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ABSTRACT

The postrhinal cortex (POR), the rodent homologue of the primate parahippocampal cortex (PHC), has been
implicated in contextual and spatial processing. For instance, prior studies have demonstrated that permanent
lesions of POR impair contextual fear conditioning. In contrast, permanent lesions of POR, specifically prior to
training, do not impact auditory fear conditioning. In the current experiments, we examined the role of POR in
the expression of auditory fear conditioning by using chemogenetics to silence neural activity in POR at the time
of retrieval testing. Considering that extinction is context-dependent, and POR contributes to contextual memory,
we hypothesized that POR would be necessary for expression of auditory fear conditioning following extinction.
We found that POR inactivation during retrieval impaired freezing to an auditory cue that was tested in the
conditioning context (A) after it had been extinguished in a different context (B). However, the involvement of
POR was not specific to extinction. POR inactivation also impaired freezing to an auditory fear cue that had not
undergone extinction. Thus, while prior studies have identified a role for POR in contextual fear conditioning, the

current findings extend the functional role of POR to include the expression of auditory fear conditioning.

The parahippocampal cortex (PHC) is a component of the medial
temporal lobe (MTL), a brain system essential for human memory
(Ranganath & Ritchey, 2012; Squire, Stark, & Clark, 2004). The rodent
homologue of PHC is the postrhinal cortex (POR; Burwell, Witter, &
Amaral, 1995). POR/PHC has extensive connections with other para-
hippocampal regions, as well as the hippocampal formation, and is often
considered part of the “where” processing stream. Indeed, both lesion
and electrophysiological recording studies in rodents confirm that POR
is important for spatial and contextual processing (e.g., Bucci, Phillips, &
Burwell, 2000; LaChance, Todd, & Taube, 2021).

The first experiments to examine the contributions of POR to asso-
ciative learning and memory for contexts were conducted by Dr. David
Bucci as a postdoctoral fellow in Dr. Rebecca Burwell’s laboratory. In the
first published study examining the role of POR in fear conditioning,
Bucci et al. (2000) reported that neurotoxic damage to the POR pro-
duced both anterograde and retrograde deficits of contextual fear
memories. Further studies from the same laboratory demonstrated that
the role of POR in contextual memory is protracted (Burwell, Bucci,

Sanborn, & Jutras, 2004); POR lesions made 1, 28, or 100 days after
initial conditioning reduced freezing when rats were returned to the
original conditioning context. Overall, this early work demonstrated a
critical role of POR in conditioning to contextual cues.

Although damage to POR has consistently been found to impair the
expression of contextual fear memories, it often has no impact on the
expression of Pavlovian auditory fear conditioning, in which a discrete
tone is paired with mild footshock (Bucci et al., 2000; Peck & Taube,
2017; Taylor-Yeremeeva et al., 2021). However, these prior studies have
utilized pre-training lesion methods, which leave open the possibility of
compensation by other brain structures (Fanselow, 2010). Therefore,
one purpose of the current studies was to examine the contribution of
POR to the retrieval of auditory fear conditioning by utilizing chemo-
genetics to temporarily inactivate neural activity in POR at the time of
test, thereby precluding the possibility of compensation that may occur
with pre-training lesions.

A second purpose of the current experiments was to examine the
conditions under which POR might contribute to the retrieval of
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auditory fear conditioning. Our primary focus was on retrieval following
Pavlovian fear extinction, considering that retrieval following extinction
is typically more context dependent than initial conditioning (Bouton,
2004). During fear extinction, a tone conditioned stimulus (CS) that was
previously paired with an aversive unconditioned stimulus (US) is
repeatedly presented alone, and the conditioned response declines
(Bouton, Maren, & McNally, 2021). However, what is learned during
extinction is critically dependent upon the context for its expression.
When the tone CS is presented in the extinction context, fear to the tone
remains low. But when the tone CS is presented in an alternative context,
fear to the tone renews (Bouton & King, 1983). Thus, the expression of
fear to an extinguished CS is intimately tied to the context in which the
CS is extinguished. Given the important role of POR in contextual
memory, we hypothesized that POR would contribute to the contextual
retrieval of auditory fear conditioning following extinction.

1. Experiments la and 1b

All rats first underwent surgery in which POR was bilaterally infused
with a virus containing either an inhibitory DREADD (designer receptor
exclusively activated by designer drugs) receptor (hM4Di) or a control
virus expressing green-fluorescent protein (GFP). In Experiment 1a,
after recovery from surgery, all rats received tone-shock pairings in
Context A, followed by tone extinction in Context B. Then, all rats were
tested for fear to the extinguished tone in both the extinction context
(Context B) and the conditioning context (Context A; test order coun-
terbalanced). All rats received injections of the DREADD agonist cloza-
pine-n-oxide (CNO) 30 min before the start of both test sessions. In
control rats injected with GFP-expressing virus, it was expected that fear
to the tone would be low when testing occurred in the extinction context
(B) but would be high when testing occurred in the original conditioning
context (A). Such a pattern would confirm that conditioned responding
to the tone was guided by the context. We hypothesized that POR
inactivation in hM4Di-injected rats would disrupt the context-specific
expression of extinction, perhaps resulting in low levels of tone fear in
both Contexts B and A. To test whether any effects of POR inactivation
were specific to the extinguished CS, in Experiment 1b we examined the
role of POR in the retrieval of fear to a CS that had not undergone
extinction.

2. Methods
2.1. Subjects

The subjects were 24 (Experiment 1a) and 24 (Experiment 1b) naive
male Long-Evans rats (Envigo Laboratories, Indianapolis, IN) that were
~53 days old upon arrival. Rats were allowed one week to acclimate to
the vivarium while pair-housed. Following surgery, rats were singly
housed in plastic tubs for the remainder of the experiment. Food and
water were available ad libitum (Purina standard rat chow, Nestle
Purina, St. Louis, MO) in a climate-controlled colony room on a 14:10
light-dark cycle. Throughout the experiment, rats were monitored and
cared for in compliance with the Association for the Assessment and
Accreditation of Laboratory Animal Care guidelines and the Dartmouth
College Institutional Animal Care and Use Committee.

2.2. Surgery

Coordinates for POR injections were derived from Paxinos & Watson
(2007), anatomically defined boundaries, and previously published co-
ordinates (Bucci et al., 2000; Burwell, 2001; Ramos, 2013). Subjects
were anesthetized with isoflurane gas (1-3% in oxygen) and placed in a
Kopf stereotaxic apparatus. The skin was retracted, and holes were
drilled in the skull bilaterally at anterior/ posterior (A/P) 0.0 mm and
medial/ lateral (M/L) + 4.4 mm from lambda. Bilateral infusions were
made at the following coordinates as measured from lambda: A/P 0.0
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mm, M/L + 3.5 mm, and dorsal/ ventral (D/V) —4.3 mm from the dura.
A 10 pl Hamilton syringe equipped with a 26-gauge beveled needle
connected to an infusion pump (Stoelting) was used to infuse the viral
construct (0.8 pl; 0.2 pl/min). The needle was inserted, pointing 26°
laterally, with the opening facing posteriorly. The needle was left at the
appropriate D/V level for 2 min prior to, and 4 min after, each infusion.
Following infusions, the wound was closed using sterile staples, an
analgesic was administered, and rats were allowed to recover for 28 days
before behavior.

In Experiment 1a, 12 rats (Group “hM4Di”) received infusions of a
synapsin-promotor-driven adeno-associated viral vector, pAAV8-hSyn-
hM4D(Gi)-mCherry (Addgene, Inc., Watertown, MA). This virus con-
tained the DNA for the inhibitory DREADD receptor, hM4Di. The
remaining 12 rats (Group “GFP”) received infusions of a second
construct encoding only GFP (pAAV8-hSyn-EGFP; Addgene, Inc.,
Watertown MA). In Experiment 1b, 12 rats received infusions of the
hM4Di-mCherry virus and 12 rats received infusions of the GFP virus.

2.3. Behavioral apparatus

Behavioral procedures occurred in two sets of four conditioning
chambers (Med Associates, Inc., St. Albans, VT, ENV-007; 24 cm W X
30.5 cm L x 29 em H), which served as the two contexts (Context A and
Context B, counterbalanced). Each chamber was housed in a sound-
attenuating chamber (Med Associates, ENV-017M; 66 cm W x 56 cm
L x 56 cm H) outfitted with an exhaust fan to provide airflow and
background noise (68 dB). All chambers were outfitted with a food cup,
recessed in the center of the front wall, and a retracted lever (Med As-
sociates, ENV112CM) located on the right of the front wall. Each
chamber had two lights: a panel light (Med Associates, ENV-221M)
centered on the front wall 16 cm above the grid floor, and a house
light (Med Associates, ENV-215M) centered on the back wall 24 cm
above the grid floor. Each chamber also had a 2.8 W bulb (with a red
cover) mounted to the ceiling of the sound-attenuating chamber to
provide background illumination. All chambers had a speaker (Med
Associates, ENV-224AM) located 20 cm above and to the right of the
food cup.

In one set of four of the chambers, the ceiling and side walls were
clear acrylic plastic, the front and back walls were brushed aluminum,
and the grid floor was stainless steel rods (5 mm in diameter) spaced 1.5
cm apart (center-to-center). In these chambers, only the 2.8 W bulb with
the red cover provided background illumination. In the other set of four
chambers, the ceiling, door, and side walls were covered with laminated
black and white checkerboard paper with 1 cm black and white squares
to provide a distinct visual feature. The grid floor was staggered, such
that every other bar was on a different plane offset by 0.5 cm. The house
light and panel light provided illumination. Because these two sets of
four chambers were located in the same room of the laboratory, one
olfactory cue was used for Context A, and another was used for Context B
to reduce diffusion of the olfactory cues. For Context A sessions,
approximately 3 mL of Pine-Sol (Clorox, Co., Oakland, CA) was placed in
the back-left part of the chamber tray below the grid floor. For Context B
sessions, approximately 0.5 g of Vicks Vaporub (Proctor & Gamble,
Cincinnati, OH) was placed in the front-right corner of the chamber tray
below the grid floor. For both sets of chambers, the speaker was used to
deliver a 1500 Hz tone for the 10-s CS and the grid floor was used to
deliver a 1.0-mA, 1.0-s shock US. Surveillance cameras located in the
sound attenuating chambers were used to record the subjects’ behavior.

2.4. Behavioral procedures

The two experiments were identical, except that in Experiment la
rats received extinction of the tone in Context B, whereas in Experiment
1b rats were simply exposed to Context B with no tone presentations.

For both experiments, rats received two days of auditory fear con-
ditioning in Context A. Each session consisted of 3 presentations of the
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CS, a 10-s tone, which terminated with the onset of the US, a 1-mA, 1-s
shock. The first trial began three minutes after rats were placed in the
chambers. The time between shock and the next CS presentation was 64
s. Subjects remained in the chambers for 90 s after the last trial before
being returned to their home-cages.

On Day 3, rats were returned to the conditioning chamber (Context
A) for a 20-min context exposure session with no tones or shocks pre-
sented and freezing to the context was measured. Beginning the
following day, rats received one daily session of tone extinction training
(Experiment 1a) for 6 consecutive days. Extinction occurred in Context B
and consisted of 20 tone presentations with 30-s intertrial intervals
(ITIs). No shocks were presented during extinction. The first trial began
3 min after placing the rat in the chamber. In Experiment 1b, rats
received the same treatment, with the exception that no tones were ever
presented. Thus, rats were simply exposed to Context B alone for 6
consecutive days. The day after the last extinction (Exp 1a) or exposure
(Exp 1b) session, rats were re-exposed to Context A for 20 min to ensure
low levels of freezing to Context A prior to renewal testing. The
following two days, freezing to the tone was tested in Context A and
Context B (with test order counterbalanced). During each test session,
the tone was presented five times (10-s each, 30-s ITI) beginning 3 min
after the rat was placed in the chamber. Subjects were injected with CNO
30 min prior to being placed in the chambers on each test day.

To ensure that administration of CNO did not interfere with the
ability to perform the freezing response, rats in Experiment 1b received
an additional test session 24 h later. All rats received injections of CNO
and were returned to Context A where they received 3 unsignaled foot
shocks. The shocks were scheduled in the same manner as initial con-
ditioning, with the exception that no tones were delivered.

2.5. Drug preparation and administration

CNO was prepared fresh immediately before injections. Clozapine-n-
oxide (CNO) was dissolved in dimethyl sulfoxide (1% DMSO) followed
by 0.9% sterile saline to obtain a final concentration of 2 mg/ml. After
being weighed each day for appropriate dosing, rats received intraper-
itoneal injections CNO (2 mL/kg; 4 mg/kg) prior to the retrieval tests
sessions in Experiments la and 1b, and prior to the re-conditioning
session that occurred at the end of Experiment 1b.

2.6. Behavioral observations and data analysis

The dependent variable was freezing, defined as total motor immo-
bility except for breathing (Blanchard & Blanchard, 1969; Fanselow,
1980). For the conditioning session, behavior was assessed (freezing or
not) for each rat every 8 s during the 64-s period before the first trial
(baseline freezing) and the 64-s periods following each trial (post-shock
freezing). During Context A sessions, behavior was assessed every 8 s, for
the first 8 min and 32 s of the session, yielding 64 observations for each
rat. During extinction sessions, freezing behavior was assessed during
the 64 s prior to the first tone in the same manner as the conditioning
session (baseline freezing). Each rat’s behavior was also assessed every
2 s during each presentation of the 10 s tone. Finally, in the test sessions,
behavior was assessed during the baseline period prior to the first tone,
and during each presentation of the tone in both contexts. In all cases,
the frequency of freezing indices was converted to a percentage of time
spent freezing.

2.7. Data analysis

Analyses of freezing behavior were conducted using analysis of
variance (ANOVA) with virus type (GFP & hM4Di) as the between-
subjects variable. An alpha level of 0.05 was used for all analyses.
SPSS (Version 28) was used to complete all statistical testing.
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2.8. Virus verification and analysis

After the conclusion of the behavioral procedures, rats were deeply
anesthetized with an overdose of sodium pentobarbital and trans-
cardially perfused with 0.9% saline, followed by 10% buffered formalin.
The brains were stored in the 10% buffered formalin solution overnight
and then placed in a 30% sucrose solution for ~72 h before being stored
at —80 °C until tissue preparation. Brain sections (40 um) were collected
using a freezing microtome and coverslipped using Vectashield with
DAPI (Vector Laboratories, Inc., Burlingame, CA). The presence and
location of fluorescent neurons were determined using an Axioskop I
compound microscope (Zeiss) with Stereo Investigator software (version
9, MicroBrightField). For each section containing POR, virus expression
was assessed. Subjects were removed from analysis if there were: 1) <20
labeled cells in POR for each POR containing section, 2) only unilateral
expression in POR, or 3) labeled cells present bilaterally in non-POR
regions. For all sections, POR virus expression was scored on scale
from O to 5, with 0 indicating no fluorescence observed and 5 indicating
fluorescence present on most neurons.

3. Results and discussion
3.1. Histology

Representative virus expression for Experiment 1 is illustrated in
Fig. 1. In Experiment 1a, one GFP subject died during surgery, and one
hM4Di subject was removed from analysis due to absence of bilateral
DREADD expression in POR. Further, one hM4Di rat had adverse re-
actions (i.e., minor convulsions) to the CNO injection and was removed
from the experiment. Thus, the final analysis of Experiment 1a included
11 GFP and 10 hM4Di rats.

For Group hM4Di, the average percentage of POR-containing sec-
tions with virus expression was 51%, ranging from 31 to 75%, and the
average virus expression rating was 2.5, ranging from 1 to 5. For Group
GFP, the average percentage of POR-containing sections with virus
expression was 58%, ranging from 26 to 86%, and the average virus
expression rating was 2.9, ranging from 1 to 5. In most subjects, virus
expression was found dorsal to POR along the injection tract where the
needle was inserted. These areas include the ventral temporal cortex
(TEv) and the visual cortex lateral area (V2L). However, the expression
along the tract was generally limited to a small rostral-caudal extent and
limited in expression (typically <20 fluorescing cells). Rarely, expres-
sion extended ventrally into the lateral entorhinal cortex (LEC), but this
was always unilateral and limited to <20 fluorescing cells.

For Experiment 1b, one hM4Di subject died post-surgery, and two
hM4Di rats had adverse reactions (i.e., minor convulsions) to the CNO
injection and were removed from the experiment. The final analysis for
this experiment included 12 GFP and 9 hM4Di rats. For Group hM4Di,
the average percentage of POR-containing sections with virus expression
was 58%, ranging from 23 to 87%, and the average virus expression
rating was 2.9, ranging from 1 to 5. For Group GFP, the average per-
centage of POR-containing sections with virus expression was 77%,
ranging from 51 to 98%, and the average virus expression rating was
3.9, ranging from 1 to 5. As in Experiment 1a, expression in POR adja-
cent cortical regions was noted in TEv and V2L and ventrally in LEC. The
expression outside of POR was generally limited to a small rostral-caudal
extent and limited expression (typically <20 fluorescing cells).

3.2. Behavior

The mean percentage of freezing during conditioning, Context A
exposure, tone extinction, and renewal for Experiment 1a is presented in
Fig. 2. Freezing during the baseline periods of all phases is presented in
Table 1 (M and SEMs). The average post-shock freezing during condi-
tioning sessions 1 and 2 is presented in the left portion of the Fig. 2B. A
one way ANOVA revealed an unexpected group difference on Day 1 of
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Fig. 1. A: Schematic diagram of representative minimum (dark gray) and maximum (light gray) expression of hM4Di. Lateral dashed lines indicate the boundary of
POR. Measurements indicate distance from bregma. B: Representative photomicrographs of fluorescent labeling of POR neurons expressing hM4Di at approximately
—8.28 mm. Arrowheads indicate the boundary of POR. C: Schematic diagram of representative minimum (dark gray) and maximum (light gray) expression of GFP. D:
Representative photomicrographs of fluorescent labeling of POR neurons expressing GFP at approximately —8.28 mm. Arrowheads indicate the boundary of POR.

conditioning, F(1, 19) = 7.5, p = .013. However, rats in Group hM4Di
and GFP froze at similar levels during conditioning Day 2, F(1, 19) < 1.
We suspect the difference on Day 1 is a Type 1 error. In a recent study,
we found no impact of hM4Di expression (in the absence of CNO) on
post-shock freezing when expressed in a related cortical region (Four-
nier et al., 2021). In addition, this difference was not observed in
Experiment 1b. There were no differences in baseline freezing during
either Day 1 or Day 2, (both Fs < 1; see Table 1 for M and SEM) and
groups did not differ in freezing when re-exposed to Context A after
conditioning, (F < 1).

For tone extinction, a 2 (Group: GFP vs. hM4Di) x 6 (Sessions)
ANOVA revealed a main effect of session, F(5, 95) = 12.85, p < .001. The
main effect of group was not significant, F(1, 19) = 1.62, p = .22, and the
interaction between group and session was also not significant, F < 1. An
identical analysis of baseline freezing during each session revealed a
main effect of session F(5, 95) = 3.30, p = .009. Neither the main effect
of group nor the group by session interaction were significant, largest F

(1, 19) = 2.2, p = .15. When rats were re-exposed to Context A prior to
renewal testing, there were no differences in freezing levels between
groups, F < 1.

The results of the final retrieval test sessions are presented in Fig. 2C.
Over two consecutive days, freezing to the tone was tested in Context B
and Context A (test order counterbalanced). On both days, rats received
injections of CNO 30 min prior to being placed in the chambers. A 2
(Group: GFP vs. hM4Di) x 2 (Context) ANOVA revealed a main effect of
context, F(1, 19) = 24.42, p < .001, indicating that freezing to the tone
was higher in Context A than Context B. In addition, there was a main
effect of group, F(1, 19) = 6.95, p = .016 indicating that rats in Group
hMA4Di froze less overall than rats in Group GFP. Although the interac-
tion between group and context was not significant, F(1,19) =1.20,p =
.29, planned comparisons revealed that Group hM4Di froze less than
Group GFP to the tone in Context A, F(1, 19) = 5.98, p = .024, but the
group difference was not significant in Context B, F(1, 19) = 2.52, p =
.13. Although freezing was reduced in Context A for Group hM4Di, these
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Fig. 2. A: Timeline of experimental procedures for Experiment la. Rats first received two sessions of auditory fear conditioning in Context A, followed by a single
exposure session to Context A. Then, rats underwent 6 sessions of either conditioned stimulus (tone) extinction in Context B, followed by an additional exposure
session to Context A. Rats were then tested for fear to the tone in Context A and Context B. Grey shaded region represents CNO injections prior to behavioral testing.
B: Post-shock freezing during the two conditioning sessions, followed by freezing during the first session of Context A exposure. Freezing to the tone during the 6
extinction sessions, followed by freezing during the second Context A exposure session. C: Freezing to the tone in both Context B and Context A. CNO was injected 30
min prior to these sessions. “*” = significant difference (p < .05) between GFP and hM4Di in Context A. “#” = significant main effect of group collapsed across
contexts (p < .05).

Table 1
Note. Mean percent freezing during the baseline period for all sessions of Experiments 1a and 1b. SEMs are presented below each session mean in parentheses. See text
for analysis and further details.

Exp Group Con1 Con 2 Ext 1 Ext 2 Ext 3 Ext 4 Ext 5 Ext 6 Ext7 Ext 8 Test B Test A Ctx A+
Exp la hM4Di 0 61.25 33.75 30.00 23.75 16.25 13.75 11.25 n/a n/a 7.50 18.75 n/a
0) (12.28) (11.49) (12.28) (9.58) (7.69) (3.93) (5.08) (5.33) (7.73)
GFP 0 60.22 27.27 14.77 11.36 2.27 11.36 6.82 n/a n/a 5.68 17.04 n/a
0) (11.16) (10.50) (5.79) (5.18) (1.52) (3.55) (3.90) (3.52) (5.90)
Exp 1b hM4Di 0 63.88 37.50 25.00 1.39 0 0 0 n/a n/a 0 6.94 0
0) (14.35) (13.18) (11.79) (1.39) ) 0) 0) ) (5.50) 0)
GFP 0 73.95 27.80 1.04 1.04 0 0 0 n/a n/a 4.16 11.45 12.50
0) (7.61) (8.95) (1.04) (1.04) ) 0 ) (3.20) (4.97) (8.29)

Note. Mean percent freezing during the baseline period for all sessions of Experiments 1a and 1b. SEMs are presented below each session mean in parentheses. See text
for analysis and further details.

rats still froze more to the tone in Context A than Context B, t(9) = 2.49,
p = .035. Likewise, Group GFP froze more to the tone in Context A than
Context B, t(10) = 4.69, p < .001. Baseline freezing responses during
testing was analyzed in the same way. A 2 (Group: GFP vs. hM4Di) x 2
(Context) ANOVA revealed a main effect of context, F(1, 19) =4.41,p =
.049, indicating that baseline freezing to the tone was higher in Context
A than Context B (see Table 1). Neither the main effect of group nor the
interaction between group and session was significant, both Fs < 1.
The results of Experiment 1a indicate that POR inactivation reduces
renewal after extinction. However, it is possible that the reduction in
freezing is not specific to cues that have undergone extinction, and
instead POR inactivation might have a more general role in the
expression of auditory fear conditioning. To test this possibility,
Experiment 1b examined the impact of POR inactivation on the
expression of auditory fear conditioning in rats that did not receive any
prior extinction. The results of Experiment 1b are presented in Fig. 3.
Freezing during the post-shock period did not differ between groups for

conditioning Day 1, F(1, 19) = 2.85, p = .11 or conditioning Day 2, F(1,
19) = 1.91, p = .18. There were no differences in baseline freezing on
either day, both Fs < 1 (see Table 1 for Ms and SEMs). Likewise, freezing
did not differ between groups when rats were re-exposed to Context A
one day following conditioning, F(1, 19) = 1.03, p = .32. Rats were then
exposed to Context B for 6 consecutive days, with no tones presented.
For these days, baseline freezing was assessed during the same period as
in Experiment la (see Table 1). A 2 (Group: GFP vs. hM4Di) x 6 (Ses-
sion) ANOVA revealed a main effect of session, F(5, 95) = 13.03, p <
.001. The main effect of group was not significant, F(1, 19) = 2.48,p =
.13, nor was the group by session interaction, F(5, 95) = 1.84, p = .11.
Finally, groups did not differ when they were re-exposed to A prior to
tone retrieval testing, F < 1.

The results of the two auditory fear retrieval tests are presented in
Fig. 3C. Prior to these two sessions, all rats were injected with CNO. A 2
(Group: GFP vs. hM4Di) x 2 (Context) ANOVA revealed a main effect of
group, F(1, 19) = 36.71, p < .001. Neither the main effect of context nor
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Fig. 3. A: Timeline of experimental procedures for Experiment 1b. Rats first received two sessions of auditory fear conditioning in Context A, followed by a single
exposure session to Context A. Then, rats underwent 6 sessions of Context B exposure, followed by an additional exposure session to Context A. Rats were then tested
for fear to the tone in Context A and Context B, and a final unsignaled shock tests in Context A. Grey shaded region represents CNO injections prior to behavioral
testing. B: Post-shock freezing during the two conditioning sessions, followed by freezing during the first and second sessions of Context A exposure. Freezing during
exposure to Context B is not depicted (see Table 1). C: Freezing to the tone in both Context B and Context A. CNO was injected 30 min prior to these sessions. D:

Average post-shock freezing during the unsignaled shock test. “#” = significant main effect of group collapsed across contexts (p < .05).

the interaction between context and group were significant, both Fs < 1.
Thus, fear to the tone CS was reduced by POR inactivation, irrespective
of the test context. For baseline freezing, neither the main effect of group
nor the interaction between group and context was significant, both Fs
< 1. The main effect of context approached, but did not reach signifi-
cance, F(1, 19) = 3.41, p = .08.

In a final test, all rats were injected with CNO, returned to Context A
and exposed to three unsignaled shocks (see Fig. 3 panel “D”). Freezing
did not differ across groups during the post-shock period, F < 1, or
during the baseline period prior to the first shock, F(1, 19) = 1.69, p =
21,

4. Experiment 2

To verify the efficacy of our chemogenetic approach, we measured
electrical responses of POR GFP' (control) and mCherryt (hM4Di)
neurons in vitro in response to depolarizing current injections before and
after exposure to bath-applied CNO (5 uM). Given that CNO acts only at
M4D; receptors, we predicted that CNO should selectively inhibit the
excitability of mCherry " neurons and would not change the excitability
of control cells expressing GFP.

5. Methods
5.1. Subjects

The subjects were four behaviorally naive adult male Long Evans
rats, obtained from Envigo Laboratories (Indianapolis, IN, USA) and
were ~60 days old upon arrival. All rats were pair-housed and allowed

4-9 days to acclimate to the vivarium before undergoing surgical pro-
cedures. Rats were otherwise maintained as in Experiment 1.

5.2. Surgery

Surgical procedures were identical to those in Experiment 1, with
two rats injected with the control GFP virus and two rats injected with

the hM4Di-expressing virus. Rats were monitored after surgery and were
allowed 38-44 days to recover prior to experiments.

5.3. Slice preparation

Rats were anesthetized with vaporized isoflurane, decapitated, and
brains rapidly removed into artificial cerebral spinal fluid (aCSF)
composed of (in mM): 125 NaCl, 25 NaHCOs, 3 KCl, 1.25 NaH3POy4, 0.5
CaCly, 6 MgCly, and 25 glucose (saturated with 95% 0O5/5% CO3).
Coronal brain slices (250 um thick) of the POR were cut using a Leica VT
1200 slicer and stored in a holding chamber containing aCSF adjusted to
2 mM CaClz and 1 mM MgCl,. Slices were maintained in the holding
chamber for ~1 h at 35 °C and then at room temperature (~26 °C) until
use in experiments.

5.4. Electrophysiology

Slices were placed in a recording chamber beneath an upright mi-
croscope and perfused continuously with oxygenated aCSF heated to
35-36 °C. Pyramidal neurons expressing hM4Di-mCherry or GFP were
identified using epifluorescence (470 or 530 nm excitation) and patched
under visual control using a 60x water-immersion objective paired with
a sCMOS camera. Patch-pipettes (5-7 MQ) contained a solution con-
sisting of (in mM): 135 K-gluconate, 2 NaCl, 2 MgCl,, 10 HEPES, 3
NapATP, and 0.3 NaGTP, pH 7.2 with KOH. Data were acquired using a
BVC-700 amplifier (Dagan) interfacing with an ITC-18 digitizer (HEKA)
controlled by Axograph software (Axograph). Membrane potentials
were sampled at 25 kHz, filtered at 10 kHz, and corrected for the liquid
junction potential of +12 mV. Depolarizing current steps sufficient to
evoke ~10 action potentials were delivered at 10-second intervals. For
each neuron, measurements were made of the resting membrane po-
tential (RMP), input resistance (Ry), and the number of action potentials
generated by equal-amplitude current injections in baseline conditions
and after bath application of 5 uM CNO. In all cases, brain slices were
exposed to a single application of CNO.
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6. Results

To confirm the efficacy of hM4Di-mediated inhibition of neurons
from control and hM4Di-injected rats, we measured the effects of CNO
(5 uM) on RMP, Ry, and action potential generation in control (GFP*; n
= 10) and hM4Di* (mCherry*; n = 10) pyramidal neurons in slices of
POR (Fig. 4A). In baseline conditions, GFP™ neurons had a mean RMP of
—79 + 8 mV, a mean Ry of 112 + 39 MQ, and generated a mean of 10.3
+ 0.7 action potentials in response to 1.5 s current injections applied at
0.1 Hz (Fig. 4B,C). After bath-application of 5 uM CNO for 5 min, RMP
(-79 £+ 8; p = 0.63), Ry (114 + 38 MQ; p = 0.75) and the number of
action potentials (10.1 + 1.5; p = 0.75) were similar to those observed
in baseline conditions. On the other hand, CNO hyperpolarized hM4Di "
neurons by a mean of 4.2 + 2.4 mV (from —75 + 5mV to —80 + 4 mV; p
< 0.001), reduced Ry by 32 + 20% (from 138 + 75 MQ to 99 + 65 MQ;
p < 0.001), and decreased the number of current-evoked action poten-
tials by 8.3 + 3.7 spikes (from 9.7 + 2.0 to 1.5 + 2.5 action potentials; p
< 0.001; Fig. 4B,C). The effects of CNO were long-lasting, but when
given sufficient time (>30 min after washout of CNO), inhibition by
CNO was reversible (in 6 of 10 neurons; e.g. Fig. 4A). These data confirm
that CNO selectively inhibits hM4Dit neurons in the POR.
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7. General discussion

The results of Experiments 1a and 1b indicate that POR contributes
to the retrieval / expression of auditory fear conditioning. In Experiment
1a, rats first received tone-shock pairings in Context A prior to extinction
of tone fear in Context B. During testing, control rats continued to show
little freezing to the tone in the extinction context (B) but freezing to the
tone increased in the conditioning context (A). This confirmed that the
reduction of learned fear during extinction is specific to the extinction
context. However, for rats with neural activity in POR temporarily
inactivated during testing, freezing to the tone in Context A was
reduced, although renewal was still observed. One interpretation of
these findings is that POR inactivation disrupts the normal context-
specificity of extinction, resulting in partial generalization of extinc-
tion to other contexts. A role for POR in the context-specificity of
extinction is consistent with its role in contextual learning and memory,
as well as findings that damage to brain structures reciprocally con-
nected with POR, such as the hippocampal formation and entorhinal
cortex, reduce fear renewal (Ji & Maren, 2008a, 2008b; for a review see
Maren, Phan, & Liberzon, 2013).

However, the results of Experiment 1b demonstrate that the contri-
bution of POR to retrieval of auditory fear conditioning is not specific to
extinguished CSs. In this experiment, inactivation of POR reduced
freezing to the tone, even though tone fear had not been extinguished.
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Fig. 4. CNO selectively reduces the excitability of hM4Di-expressing cortical neurons in the postrhinal cortex. A, Ten consecutive voltage traces (superimposed)
recorded in response to current injections (black traces at bottom) in a neuron expressing mCherry-tagged hM4Di receptors (red, left) or from a GFP-expressing
neuron (black, right) in baseline conditions (top traces) or after 5 min exposure to CNO (5 uM). A lower trace for the hM4Di-expressing neuron shows reversal
of CNO-induced inhibition following removal of CNO (“wash™). Inset are fluorescence images (artificially colored) of punctate mCherry (left) and diffuse GFP (right)
superimposed on oblique images of the two neurons from which traces were taken. B, Measurements of resting membrane potential (RMP, top), input resistance (Ry,
middle), and number of action potentials (bottom) in baseline conditions (open circles) and after application of 5 uM CNO (filled circles) for ten hM4Di-expressing
(red) and ten GFP-expressing (black) neurons. Means (+standard deviations; SD) for each condition indicated by enlarged symbols; p-values from paired Student’s t-
tests. C, Comparisons of CNO-induced changes in RMP (left), Ry (middle), and action potential number (right) in hM4Di-expressing (red) and GFP-expressing (black)
neurons. Means (+SD) for each group indicated by enlarged symbols; p-values from Student’s t-tests comparing results across hM4Di™ and GFP™ neurons.
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While POR inactivation reduced tone freezing overall, fear to the tone
was similar in Context A and B for both groups indicating that the
context was not guiding successful retrieval at the time of test. Taken
together, a parsimonious interpretation of these findings suggests that
POR contributes generally to the retrieval of auditory fear conditioning
and is not uniquely related to the context-specificity of extinction
learning.

The results of the current experiments extend the functional contri-
bution of POR beyond contextual fear conditioning to include the
expression of auditory fear conditioning. While these findings are novel,
they add to a growing body of evidence suggesting that areas within the
parahippocampal region have a role in auditory fear conditioning. For
instance, POR is strongly interconnected with the perirhinal cortex
(PER), and in vivo electrophysiological recording studies have demon-
strated conditioning-induced changes in tone-elicited firing of PER
neurons (Furtak, Allen, & Brown, 2007). More recently, Bartley and
Furtak (2021) demonstrated that pre-training PER lesions impair the
expression of auditory fear conditioning. POR is also strongly and
reciprocally interconnected with dorsal presubiculum (Agster & Bur-
well, 2013), lesions of which impair the expression of auditory fear
conditioning (Robinson & Bucci, 2012). While future studies are
required to determine if these regions differ in their contributions to
auditory fear conditioning, one possibility is that the parahippocampal
region works in concert with the hippocampus to form and retrieve a
representation of the entire conditioning episode, including contextual,
spatial, and temporal information (see Quinn, Wied, Ma, Tinsley, &
Fanselow, 2008).

As previously noted, several prior studies have found no impact of
POR lesions on auditory fear conditioning (Bucci et al., 2000; Peck &
Taube, 2017; Taylor-Yeremeeva et al., 2021). However, because these
prior studies used pre-training lesions, it is possible that other brain
regions were able to compensate for POR damage. Indeed, there is some
evidence that pre-training lesions of the hippocampus are less effective
at disrupting retrieval of auditory fear conditioning than post-training
lesions (Quinn et al., 2008). Apart from the timing of POR manipula-
tions (pre-training vs. retrieval), an additional difference between the
current studies and prior studies is that, by the time of testing, the initial
conditioning could be considered “remotely” acquired. Specifically, in
Experiments 1a and 1b, there was an 8-day retention interval between
the end of conditioning and the start of testing. In contrast, testing
occurred 2 days (or less) after initial conditioning in prior lesion studies
(Bucci et al., 2000; Peck & Taube, 2017; Taylor-Yeremeeva et al., 2021).
Thus, the current findings might reflect a role for POR in the retrieval of
remote fear memory. This is consistent with recent findings demon-
strating a role for the retrosplenial cortex, a region that is interconnected
with POR, in the retrieval of remotely acquired tone fear (Fournier et al.,
2021).

In the present experiments, CNO was used to activate the hM4Di
receptor, and there is some evidence that CNO itself can alter behavior in
rats (MacLaren et al., 2016). However, it seems unlikely that CNO alone
produced the deficits in auditory fear retrieval observed in the current
experiments for several reasons. First, in these experiments, although all
rats received injections of CNO prior to testing, only rats expressing the
hM4Di receptor showed a reduction in freezing. Second, two recent
experiments from our lab reported no differences in freezing during
retrieval of auditory fear conditioning between groups that received
injections of CNO or vehicle prior to testing (Fournier et al., 2021; Ex-
periments 3a and 3b). Third, the results of the additional test at the
conclusion of Experiment 1b demonstrate that Groups hM4di and GFP
were equally capable of performing the conditioned response following
injections of CNO. Finally, a recent study of appetitive sensory pre-
conditioning in rats found that chemogenetic inactivation of POR
impaired encoding of an association between an auditory cue and a
neutral light cue, but inactivation at the time of test did not impair
retrieval testing with the auditory cue (Taylor-Yeremeeva et al., 2021).
Although the procedures differ from the current experiments in many
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ways, the intact retrieval observed by Taylor-Yeremeeva et al. (2021)
indicates that POR inactivation does not produce generalized deficits in
responding to auditory cues.

In summary, chemogenetic inactivation of POR was found to impair
the expression of auditory fear conditioning. This occurred when the
tone CS had undergone extinction (Experiment 1a) and when it had not
(Experiment 1b). These results contrast with prior research, in which
pre-training damage to POR was found to have no impact on the
expression of auditory fear conditioning (Bucci et al., 2000; Peck &
Taube, 2017; Taylor-Yeremeeva et al., 2021) but add to a growing body
of research demonstrating that under some circumstances, structures
otherwise associated with spatial and contextual learning may also
contribute to the retrieval of Pavlovian auditory fear conditioning
(Fournier et al., 2021; Quinn et al., 2008).
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