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Extinction of threat memory is a measure of behavioral flexibility. In the absence of
additional reinforcement, the extinction of learned behaviors allows animals and humans
to adapt to their changing environment. Extinction mechanisms and their therapeutic
implications for maladaptive learning have been extensively studied. However, how
aging affects extinction learning is much less understood. Using a rat model of olfactory
threat extinction, we show that the extinction of olfactory threat memory is impaired
in aged Sprague-Darley rats. Following extinction training, long-term depression
(LTD) in the piriform cortex (PC) was inducible ex vivo in aged rats and was NMDA
receptor (NMDAR)-independent. On the other hand, adult rats acquired successful
olfactory threat extinction, and LTD was not inducible following extinction training.
Neuronal cFos activation in the posterior PC correlated with learning and extinction
performance in rats. NMDAR blockade either systemically or locally in the PC dur-
ing extinction training prevented successful extinction in adult rats, following which
NMDAR-dependent LTD became inducible ex vivo. This suggests that extinction
learning employs NMDAR-dependent LTD mechanisms in the PC of adult rats, thus
occluding further LTD induction ex vivo. The rescue of olfactory threat extinction in
aged rats by D-cycloserine, a partial NMDAR agonist, suggests that the impairment in
olfactory threat extinction of aged animals may relate to NMDAR hypofunctioning and
a lack of NMDAR-dependent LTD. These findings are consistent with an age-related
switch from NMDAR-dependent to NMDAR-independent LTD in the PC. Optimizing
NMDAR function in sensory cortices may improve learning and flexible behavior in
the aged population.
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The flip side of growing wiser with age is cognitive decline (1, 2). In addition to impair-
ments in long-term memory, a parallel decline in the ability to flexibly adapt to a changing
environment may represent a fundamental feature of age-related cognitive dysfunction in
humans. Extinction of a learned response in the absence of further reinforcement, for
example, is a measure of behavioral flexibility. Animal models of threat memory extinction
have been essential for our understanding of the biological mechanisms underlying behav-
ioral flexibility (3, 4). However, despite substantial progress in our understanding of the
mechanisms of threat extinction, the impact of aging on extinction has been relatively
unexplored.

Previous efforts to understand threat memory extinction have focused on the roles of
the amygdala, particularly the basal and lateral amygdala (BLA). Two competing theories
have emerged. First, reversal of conditioned threat responses following extinction may
result from a loss of synaptic potentiation underlying the associative memory of the con-
ditioned (CS) and unconditioned stimulus (US) pairing. A depotentiation model of
long-term potentiation (LTP) in principal neurons of the BLA (5-7) amounts to threat
memory erasure. The finding that auditory threat extinction learning occludes ex vivo
de-potentiation (5, 7) suggests that extinction and depotentiation share similar synaptic
mechanisms. Another theory employs an inhibitory learning model (a new memory com-
peting with and suppressing the original memory trace), supported by LTP of inhibitory
neurons or inhibitory synaptic transmission (8—13). Potentiation of inhibitory neurons
or synapses could increase feedforward inhibition of principal neurons to suppress the
expression of threat conditioning-induced LTP. It has been suggested that projections from
the infralimbic prefrontal cortex to the amygdala constitute a critical inhibitory pathway
during auditory threat extinction (14-16). Further research suggests that anatomically
distinct populations in the BLA facilitate threat learning or extinction via unique circuitry
(17) and that neuronal responses are extinction context-dependent (18), a role for which
the hippocampus is critical (19, 20). More recent research also implicates the involvement
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of the insular cortex (21) and medial preoptic circuitry (22) in
auditory and contextual threat extinction, respectively.

Recent learning theories posit an active role of sensory cortices
inassociative threatlearning (23-25). In addition to amygdala-based
threat processing, a sensory-based model permits the categoriza-
tion of stimulus valence at early stages of sensory processing,
affording an organism the evolutionary advantage of responding
with minimal delay, or with additional resources (23). Consistent
with this theory, the olfactory piriform cortex (PC) is capable of
encoding odor valence representations (26) and is critical for
olfactory threat conditioning (27, 28), especially for long-term
memory (28-30). The PC is evolutionally conserved and has
critical features (sparse distributed coding, extensive autoassoci-
ative circuitry) that support neuronal representations optimal for
associative memory (24, 31). Anatomically, principal PC neurons,
which respond to stimuli from other sensory domains including
the somatosensory system (32, 33), and have strong reciprocal
connections with the BLA (34), are well suited for encoding plas-
ticity induced by convergent stimuli. However, whether the PC
is also a locus of olfactory extinction learning is not known. Here,
we test the hypothesis that synaptic plasticity in the PC such as
long-term depression (LTD) is a critical mechanism for the extinc-
tion of olfactory threat memory and investigate how aging may
alter this process.

Results

Extinction of Olfactory Threat Memory Is Impaired in Aged
Rats and Correlates with cFos Expression in the PC. First, we
compared olfactory threat extinction learning in adult (3-6 mo)
and aged (20-24 mo) Sprague-Dawley rats of both sexes. Rats
underwent odor and shock pairings and were tested the next
day for freezing in the presence of the odor (recall test). Rats
continued to be exposed to the odor daily, in the absence of shock,
for the next 6 d and freezing responses were recorded (Fig. 14).
Opverall, aged rats exhibited significantly less extinction learning
than adult rats (Age x Time: F¢ 4, = 3.955, P = 0.001; Fig. 1B),
and there were no sex differences (Sex: F, 14, = 2.07, P = 0.151;
Sex x Age: F| 47 = 0.588, P = 0.444; SI Appendix, Fig. S1). Aged
rats showed comparable freezing to adult rats on the recall day
(# = 1.633, P = 0.116; Fig. 1C) but significantly less extinction
of freezing responses on the last day of training (r = 3.761,
P=0.001; Fig. 1D). Freezing to odor on day 6 in another cohort
of adult rats without extinction training was significantly higher
compared to extinction-trained rats (Fig. 1B and SI Appendix,
Fig. S2), suggesting that the reduced freezing in adult rats was
not due to natural forgetting. Thus, olfactory extinction learning
is impaired in aged rats while olfactory threat learning is intact.

We mapped cFos expression in the PC following olfactory threat
conditioning and extinction. cFos expressions in the anterior PC
(aPC) did not differ among groups in adult (F, ;, = 1.804, P=0.210)
and aged rats (¢ = 1.405, P=0.320) (Fig. 1 Eand F). No correlation
between cFos expression and freezing behavior was observed in the
aPC (r=0.048, P=0.814; Fig. 1G). In contrast, in adult rats, cFos
expression in the posterior PC (pPC) differed among groups (F, |,
=6.997, P=0.010; Fig. 1 H and /). Olfactory threat conditioning
increased cFos expression compared to odor exposure alone
(#=5.072, P=0.010) and extinction training reduced cFos expres-
sion compared to threat conditioning (= 3.839, = 0.046; Fig. 11).
However, aged rats that underwent extinction training did not show
a difference in cFos expression compared to those that underwent
olfactory threat conditioning (¢ = 0.504, P = 0.625; Fig. 1/). We
found a strong correlation between cFos expression in the pPC and
freezing during testing (r = 0.561, P = 0.002; Fig. 1)).
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Extinction Learning of Olfactory Threat Memory Correlates with
Ex Vivo LTD in the PC. The cFos profile suggests that pPC neuronal
activation levels parallel degrees of threat learning and extinction.
Thus, LTP- and LTD-like synaptic changes in the PC may underlie
threat learning and extinction, respectively. We investigated the
relationship between olfactory threat extinction and pPC LTD
recorded ex vivo. We stimulated associational fibers in layer Ib
of ex vivo PC slices and recorded field excitatory postsynaptic
potentials (fEPSPs) in the same layer. A standard low-frequency
protocol (1 Hz, 15 min) was used for LTD induction. We
compared LTD induction in naive, olfactory threat-conditioned
and extinction-trained rats of both age groups. There were no
differences in LTD amplitudes in naive (Fig. 24) and threat-
conditioned (Fig. 2B) rats between the two age groups. However,
following extinction training, LTD was inducible in aged but not
adult rats (Fig. 2C). Comparisons within the adult group showed
inducible LTD in naive and threat-conditioned rats, but not rats
that underwent extinction training (F,4, = 5.838, P = 0.006;
Fig. 2D). Furthermore, the amplitude of LTD ex vivo negatively
correlated with the degree of extinction in individual adult rats
(SI Appendix, Fig. S3). These results suggest that successful
extinction in adult rats employs an LTD mechanism in the PC,
which subsequently occludes ex vivo electrical stimulation-induced
LTD. In contrast, aged rats from all groups showed comparable
inducible LTD (F, 4 = 0.175, P = 0.840; Fig. 2D).

If extinction learning is dependent on an LTD-like mechanism
in the PC, then the inability of aged rats to extinguish olfactory
threat memory may be related to a lack of LTD induction by
extinction training. Why is LTD lacking in aged rats during extinc-
tion training, despite the aged PC being capable of generating LTD
ex vivo? A previous report showed that there is a shift from NMDA
receptor (NMDAR)- to L-type calcium channel (LTCC)-dependent
LTD in the PC with aging (35). As such, one possibility is that
olfactory extinction learning is mediated by NMDAR-dependent
LTD, which is impaired in aged rats. In line with this hypothesis,
PC LTD in aged rats following extinction training was
NMDAR-independent, as application of the NMDAR antagonist
APV did not reduce LTD. However, the LTCC blocker nimodip-
ine fully abolished LTD (z = 3.20, P = 0.005; Fig. 2 Eand F). We
further predicted that 1) blocking PC NMDAR-dependent plas-
ticity in adult rats would prevent extinction learning and that 2)
enhancing NMDAR functioning in the PC of aged rats may
restore their ability to extinguish threat memories.

NMDAR-dependent Plasticity in the PC Mediates Olfactory
Threat Extinction in Adult Rats. To determine whether NMDAR-
dependent plasticity in the PC underlies extinction, we administered
NMDAR antagonists during extinction training in adult rats
(Fig. 34). We first systemically administered either an NMDAR
antagonist (MK801, 0.01 or 0.05 mg/kg, s.c.) (36), an LTCC
antagonist (nimodipine, 5 or 15 mg/kg, s.c.) (37, 38), or vehicle
and found differences in degree of extinction among groups (Group
x Time: F,4 16, = 3.545, P < 0.001; Fig. 3B). Extinction in high-
dose MK-801-injected rats was impaired (F ,, = 16.449, P < 0.001;
Fig. 3C). The effect of MK-801 was not drug-state-dependent, as
infusing MK-801 30 min before or immediately following each
extinction trial resulted in similar freezing to the conditioned odor
(81 Appendix, Fig. S4). A previous report showed that similar doses
of nimodipine impaired auditory extinction learning in mice (37),
which was not replicated here. Differences in species and behavioral
paradigms (tone vs. odor, one-day vs. multiple-day extinction
training) may account for this difference. We next infused APV in
the PC (1 pg per hemisphere) (39) during extinction training to
directly test the effect of PC NMDAR blockade. APV-infused rats
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Fig. 1. Extinction learning of olfactory threat memory is impaired in aged rats. (A) Schematic of olfactory threat conditioning and extinction training. (B) Time
course of % freezing during recall and extinction training (n = 13 adult, n = 12 aged). Adult rats showed significantly reduced freezing compared to aged rats
following 6 d of extinction training. Another cohort of adult rats (n = 6) that did not undergo extinction training showed high freezing to the conditioned odor
when tested 6 d following odor threat conditioning. (C) Measurement of percentage of freezing on recall day showed no difference in threat learning acquisition
between adult and aged groups. (D) Measurement of percentage of extinction on the last day of extinction training (% recall freezing - % freezing on the last
training day)/(% recall freezing) showed impaired extinction in the aged group. (E) Examples of cFos expression in the anterior piriform cortex of adult (n =5 Odor;
n=4Cond.; n =5 Extinc.) and aged rats (n = 7 Cond. and n = 5 Extinc.). (F) Comparisons of cFos cell counts in various groups of adult and aged rats showed no
difference among groups. (G) No correlation of cFos” cell numbers in the anterior piriform cortex and % freezing in individual rats. Red and black circles indicate
data from the adult and aged groups, respectively. (H) Examples of cFos expression in the posterior piriform cortex of adult (n =5 each group) and aged rats (n =7
Cond. and n = 5 Extinc.). (/) Comparisons of cFos cell counts in various groups of adult and aged rats showed increased cFos expression following odor threat
conditioning and reduction to control levels following extinction training in adult rats only. In aged rats, no difference in cFos expression was observed between
the conditioned rats and rats that underwent extinction training. (/) Positive correlation of cFos” cell number in the posterior piriform cortex and % freezing in
individual rats. Red and black circles indicate data from the adult and aged groups, respectively. Odor: odor exposure only; Cond.: olfactory threat-conditioned;
Extinc.: extinction-trained (Scale bars, 50 pm). *P < 0.05, **P < 0.01.

showed impaired extinction learning compared to vehicle-infused not nimodipine, prevented LT'D induction (F, ;4 = 6.142, P=0.009;
controls (Group x Time: Fg, = 3.195, P = 0.007; Fig. 3D). The  Fig. 3 Fand G). These results suggest that NMDAR-dependent LTD
degree of extinction in APV-infused rats was significantly lower in the PC is employed during olfactory threat extinction training in
at the end of training (¢ = 2.455, P = 0.028; Fig. 3E), resembling adult rats. Prevention of extinction learning enables ex vivo induction
senile impairment of extinction. of NMDAR-dependent LTD in these rats.
We recorded PC LTD in a subset of MK-801-injected rats that

failed to extinguish the olfactory threat memory. Compared to non-  Enhancing NMDAR Activation in the PC Restores Olfactory Threat
injected rats that had successful extinction (Fig. 2D Extinc.), signifi- Extinction in Aged Rats. We next explored whether enhancing

cant LTD was induced in MK-801-injected rats following extinction ~ NMDAR activity would promote extinction learning in aged rats
training (Fig. 3 Fand G aCSF) (¢ = 2.524, P = 0.018). Consistent by administering a partial NMDAR agonist D-cycloserine (DCS)
with our previous report (35) and in contrast to aged rats, PC LTD systemically (15 mg/kg, s.c.) or in the PC (1 or 10 pg infusion per
in adult rats was NMDAR- but not LTCC-dependent, as APV, but hemisphere) (40, 41) (Fig. 44). Activation of BLA NMDARs with
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Fig.2. PCLTD is notinducible in adult rats while LTCC-dependent LTD can be induced in aged rats following extinction training. (4) LTD induction of fEPSPs in
naive rats (n = 15 adult, n = 11 aged) showed no difference between adult and aged groups. (B) LTD induction of fEPSPs in olfactory threat-conditioned (Cond.)
rats (n = 9 adult, n = 9 aged) showed no difference between adult and aged groups. (C) LTD induction of fEPSPs in extinction-trained rats (Extinc.) (n = 20 adult,
n =12 aged) showed that LTD was not inducible in adult rats. (D) Comparisons of % EPSP slopes in various groups of adult and aged rats. (E) LTCC-, but not
NMDAR-mediation of LTD in aged rats that underwent extinction training (n = 10 APV, n = 10 Nimo). (F) Comparison of LTD induction in aged rats in £. Nimo:
nimodipine. Scale bars for example fEPSP traces, 10 ms/0.2 mV. *P < 0.05, **P < 0.01.

DCS has been shown to accelerate threat extinction learning of a
visual cue (40, 41). Therefore, we also included a group with s.c.
DCS injections in combination with APV (1 pg per hemisphere)
infusions in the BLA to isolate the effect of non-BLA NMDARSs.
All groups with DCS administration, except the low-dose PC
DCS infusion group, succeeded in extinguishing the olfactory
threat memory (Group x Time: F,4 5 =7.054, P < 0.001; Fig. 4B)
and showed a higher degree of extinction at the end of training
compared to vehicle controls (F 5, = 25.818, P< 0.001; Fig. 4C).

We conducted LTD recordings in a subset of aged rats that under-
went extinction training with s.c. DCS injections. Interestingly,
ex vivo PC LTD was still inducible in these rats despite successful
extinction. However, ex vivo LTD was blocked by nimodipine appli-
cation (¢ = 2.268, P = 0.046; Fig. 4 D and E), supporting our
hypothesis that extinction learning employs NMDAR-dependent,
but not LTCC-dependent LTD, which is intact ex vivo following
extinction training in aged rats. This also implies that DCS admin-
istration may have enabled NMDAR-dependent LTD in the PC
during olfactory threat extinction training. To test this hypothesis,
we attempted ex vivo LT'D induction in naive aged PC slides in the
presence of nimodipine (10 uM) (38) or nimodipine plus DCS (20
uM) (42). As expected, LTD was not inducible in the presence of
nimodipine but became inducible with the addition of DCS
(r = 3.057, P = 0.009; Fig.4 F and G). DCS increased the
NMDAR-dependent fEPSP at the time point of LTD induction
(20 min following DCS incubation; SI Appendix, Fig. S5). These
results support the idea that enhancing NMDAR functioning in
the PC via exogenous agonist administration during extinction
training yields NMDAR-dependent LTD and associated successful

extinction learning.

Discussion

Our study generates two lines of unique concepts. First, we show
that sensory cortices such as the primary olfactory cortex are crit-
ically involved in the extinction of threat memories. Even though
the BLA has been at the forefront of threat learning research, the
idea that threat memories are encoded and stored in a distributed
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network of structures, including prefrontal, orbitofrontal, and
sensory cortices as well as the hippocampus, is emerging (24,
43-45). While the BLA is initially critical for threat memory
encoding and short-term storage, the long-term storage and
expression of threat memories may be a function of the sensory
cortices in both humans and animals (27-30, 46—48). The PC,
especially the pPC, has extensive mutual connections with the
BLA (34). Olfactory threat learning enhances network oscillations
between the BLA and the pPC to promote information transfer
and long-term memory formation (28). If the PC is a locus for
the long-term storage of olfactory threat memories, it is pragmatic
to assume that it may also play a critical role in the extinction of
olfactory threat memory.

At the heart of the threat extinction debate is the question of
the explanatory power of depotentiation and inhibitory learning
for the behavioral manifestations of extinction. The depotentiation
model does not explain some of the behavioral features associated
with extinction, such as the renewal, spontaneous recovery, and
reinstatement of defensive responses to the conditioned stimuli
(4), which are better explained by the inhibitory learning model.
However, how inhibitory plasticity is established in extinction and
modulated in the recovery of defensive responses is not well under-
stood. Both depotentiation and inhibitory mechanisms may coex-
ist and work cooperatively (49, 50). A modeling study has
proposed that extinction training leads to both the depotentiation
of the principal neuron responses to CS input and the potentiation
of inhibition to suppress CS-induced responses that reflect the
original memory trace (51). The extent to which depotentiation
and inhibition contribute to extinction has been shown to depend
on the age of the animals and the stage of specific training para-
digms. Juvenile rats do not exhibit spontaneous recovery and
renewal following auditory extinction learning (52), suggesting
that an unlearning depotentiation mechanism may dominate at
this developmental stage. However, it is not known whether this
phenomenon is universal across extinction learning of different
sensory modalities. It has also been suggested that single-session
and multiple-session extinction training regimes may engage inhi-
bition and depotentiation mechanisms, respectively (53).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2309986120#supplementary-materials

A Adult
odor M+E pecan

< ‘, Extinction
Condmomng/\,‘ Tes!mg Tralnlng
A =

/OR\ ¢

B
100 @150 e
£ 80 01007 o, o o
3 60 w 5015 BT
T 40 S 0f----- $-°.°
[
2 204 © Vehicle E
° O MK-8010.01 mgkg® MK-801 0.05 mg/kg >
04 © Nimo5mgikg © Nimo 15 mglkg |-|i_
N >~ 2, S L 0%
& P PP PP RN :,0 Q'\%‘\@o
Extinction Training @‘l‘\sl‘
D E s
100 >150
@®© *
D
£ 80 2100 o
§ 60 ]** 5§50 ¥ ¢
,_E 40 ‘g Ot------F--
R 2096 venide = -50 °
0 © APV (PC) LIJ100
S 0 o o o o ° FCRRY
<& & Q@* ors\ Qro* & Qrz# Aé’&o ??
F Extinction Training
Extinc.
3120 +MK-801 Y‘[ V/Y VV 3150
o) S ko)
n
o
2100
o
w
X

[&)]
o

Time (min)

Fig. 3. NMDARs in the PC mediate olfactory threat extinction in adult rats.
(A) Schematic of olfactory threat conditioning and extinction training. (B)
Extinction learning curves in rats systemically injected with drugs or vehicle
during extinction training (n = 6/6/7/7/6 for vehicle/MK-801 0.01 mg/kg/MK-801
0.05 mg/kg/Nimo 5 mg/kg/Nimo 15 mg/kg). MK-801 at the higher dose (0.05
mg/kg) prevented odor threat extinction learning, while nimodipine (Nimo)
administration did not affect odor extinction. (C) Comparisons of extinction
levels of the groups in B. (D) Extinction learning curves in rats with APV or
vehicle infused to the PC during extinction training (n = 10 APV, n = 6 vehicle).
NMDAR blockade in the PC prevented odor extinction. (£) Comparisons of
extinction levels of the groups in D. (F) LTD recordings of MK-801-injected
adult rats that underwent extinction training. LTD in these rats was mediated
by NMDARSs, but not LTCCs. (G) Comparisons of LTD in different groups in
F. Scale bars for example fEPSP traces, 10 ms/0.2 mV. *P < 0.05, **P < 0.01.

Here, we show that multiple-session olfactory threat extinction
employs an I'TD mechanism in the PC. Successful extinction
occluded LTD induction ex vivo, while preventing extinction enabled
ex vivo NMDAR-dependent ITD in adult rats. cFos activation pat-
terns in the pPC paralleled freezing behavior, with increased activation
following olfactory threat conditioning and a decrease to baseline
following olfactory threat extinction. This suggests that a depotenti-
ation process may have occurred during extinction training. However,
whether the same synapses that have been potentiated undergo
depression (thus de-potentiation) cannot be determined by the cFos
activation patterns observed here. Modern genetic tools that enable
selective labeling and recording of memory-encoding cFos™ neurons
(27) can be used to address this question. Furthermore, the PC has
extensive inhibitory circuitry that mediates both the feedforward and
feedback inhibition of principal neurons (54). Further investigation
is needed for an understanding of whether and how inhibition in the
PC is modulated during extinction. Additionally, whether LTD-like
synaptic changes occur in other sensory cortices following extinction
of specific sensory modalities needs to be explored.

Our second observation is that a lack of NMDAR-dependent
LTD in aged rats prevents extinction learning. Research studies

PNAS 2023 Vol.120 No.44 2309986120

on the mechanisms of aging-associated decline in flexible behavior
have been sparse. One study reported that LTP at the site of cor-
tical inputs to the BLA is impaired in aged rats, correlating with
diminished contextual threat extinction (55). NMDARs in the
amygdala are causal for the extinction of cued and contextual
threat learning (56, 57). However, aging-related changes of
NMDAR functioning in the BLA have not been reported.
Alterations in prefrontal neuronal excitability, such as an increased
and decreased excitability of the prelimbic and infralimbic cortex,
respectively, have been suggested to play a role in the decline of
extinction with aging (58). Here, we provide a mechanism for
age-related decline of extinction learning in the sensory cortex.
Our results suggest that a lack of NMDAR-dependent plasticity
in the olfactory sensory cortex may be responsible for the inability
of aged animals to learn olfactory extinction. Similar to the hip-
pocampus (59, 60), there is a shift from NMDAR- to
LTCC-dependent synaptic LTD in the PC with aging (35).
However, NMDAR subunit expressions are not reduced in the
aged rat PC (35), suggesting that functional changes of NMDARs
occur with aging. Correspondingly, enhancing NMDAR func-
tioning in the PC rescued the extinction of olfactory threat learn-
ing in aged animals, demonstrating an unemployed capacity of
NMDARSs to drive synaptic plasticity in neuronal networks of
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Fig.4. NMDAR activation in the PC restores olfactory threat extinction in aged
rats. (A) Schematic of olfactory threat conditioning and extinction training. (B)
Extinction learning curves in rats injected with D-cycloserine (DCS) or vehicle
during extinction training (n = 9/8/6/6/6 for vehicle/DCS s.c./DCS s.c.+BLA APV/
DCS PC 1 pg/DCS PC 10 pg). Systemic injection or PC infusion (10 pg) of DCS
rescued extinction learning. (C) Comparisons of extinction levels of the groups
in B. (D) LTD recordings of DCS-injected aged rats that underwent extinction
training (n = 7 aCSF, n = 5 nimo). LTCC-dependent LTD was inducible in these
rats. Nimo, nimodipine. (£) Comparisons of LTDs in aCSF and nimodipine
groups in D. (F) LTD recordings in naive aged rats in the presence of nimo or
nimo+DCS (n = 9 nimo, n = 6 nimo+DCS). The addition of DCS enabled LTD
induction. (G) Comparisons of LTDs in the two groups in F. Scale bars for
example fEPSP traces, 10 ms/0.2 mV. *P < 0.05, **P < 0.01.
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aged rats. Activating NMDARs in the PC alone without the
involvement of the BLA was sufficient to induce olfactory threat
extinction, suggesting that the PC is the more permanent reper-
toire for olfactory threat memory storage and serves as a sufficient
route for memory unlearning.

NMDAR enhancement has been suggested as a potential thera-
peutic strategy to relieve maladaptive fear (61, 62), given that DCS
facilitates the extinction of threat memory in animals (40, 41, 63).
Animal studies including the one conducted here suggest that DCS
improves the extinction of threat learning, which hints at the pos-
sibility of dampening a basic component of negative emotions such
as fear and anxiety. In one study, DCS also reduced the post-extinction
reinstatement of defensive responses in rats (64), the clinical impli-
cation of which would be the potential of reducing the postexposure
therapy relapse of fear responses in humans. In humans, DCS has
been shown to facilitate exposure-based psychotherapy (modeled
by and depending on the mechanisms of extinction learning) for
phobias and other anxiety disorders. For example, a clinical trial
reported that DCS improved exposure therapy for fear of heights
in a virtual reality environment (61). NMDAR enhancement may
be a feasible approach to improve learning and learning extinction
in the aging population. In fact, maladaptive fear disorders such as
posttraumatic stress disorder also steepen age-related cognitive
decline (65) and increase the risk of developing dementia (66).
NMDAR-based therapy could alleviate both maladaptive learning
and aging-associated cognitive decline.

Materials and Methods

subjects. Adult (3-6 mo) and aged (18-24 mo) Sprague-Dawley rats of both
sexes were used for behavioral and electrophysiological experiments. For
immunohistochemistry (IHC), 5- to 9- and 18- to 20-mo-old rats were used.
Rats were housed on a standard 12-h light-dark cycle, with food and water
ad libitum. Experimental procedures were approved by the Institutional Animal
Care Committee at Memorial University of Newfoundland and followed Canadian
Council's guidelines on Animal Care.

Experimental Design. An olfactory threat extinction paradigm was used to
compare the extinction of a learned olfactory threat memory in adult and aged
rats. cFos IHC was used as an index of neuronal activation following behavior in
the PC and correlated with behavioral freezing responses (Fig. 1). Ex vivo LTD
in PC slices was recorded and compared in naive, olfactory threat-conditioned,
and extinction-trained rats of both ages. The roles of NMDARs and LTCCs in PC
LTD were assessed in the presence of either an NMDAR blocker APV or an LTCC
antagonist nimodipine (Fig. 2). The roles of NMDARs in olfactory threat extinction
were tested with pharmacological interventions in adult (Fig. 3) and aged (Fig. 4)
rats. Adult rats received NMDAR blockade via either systemics.c. injection of MK-
801 orintra-PCAPV during extinction training. Systemic injection of nimodipine
was used to test the role of LTCCs in olfactory threat extinction. A subset of rats
following extinction training with MK-801 injections were subjected to ex vivo LTD
recording. Aged rats received the NMDAR agonist DCS during extinction training
to investigate the role of NMDARs in the facilitation of olfactory threat extinction.
To exclude the roles of BLA NMDARs in odor threat extinction, a cohort of rats
underwent systemic s.c. DCS injection and BLA APV infusion during extinction
training. The effects of DCS and training on PC LTD were tested with ex vivo elec-
trophysiological recording.

Cannula Surgery. Animals were anesthetized under isoflurane in an induction
chamberand transferred to a stereotaxic frame. Twenty-three gauge metal guide
cannulas were implanted bilaterally in the BLA (AP: —2.5 mm, ML: £4.9 mm
from bregma, DV: —7.8 mm from brain surface) (67) orin the PC (AP: —2.3 mm,
ML: £5.4 mm, DV: —8.7 mm) (38). The cannulas were affixed to the skull with
dental cement. Incisions were sutured and rats were returned to their home cage
after surgeries for recovery. Rats were allowed to recover for at least 1 wk before
the onset of behavioral experiments. Asubset of rats was perfused following the
behavioral experiments to check cannula targeting (S/ Appendix, Fig. S6).
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Drug Administration. All drugs were freshly prepared and administrated imme-
diately following the olfactory threat recall testand 30 min before each extinction
training session (Figs. 34 and 4A). For s.c. injections, nimodipine (Sigma-Aldrich)
(50r 15 mg/kg/1 mL) was dissolved in a vehicle consisting of 50% DMSO-PBS (5
mg/kg/1 mL) (38). DCS (Sigma-Aldrich) (15 mg/kg/1 mL) (40, 41) and MK-801
(Tocris) (0.01 or 0.05 mg/kg/1 mL) (36) were dissolved in saline.

For local infusions, APV (1 pg/0.5 pl/hemisphere, dissolved in saline) was
infused into the PC. DCS was infused in the PC at two doses (1 or 10 ug/0.5 ul/
hemisphere). Infusions took place at a rate of 0.2 uL/min through a stainless steel
33-gauge internal cannula connected to a 10-pL Hamilton syringe by polyethylene
tubing and driven by an 11 Elite Syringe pump (Harvard Apparatus). The internal
cannula extended 0.5 mm below the guide cannula. The infusion cannula was left
in place for an additional 1 min following infusion. For intra-BLA APV infusions plus
systemicadministration of DCS, 1 pg/0.5 puLof APVand 15 mg/kg/1 mLof DCS were
administered. Control rats received either PC saline infusions, or an intra-BLA saline
infusion plus systemic injection of saline, and data were pooled.

Behavioral Studies.

Odorants. Odorants were diluted with mineral oil to specific concentrations.
Odorants used were terpinene (6.63%) or benzaldehyde (0.05%). Chosen odor-
ants were affectively neutral to adult rats, and concentrations were chosen so that
the odors would emit a vapor-phase partial pressure of 1 Pa (68) and based on
previous publications (67, 69).

Apparatus. All behavioral training and testing were conducted in a custom-made
olfactometer for air and odorant delivery, attached to the shock chamber. The
shock chamber consisted of a Plexiglas chamber sitting on top of an electrified
grid, connected to a shock generator (Muromachi Kikai Model SGS-003DX, Japan
or San Diego Instruments, United States). Each odorant was stored in a polyvinyl
carbonate bottle, connected to the olfactometer by C-flex tubing, and clamped
shutwhen notin use. Afan with evacuation tubing was attached to the top lid of
the shock chamber to accelerate odor clearance.

Olfactory threat conditioning. Rats were habituated to the shock chamber for
30 min on two consecutive days. On day 3, rats were trained individually with
four separate exposures to either a pairing of an odor CS and a US foot shock,
or odor only (control). The shock was delivered at 5, 15, 20, and 30 min during
a 30-min training session. The odor was delivered for 1 min at each time point.
Shocks coincided with the last second of odor delivery (0.5 mA for 1 s) in the
threat-conditioned group. The control group did not receive shocks. On day 4
(recall day), rats were preexposed to the shock chamber with no odor delivery for
5 min to measure baseline activity before receiving a 5 min exposure to the CS.
The percentage of time spent freezing in the presence of the CS was measured.
Olfactory threat extinction. Twenty-four hours following the odor recall test,
rats underwent olfactory threat extinction training in the shock chamber for six
consecutive days, with 5 min preexposure to the shock chamber followed by
5 min CS exposure. All testing was videotaped and analyzed offline. Degree of
extinction was calculated as (% recall freezing — % freezing on the last training
day)/(% recall freezing).

Immunohistochemistry. Rats were perfused 90 min following odor exposure on
recall day orthe last day of extinction training. The perfusion was conducted transcar-
dially with ice-cold saline (0.9%), followed by 4% paraformaldehyde (PFA)in 0.1 M
phosphate buffer. Brains were extracted and stored in 4% PFAfor 24 hat 4 °Cand then
transferred to 0.1 M PBS. Coronal sections of 50 um were cut using a Compresstome
(VF-310-0Z, Greenville,NC) and transferred to 24-well plates containing a PVP solu-
tion. Free-floating sections were stored at 4 °C until further processing.

For SG-gray cFos staining, sections were washed for 3 x 5 min in Tris buffer
(0.1 M, pH 7.6) and incubated for 30 min in 0.03% H,0, in Tris buffer. This was
followed by a 10-min wash in Tris A (0.1% Triton X in Tris buffer) and then Tris B
(0.1% Triton X and 0.005% BSA in Tris buffer) before blocking with 10% normal
goatserum (Sigma-Aldrich)inTris Bfor 1.5 h. Sections were then transferred and
washed inTris Aand Tris B for 10 min each and incubated in a primary monoclonal
antibody prepared in Tris B (cFos, 1:10000, Cell Signaling) overnight. Following
washes in Tris A and Tris B buffers, sections were incubated with a goat anti-
rabbit biotinylated secondary antibody (1:1000; Thermofisher) in Tris B buffer
for 45 min. This was followed by washes in Tris B and Tris D (0.1% Triton X and
0.005% BSA in 0.5 M Tris buffer) and incubation in avidin-biotin horseradish
peroxidize complex (1:1000 in Tris D; Vector ABC kit, Vector Laboratories) for 1.5 h
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at room temperature (allowed the complex to form 30 min before using), and
washed three times in Tris buffer. Inmunostaining was performed with peroxi-
dise substrate (Vector SG). cFos positive nuclei were stained blue-gray. Sections
were washed inTris buffer for 5 min, mounted on slides, air-dried, dehydrated in
ethanol solutions and xylene, and coverslipped with Permount (Fisher).

Imaging and Analysis. Images were obtained with a bright-field microscope
(10x, BX53 Upright Microscope, Olympus) using cellsSens Standard software.
Three sections of each anterior PCand pPCwithin the same rostral to caudal range
were used from each animal and counts from the two hemispheres were aver-
aged. The intensity of light and exposure parameters were standardized across
all captured images. Image analysis was conducted using ImageJ software. In the
PC, the numbers of ¢-Fos immunopositive nuclei in the layer Il/1ll were counted
and normalized to regions of interest (Imm2).

Ex Vivo Electrophysiology. Following anesthesia by isofluorane, rats were
decapitated for brain extraction. Sagittal slices of 400 um containing the PC
were obtained using a vibratome (Leica VT-1200 s) in ice-cold HEPES artificial
cerebrospinal fluid, (aCSF; in mM, 92 NaCl, 2.5 KCI, 1.2 NaH,P0,, 30 NaHCO,,
20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10
MgS0,, 0.5 CaCl,) bubbled with carbogen gas (95% 0,/5% CO,). Slices were
immediately incubated at 34 °C for 45 min before moving to recording aCSF
(in mM, 124 NaCl, 2.5 KCl, 1.2 NaH,PQ,, 24 NaHCO,, 5 HEPES, 12.5 glucose, 2
MgSO,, 2 CaCl,) at room temperature. Following at least an additional hour of
recovery, slices were transferred to a continuously perfused open bath chamber
maintained at 28-30 °C for electrophysiological field recordings.

Slices were visualized with an Olympus BX5TWI microscope. fEPSPs of the
associative layer of the PC were obtained by placing a concentric stimulation
electrode in layer Ib of the pPC and a recording electrode (1-2 MQ) filled with
aCSF placed within 500 um (35). Multiclamp 700B (Molecular Devices) was used
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for data acquisition, filtered at 2 kHz, and digitized at 10 kHz using pClamp 10.5
software (Molecular Devices).

With a 20-s interval, test stimulations of 0.2 ms were given for 20-30 min for
slices to equilibrate. Test stimulations were chosen at intensities eliciting 70-80% of
the maximum fEPSP slope. Following a stable baseline recording of 10 min, LTD was
induced (1 Hz, 900 pulses) and the fEPSPs were recorded for 30 min postinduction.
Nimodipine (10 uM, Sigma-Aldrich) was continuously applied during the 10-min
baseline and during LTD induction. DCS (20 pM) was applied for 20 min before
LTD induction, at a time point when the NMDAR component of fEPSPs (recorded
in Mg?* free aCSF in the presence of 50 uM NBQX) was elevated (S/ Appendix,
Fig. S6). Offline analysis of fEPSP slopes was conducted in ClampFit 10.5 (Molecular
Devices). The slopes of fEPSPs were normalized to the baseline level and recorded as
% fEPSP. The % fEPSPs at 25-30 min postinduction were compared among groups.

statistics. OriginPro 2022b software was used to analyze all data. Data were
reported as the mean =+ SEM.Two-way repeated ANOVAs were used in behavioral
analysis forage or treatment groups interacting with training time (days), followed
by post hoc Tukey tests. Student t-tests were used for two-group comparisons and
one-way ANOVAs were used for multiple-group comparisons. Pearson correlation
coefficient was used to measure the correlation between cFos expression levels
and threat response (% freezing). Differences between groups were considered
significant when P values were <0.05.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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