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The rat retrosplenial cortex (RSC) makes critical contributions to learning and memory but these contributions may not be uniform
along its rostro-caudal axis. Previous work suggests that event-related and context-related information are differentially encoded
by anterior and posterior RSC subregions. Here, we further test this idea using a procedure in which spatial/environmental cues
(context) and discrete event memories are acquired separately. All animals received a 5-min pre-exposure to the training context 24
h before contextual fear conditioning where shock was delivered immediately upon being placed in the chamber. Rats were tested
for memory for the context the next day. We found that optogenetic inhibition of cells in only the posterior RSC during the pre-
exposure phase, when spatial information is encoded, reduced behavioral responding during the subsequent memory test. However,
similar inhibition of either the anterior or posterior RSC during shock delivery, when information about both the context and the
shock become integrated, impaired memory. Finally, inhibiting cellular activity in only the posterior RSC during memory retrieval
during testing reduced responding. Together, these results suggest that while activity in both subregions is needed during the period
in which the event-related information becomes integrated with the context representation, the posterior RSC is important for both
memory formation and retrieval or expression of memory for information about the context. These results add to a growing literature
demonstrating a role for the RSC in integration of multiple aspects of memory, and provide information on how spatial representations
reliant on the retrosplenial cortex interact with associative learning.
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Introduction

Memory formation often involves learning not only about
discrete events and stimuli, but also about the surround-
ing spatial cues or context in which those events and
stimuli are presented. Failures to bind multiple types of
information to appropriately contextualize learning are
symptomatic of several neuropsychiatric diseases, rang-
ing from post-traumatic stress disorder to Alzheimer’s
disease. It has been suggested that the retrosplenial cor-
tex (RSC) is an important structure for integrating mul-
tiple aspects of memory during consolidation (Todd and
Bucci 2015; Miller et al. 2019, 2021). In line with its role
in information integration, the retrosplenial cortex is
important for memory of complete spatial environments
(Harker and Whishaw, 2002; Vann et al. 2003; Cain et al.
2006; Miller et al. 2019, 2021), as well as for context mem-
ory in both contextual (Keene and Bucci 2008a, 2008b;
Robinson et al. 2012; Todd et al. 2017; Yamawaki et al.
2018) and trace (Kwapis et al. 2014, 2015; Trask et al.
2021a) fear conditioning paradigms.

Some evidence suggests that contextual memory
might be more reliant on the posterior region of the
RSC. While damage to the posterior RSC (pRSC) impairs
spatial memory (Vann et al. 2003), selective damage
to the anterior region (aRSC) does not (Neave et al.
1994; Vann and Aggleton, 2002). In contrast to the
PRSC, the anterior RSC has been implicated in memory
for discrete stimuli (de Landeta et al. 2020). Together,
these data suggest that the contributions of the RSC
in processing specific elements of a memory are not
uniform along its rostro-caudal axis and that neural
activity throughout the retrosplenial cortex is needed to
support integration of multiple aspects of memory. We
have recently begun to investigate the role of discrete
retrosplenial subregions in encoding different aspects of
memory. We used optogenetics to inhibit neural activity
during training trials in trace fear conditioning, which
involves learning information both about the conditional
stimulus that predicts shock as well as about the context
in which training occurs (Chowdhury et al. 2005; Kwapis
et al. 2015). We found that inhibiting neural activity in
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the anterior RSC impaired later memory for a discrete
stimulus but left context memory intact. The opposite
pattern was observed when we inhibited activity in the
PRSC in that memory for the context was impacted
but there was no impact on auditory stimulus memory
(Trask et al. 2021a). These results suggest that the
anterior portion of the RSC may encode information
about discrete events while the pRSC has a separable
role in encoding spatial information. We (Trask et al.
2021a) and others (Todd and Bucci 2015; Miller et al. 2021)
have hypothesized that the retrosplenial cortex might be
especially important in binding simultaneous stimulus
elements during memory acquisition.

One interesting finding in contextual fear conditioning
is that animals that receive shock immediately when
placed in the chamber show reduced freezing during
long-term (e.g., 24 h) retention tests (Fanselow 1986;
Landeira-Fernandez et al. 2006). This “immediate shock
deficit” can be alleviated, however, if the animal has
received brief exposure to the conditioning environment
prior to the conditioning episode. Procedures that inter-
fere with memory consolidation during this context pre-
exposure phase eliminate the ability to learn normally
at training. This suggests a critical role for successful
context encoding before it can be associated with an aver-
sive unconditional stimulus or UCS (Cullen et al. 2017).
This rescue of the immediate shock deficit by exposure
has been called the context pre-exposure facilitation
effect (CPFE) and depends on forming a coherent, uni-
tized (i.e., fully integrated) representation of the spatial
environment in which learning will take place and then
later integrating this information with knowledge of the
shock (Fanselow 1986), suggesting a potential role for the
retrosplenial cortex.

The predicted role of the RSC in the spatial learn-
ing central to the CPFE has begun to receive empirical
support. In one report, Todd et al. (2017) demonstrated
that while pre-training lesions of the entire RSC had
no impact on the CPFE, post-training lesions of the RSC
reduced freezing relative to controls. Importantly, this
paradigm can be separated into two discrete phases,
capturing both the “where” (i.e., context) and “what”
(i.e., event) components of associative learning. As such,
the context pre-exposure facilitation effect provides a
novel and unique opportunity to further disentangle the
contributions of the retrosplenial subregions to distinct
aspects of aversive memory formation and information
binding necessary for successful memory formation and
retrieval. We hypothesized that the posterior retrosple-
nial cortex is important for the encoding of context-
related information whereas the anterior retrosplenial
cortex is important for the encoding of event-related
information.

In order to test this hypothesis, we first examined
expression of the immediate early genes zif268 and c-
fos in both the anterior and posterior RSC following pre-
exposure, foot shock delivery, or memory testing using
the context pre-exposure facilitation procedure. Zif268

Trask and Helmstetter | 3603

expression was chosen because it has a well-known role
in associative memory formation and can also serve as
a general marker of neural activity (Ferrara et al. 2019).
Furthermore, Asok et al. (2013) reported elevated zif268
mRNA in the retrosplenial cortex following both the pre-
exposure and immediate shock phases of the context
pre-exposure facilitation effect paradigm. We also exam-
ined the immediate early gene c-fos, which has been
closely linked to neuronal activity associated with fear
memory retrieval (Rajbhandari et al. 2016; Keiser et al.
2017). Our primary goal in this experiment was to map
how IEG expression changed within the same animal
along anterior-posterior axis of the retrosplenial cortex
following each discrete phase of memory encoding and
retrieval. We then used optogenetics to inhibit activity
during either the pre-exposure, shock, or testing phases
in either the anterior or posterior RSC. We have recently
demonstrated that optogenetic inhibition of the aRSC or
PRSC results in a selective depression of zif268 expres-
sion in the targeted region without impacting zif268
expression throughout the RSC (Trask et al. 2021a). We
predicted that the pRSC would be uniquely important
for the pre-exposure phase, the aRSC would be uniquely
important for the shock phase, and that both would be
necessary for subsequent memory retrieval and freezing
during the test.

Methods

Subjects. Male Long-Evans rats (300-400 g; Harlan,
WI) were housed individually in plastic cages with
chip bedding and free access to food and water, in
accordance with the University of Wisconsin-Milwaukee
Institutional Animal Care and Use Committee. The room
where animals were housed was maintained on a 14:10
light/dark cycle.

Surgical Procedures. Virus infusion surgeries proceeded
exactly as described in Trask et al. (2021a). Solution
containing AAV9-CAG-ArchT-GFP or AAV9-CAG-GFP
recombinant virus (obtained from the University of
North Carolina Vector Core; titer: 2 x 102 molecules/ml)
was infused at multiple sites in either the aRSC or
PRSC. This virus causes expression of a light-activated
proton pump in all cell types throughout the targeted
region (including neurons). Rats were anesthetized with
isoflurane and placed in a stereotaxic frame. Six 0.5-
mm diameter holes were drilled in the skull above either
the aRSC or pRSC. Coordinates for the anterior infusions
were 0.5 mm lateral, 1.8 mm ventral, and 1.6, 2.6, and
3.6 mm posterior with respect to bregma. Coordinates
for the posterior infusions were 1.0 mm lateral, 1.8 mm
ventral, and 5.6, 6.6, and 7.6 mm posterior with respect
to bregma. Using a 10-ul syringe and a 34-gauge needle
(World Precisions Instruments, Sarasota, FL), 0.3 ul of
either ArchT or control virus was injected at a rate of
50 nl/min. Coordinates were chosen based on previous
findings demonstrating that selective lesions of the pRSC
reduce spatial learning (Vann et al. 2003) but more
anterior lesions have no impact (Neave et al. 1994), as
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well as on our own work using the present method to
demonstrate dissociable roles for the aRSC and pRSC in
encoding distinct aspects of a trace fear memory (Trask
etal. 2021a). The needle was left in place for an additional
10 min to allow for diffusion away from the injector. This
was repeated once at each of the six injection sites for
each animal. The incision was sutured and each animal
was given six weeks to allow for optimal expression of
opsins.

Following the six-week recovery period, LED implants
were mounted to the skull above the infusion site
for each rat using a procedure similar to Cowansage
et al. (2014) that we have previously employed (Trask
et al. 2021a). The skull was thinned to create a 2-
mm? translucent area centered above the infusion sites.
Silicon-encased, prewired surface-mount 5050 trichip
ultrabright LEDs (Green-521 nm; oznium.com) were
affixed with clear superglue centered over the skull
window. Encased LEDs were secured to the skull with
two screws, cyanoacrylate, and dental cement. Rats were
allowed 3-5 days of recovery following LED implantation
prior to behavioral procedures.

Behavioral Procedure. Following recovery from LED
implantation, animals were placed in a Med Associates
(St. Albans, VT) conditioning chamber (30.5 x 24.1
x 29.2 cm) housed in individual sound attenuating
chambers. Chambers were illuminated with an incan-
descent house light and exhaust fans provided a 65-
dB background noise. A scent was created by cleaning
each chamber with 100% ethanol immediately before the
animal was placed inside. Rats were left in the chamber
for 5 min. The next day, animals were given 5 footshock
UCS presentations immediately upon being placed in
the chamber. The UCS was a 1-s 1 mA footshock. The
ITI between each UCS was 1 s. Animals were removed
immediately following the final footshock. On the final
day, contextual fear retention was assessed by measuring
freezing in the original conditioning chamber in the
absence of any shocks for 5 min.

Freezing was defined as the cessation of all movement
excluding respiration and was automatically scored in
real-time with FreezeScan 1.0 detection software (Clever
Sys, Inc.) calibrated to a trained human observer. In order
to reduce variability in freezing observed with animals
attached to the patch cord at different phases in the
experiment, behavior for aRSC and pRSC groups was
calculated by calculating the freezing as a percentage
of control animals who were given the same surgical
and behavioral procedures, except that when they were
attached to the patch cord for optogenetic manipulations
no light was delivered. This calculation puts all of the
behavior all on the same scale without altering the pat-
tern of observed results between aRSC and pRSC groups
given the same treatment.

Light Delivery. LEDs were controlled via TTL pulses from
a computer running Med Associates software (Med Asso-
ciates, St. Albans, VT). Rats were connected to a patch
cord and placed in the chambers at the beginning of

the training session. Continuous light activation (5 mW)
began as soon as the animal was hooked to the patch
cord and placed in the chamber and remained on for the
duration of either the pre-exposure, training, or testing
periods. This created 6 experimental groups by paramet-
rically manipulating brain region of inhibition (anterior
or posterior RSC) with experimental phase (Pre-Exposure,
Shock, or Testing).

Histology. At the end of each experiment, rats were
sacrificed and brains were sectioned to verify the extent
of the virus infusion. For sagittal sectioning, brains
were frozen and mounted on charged glasses slides.
Slides were cover slipped with Fluoroshield mounting
media (Sigma) and images of GFP-expressing cells were
obtained with an Olympus FV1200 confocal microscope
to verify the extent of virus expression. Representative
tissue images and extent of virus expression are depicted
in Figure 3. Notably, there was no overlap between aRSC
and pRSC regions and ArchT expression was restricted
to the target region in all but one animal, who was
consequently removed from analyses.

Immunofluorescence. For the immunofluorescence
experiment, rats were sacrificed 60 min following
either context exposure, training, or retrieval testing
to quantify zif268 and c-fos expression associated
with stimulus-related neural activity (Lee et al., 2005;
Ferrara et al. 2019). Brains were immediately removed
and stored at —80°C until sliced in 20-micron coronal
sections and mounted onto charged slides. Slides were
rehydrated in wash buffer (PBS+0.05% Tween-20) and
permeabilized (PBS+0.3% Triton X) for 15-min and
incubated in blocking solution (PBS+0.7% NGS). Slides
were then incubated in zif268/EGR1 primary antibody
(Cell Signaling, 1:500, #4153) or c-fos primary antibody
(Santa Cruz, 1:100, sc-52) solution (PBS+0.3% Triton
X +5% NGS) overnight at 4°C. The next day, slides were
incubated in secondary antibody solution (Thermofisher:
Alexa Fluor 594, 1:500) for 2 h and rinsed with wash
buffer, a DAPI counterstain was applied, and slides cover
slipped. Images were captured on the Olympus Fluoview
FV1200 confocal microscope using a 40x objective
lens. Serial z-stack images covered a depth of 4.55 um
through five consecutive sections (0.91 um per section)
and were acquired using Fluoview software (Olympus).
Midsagittal slices were collected from each animal. Three
to six images from the anterior and posterior RSC were
taken for each animal (with exceptions being made for
damaged tissue), giving a within-subject measure of
activity along the anterior/posterior axis. Images were
taken from —2.60 mm and — 6.60 mm relative to bregma
(see Fig. 1). zif268 and c-fos expression (total particle
counts measured using the “Analyze Particles” plugin in
Image]) were normalized as a proportion of total amount
of DAPI particles present on the same sampled section.

Statistical analysis. All results were analyzed using
either one-way or repeated measures analyses of
variance (ANOVAs) or t-tests using SPSS (Statistical
Package for Social Sciences; IBM) software, with alpha set
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Fig. 1. Different phases of the context pre-exposure effect are associated with distinct patterns of IEG activity throughout the RSC. (A) Sagittal view of
the rat depicting where images were taken from each slice in the anterior retrosplenial cortex (aRSC). (B) Sagittal view of the rat depicting where images
were taken from each slice in the posterior retrosplenial cortex (pRSC). (C) Representative images of zif268 (left) and c-fos (right) staining taken at 40x
from each group from the aRSC and the pRSC. The top row represents images from the same slice taken from an animal in the control group; the bottom
row has images taken from the same slice from an animal who was sacrificed after pre-exposure. (D) Representative images of zif268 (left) and c-fos
(right) staining taken at 40x from each group from the aRSC and the pRSC. The top row represents images from the same slice taken from an animal
in the control group; the bottom row has images taken from the same slice from an animal who was sacrificed after shock. (E) Representative images
of zif268 (left) and c-fos (right) staining taken at 40x from each group from the aRSC and the pRSC. The top row represents images from the same slice
taken from an animal in the control group; the bottom row has images taken from the same slice from an animal who was sacrificed after testing.
Panels (F-H) Quantified expression of zif268 and c-fos expression as a proportion of DAPI on the same slice (normalized to the control group) following

pre-exposure (F), shock (G), or testing (H). *

t0 0.05. Planned comparisons were conducted to examine
between-and within-group differences following signifi-
cant main effects or interactions. One animal from group
PRSC was excluded for being a statistical outlier (Z=2.07;
Field 2005) and one for a lack of virus expression. Final
group sizes for the immunofluorescence experiment
were: Pre-Exposure (PE): 6, PE Control: 4, Shock (S): 6
S Control: 4, Testing (T): 6, T Control: 4. Final group sizes
for the behavioral phase experiment were: Pre-Exposure
aRSC: 9, Pre-Exposure pRSC: 6, Pre-Exposure No Light: 8,
Shock aRSC: 9, Shock pRSC: 11, Shock No Light: 6, Test
aRSC: 5, Test pRSC: 7, Test No Light: 7.

Results

IEG Expression Patterns Support Unique Roles

of the Retrosplenial Subregions in Memory
Formation

Results from the IEG expression experiment are depicted
in Figure 1. Each group was compared to a group who
had been treated identically up to the day that they
were sacrificed. On these days, control animals were
left in the homecage during the time in which the
experimental group received the behavioral procedure. A
3 (Sacrifice Phase: Pre-Exposure, Shock, Test) x 2 (Group:
Experimental, Home Cage) x 2 (Brain Region: aRSC,
PRSC) ANOVA was conducted to assess zif268 expression
following pre-exposure, shock, or testing. This found a

=P <0.05, #=P < 0.10 between control and experimental conditions.

main effect of group, Fjy, 131y=7.13, P=0.003, and a three-
way interaction, F 131)=2.97, P=0.055, and a region by
experiment interaction, Fp 131y=2.91, P=0.055. No other
main effects or interactions approached significance,
largest F=2.42, P=0.11. Because there was a main
effect of group, planned comparisons were conducted
to compare each experimental group to their respective
control in both brain regions. Pre-exposure to the context
did not result in a substantial increase in zif268 activity
in either the aRSC or pRSC, Fs <1 (Fig. 1F). The shock
procedure increased zif268 expression in both the
aRSC, Fy, 131y=7.56, P=0.007, and pRSC, Fy, 131 ="5.80,
P=0.017 (Fig. 1G). Following testing, while there were no
differences in the aRSC, F<1, zif268 was significantly
elevated in the pRSC, F1 131)=4.53, P=0.035 (Fig. 1H).
When examining differences between aRSC and pRSC, no
within-subject differences were found following either
pre-exposure or shock, Fs <1, there was significantly
elevated zif268 expression following testing in the pRSC
than the aRSC, F(3, 131)=20.92, P < 0.001.

The same 3 (Sacrifice Phase: Pre-Exposure, Shock,
Test) x 2 (Group: Experimental, Home Cage) x 2 (Brain
Region: aRSC, pRSC) ANOVA was conducted to assess
c-fos expression. This found a main effect of group,
F1,106)=14.42, P <0.001, but no other main effects or
interactions, largest F=1.70, P=0.19, indicating that
while experimental groups had more c-fos expression
than home cage controls, this did not differ by brain
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region. In order to examine the main effect of group,
planned comparisons were conducted to assess if
animals differed from home cage controls following each
phase of the experiment. These planned comparisons
found that animals did not show increased c-fos relative
to controls in either the aRSC or pRSC following pre-
exposure, Fs < 1, but c-fos was increased following shock
both the aRSC, Fy 12¢)=4.09, P=0.045, and the pRSC,
Fi1,126)=13.19, P<0.001. Following testing, c-fos was
elevated in the aRSC, F(1,126)=6.71, P=0.011, and slightly
elevated in the pRSC, F(1, 106 =2.97, P= 0.087.

Because we saw differences based on phase in zif268
expression, we further examined within-subject differ-
ences between activity in the aRSC and the pRSC. A differ-
ence score was calculated for each zif268 and c-fos obser-
vation (subtracting activity in the aRSC from the pRSC).
We found that while control and experimental groups did
not differ in zif268 expression on this metric following
either pre-exposure (Fig. 2A) or shock (Fig. 2C), ts < 1, they
did following testing (Fig. 2E), tuo) =3.18, P=0.003. No dif-
ferences were observed in c-fos expression between the
aRSC or pRSC at any point (Fig. 2B, D, F), largest t3) = 1.70,
P=0.10. Together, these results show differential expres-
sion of zif268 in the aRSC and pRSC during retrieval of a
contextual fear memory.

Memory Formation and Retrieval Are

Disrupted by Subregion-Specific Inhibition

of the Retrosplenial Cortex

A 2 (Region: aRSC, pRSC) x 3 (Inhibition Phase: Pre-
Exposure, Shock, Test) ANOVA conducted to assess
responding during the testing phase. This found main
effects of both region, F1 41y=15.87, P <0.001, and phase,
Fp,43=1149, P<0.001, and an interaction between
the two, Fp 41y=4.09, P=0.024. Planned comparisons
were conducted to compare brain regions across each
phase. Following inhibition during pre-exposure, groups
differed during testing, F(; 43=8.05, P=0.007 (Fig. 3E).
Furthermore, inhibition of the posterior ti5 =2.91,P=0.03,
but not anterior, tg=1.80, P=0.11, RSC during pre-
exposure resulted in suppressed freezing to the context
during testing. aRSC and pRSC inhibition during the
shock exposures did not have a differential impact on
freezing during testing, F<1 (Fig. 3F), but inhibition
of either aRSC, tg =3.68, P=0.006, or pRSC, tp0=8.14,
P <0.001, reduced freezing. Inhibition during testing
had a similar impact on responding during the test as
was observed following inhibition during pre-exposure
with the pRSC group freezing less than the aRSC group,
F1,41y=7.86, P=0.008 (Fig. 3G). Again, only the posterior
group showed a suppression in freezing te =4.87,
P=0.003, with silencing of the aRSC having no impact,
tg=1.16,P=0.31.

Discussion

We found that simple exposure to the context did not
alter zif268 or c-fos expression in either the anterior or
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Fig. 2. Difference scores capturing changes in IEG expression along the
rostro-caudal axis of the RSC following pre-exposure (PE), shock (S), and
testing (T) relative to a home cage control. Difference scores were taken by
taking normalized IEG expression values (Fig. 1) and subtracting expres-
sion in the aRSC from pRSC expression. (A) Difference scores in zif268
expression following pre-exposure. (B) Difference scores in c-fos expres-
sion following pre-exposure. (C) Difference scores in zif268 expression
following shock. (D) Difference scores in c-fos expression following shock.
(E) Difference scores in zif268 expression following testing. (F) Difference
scores in c-fos expression following testing. * =P < 0.05 between control
and experimental conditions.

posterior RSC, while training with an immediate shock
resulted in increased zif268 and c-fos expression in
both regions. During memory testing, in which memory
for context-shock relationship should be retrieved, c-
fos was elevated in both regions but only the poste-
rior RSC showed elevated zif268 expression. We then
demonstrated that optogenetic inhibition of the pRSC
during pre-exposure, shock, or testing reduced freezing
to the context during testing demonstrating a selective
role for the pRSC in supporting contextual information
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Fig. 3. Inhibition of the anterior or posterior RSC during the distinct phases of the context pre-exposure facilitation effect has differential impact on
memory during context testing. (A) Minimum (dark green) and maximum (light green) spread of virus in the aRSC. (B) Minimum (dark green) and
maximum (light green) spread of virus in the pRSC. (C) Representative image of green fluorescent protein in the aRSC. (D) Representative image of green
fluorescent protein in the pRSC. (E) Freezing during the test following LED activation during pre-exposure. (F) Freezing during the test following LED
activation during shock. (G) Freezing during the testing period during which the LED was activated. * =P < 0.05 between aRSC and pRSC. =P <0.05 from

the No Light condition.

during memory formation and retrieval. However, similar
inhibition of the aRSC only impacted later performance
if it was applied during the shock phase. aRSC inhibition
during the context encoding or retrieval phase had no
impact on performance. Together with the IEG results
and in line with prior results, this demonstrates that
the more anterior region of the RSC is not necessary for
spatial memory but is needed for the context to become
associated with an aversive outcome.

These results extend the work of Todd et al. (2017)
in understanding the contributions of the retrosplenial
cortex during the context pre-exposure facilitation effect

paradigm. As mentioned above, they found that while
pre-training lesions of the entire RSC did not affect
freezing to the context, post-training lesions of the RSC
did. Their results suggest that when training and retrieval
occurs in the absence of any RSC activity other brain
regions can compensate for a lack of RSC activity but
when training occurs with RSC activity, memory becomes
reliant on this region for later expression. However, in our
results, temporally precise inhibition of the pRSC during
pre-exposure or of either subregion during shock reduced
later freezing to the context. This suggests that complete
lesions several days prior to training might allow for
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other regions to compensate for the lack of RSC activity
to produce the CPFE, but a more limited (either 5-min or
11-s) inhibition of activity might not allow for the same
degree of compensation.

Recall that Asok et al. (2013) found increases in
zif268 expression following mere pre-exposure to the
context, a result that was not duplicated here, although
numerically there did appear to be slight increases. This
could be due to differences in the procedure (60 min
instead of 30 min sac time) as well as examining zif268
protein rather than zif268 mRNA. It should also be
noted that their experiment examined immediate early
gene expression in this paradigm during adolescence,
whereas our experiment used adult rats. Despite a lack
of increased IEG expression, we found that inhibition
of the pRSC during the period in which contextual
information is acquired affected later memory for the
context. This suggests that pRSC activity is necessary for
consolidation of the context memory but that context
exposure itself is not sufficient to cause changes in
[EG expression. This pattern of results might instead
suggest that inhibiting neural activity in the pRSC during
context exposure instead affects behavior via inhibition
of efferent neurons to the dorsal hippocampus (Sugar
etal. 2011; Wang et al. 2016), a region critically important
for context memory (Matus-Amat et al. 2004).

The current pattern of c-fos results is in line with
others (Jenkins et al. 2002) who found that memory test-
ing using a radial arm maze resulted in increased c-
fos expression during memory retrieval. Interestingly,
this was also the case when testing occurred in a novel
context supporting a role for the retrosplenial cortex in
integrating multiple aspects of complex memories for
successful retrieval as we (Trask et al. 2021b) and others
(Todd and Bucci 2015) have also supported.

While we predicted that only aRSC activity would be
needed during the training phase, when the context and
shock presumably become integrated, inhibition of either
the aRSC or pRSC during training impaired memory.
Recall that the pRSC was needed for memory retrieval,
as optogenetic inhibition of this region impacted freez-
ing behavior during the testing phase. This result was
mirrored by elevated zif268 expression in both regions
following the phase where the context and shock become
associated. Together, these results suggest that the inac-
tivation of the posterior RSC during the training period
where the shock becomes integrated with the represen-
tation of the context prevents formation of the context-
shock association by preventing the successful retrieval
of the context. Based on our prior work describing sepa-
rable roles for the anterior and posterior RSC regions in
encoding event-related and context-related information
separately (Trask et al. 2021a), the likely explanation
for these complementary results is that while inhibition
of the aRSC during the shock presentations results in
reduced freezing by preventing encoding of the shock-
related information, inhibition of the pRSC produces the
same result by preventing successful retrieval of the

context representation learned the previous day. Failure
to successfully encoded either the pRSC-mediated con-
text representation or the aRSC-mediated shock repre-
sentation results in the same reduction in behavioral
performance to the context.

Related experiments have tested the role of the dorsal
hippocampus, which is widely known to support con-
textual memory, in this paradigm. For example, Young
et al. (1994) found that pre-training lesions of this region
impaired fear conditioning to the context and this could
be alleviated by pre-exposure to the context 28 days
before. This finding was replicated using the context pre-
exposure facilitation effect in that permanent DH lesions
prior to pre-exposure reduce the CPFE (Rudy et al. 2002).
Interestingly, zif268 mRNA is elevated in the DH following
pre-exposure, but not footshock, in this paradigm (Her-
oux et al., 2018). Interfering with memory consolidation
in the DH following pre-exposure eliminates the CPFE
(Barrientos et al. 2002a, 2002b). Together with the present
results, this suggests that the role of the dorsal hip-
pocampus in the context pre-exposure facilitation effect
is to support a full representation of the context while
the role of the RSC might be more central in integrating
distinct aspects of memory. In line with this view, both
the aRSC and pRSC showed elevated zif268 and c-fos
activity during the training phase in which information
about the context and shock become integrated. Further,
optogenetic inhibition of either region during this phase
impaired memory formation suggesting a failure to asso-
ciate the context with the shock.

Like the posterior RSC, temporary inactivation of the
DH prior to pre-exposure, shock, or testing reduced
freezing during the testing phase (Matus-Amat et al.
2004). Mirrored findings were not observed in the
aRSC, which is perhaps unsurprising given the more
extensive direct connections between the posterior RSC
and the DH (Yamawaki et al. 2018). Matus-Amat et al.
(2004) similarly suggest that the inactivation at shock
prevented a retrieval of the context representation
resulting in a failure to link the context and shock.
Unlike the DH (Asok et al. 2013), however, both the pRSC
and aRSC showed elevated IEG expression following
footshock, in line with theories that suggest a role for
information integration within the retrosplenial cortex
during memory acquisition (Todd and Bucci 2015; Miller
et al.,, 2021; Trask et al. 2021a) and a more specific role
for the DH in context memory only.

Using a similar, but not identical procedure, Stujenske
et al. (2015) demonstrated that when stimulating tissue
directly at 5 mW and not through a skull window, light
propagation and cellular changes are observed roughly
1 mm beyond the light source. Given this, 5 mW light
stimulation through the thinned skull window likely does
not extend to more ventral regions of the RSC, these
effects are likely due to perturbation of activity primar-
ily in the more dorsal dysgranular layer of the RSC, in
line with other work showing a role for the dysgranular
RSC in learning and memory (Hindley et al. 2014). Our



interpretation of this remains cautious, however, as the
depth of light penetration through the tissue was not
explicitly measured in the present set of experiments.
Future work will need to examine the more distinct
contributions of granular and dysgranular RSC layers
throughout the rostro-caudal axis of the region.

A related point is that while the present experiments
were specifically designed to examine how the anterior
and posterior subregions of the RSC contributed to learn-
ing and memory for context, both the IEG analysis and
the optogenetic manipulation employed here examined
the RSC in bulk without subdividing the analyses based
on cortical layer or cell type. Given this broad analysis,
future work should focus on how contextual fear mem-
ory formation and retention affect IEG expression within
each cortical layer and how optogenetic manipulation
of the distinct cell types within each layer (e.g., pyra-
midal cells, interneurons, etc.) affect memory for con-
text. However, research examining IEG expression during
memory formation using a discrimination task found
no differences in c-fos expression between superficial
and deep cortical layers (Powell et al. 2017), suggesting
that this type of memory formation is not dependent on
differential activation of a specific RSC cortical layer.

Together, our results demonstrate differential patterns
of involvement in the anterior and posterior retrosplenial
cortex in associative memory formation and retrieval.
While the anterior portion of the RSC seems to only be
necessary during the period where the representation
of the environment becomes integrated with the shock,
the posterior RSC is needed during each phase of the
experiment likely due to its overarching role in contex-
tual processing. Importantly, these results support the
hypothesized role of the retrosplenial cortex in memory
formation and integration (Todd and Bucci 2015) and
demonstrate that activity in both subregions during the
time where distinct aspects of the memory become inte-
grated is important successful memory performance.
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