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remote memories in rats: relation to activity in the
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Conditioned fear memories that are context-specific shortly after conditioning generalize over time. We exposed rats to a
context reminder 30 d after conditioning, which served to reinstate context-specificity, and investigated how this reminder
alters retrieval-induced activity in the hippocampus and anterior cingulate cortex (aCC) relative to a no reminder condition.
c-Fos expression in dorsal CA1 was observed following retrieval in the original context, but not in a novel context, whether
or not the memory was reactivated, suggesting that dCA1 retains the context-specific representation. c-Fos was highly ex-
pressed in aCC following remote memory testing in both contexts, regardless of reminder condition, indicating that aCC
develops generalized representations that are insensitive to memory reactivation.

[Supplemental material is available for this article.]

Over time, memories in rats that were once highly specific to the
contextual cues present during memory acquisition are changed
as the memory transforms from one that is critically dependent
upon the hippocampus, to one that becomes supported by both
the hippocampus and the prefrontal cortex, particularly anterior
cingulate cortex (aCC) (Frankland et al. 2004; Wiltgen and Silva
2007; Winocur et al. 2007; Einarsson and Nader, 2012; Wheeler
et al. 2013; Cullen et al. 2015; Einarsson et al. 2015; Kitamura
et al. 2017; Vetere et al. 2017; Sekeres et al. 2018a; DeNardo et al.
2019; Ortiz et al. 2019). Reactivating an established 30 d old fear
memory by presenting the contextual cues that were present dur-
ing encoding reinstates context-specificity to the remote memory
(Sekeres et al. 2012), and renders the memory sensitive to hippo-
campal disruption during the postreactivation reconsolidation
window (Debiec et al. 2002). Lesioning the hippocampus after a
context reminder of a remote memory abolishes both context spe-
cific and generalized context memories (Winocur et al. 2009).
These findings support the notion that different types of memory
can dynamically coexist in the brain. Which type is ultimately ex-
pressed during retrieval likely depends on the availability of the
memory trace, and upon the adaptiveness of being able to access
a specific memory given the situational demands at the time of
retrieval.

Temporary pharmacological inactivation of both the dorsal
hippocampus and the aCC following a context reminder is re-
quired to impair memory retrieval in the original context
(Einarsson et al. 2015). Rapid optogenetic inactivation of the hip-
pocampal dorsal CA1 (dCA1) neurons, however, is sufficient to im-
pair retrieval of a remote context memory (Goshen et al. 2011),

indicating that the default remote context representation is the
hippocampal-dependent memory. These loss-of-function studies
suggest that reactivating the remote context memory reengages
the hippocampal-dependent context memory, and suppresses re-
trieval of the generalized, nonhippocampal (presumably cortical)
memory trace (Winocur et al. 2009). If unavailable, the less precise
cortical representation of the memory may slowly come online to
support retrieval. In this case, disruption of both the dorsal hippo-
campus and the aCC is required to impair memory retrieval
(Einarsson et al. 2015).

It remains unknown how aCC-hippocampal patterns of activ-
ity interact at the cellular level in the intact brain to support retriev-
al of a recently reactivated remote context memory under natural
conditions (for reviews, see Hardt and Nadel 2018; Sekeres et al.
2018b). Considerable evidence suggests that reactivating a remote
fear memory should result in high hippocampal activity following
retrieval in the original conditioning context but not in a novel
context (Wiltgen et al. 2010; Sekeres et al. 2018a). With respect
to the aCC, two outcomes are possible. The first is based on evi-
dence that aCC activity, and the type of memory representation
it develops over time, are insensitive to differences in retrieval con-
text (Cullen et al. 2015; Einarsson et al. 2015; Sekeres et al. 2018a).
It follows from this that the aCC should exhibit relatively lowactiv-
ity levels following retrieval of the recently reactivated memory.
The second, based on our group’s previous results, is that aCC ac-
tivity is high during remote memory retrieval in either context,
as the reorganizedmemory trace in the cortex comes online to sup-
port the generalized remotememory representation in the healthy
brain under normal physiological conditions (Sekeres et al. 2018a).
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To resolve this issue, we imaged immediate-early gene (IEG)
expression of c-Fos in the dCA1 hippocampal subregion and the
aCC following retrieval of a recently reactivated remote context
fear memory in rats. Three month old rats were randomly assigned
to four experimental conditions: No Reminder, Context-A test
(NR-A, n=10); No Reminder, Context-B test (NR-B, n=10);
Reminder, Context-A test (R-A, n= 10); Reminder, Context-B test
(R-B, n =10). See Figure 1A for a schematic of the study design.
Following previously reported procedures (Winocur et al. 2007,
2009, 2013; Sekeres et al. 2018a), each rat was given a 30 min con-
text preexposure session in the conditioning chamber. Twenty-
four hours later, each rat was given ten tone-shock pairings
(tone: 2000 Hz; 90 dB, 30 sec; shock: 1.5 mA, 1 sec) in the condi-
tioning chamber (Context-A). Thirty days later, rats in the remind-
er (R) condition were individually placed back in the conditioning
chamber for 60 sec to reactivate the context memory. Five hours
later, rats were individually tested either back in Context-A or in
novel Context-B for 8 min. A separate group of nonreminded
(NR) rats underwent identical conditioning and testing proce-
dures, but were not exposed to the 60 sec reminder prior to test.
All procedures were approved by Trent University’s Animal Care
Committee, and conducted in accordance with the guidelines set
by the Canadian Council on Animal Care. Total time spent freez-
ing during the reminder and test sessions was recorded. A home
cage control group (n =8) was included to control for baseline ex-
pression of c-Fos, a transcriptional regulator and marker of neuro-
nal activity (Cole and Josselyn 2008; Cruz et al. 2015). These rats
were maintained in their home cages throughout the experiment,
and did not undergo any behavioral training or testing.

Immediately following testing, rats were transferred to a quiet,
dark holding room. Ninety minutes following test (or home cage)
conditions, rats were anesthetized and intracardially perfused with

PBS and 4% paraformaldehyde (PFA). Brains were postfixed in PFA
for 24 h at 4°C. Brains were sectioned coronally (30 µm slices). For
the aCC, 4–12 sections ranging between 1.70 and −0.92 mm A/P
relative to bregma (Paxinos andWatson 1997) were randomly sam-
pled and counted per brain (mean of 8.42, SD 2.2 sections per
brain) for immunohistochemical analysis of c-Fos protein. For
the hippocampus, 4–10 sections ranging between −2.30 and
−5.60 mm A/P were sampled and counted per brain (mean of
6.28, SD 2.05 sections per brain). Sections were washed in PBS,
then incubated with rabbit anti-c-Fos polyclonal primary antibody
(1:1000, PBS and 0.3% Triton X-100, Calbiochem) at 4°C for 48 h.
Sections were then incubated with donkey-anti-rabbit Alexa
568 secondary antibody (1:200, Molecular Probes) for 2 h at
room temperature, then washed and mounted with PermaFluor
mounting medium (Thermo Scientific) on glass slides, and
coverslipped.

Stained sections were analyzed using a fluorescent micro-
scope (Nikon, MBA 92010 Eclipse NI). Digital images were taken
at 10× magnification and stitched together using NIS-Elements
software (Nikon, version 4.1.3) software to reconstruct each re-
gion of interest (dCA1, aCC). c-Fos positive nuclei in each subre-
gion were manually counted using ImageJ (RRID: SCR_003070).
The total number of c-Fos positive cells per region of interest
was divided by the outlined area to generate a normalized cells/
area value. c-Fos expression was analyzed for home cage control
brains to determine baseline c-Fos expression levels in each
region of interest. Values of c-Fos positive cells from each experi-
mental condition (NR-A, NR-B, R-A, R-B) were expressed as a per-
centage change relative to home cage control values. ANOVAs
were conducted for c-Fos expression levels and for freezing behav-
ior. Experimenters were blind to experimental conditions for all
behavioral testing and histological analyses. All behavioral and

A
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Figure 1. Reminder reinstates context-specificity to remote memory. (A) Experimental timeline for the Reminder (top) and for the NonReminder con-
ditions (bottom). (B) Mean percent time freezing during the 60 sec reminder. Rats subsequently tested in Context-A (R-A) and those subsequently
tested in Context-B (R-B) displayed comparable levels of freezing during the reminder. (C) Freezing time course per group across the 8 min context
fear memory test. (D) Mean percent freezing per group during the 8 min context fear memory test. Rats froze significantly more in Context-A than in
Context-B following a context reminder, but froze at similarly high levels in both Context-A and Context-B when no reminder was given prior to test.
Error bars represent the SEM. (**) P<0.001, ns P>0.05.
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histological statistical analyses were conducted using SPSS 25
(RRID: SCR_002865). See Supplemental Materials for further
methodological detail.

Critically, no difference in freezing behavior was observed
during the 60 sec reminder session. Rats later tested in Context-A
and those later tested in Context-B displayed equivalent high rates
of freezing behavior during the reminder (t(18) = 0.547, P=0.591;
Fig. 1B). This result confirms that all rats retained memory for
the conditioning context after 30 d. Five hours later, freezing was
assessed over an 8 min test period in either test context (Fig. 1C).
A 2×2 ANOVA assessed mean freezing behavior during the test,
with Context (Context-A, Context-B) and Reminder (R, NR) as
between-subject factors. Significant main effects were found for
Context, with more freezing in Context-A than in Context-B
(F(1,36) = 11.945, P=0.001, η2p = 0.249), and for Reminder, with
more overall freezing during nonreminded trials (F(1,36) = 11.704,
P=0.002, η2p = 0.245). A significant Context×Reminder interaction
(F(1,36) = 7.746, P=0.009, η

2
p = 0.177) confirmed that rats exhibited

context-specific memory following a reminder, freezing at higher
levels in Context-A than Context-B (Fig. 1D, right). For nonre-
minded trials, groups displayed equivalent levels of freezing in
both contexts (Fig. 1D, left), indicative of memory generalization
in the novel context. In a previous study, we demonstrated that
brief exposure to Context-B as a “reminder” prior to remote mem-
ory testing still led to high freezing in both Context-A and in
Context-B (Winocur et al. 2009). Thus, the low freezing in
Context-B observed following a Context-A reminder is likely rein-
stating context-specificity to the remote memory that is not ob-
served in the absence of reactivation.

We next analyzed the expression of c-Fos in the dCA1 and the
aCC (Fig. 2C).Wewaited 5 h between reminder and test to bewith-

in the 6 h window for cellular reconsolidation of remote context
memory (Debiec et al. 2002; Sekeres et al. 2012), but outside of
the activity-induced c-Fos expression time frame following the re-
minder session. IEG expression of c-Fos protein peaks 60–90 min
following activation and returns to basal levels by 180 min postac-
tivation (Morgan et al. 1987; Guzowski et al. 2001). Therefore,
c-Fos expression levels reflect activity supportingmemory retrieval
during the test session, but not during the reminder session (see
Supplemental Results).

For dCA1, a 2 ×2 ANOVA revealed a significant main effect of
Context, with higher c-Fos levels following testing in Context-A
than in Context-B (F(1,28) = 8.535, P=0.007, η

2
p = 0.234), but no sig-

nificant main effect of Reminder (F(1,28) = 0.599, P=0.445, η2p =
0.021), and no Context ×Reminder interaction (F(1,28) = 0.973, P=
0.332, η2p = 0.034; Fig. 2A). A similar 2 ×2 ANOVA to assess c-Fos ex-
pression in the aCC revealed no significantmain effects of Context
(F(1,29) = 1.050,P=0.314, η

2
p = 0.035) orReminder (F(1,29) = 0.980,P=

0.330, η2p = 0.033), and no Context×Reminder interaction (F(1,29) =
1.645, P=0.210, η2p = 0.054; Fig. 2B).

We previously assessed the time-dependent shift in retrieval-
associated c-Fos expression within the dorsal hippocampus and
aCC nodes of the context fear memory network, finding that the
hippocampus was sensitive to context-specificity at both short
and long delays, whereas the aCCwas insensitive to the differences
in testing context at either time point (Sekeres et al. 2018a). Based
on these results, and our previous findings that a Context-A re-
minder, but not a Context-B reminder, after 30 d reinstates
hippocampal-dependency to the remote memory (Winocur et al.
2009), we predicted that, in the intact brain, the hippocampus
would continue to be recruited for context-specific remote
memory retrieval.

A

C

B

Figure 2. c-Fos expression is sensitive to retrieval context in dorsal hippocampus but insensitive to context and reminder in the aCC. (A) (Left) Coronal
section identifying the dCA1 of the hippocampus (outlined in black dashed box). (Right): Mean c-Fos expression levels in dCA1 were significantly higher
when tested in Context-A than in Context-B. c-Fos expression levels following test in each context did not differ between the reminded (R) and nonre-
minded (NR) groups. Values are expressed as a percent change from the home cage control baseline c-Fos level. (B) (Left) Coronal section identifying
the aCC (outlined in black dashed box). (Right) Mean c-Fos expression levels in aCC did not differ between Context-A and Context-B test conditions, re-
gardless of reminder condition. Values are expressed as a percent change from the home cage control baseline c-Fos level. Error bars represent the SEM. (*)
P<0.05, ns P>0.05. (C) (Top) Representative c-Fos expression in the dCA1 for each experimental condition (NR-A, NR-B, R-A, R-B) and home cage control
(HC) groups. Scale bar = 100 µm. Bottom: Representative c-Fos expression in the aCC for each experimental condition and home cage control groups.
Scale bar = 100 µm.
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We replicated our group’s previous findings in which a re-
minder in the conditioning context prior to remote memory test-
ing reduced generalized freezing in a novel context. Rats
subsequently tested in the conditioning context continued to dis-
play high levels of freezing, indicating that the brief reminder was
an effective mnemonic cue that triggered retrieval of the context
memory, while not inducing extinction learning in the condition-
ing context. In the absence of a reminder, high freezing levels were
observed in both contexts. In line with our prediction, c-Fos was
highly expressed in the dCA1 following Context-A testing, but
not following Context-B testing, regardless of whether the context
memory had been recently reactivated, indicating that the hippo-
campally mediated memory remains accessible at a remote time
point, even in the absence of contextual cuing. The results of the
reminder condition are consistent with the previously observed
pattern of hippocampal activity observed when a context-specific
memory is retrieved just 1 d following memory encoding
(Sekeres et al. 2018a). It should be noted that the present study
did not include a recent retrieval condition, and thus a comparison
between these two timepoints should be interpreted cautiously.

Regarding activity in the aCC, two possible outcomes were
proposed above. Consistent with the second outcome that predict-
ed engagement of the reorganized remote memory trace during re-
trieval, the aCC was similarly activated following testing in both
contexts, irrespective of reminder condition. Retrieval in either
context may engage the aCC-mediated schematic type of the fear
memory which represents the common elements of the event
(Tse et al. 2011; Richards et al. 2014; Cullen et al. 2015; Kitamura
et al. 2017; Sekeres et al. 2018b).While exposing the rat to the con-
ditioning context prior to remote memory testing may engage the
context-specific representation of the memory in hippocampus, it
mayalso serve to activate the schematic representation of the event
in the aCC. Even in the absence of pretest reactivation of this
schema, testing in either the familiar or the novel context will sim-
ilarly activate (or reactivate, when preceded by a reminder) this
schematic representation. This may explain why the aCC contin-
ues to be highly activated in response to both contexts, while the
hippocampus is only activated in response to the original condi-
tioning context.

It should be noted that the high freezing observed in all
groups during the Context-A reminder likely reflects retrieval of
memory for the original conditioning experience, but it remains
possible that a generalized representation activated by the remind-
er could also induce strong freezing behavior in Context-A. If the
freezing during the reminderwas driven by the generalized context
memory representation, however, it is difficult to resolve why sub-
sequent testing in novel Context-B would suddenly reengage
context-specific memory retrieval during testing in these R-B ani-
mals (Fig. 1D).

These data support the position that a prefrontal-hippo-
campal network is engaged during remote contextmemory retriev-
al in the intact brain. It is likely that the context-specific memory
persists, and a generalized schematic memory develops over
time. Though both of these memory representations can coexist,
the cues prior to retrieval determine which type dominates memo-
ry expression. Reminders were effective in allowing the context-
specific representation of thememory to become reinstated and ex-
pressed, with retrieval engaging both the hippocampus and aCC.
These results are in linewith previous findings that retrieval of a re-
mote context fear memory, without reminders, does not require
the hippocampus and generalizes to new contexts (Winocur
et al. 2007; Goshen et al. 2011). Activity within the dCA1, howev-
er, continues to be required for retrieval of a precise, but not a gen-
eralized, remote context memory (Wiltgen et al. 2010), as occurs
when a reminder is given. There is evidence suggesting that the
ventral hippocampus and its projections to the medial prefrontal

cortex, are required for the retrieval of the remote generalized con-
text. Inactivation of the aCC and vHPC at this time prevents the
expression of the generalized context memory, while leaving the
context-specific memory intact (Cullen et al. 2015; Ortiz et al.
2019). While vHPC activity was not assessed in the present study,
the results provide an interesting avenue for follow up studies in-
vestigating the role of the vHPC to determine how reactivating
the remotememory via a Context-A remindermay alter the remote
systems reconsolidation of generalized/schematic memories in the
absence of a functional aCC and vHPC.

There is evidence that the same dCA1 neurons engaged dur-
ing encoding continue to be recruited during remote memory re-
trieval (Tayler et al. 2013; Kitamura et al. 2017), supporting the
idea that the hippocampus does not disengage during systems con-
solidation as a memory ages, while the aCC continues to develop a
schematic representation of the memory that is insensitive to test
context (Kitamura et al. 2017). Further, Einarsson et al. (2015)
found that suppression of both the dorsal hippocampus and aCC
was required to impair retrieval of a reactivated remote context-
specificmemory, indicating that even for reactivated remotemem-
ory, either structure is sufficient to support retrieval.

These results also support recent evidence for chemogenetic
activation of mPFC neurons tagged during encoding of a context
fear memory being sufficient to induce freezing in a novel context
at a remote time point (Matos et al. 2019). The originally tagged
medial prefrontal cortical (mPFC, including the aCC) neurons are
those recruited during remote memory retrieval in the novel con-
text, and this systems-level transformation of the context memory
is dependent upon the plasticity-related transcription factor c-AMP
response-element binding (CREB) protein function in the mPFC.
In line with the findings of Matos et al. (2019), Sekeres et al.
(2012) previously showed that a remote generalized context mem-
ory can regain context-specificity following a reminder by enhanc-
ing CREB protein in the dorsal hippocampus during the remote
memory reconsolidation period (Sekeres et al. 2012). The present
data further support this idea, that in the intact brain, both struc-
tures come online during retrieval of the remote memory, and
the recently reactivated context memory.

The results leave open the question of what neural mecha-
nisms are involved in enabling the expression of context-specific
memory with a reminder, but not without one. The data suggest
that hippocampal cellular reconsolidation processes continue to
be engaged following reactivation of a remote context fear memo-
ry. While context reactivation may cue retrieval of the hippocam-
pally mediated context specific memory, the aCC which develops
schematic memory representations over time, continues to be acti-
vated under normal physiological conditions during retrieval, but
its ability to control behavior in the new context is suppressed.
This suppressionmay result from the direct influence of the hippo-
campus on aCC output, or via a third mediating structure, such as
the nucleus reunions (Xu and Südhof 2013; Dolleman-van der
Weel et al. 2019), that coordinates activity between both of
them. In their review, Tonegawa et al. (2018) also promote the co-
existence of a remote episodic-like memory trace supporting the
original conditioning context, and the development of a remote
schematic memory trace in the mPFC, although they concede
that the precise network associated with the schematic memory
trace has yet to be identified. Given that we did not tag cells active
during encoding, our observational study cannot confirmwhether
the neurons engaged during encoding were the same neurons en-
gaged during remote retrieval in the conditioning context. Based
on the findings of Kitamura et al. (2017), it is possible that mPFC
neurons originally involved in fear memory acquisition are the
same cells that come online to support retrieval in the original con-
text at a remote timepoint, while a different population of mPFC
schema cells come to support retrieval of the generalized context
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memory at this remote timepoint, but this remains speculative.
Thus, it still remains an open question as to the nature of the net-
work supporting retrieval of the remote schematicmemory, as well
as the reactivated remote memory. Our findings provide a basis for
further studies using more sophisticated labeling techniques to in-
terrogate the neural underpinnings of remote and reconsolidated
schematic context memories.
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