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Abstract

Memory for contextual fear conditioning relies upon the retrosplenial cortex (RSC) regardless of
how long ago conditioning occurred, whereas areas connected to the RSC, such as the dorsal
hippocampus (DH) and anterior cingulate cortex (ACC) appear to play time-limited roles. To
better understand whether these brain regions functionally interact during memory processing and
how the passage of time affects these interactions, we simultaneously recorded local field
potentials (LFPs) from these three regions as well as anterior dorsal thalamus (ADT), which
provides one of the strongest inputs to RSC, and measured coherence of oscillatory activity within
the theta (4-12Hz) and gamma (30-80Hz) frequency bands. We identified changes of theta
coherence related to encoding, retrieval, and extinction of context fear, whereas changes in gamma
coherence were restricted to fear extinction. Specifically, exposure to a novel context and retrieval
of recently acquired fear conditioning memory were associated with increased theta coherence
between RSC and all three other structures. In contrast, RSC-DH and RSC-ADT theta coherence
were decreased in mice that successfully retrieved, relative to mice that failed to retrieve, remote
memory. Greater RSC-ADT theta and gamma coherence were observed during recent, compared
to remote, extinction of freezing responses. Thus, the degree of coherence between RSC and
connected brain areas may predict and contribute to context memory retrieval and retrieval-related
phenomena such as fear extinction. Importantly, although theta coherence in this circuit increases
during memory encoding and retrieval of recent memory, failure to decrease RSC-DH theta
coherence might be linked to retrieval deficit in the long term, and possibly contribute to aberrant
memory processing characteristic of neuropsychiatric disorders.
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Introduction

Cognitive function is associated with the concurrent activation of a distributed network of
brain regions, with the synchronization of activity between these regions often directed by
one or more distinct “hubs.” Disruption of activity within such networks is associated with
pathological cognitive and emotional states (Grimm et al., 2009; Hamilton et al., 2011; Yu
et al., 2013), underlying the need to understand how network activity in the brain is
generated and how it relates to behavior. In rodents, studies of coherent activity between
brain regions has typically focused on learning, but much less is known about how network
activity underlies memory retrieval or how such networks change as memories age.

One measure of network activity in the brain is the coherence of oscillatory activity across
brain regions. Oscillations in the theta (4-12Hz) and gamma (30-80Hz) frequency ranges
have been especially implicated in mnemonic functions in both rodents (Colgin, 2015;
Fitzgerald et al., 2015; Kay, 2005; Vertes, 2005) and humans (Barr et al., 2009; Klimesch et
al., 2001; Lega et al., 2012; Rutishauser et al., 2010) due to their role in synchronizing and
integrating activity across distributed networks of brain regions (Kirk and Mackay, 2003).
Of the many regions in which these oscillations have been observed, retrosplenial cortex
(RSC) is especially interesting because it 1) provides an essential conduit for the
propagation of hypothalamic-generated oscillatory activity to other brain regions (Destrade
and Ott, 1982) while also generating local theta oscillations during learning (Talk et al.,
2004), 2) is the cortical region in humans most consistently activated by emotionally salient
stimuli (Maddock, 1999), and 3) unlike most other brain areas, plays a time-independent
role in the retrieval of contextual (Corcoran et al., 2011) and spatial (Haijima and Ichitani,
2008) memories. Thus, RSC is uniquely situated to act as a hub of activity underlying the
retrieval of both recently and remotely acquired memories. It is unknown, however, whether
coherent activity between RSC and other regions correlates with memory retrieval, or how
the patterns of such coherence change as memories age.

To address this issue, we trained mice in a contextual fear conditioning experiment and
recorded simultaneous LFP activity in RSC and three regions with which it is robustly
interconnected: DH, which has been implicated in the retrieval of recently acquired
memories (Anagnostaras et al., 1999); ACC, which has been implicated in the retrieval of
remotely acquired memories (Frankland et al., 2004); and ADT, which provides one of the
largest subcortical inputs to RSC (Berger et al., 1980; van Groen and Wyss, 2003). The use
of simultaneous multi-site LFP recordings allowed us to examine coherent activity between
pairs of these structures prior to fear conditioning, during memory retrieval, and during fear
extinction. Coherence in the theta band between RSC and the other three structures
increased during memory encoding and recent memory retrieval, whereas decreased RSC-
DH and RSC-ADT theta coherence were associated with successful retrieval of remote
memory. Increased RSC-ADT theta coherence was observed in mice that successfully
extinguished recently acquired fear memory. In contrast, RSC-ADT gamma coherence prior
to fear conditioning predicted successful extinction. RSC-ACC did not show significant
changes in coherent activity with memory age.
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A total of 38 nine-week-old male C57BL6/N mice obtained from a commercial supplier
(Harlan, Indianapolis, IN) were used in this study. Mice were individually housed in a
facility on a 12/12hr light/dark cycle (lights on at 7a.m.), and allowed free access to food
and water. All procedures were approved by Northwestern University’s Animal Care and
Use Committee in compliance with National Institutes of Health standards.

Mice were anesthetized with Avertin (1.2%) and implanted with insulated silver wires
(100pm diameter) aimed at RSC (1.8mm posterior, 0.4mm lateral, 0.75mm ventral to
bregma), DH (1.5mm posterior, 1.0mm lateral, 1.75mm ventral), ADT (0.8mm posterior,
0.75mm lateral, 2.75mm ventral), and ACC (1.3mm anterior, 0.4mm lateral, 1.75mm
ventral). All electrodes were placed in the left hemisphere. A gold screw lowered into the
skull near the right parietal/occipital bone suture served as a reference and ground electrode.
Two stainless steel jeweler’s screws were inserted in the skull to anchor the headcap. All
wires were soldered to a 6-pin connector to which the recording devices were later attached,
and the assembly was fixed to the skull with acrylic. Mice were allowed at least 72h to
recover from surgery prior to behavioral procedures.

Fear conditioning

Fear conditioning took place in a 35%x20x20cm Plexiglas chamber with a stainless steel rod
floor (4mm diameter, 0.9cm center-to-center) in a sound-attenuating cabinet with black
inner walls (TSE Inc., Bad Homburg, Germany). Mice were placed in the chamber and
presented with a mild footshock (2s, 0.7mA, constant current) after 3min. The chamber was
cleaned after each mouse with 70% ethanol. Subsequent 3min tests for fear to the
conditioning context began 1d (Recent group) or 35d (Remote group) post-conditioning.

LFP recordings

Continuous recordings were made at a sampling rate of 600Hz using wireless 4-channel
recording devices (NeuroLogger, TSE Systems), which were attached to the mice prior to
each session. Pre-amplification, analog-to-digital conversion (unity gain buffer, AC input
range +750uV, 1000x gain, ADC resolution 8bits), and data storage all occurred on the
NeuroLogger. After each session, the NeuroLogger was removed and data were downloaded
to a PC. Prior to fear conditioning, mice in the Recent group were connected to the
NeuroLoggers for a recording session in their home cages to habituate them to the recording
devices (home cage recording), followed 24h later by a 3min recording session in the
conditioning chamber during which no shock was delivered (novel context recording). Fear
conditioning occurred the following day, and retrieval/extinction tests began 24h post-
conditioning. For the Remote group, fear conditioning occurred prior to electrode
implantation, home cage recordings occurred on post-conditioning day 34, and retrieval/
extinction tests began on post-conditioning day 35 (Figure 1A). LFPs were recorded during
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all 8 extinction sessions for all mice (data are only presented for the first and last extinction
sessions). Mice were not connected to the recording devices during fear conditioning.

Data collection and analysis

Results

Freezing during tests for context fear was scored every 5s by a trained observer, and
expressed as the percentage of the total number of observations that the mice remained
motionless. During all sessions, locomotor activity in the form of infrared beam crosses was
collected automatically. After fear conditioning, successful memory retrieval was defined as
greater than 30% freezing during the first post-conditioning test session. LFP recordings
were downloaded to a PC in compressed hexidecimal format and converted to a Matlab-
compatible format for analysis. Spectral analyses were performed using open-source
Chronux (http://Chronux.org) algorithms as described previously (Kay and Freeman, 1998;
Rojas-Libano et al., 2014). Coherence spectra were computed for the theta (4-12Hz) and
gamma (30-80Hz) frequency bands across each 3min recording session using 35 half-
overlapping 10s windows with 4 tapers, (resulting in a frequency resolution of 1.4Hz), and
then transformed using the Fisher z-transform. There was no filtering. For both theta and
gamma, the peak frequency within each band was taken as the center frequency, and
coherence at this peak was used as the dependent measure. This z-coherence is normalized
by power, allowing for direct comparison across subjects. Peak coherence in the theta and
gamma bands were calculated for each mouse in each session and used for statistical
analysis. To estimate the magnitude of coherence that could be expected by chance,
coherence values were again calculated for each site-pair, except that data for the two
structures in each site-pair were taken from separate recording sessions (e.g., RSC home
cage vs. DH novel context, RSC recent retrieval vs. ADT home cage, etc.). All structure by
session combinations were analyzed for each mouse at each time point for both the theta and
gamma frequency bands. Significance of peak coherence values was determined by one-
sample t tests against these shuffled coherence values. Group differences were determined
using ANOVA or Student’s t tests, and post hoc comparisons were made using Tukey HSD
tests. Pearson’s correlation coefficients were calculated to compare theta peak coherence
within a site-pair to theta power in each of the individual structures that comprised that site
pair. P values less than 0.05 were considered statistically significant. Verification of
electrode placements was made from coronal sections through RSC, ACC, or DH (Figure
1B), and mice were only included in the final analyses if all of their electrodes were
correctly placed.

Increased theta coherence with RSC during novel context exploration and recent memory

retrieval

Naive mice (n = 15) were allowed to explore the novel conditioning context one day prior to
fear conditioning and were tested for fear to the conditioning context one day after
conditioning. All mice successfully retrieved the recently acquired conditioning memory (t14
=11.95; p < 0.0001 versus novel context session; Figure 2A). LFPs were recorded from
RSC, DH, ADT, and ACC while mice were in their home cages and exploring the novel
context (prior to fear conditioning), and during memory retrieval testing (Figure 2B). Peak
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coherence in the theta band between RSC and the other three regions was measured for each
of these three sessions, and was consistently higher than would be expected by chance (all ts
>7.28; all ps < 0.0001; Figure 2C). For all three site-pairs, one-way ANOVA revealed an
effect of recording session (RSC-DH: F5 2g = 11.31; p = 0.0003; RSC-ADT: F; 25 = 12.74,
p=0.0001; RSC-ACC: F; 25 = 10.63; p = 0.0004), and post hoc tests revealed that theta
peak coherence was greater both during exploration of the novel context (all ps < 0.001) and
during the retrieval test (all ps < 0.05), as compared to the home cage, although RSC-ADT
peak coherence did decrease from the novel context to the retrieval test (p = 0.044). Despite
the increased magnitude of theta peak coherence, the frequency at which the peak in each
site-pair occurred remained stable across recording sessions (RSC-DH: 7.36-8.00Hz; RSC-
ADT: 6.72-7.54Hz; RSC-ACC: 6.11-6.91Hz; all Fs < 1.0, all ps = 0.39; data not shown). In
addition, theta peak coherence increased from home cage to novel context exploration in
DH-ADT (F3 28 = 7.07; p=0.0033), DH-ACC (F; 28 = 9.95; p = 0.0005), and ADT-ACC
(F2.28 = 7.23; p = 0.0029) site-pairs, and remained elevated during the retrieval test for all
but the DH-ADT site-pair (data not shown). In contrast to theta peak coherence, peak
coherence in the gamma band, though significantly greater than chance (all ts = 6.72; all ps
< 0.0001), did not change across sessions (all Fs < 2.1; all ps > 0.15; Figure 2D).

Theta peak coherence changes do not follow theta power changes

Theta rhythms in rodents are strongly influenced by ongoing motor activity, especially
during exploration and spatial learning (Buszaki, 2002). Memory retrieval in our
experiments reflects a robust change in motor activity (zero freezing during novel context
exploration and ~70% average freezing during retrieval testing; Figure 2A), and is therefore
expected to correlate with changes in theta power. During recent memory retrieval, we
found significant decreases in theta power during retrieval testing compared to novel context
exploration in RSC (t14 = 3.32; p=0.0051), DH (t14 = 2.18; p = 0.048); and ACC (t14 =
5.11; p=0.0002; Figure 3A), but no decrease in ADT theta power (p = 0.08), suggesting
that theta power and theta peak coherence are not correlated.

We next performed a more direct test of whether peak coherence correlated with theta power
within either of the individual structures that made up our site-pairs (Figure 3B). Strong
positive correlations would indicate that peak coherence measured in a given site-pair
provided only an indirect measure of theta power, rather than a distinct index of memory
processing. During novel context exploration, RSC-ADT peak coherence was inversely
correlated with theta power in RSC (r2 = 0.42; p = 0.0087). During retrieval testing, RSC-
DH peak coherence was inversely correlated with theta power in DH (r2 = 0.37; p =0.016)
and RSC-ADT peak coherence was inversely correlated with theta power in ADT (r2 = 0.36;
p =0.019). No other peak coherence/power correlations were statistically significant. Thus,
peak coherence measured between RSC and connected structures does not simply reflect
changes in theta power, and is therefore not unduly affected by changes in movement (or
lack thereof) between testing sessions. Rather, increased theta peak coherence between these
regions may reflect the sensory and mnemonic processes that underlie learning about new
environments and support retrieval of recently acquired contextual memories.
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Decreased RSC-DH theta coherence predicts remote memory retrieval

Mice were tested for memory retrieval 35d post-conditioning. During this remote memory
test, just over half of the mice froze for more than 30% of the retrieval session (i.e.,
successful memory retrieval; n = 9; Remote-Retrieval), whereas the rest did not (i.e.,
retrieval failure; n = 7; Remote-No Retrieval; t; 15 = 5.32; p < 0.0001; Figure 4A). Peak
coherence was greater than chance during both recording sessions for both Remote-Retrieval
(ts = 7.05; ps < 0.0001) and Remote-No Retrieval (ts = 5.75; ps < 0.0012) groups. ANOVA
revealed no group differences in theta peak coherence between RSC and ACC during either
of the recording sessions (F1 13 = 0.69; p = 0.16; Figure 4B, Bottom). For theta peak
coherence between RSC and DH, however, ANOVA revealed a main effect of group (Fy 13
= 5.64; p = 0.034) and an interaction of group by recording session (F1 13 = 4.76; p = 0.048;
Figure 4B, Top). Post hoc comparisons showed that theta peak coherence was lower during
home cage recording in the Remote-Retrieval group compared to the Remote-No Retrieval
group (p = 0.00026), and that this difference increased during the memory retrieval test (p =
0.0002). Similarly, for RSC-ADT theta peak coherence, ANOVA revealed a significant
main effect of group (F1 13 = 7.21; p=0.019) and a group by recording session interaction
(F1,13 = 4.87, p=0.046; Figure 4B, Middle). Post hoc comparisons showed that theta peak
coherence was lower in the Remote-Retrieval group relative to the Remote-No Retrieval
group during the home cage session (p = 0.023) and that this difference increased during the
retrieval test (p = 0.00028). Despite these differences in RSC-DH and RSC-ACC theta peak
coherence, the frequency at which these peaks occurred were similar between groups and
across recording sessions (RSC-DH: 6.85-7.83Hz; RSC-ADT: 5.88-7.77Hz; all Fs < 3.67,
all ps > 0.075; data not shown). In contrast to RSC and connected structures, there were no
differences between the Remote-Retrieval and Remote-No Retrieval groups in DH-ADT,
DH-ACC, or ADT-ACC theta or gamma peak coherence (data not shown). Additionally,
there were no between-group or between-session differences in gamma peak coherence for
any site-pair (all Fs < 2.7; all ps > 0.11; Figure 4C), although all peak coherence values were
significantly greater than chance (all ts = 4.13; all ps < 0.0021).

Despite the different freezing levels between Remote Retrieval and Remote No Retrieval
groups, there were no differences in theta power recorded in any structure (all ts < 1.263; all
ps = 0.23; Figure 5A). As with recent retrieval, theta peak coherence in each site-pair was
not reliably correlated with theta power in either of the structures that made up those site
pairs; the only significant correlation was between RSC-ACC theta peak coherence and RSC
theta power in the Remote-No Retrieval group (r2 = 0.89; p =0.0049; Figure 5B).

Decreased theta peak coherence could have existed in the Remote-Retrieval group prior to
fear conditioning, or could reflect pre-existing differences in locomotor behavior or
responses to shock among these mice. During fear conditioning, however, mice in both the
Remote-Retrieval and Remote-No Retrieval groups had similar levels of locomotor activity
both prior to (t15 = 0.022; p = 0.98) and in response to (t;5 = 0.90; p = 0.38) footshock (data
not shown), suggesting that the groups were behaviorally indistinct. Thus, retrieval of
remote memory is predicted by and associated with decreased RSC-DH and RSC-ADT theta
peak coherence prior to and during testing.
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Increased RSC-ADT theta and gamma peak coherence are associated with extinction of
recent memory

After either recent or remote memory retrieval tests, all mice were given an additional 7
consecutive days of extinction training in the conditioning context. Mice were only included
in the subsequent analysis if they 1) successfully retrieved the conditioning memory on the
first test day and 2) significantly reduced their freezing responses over the course of
extinction training (Recent: n = 9; Remote: n = 8). There was no group difference in
freezing across the first and last extinction sessions (F = 0.63; p = 0.44; Fig. 6A), but there
was a significant effect of extinction session (F1 15 = 26.15; p = 0.0001), indicating that both
groups successfully reduced their freezing responses over the course of extinction training.
Theta peak coherence in the RSC-DH and RSC-ACC site pairs was no different between the
Recent and Remote groups (Fs < 1.80; ps = 0.20; Figure 6B, Top and Bottom). In contrast,
for the RSC-ADT site pair, ANOVA revealed a main effect of group (F1,15=7.66; p=
0.015; Figure 6B, Middle). Post hoc analyses showed that RSC-ADT theta peak coherence
was increased in the Recent group relative to the Remote group during the first extinction
session (p = 0.011). The frequency at which RSC-ADT theta peak coherence occurred was
similar between groups and remained stable across testing sessions (5.72—7.17Hz; all Fs <
0.65, all ps = 0.55; data not shown). Similarly, gamma peak coherence in the RSC-DH and
RSC-ACC site pairs was no different between the Recent and Remote groups (Fs < 1.60; ps
> 0.20; Figure 6C, Top and Bottom), but there was a main effect of group in the RSC-ADT
site-pair (F1 15 = 4.40; p = 0.049; Figure 6C, Middle). Post hoc analyses showed that RSC-
ADT gamma peak coherence was increased in the Recent group relative to the Remote
group in the home cage (p = 0.0002) and during the first extinction session (p = 0.00014).
There were no differences between Recent and Remote groups in DH-ADT, DH-ACC, or
ADT-ACC theta or gamma peak coherence (data not shown). Thus, extinction of fear
responses evoked by memories of recent events is associated with increased RSC-ADT theta
and gamma peak coherence.

Discussion

We have demonstrated here that learning about novel environments, retrieval of recently and
remotely acquired context memories, and extinction of fear triggered by these memories are
associated with different patterns of coherent theta and gamma band activity between RSC
and DH, ADT, and ACC (Fig. 6). Exploration of a novel context was associated with
increased theta coherence in each of these site-pairs; this increase was maintained during
memory retrieval one day after fear conditioning in that context, independent of changes in
theta power within each structure. In contrast, decreased RSC-DH and RSC-ADT theta peak
coherence during post-conditioning recordings in the home cage were predictive of
successful retrieval of remotely acquired memory. Extinction of a recently learned fear
response was associated with greater theta and gamma peak coherence between RSC and
ADT than extinction of a remotely learned fear response. These findings suggest that, as
memories for aversive events age, different interactions among brain regions may be
required for the successful retrieval of those memories and the subsequent extinction of
associated fear responses.
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Based on previous studies (Anagnostaras et al., 1999; Frankland et al., 2004), we expected
to find increased coherence in the RSC-DH and RSC-ACC site pairs during retrieval of
recently and remotely acquired memories, respectively, as well as differences in RSC-DH
peak coherence relevant to recent vs. remote fear extinction (Inda et al., 2011; Corcoran et
al., 2013; Graff et al., 2014). Our findings provided only partial support for these
hypotheses, in that increased coherence between RSC and DH was only observed during
exposure to a novel context and re-exposure to that context one day after fear conditioning.
Contrary to our expectation, ACC did not show coherent activity with RSC during retrieval
of remote memory, and neither DH nor ACC was coherent with RSC during fear extinction.
These results do not negate potential roles for DH or ACC in retrieval or extinction at the
expected time points, however, because our measurements were only indicative of the
degree to which their activity was coherent. Thus, although DH and ACC activity may still
be required for recent and remote retrieval and extinction, respectively, their contributions
were most likely unrelated to their interactions with RSC.

When exposed to the conditioning context for the first time, theta coherence increased in all
three of the site-pairs. RSC receives a robust input from visual cortex (Vogt, 1985), as well
as highly processed sensory information from other cortical regions (Kobayashi and Amaral,
2003). These connections are hypothesized to support a role for RSC in spatial navigation
and reconciling allocentric environmental cues with egocentric states (Vann et al., 2009).
Connections between RSC and subcortical structures such as ADT and DH support a variety
of learning-related functions, including cue-elicited neuronal activity, immediate early gene
responses, and synaptic plasticity, whereas cortical RSC connections such as ACC are
necessary for long-term memory storage (reviewed in Miller et al., 2015). Thus, increased
coherence between RSC and DH, ADT, and ACC during novel context exploration might
reflect the integration of sensory and mnemonic information across this network of
structures as the mice formed a representation of the conditioning chamber. Similarly, the
maintenance of increased RSC-DH and RSC-ADT peak coherence during recent retrieval
testing may reflect the recall of that contextual representation.

Our data suggest that hippocampal and retrosplenial activity are uncoupled when retrieving
memories long after they are formed, as successful retrieval of remote memory was
associated with decreased RSC-DH peak coherence. Because it is difficult to keep electrode
implants viable for the 5+ weeks of our study, we were unfortunately unable to record pre-
conditioning LFPs in the home cage of mice that would later be tested for remote memory. It
therefore remains to be seen whether the decreased RSC-DH peak coherence in mice that
successfully retrieved the remote memory existed prior to, or was induced by, contextual
fear conditioning. Nevertheless, decreased cortico-hippocampal coherence during remote
memory retrieval is consistent with previous research, in which synchronization between
entorhinal cortex and hippocampus in an eyeblink conditioning task decreased as the post-
conditioning interval increased (Takehara-Nishiuchi et al., 2012). Our findings are also
consistent with the standard model of systems consolidation of memory, which posits that as
memories age, their storage and retrieval become increasingly independent of hippocampal
activity (Frankland and Bontempi, 2005). This uncoupling may serve to limit hippocampus-
mediated interference with cortical memory traces, which would otherwise lead to
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decontextualization, generalization, and ultimately poorer retrieval of remote memory
(YYassa and Reagh, 2013).

The interplay between hippocampus and RSC supports both initial learning of contextual
information as well as the updating of well-consolidated long-term memory (Miller et al.,
2015). Consistent with this, extinction of fear responses requires extensive processing by
DH (Tronson et al., 2012) and RSC (Corcoran at al., 2013). However, we found that
extinction was only associated with increased RSC-ADT, and not RSC-DH, peak coherence
during initial retrieval of a recent, relative to a remote, fear conditioning memory. These
findings do not rule out a role for DH in extinction, but suggest that whereas RSC and DH
act independently of one another, RSC and ADT work in concert. Given that inputs from the
mediodorsal thalamic nucleus to the medial prefrontal cortex are also required for fear
extinction (Hugues, Garcia, 2007), these findings collectively suggest that thalamo-cortical
interactions play an important role in the reduction of learned fear.

Time-dependent reorganization of activity coherent with RSC may reflect the time-
dependent reorganization of cellular activity and signaling pathways in RSC that are
associated with memory consolidation and retrieval, and extinction of conditioned fear
responses. Cue-elicited activity in RSC was found to be greater during retrieval testing 48
hours post-conditioning than during testing immediately after conditioning in rabbits
performing an aversive avoidance task (Freeman and Gabriel, 1999). This delayed increase
suggests a time-limited role of RSC in memory consolidation; we unfortunately did not
record activity immediately post-conditioning, or in the home cage days to weeks after
conditioning, so it remains to be seen whether consolidation-related changes occur in
coherence between RSC and connected structures. At a molecular level, retrieval of remote
memory for context fear conditioning and subsequent extinction of freezing behavior require
protein kinase A-dependent signaling in RSC. This pathway is not necessary for retrieval of
recently acquired memory or the extinction of recently acquired freezing responses
(Corcoran et al., 2013). A key question for future studies is how time-dependent activity in
the intracellular signaling cascades necessary for retrieval and extinction contributes to the
functional connectivity between brain regions that make up the networks of recent and
remote memory.

In summary, time-dependent changes in RSC-DH and RSC-ADT coherence suggest that
RSC may serve as a hub that coordinates the activity of distinct brain regions mediating
recent and remote memory. Such a role has been hinted at by human and rodent imaging
studies which have identified RSC as a node of connectivity between regions of the Default
Mode Network (Vann et al., 2009; Upadhyay et al., 2011; White et al., 2011), in which
activity is associated with emotional regulation and autobiographical memory retrieval
(Bressler and Menon 2002), and dysfunction is thought to underlie a host of mental
disorders, including major depression (Hamilton et al., 2011) and anxiety (Boyd et al.,
2009). Disruptions in RSC-dependent interregional connectivity may yield susceptibility to
extinction failure, which has been posited as a mechanism underlying the persistence of
symptoms in post-traumatic stress disorder (Rothbaum and Davis, 2003), or to aging-related
impairments in memory retrieval, as RSC is among the first areas of the brain to show
metabolic decline (Minoshima et al., 1997), and functional connectivity with RSC is

Neurobiol Learn Mem. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corcoran et al. Page 10

disrupted (Andrews-Hanna et al., 2007; Jones et al., 2011), in both mild cognitive
impairment and Alzheimer’s disease. Treatment for disorders that reflect altered RSC
functional connectivity will therefore need to account for time-dependent engagement of
distinct neural networks.
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Highlights

Retrosplenial cortex (RSC) plays a time-independent role in the retrieval of
memory for contextual conditioning and extinction of freezing responses

RSC is interconnected with cortical and subcortical regions also involved in
context fear memory, including dorsal hippocampus (DH), anterior dorsal
thalamus (ADT), and anterior cingulate cortex (ACC)

Coherent theta activity between these regions increased during exploration of a
novel context and remained elevated during re-exposure to that context one day
after fear conditioning

Successful remote memory retrieval was associated with decreased theta
coherence between RSC-DH and RSC-ADT

Increased RSC-ADT theta and gamma activity were associated with extinction
of recently-acquired freezing responses
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Figure 1.
(A) Timeline of experimental procedures. Mice in the Recent group went through Home

Cage and Novel Context recording sessions prior to conditioning. Tests for memory retrieval
began 1d post-conditioning. Mice in the Remote group were fear conditioned weeks prior to
surgery. Home Cage recordings occurred 34d post-conditioning, and tests for memory
retrieval began on the 35™ post-conditioning day. (B) Electrode placements in RSC (Top),
DH, ADT, and ACC (Bottom). Open and filled symbols represent electrode placements in
mice from the Recent and Remote groups, respectively. Numbers next to illustrated sections
indicate anterior/posterior distance from bregma. Atlas templates adapted from Paxinos and
Franklin (2001).
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Figure 2.
Increased theta peak coherence during exploration of a novel context and recent memory

retrieval. (A) All mice successfully retrieved the recently-acquired fear conditioning
memory. (B) One-second sample epoch of raw LFPs simultaneously recorded from RSC,
DH, ADT, and ACC from a mouse in its home cage, during novel context exploration, and
during testing for memory retrieval. (C) Prior to fear conditioning, mice were allowed to
explore the conditioning chamber. Peak coherence in the RSC-DH (top panel), RSC-ADT
(middle panel), and RSC-ACC (bottom panel) site pairs increased during novel context
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exploration relative to recordings made in the home cage. This increase persisted during
retrieval testing one day post-conditioning. (D) There were no differences in gamma peak
coherence in any site-pair or across recording sessions. Grey symbols represent shuffled
peak coherence values. Arrowheads indicate when fear conditioning occurred. *p < 0.05.
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Figure 3.
Changes in theta power are not correlated with changes in theta peak coherence. (A) Theta

power recorded in RSC, DH, and ACC decreased during retrieval testing relative to novel
context exploration. (B) Regression plots of theta peak coherence in each site pair versus
theta power recorded in the individual structures in each site pair during both novel context
exploration and retrieval testing. Theta peak coherence was not consistently correlated with
theta power within individual structures or across recording sessions. Open circles represent
values for RSC theta power; filled circles represent values for theta power in the other
region making up each site-pair. *p < 0.05.
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Figure 4.
Pre-test RSC-DH and RSC-ADT theta peak coherence predict remote memory retrieval. (A)

Freezing in the conditioning context 35d post-conditioning. During this retrieval test, mice
self-selected into two subgroups: mice either succeeded (Retrieval; open symbols) or failed
(No Retrieval; filled symbols) to retrieve the fear memory, as indicated by high and low
levels or freezing, respectively. (B) Theta peak coherence prior to and during memory
retrieval. RSC-DH (Top panel) and RSC-ADT (Middle panel) theta peak coherence were
decreased in the home cage, prior to retrieval testing, in the Remote-Retrieval group. These
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differences persisted during the retrieval test the following day. There were no group
differences in RSC-ACC theta peak coherence during either of the recording sessions
(Bottom panel). (C) There were no differences in gamma peak coherence in any site-pair or
across recording sessions. Grey symbols represent shuffled peak coherence values.
Arrowheads indicate when fear conditioning occurred. *p < 0.05.
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Figure 5.

Theta power and theta peak coherence are not correlated during remote memory retrieval.
(A) Theta power recorded in RSC, DH, and ACC was similar for Remote-Retrieval and
Remote-No Retrieval groups. (B) Regression plots of theta peak coherence in each site pair
versus theta power recorded in the individual structures in each site pair for Remote-
Retrieval (left) and Remote-No Retrieval (right) groups. Theta peak coherence was not
consistently correlated with theta power within individual structures or between groups.
Open circles represent values for RSC theta powers; filled circles represent values for theta
power in the other region making up each site-pair. *p < 0.05.
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Figure 6.
Peak coherence during extinction of recently- versus remotely-acquired fear responses. (A)

Freezing responses during the first and last of 8 daily extinction sessions. Extinction
sessions began 1 (Recent; open symbols) or 35 (Remote; filled symbols) days post-
conditioning. (B) RSC-ADT theta peak coherence was greater in the Recent versus the
Remote group, especially during the first extinction session. (C) RSC-ADT gamma peak
coherence was also greater in the Recent versus the Remote group, in both the home cage
and first extinction session. There were no group differences in RSC-DH or RSC-ACC theta
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or gamma peak coherence. For the Recent group, fear conditioning occurred two days after
the home cage recording session and one day prior to the first extinction session; for the
Remote group, conditioning occurred 34d prior to the home cage recording session. Grey
symbols represent shuffled peak coherence values. *p <0.05.
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