be-
tween the three behavioral groups (Fig. 3A,B), consistent with

an earlier study (Pevzner et al. 2012).
Although preexposure had no effect on
the proportion of active cells in CA3, it
remained possible that prior experience
would result in greater context-specific
IEG activity, possibly due to a pattern
completion-like process (Rudy and
O’Reilly 1999). As in CA1, PE-A was not
different from the non-PE group, while
both had a significantly lower SS as com-
pared with the A/A group (Fig. 3C). In
sum, preexposure had no observable
effect on transcriptional activation or
context specificity of IEG expression in
CA3. These IEG imaging results indicate
that although animals engaged in rapid
recall of a context-specific memory, this
neural activity was not associated with
altered levels or cellular patterns of IEG
transcription.

In order to draw our main conclu-
sion—that rapid memory retrieval does
not drive IEG transcriptional activation
in CA1 or CA3—it is necessary to evalu-
ate the claim that the rats in fact engaged
in recall of a specific context memory
during the brief context exposure. First,
the non-PE group displayed the classic
immediate-shock deficit (ISD): high ex-
ploratory rearing and no conditioned
freezing during the retention test (Fig.
1A,B). The lack of fear conditioning in
the non-PE group also indicated that
the observed fear response in the PE-A
group was not due to animals condition-
ing to the transport to the experimental
room (Rudy and O’Reilly 2001), as the
non-PE group underwent the same trans-
port procedure. While the non-PE group
findings indicated that a previously es-
tablished context memory is necessary
for conditioning in CPFE, the PE-B con-
trol group attested to the specificity of
the recalled context memory. It is pre-
sumed that the PE-B group animals
formed a contextual representation of

Figure 2. Context preexposure does not alter IEG expression to brief context reexposure in CA1 en-
sembles. (A) Z-projection image from CA1 of a rat from the A/A group showing Arc and Homer 1a FISH
signals. Green foci are Homer+ cells (green arrow), red foci are Arc+ cells (red arrow) and cells express-
ing both Homer and Arc are indicated by yellow arrows. Five minutes after last context exposure animals
were sacrificed. Brains were cryosectioned at 20 microns and processed for Arc/Homer 1a catFISH as de-
scribed in detail elsewhere (Vazdarjanova and Guzowski 2004). Confocal images of dorsal hippocampus
(between 23 and 24.5 mm posterior to bregma) were collected at a Z frequency of 1 mm using a Zeiss
20× apochromat objective (numerical aperture ¼ 0.8), CARVII spinning disk confocal unit (BD
Biosciences), and CCD camera (ORCA ERII; Hamamatsu). (B) Homer+ cells expressed as a percent of
the total neuronal population. Context exposure resulted in a significant increase of Homer+ cells, rel-
ative to the caged control (CC, n ¼ 3) group (ANOVA: F(3,16) ¼ 10.80, P ¼ 0.0004; Fisher’s post hoc:
Non-PE (n ¼ 6), PE-A (n ¼ 6), A/A (n ¼ 5) P , 0.002). There was no difference between preexposed
and non-pre-exposed animals (P ¼ 0.733). However, the brief exposure did result in significantly
fewer Homer+ cells compared with a full 5-min exposure (A/A) (Non-PE P ¼ 0.018; PE-A P ¼ 0.035).
(C) Arc+ cells expressed as a percent of the total neuronal population. Context exposure resulted in
a significant increase of Arc+ cells, relative to the CC group (ANOVA: F(3,16) ¼ 5.96, P ¼ 0.0063;
Fisher’s post hoc: Non-PE, PE-A, A/A P ¼ ,0.01). There was no statistical difference between any of
the context exposed groups in number of Arc+ cells. (D) Ensemble overlap between the two context
exposures as measured with a similarity score (F(2,14) ¼ 9.81, P ¼ ,0.002). Prior to calculating the
SS, the baseline (CC) IEG levels were subtracted from the other groups. Preexposure did not increase
ensemble overlap in CA1 relative to non-pre-exposed animals (P ¼ 0.316). However, both PE-A and
non-PE groups had significantly less overlap in the populations activated by the two epochs as com-
pared with the A/A group (Non-PE, PE-A P , 0.005). (∗) P , 0.05, different from all other group. An
average of 380+19 (SEM) cells was analyzed per rat, across 3–5 slides.
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context B, similar to the PE-A animals forming a representation of
context A. However, the PE-B group did not display any condi-
tioned fear to the shock-paired context (A) and was indistinguish-
able from the non-PE group. Thus, the PE-B control together with
the non-PE group behaviorally confirmed that during the brief
context exposure animals are only able to associate the context
with a shock if they retrieve a previously acquired memory of
that specific context.

To gain insight into the regulation of IEG expression during
encoding or retrieval of context memory, it is necessary to under-
stand the neural activity associated with these cognitive events.
Interestingly, the cellular mechanisms engaged during encoding
and retrieval of a context memory in CPFE have been shown
to be distinct. Infusion of the NMDA receptor antagonist AP-5
into the dorsal hippocampus during the context preexposure
phase (i.e., the encoding phase) impaired conditioning in CPFE
(Fanselow 1990; Barrientos et al. 2002; Matus-Amat et al. 2004,
2007). This result implicates NMDA receptor-dependent plasticity
in hippocampus as critical for the consolidation of a cellular rep-
resentation of context acquired during preexposure. Consistent
with this view, a recent study demonstrated that maximal induc-
tion of Arc, which is required for NMDA-dependent long-term po-
tentiation in hippocampus (Messaoudi et al. 2007; Guzowski et al.
2000), was correlated with the formation of a contextual represen-
tation supporting fear memory (Pevzner et al. 2012).

With respect to the retrieval of context memory during the
immediate-shock phase of CPFE, several studies implicate the
hippocampus as the critical site of pattern completion (Rudy
and O’Reilly 1999; Lee and Kesner 2002; Leutgeb et al. 2006;
McHugh and Tonegawa 2009). In support of this idea, inactiva-
tion of the dorsal hippocampus with muscimol, a GABAA agonist,
prior to the immediate-shock phase reduced freezing during the
retention test (Matus-Amat et al. 2004). In contrast, infusion of
AP-5 into dorsal hippocampus during the immediate-shock phase
did not affect conditioning, as it did during the context preexpo-
sure phase (Matus-Amat et al. 2007). Together, the data argue that
the rapid retrieval of a contextual representation is dependent on
neural firing within the dorsal hippocampus, potentially through
pattern completion, and that this activity is independent of
NMDA receptor function. The lack of NDMA receptor dependence
during context retrieval is consistent with SWRs, which underlie
at least some forms of retrieval, mediated by AMPA receptor acti-
vation (Traub and Bibbig 2000; Maier et al. 2003, Colgin et al.
2004). This dissociation of signaling cascades during rapid retriev-
al suggests that the NDMA and AMPA receptors contribute to dis-

tinct mnemonic processes which parse with IEG expression. Our
findings illustrate that the neural activity associated with rapid re-
trieval is distinct from the neural activity required to activate IEG
transcription during encoding. However, this assertion has to be
further tested.

Given the convergence of data demonstrating that animals
engage in rapid recall of a previously established contextual repre-
sentation in CPFE, we conclude that IEG induction is not an accu-
rate readout of rapid, pattern completion-based recall of a context
memory. To the best of our knowledge, this is the first time that
transcriptional activation of IEGs was examined specifically dur-
ing a retrieval, and not an encoding, or “reencoding,” event.
This is significant as the cell activity findings imply that neural ac-
tivity associated with rapid recall is different from that required
for IEG induction, and by extension context encoding. The find-
ings presented here add to a growing body of literature on the
behavioral regulation of IEG induction, and the neural events as-
sociated with encoding and recall of context memory.
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