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Basolateral amygdala to posterior
piriform cortex connectivity
ensures precision in learned odor
threat

Brett S. East?, Gloria Fleming', Samantha Vervoordt?!, Prachi Shah?, Regina M. Sullivan’? &
Donald A. Wilson2**

Odor perception can both evoke emotional states and be shaped by emotional or hedonic states. The
amygdala complex plays an important role in recognition of, and response to, hedonically valenced
stimuli, and has strong, reciprocal connectivity with the primary olfactory (piriform) cortex. Here,

we used differential odor-threat conditioning in rats to test the role of basolateral amygdala (BLA)
input to the piriform cortex in acquisition and expression of learned olfactory threat responses. Using
local field potential recordings, we demonstrated that functional connectivity (high gamma band
coherence) between the BLA and posterior piriform cortex (pPCX) is enhanced after differential threat
conditioning. Optogenetic suppression of activity within the BLA prevents learned threat acquisition,
as do lesions of the pPCX prior to threat conditioning (without inducing anosmia), suggesting that
both regions are critical for acquisition of learned odor threat responses. However, optogenetic BLA
suppression during testing did not impair threat response to the CS+, but did induce generalization
to the CS-. A similar loss of stimulus control and threat generalization was induced by selective
optogenetic suppression of BLA input to pPCX. These results suggest an important role for amygdala-
sensory cortical connectivity in shaping responses to threatening stimuli.

Central odor processing and odor perception occur in the context of both the multisensory environment and
internal state. Thus, multisensory visual and auditory cues can affect how odors are perceived, with for example,
red liquids being perceived as more cherry-like than clear liquids'~>. This multisensory modulation of percep-
tion is associated with changes in underlying central processing of odors, especially in piriform cortex (PCX)**.
Furthermore, internal states such as hunger, sleep/wake cycle, and task demands can affect odor perception and
coding’™", again in many instances with the PCX as a critical site for such modulation>!*-18,

Similarly, while odors can evoke hedonic or emotional states'>'*!*2, emotions, as internal states, can also
modulate odor perception and coding®' suggesting a bidirectional relationship between these basic processes”?.
For example, learned association between odors and hedonically valenced events such as rewards or threats can
modify neural activity and responses to those learned odors in the PCX as well as behavioral response to the
odors!323-31.

Although large brain networks contribute to threat and reward processing and emotion, the amygdala com-
plex has been strongly linked to emotional affect and learning, including threat assessment, action, fear, and
reward, appearing to function as a multisensory integrator of high valence information®**-*. Of relevance to
olfaction, neurons in the basolateral amygdala (BLA) are necessary for odor threat conditioning®, respond to
odors*® and odor-evoked responses in both the BLA*"** and PCX?® are modified by odor-threat conditioning,
as are odor-evoked oscillations recorded in local field potentials (LFP)?*%%3, The amygdala complex receives
direct input from the olfactory bulb*, and there are strong reciprocal connections between the PCX and several
amygdala nuclei, with especially strong connections between the BLA and the posterior piriform cortex (pPCX)*.
Optogenetic activation of BLA projections to the pPCX activates both pPCX interneurons and pyramidal cells
in vitro*, providing a direct BLA impact on pPCX odor coding circuits. In fact, optogenetic activation of BLA
projections to the pPCX in vivo modifies both single-unit and single-unit ensemble coding of odors*.
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Context or learned changes in odor coding can have several consequences with adaptive significance for
responding to threatening stimuli. These could include changes in response threshold or intensity which could
enhance signal:noise and thus detectability of the threat*®*, and/or changes in acuity which could help direct
responses to specific stimuli and prevent generalization?®*. Previous work has demonstrated that, depending
on the threat conditioning protocol, animals can learn either odor-specific threat responses (e.g., discriminative
threat/safety signal training) or generalized threat responses (e.g., single stimulus threat training), and that PCX
single-units narrow or broaden their odor receptive fields in line with the learned behavioral response®. Here,
we hypothesize that input from the BLA to the pPCX provides an instructive signal to the pPCX to allow these
alternative behavioral outcomes. Using a variety of techniques, we demonstrate (1) that functional connectivity
between the BLA and pPCX is enhanced after differential threat conditioning, (2) that both the BLA and pPCX
are required for acquisition of odor threat conditioning, and (3) that selective suppression of the BLA projection
to pPCX during expression of learned odor threat induces loss of stimulus control and, instead, expression of
generalized odor-induced threat responses to both the threat and safety odors. These results suggest an important
role for amygdala-sensory cortical connectivity in shaping responses to threatening olfactory stimuli.

Methods

Male, Long-Evans rats (200-450 g) from Envigo Lab Animals were used. Animals were housed in polypropylene
cages with ad libitum access to food and water. Cages were located within an animal facility that was both tem-
perature and humidity controlled with a 12 h on:off cycle. All experiments were conducted during the lights-on
period. There were a total of 107 rats (electrophysiology n=26; lesions, n =14, optogenetics n=67). All animal
procedures were performed with the Nathan S. Kline Institute for Psychiatric Research Institutional Animal
Care and Use Committee’s approval and were in accord with National Institutes of Health guidelines. Animal
use follows the recommendations of the ARRIVE guidelines®'.

For differential odor threat conditioning, animals were placed in a Plexiglas chamber (24 x24 x 36 cm;
width x length x height) surrounding a grid floor (Lafayette instrument, Lafayette, IN). One side of the chamber
included a port with odor delivery from a computer controlled olfactometer. A vacuum was placed on the oppo-
site side of the chamber to draw odors across the chamber and subsequently remove them between presentations.
A partial barrier was placed over the top of the chamber to prevent escape. The barrier had a central hole to
allow video recording. Activity within the chamber was recorded with a video camera above the chamber and an
angled mirror along one side of the chamber to allow top and side viewing. Animals were habituated to handling
and the chamber for at least 2 days prior to training. During training, the animals received 10 presentations of
the CS+ odor (vanilla extract; McCormick & Co., Inc, Hunt Valley, MD) and 30 presentations of the CS— odor
(peppermint extract; McCormick & Co., Inc, Hunt Valley, MD). Trials were presented pseudo-randomly with a
120 s ITT. For all trials, the 15 s CS+ or CS— odor was presented under the control of a flow-dilution olfactometer
at ILPM controlled by Spike2. For CS+ trials, the final second of the odor overlapped with a one second footshock
(0.5 mA) with both co-terminating. To control for the possibility of the sound of the olfactometer switching on
and off being used as a predictive cue, activation of an empty valve containing no odor were also pseudorandomly
dispersed (5 s duration, n=23) throughout the length of each session.

Testing occurred 24 h following training in the same chamber as training, but with the visual context altered:
the clear Plexiglas walls were covered with a black and white checkerboard pattern, the grid floor was covered
by a hard plastic floor, and the roof of the chamber was left open. The CS+and CS— odors (15 s duration) were
presented 3 times in pseudorandom order with at least a 3 min ITI. In the lesion experiment, animals were also
presented with a novel odor (10% isoamyl acetate [Sigma], 15 s) during testing. The amount of time spent freez-
ing (no movement, crouching posture) was quantified for all trials for each odor during testing.

For recording of local field potentials (LFP), implants capable of recording LFP from two channels simulta-
neously (ETA-F20 transmitters, Data Sciences International) were implanted subcutaneously under isoflurane
anesthesia with stainless steel electrodes (120 um) targeting the ipsilateral BLA and pPCX (BLA: AP — 3.0 mm,
ML +4.9 mm from bregma, DV — 7.0 mm from brain surface; pPCX: AP — 1.5 mm, ML+ 5.6 mm, DV — 9 mm
from bregma). The electrodes and reference were secured to the skull with dental cement, and the scalp sutured.
Rats received injections of the analgesic BuprenorphineSR (0.1 mg/kg, s.c. injection) and the antibiotic Enrofloxa-
cin (5 mg/kg s.c.) prior to recovery. Animals were allowed to recover 1 week prior to handling and differential
odor threat training. Transmitted recordings were acquired with a receiver under the training chamber and
digitized (10 kHz) using Spike2 software (Cambridge Electronic Design, LTD). Recordings were made through-
out training and testing, as well as during a 0.5-1 h home cage spontaneous activity session. Spontaneous and
stimulus evoked activity were analyzed in both the BLA and pPCX with FFT (2.4 Hz bins, Hanning window
in Spike2 software [CED, Inc]). In addition, coherence between BLA and pPCX activity was assessed with the
cohere script in Spike2 with a resolution of 2.4 Hz. Odor-evoked activity was specifically assessed during the
first 5 s of odor presentation. Full spectrum (0-100 Hz) and high gamma band (61-90 Hz) activity were used
for analyses as described in the Results. Following all testing, animals were perfused and electrode positions
within the BLA and pPCX confirmed.

Excitotoxic lesions of the pPCX were induced with ibotenic acid in some animals. Under isoflurane anesthesia,
rats received bilateral infusions at three sites in the pPCX, each consisting of 2.5 ug of ibotenic acid dissolved in
0.25pL PBS or 0.25pL PBS alone as a control. The infusion cannula was lowered to the desired site and allowed
to infuse at a rate of 0.25uL/min for 5 min. After the infusion was complete, the cannula was left in place an
additional 10 min to allow for diffusion. Rats received infusions at 3 sites bilaterally for a total of 6 injection sites
at the following coordinates (all relative to bregma in mm) as shown in Table 1.

Following surgery, rats received injections of the analgesic BuprenorphineSR (0.1 mg/kg, s.c. injection), the
antibiotic Enrofloxacin (5 mg/kg s.c.), and an i.p. injection of 0.2 mL diazepam (5 mg/mL) prior to recovery.
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Plane Site 1 Site 2 Site 3
AP -0.38 -2.0 =32
ML +5.4 +5.6 +5.8
DV -9.2 -9.8 -10.0

Table 1. Coordinates for ibotenic acid infusions into the pPCX to all extended damage across the rostral-
caudal extent.

Following a week of recovery, rats began handling and differential odor threat training as described above. At
least 2 days following odor threat testing, animals were tested for anosmia with the buried food test>%. Rats were
placed in a clean standard housing cage with a familiar bacon-scented food pellet buried under the wood chip
bedding. The latency to find the food was scored, with a 300 s maximum session length. In addition, rats were
tested in an open field arena (black arena 66 x 66 x 38 cm, W x L x H) to assess hyper/hypo-activity that may
have been induced by the lesions. Total open field session duration was 300 s. Following all tests, animals were
perfused and lesions reconstructed to confirm localization to the pPCX.

For optogenetic manipulations, rats received bilateral infusions of AAV5-CaMKIIa-eArchT3.0-eYFP (ArchT,
3x10'2 IU/mL) under isoflurane anesthesia. Bilateral holes were drilled (AP — 3.0 mm, ML +4.9 mm from
bregma) for cannula access. The infusion cannula was lowered to the desired site (DV — 8.0 mm from brain
surface) and used to infuse at a rate of 0.1uL/min for 3 min. Once infusion was completed, the cannula was left
in place an additional 10 min to allow for diffusion. For optogenetic control (e.g., viral expression, light-induced
tissue heating, etc.) animals were infused with AAV5-CaMKIla-eYFP (2.5x 10'2 IU/mL; UNC Vector Core) in
the same manner.

During the same surgery, rats had optical fibers (200 pum diameter, Doric) implanted. Optical fibers were
targeted bilaterally at either the BLA or the pPCX. For those targeting the BLA, implant coordinates were AP
- 3.0 mm, ML £4.9 mm from bregma, DV — 7.0 mm from brain surface. For those targeting pPCX, implant
coordinates were AP — 1.5 mm, ML +5.6 mm, DV — 9 mm all from bregma. The fiber implant was secured to the
skull with dental cement and bone screws. The scalp was sutured around the exposed optical fiber headcap. Rats
received injections of the analgesic BuprenorphineSR (0.1 mg/kg, s.c. injection) and the antibiotic Enrofloxacin
(5 mg/kg s.c.) prior to recovery and given at least 7 days for recovery.

Animals were trained and tested in the differential odor threat paradigm described above. Prior to training,
animals were habituated to having their optical fiber implants connected to optical cables which were connected
to a 532 nm laser (Shanghai Laser) through an optical swivel (Doric) which allowed free movement within the
chamber. For optical suppression of the BLA or BLA projections selectively to the pPCX the laser was turned
on (>8mW) continuously beginning 1 s prior to onset of the CS+ odor and ramped down over 200 ms starting
at the end of the odor/shock, similarly to previously described®. This ramp down reduces excitatory rebound
that can occur following prolonged suppression®’. The random 5 s noise stimuli that occurred during training
to reduce significance of potential olfactometer noise was also associated with laser stimulation to reduce the
behavioral significance of light flashes. Additional optogenetic controls included viral control as described above
and animals that were connected to optical cables but had no light stimulation (see “Results”). For those rats
receiving optogenetic suppression during testing, the same level and timing of light evoked suppression was
instead applied during both CS+and CS— odor presentations during the testing phase. Following testing, animals
were perfused and viral infections limited to the bilateral BLA were confirmed.

Following the completion of testing, rats were overdosed with urethane (3 g/kg) prior to transcardial perfu-
sion with PBS followed by 4% paraformaldehyde. Brains were extracted and stored in 20% glycerol prior to being
sliced at 40 um coronal sections for histological verification of lesion, electrode, fiber optic and viral infection
locations. Virus expression was amplified with immunohistochemistry for YFP and confirmed using standard
fluorescent microscopy or confocal microscopy.

Data were analyzed with two-way ANOVA across conditions, trials and stimuli as applicable, and appropriate
post-hoc comparisons, using Prism 9 software. Additional details of statistical comparisons are provided with
each assay in the Results.

Results
Functional connectivity between pPCX and BLA was enhanced during acquisition and expression of learned odor
threat. Rats were implanted with electrodes targeting the BLA and ipsilateral pPCX for telemetered simultane-
ous LFP recordings. Animals (Paired, n=11) were trained in a differential odor threat conditioning paradigm,
with one odor (CS+, odor = vanilla extract) predicting footshock and another (CS—, odor = peppermint extract)
predicting no footshock (i.e., safety)*. Two control groups included an Unpaired group that received the same
number of footshocks and odor stimuli but with no association between the odors and shock (n=8) and an Odor
only control (n=7) that was exposed to the same odor stimulation protocol, but no footshocks were delivered.
Twenty-four hrs later, odor-evoked freezing was assessed in a novel context. Spontaneous and odor-evoked LFP
recordings were obtained throughout the training and testing procedure, as well as spontaneous LFPs in the
homecage (Fig. 1A).

Differential threat conditioning induced odor-specific freezing (Fig. 1B) in the Paired animals compared to
both controls (3 x 2, group X odor ANOVA, main effect of group, F(2,23) =113.2, p<0.0001). A post-hoc t-test
revealed the Paired animals froze significantly more to the CS+ than to the CS— (t(10) =2.05, p=0.033).
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Figure 1. (A) Rats were implanted with electrodes in the BLA and pPCX for LFP recordings of odor-evoked
and spontaneous local oscillations and BLA-pPCX coherence in the homecage, during odor-shock or control
conditioning, and odor-evoked responses 24 h later in a different context. (B) Odor threat conditioning evoked
freezing to the CS+odor and significantly less freezing to the CS— odor (carat signifies CS+ evoked freezing was
significantly more than CS— evoked freezing, p <0.05). Paired animals froze significantly more than un-shocked
Controls (asterisks signify p <0.05).

Responses to the CS+and CS— odors were examined during the first 5 s of stimulation in both the BLA and
pPCX with FFT analyses expressed relative to baseline oscillatory activity recorded in the home cage. Two ani-
mals in the Paired group had poor quality recordings (large movement artifacts) and were not included in the
data analysis, leaving n=9. Two animals in the Unpaired group similarly had large movement artifacts in both
channels and were removed, leaving n=6. For statistical data analyses, the mean power was calculated across
the first 5 trials of both the CS+and CS— (trials 1-5), and the last 5 trials of the CS+ (trials 6-10) and CS— (trials
26-30). Odor evoked activity was also examined during testing as the mean of the 3 CS+and CS—- novel context
trials. As shown in Fig. 2, with this paradigm the most robust training-associated changes in oscillatory activity
relative to control animals were in high gamma frequency band (61-90 Hz) in both the BLA and pPCX.

As shown in Fig. 3, odor-evoked oscillatory activity was modified in both the BLA and pPCX over the course
of training relative to controls. For the CS+, BLA high gamma band (61-90 Hz) response was significantly
enhanced by the end of training in Paired animals compared to Controls (repeated ANOVA, group X trial, main
effect of group F(2,21) =3.87, p=0.037, post-hoc Fisher tests revealed significantly larger gamma responses in
Paired animals compared to controls on trials as indicated in Fig. 3). A similar trend was observed in the pPCX
response to the CS+ (repeated ANOVA, group X trial, main effect of group F(2,20)=3.22, p=0.06, post-hoc Fisher
tests revealed significantly larger gamma responses in Paired animals compared to controls as indicated in Fig. 3).

Similar elevated gamma oscillations were seen in the BLA and PCX in response to CS—. In the BLA there was
a significant effect of Trial (F(4,72=4.03, p=0.006) and a main effect of Group (F(2,21) =3.94, p=0.035). Post-
hoc tests revealed significantly larger gamma responses in Paired animals compared to controls as indicated in
Fig. 3. Similarly, in the pPCX there was a significant effect of Group (F(2,20=4.71, p=0.021) and Trial interaction
(F(4,65)=2.84, p=0.036). Post-hoc tests revealed significant differences between groups as indicated in Fig. 3. No
significant changes in gamma activity were observed when the last 5 s of the CS odors (immediately preceding
the shock [CS+] or no shock [CS—] events) was examined (data not shown).

Across both regions and stimuli, the effects were primarily driven by reductions in gamma band odor-evoked
responses over the course of training in Control animals and relatively maintained responses in Paired animals
(Fig. 3). During testing 24 h after training, there were no significant differences between Paired and Control
odor-evoked gamma to either the CS+or CS— in either the BLA or pPCX (Fig. 3E and F).

While odor evoked activity was modified in both BLA and pPCX, was functional connectivity between these
regions changed by odor threat conditioning? BLA-pPCX gamma coherence during the first 5 s of CS+and
CS- odors was expressed as a proportion of gamma coherence recorded in the home cage (Fig. 4). There was
no significant difference between coherence in the home cage between Paired, Unpaired and Odor-only rats
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Figure 2. (A) Examples of electrode implants (red asterisks) in the BLA and pPCX and regional localization
across animals of targeted areas. Schematic brain images were modified from Paxinos and Watson””. (B)

Mean FFT’s normalized to spontaneous activity recordings taken in the homecage from the BLA and pPCX in
response to the CS+and CS— odors in Paired, Unpaired and Odor only animals. Mean activity is plotted over the
first 5 and last 5 training trials for each odor in each location. The most robust differences between Paired and
control groups were in the high gamma band (61-90 Hz), highlighted by the horizontal bar.
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Figure 3. Normalized odor-evoked high gamma response for each of the first 5 trials and last 5 trials of the
CS+and CS- in both regions. The CS + was delivered 10 times and the CS— was deliver 30 times. High gamma
was significantly greater in Paired animals than controls in both the BLA (A, B) and the pPCX (C, D), with
differences emerging within the first 5 trials for the CS+but not until later trials for the CS— (asterisks signify
significantly larger responses in the Paired animals compared to specific controls as identified with vertical lines,
p<0.05). No differences were observed during testing in either the BLA (E) or pPCX (F).
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Figure 4. Odor-evoked BLA-pPCX LFP coherence in the high gamma band normalized to spontaneous
coherence in the homecage. During training, coherence was significantly greater in Paired animals than either
control group (ANOVA group X stimulus interaction, p <0.05) with the largest differences expressed over the
last 5 trials of the CS+and CS-. The odor-evoked BLA-pPCX coherence was enhanced during training and test
compared to that observed in the homecage only in Paired animals (asterisks signifies significant difference from
1.0, p<0.05) and not in either control groups.

(ANOVA, p=0.36, NS). Normalized BLA-pPCX gamma coherence increased over the course of paired condi-
tioning compared to controls (3 x 4, group X stimulus ANOVA, main effect of stimulus, F(6,54) =3.05, p=0.012,
group X stimulus interaction, F(1,25) =3.99, p =0.044). Planned post-hoc tests to determine whether coherence
had significantly changed from that observed in the home cage showed that BLA-pPCX coherence during the
last five presentations of the CS+and CS— were significantly enhanced only in the Paired animals. Paired ani-
mals showed normalized odor-evoked coherence significantly greater than 1 during the last 5 trials to both the
CS+and CS— (t-tests, p <0.05), while Unpaired and Odor-only controls did not, suggesting an enhancement in
connectivity over the course of training. Twenty four hours post conditioning, when tested in a novel context,
BLA-pPCX gamma coherence was significantly enhanced to both the CS+and CS- in Paired animals com-
pared to Controls (3 X 2 group X stimulus interaction, ANOVA, main effect of group, F(2,18) =3.72, p=0.044).
Paired animals showed normalized odor-evoked coherence significantly greater than 1 during testing to both the
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Figure 5. (A) Representative ibotenic acid lesion of the pPCX from a single animal and representative control.
Ibotenic acid lesion induced cell loss in regions of pPCX layer II are highlighted with red lines. Scale bar=1 mm.
(B) Reconstruction of the extent of lesion in one animal. Gray zone is Layer II of the pPCX. Red areas highlight
regions of cell loss. Schematic brain images were modified from Paxinos and Watson””. (C) Animals with partial
cell loss in pPCX showed a significant reduction in odor-evoked freezing after odor threat conditioning. Small
asterisks signify significantly more freezing to the CS+ than other odors in both the Control and Lesion groups
(p<0.05). Large asterisk signifies significantly less freezing in the Lesioned group compared to Control (ANOVA
main effect of group, p <0.05).

CS+and CS— (t-tests, p <0.05), suggesting maintained enhancement in BLA-pPCX connectivity during testing,
while neither control group showed enhanced coherence.

Together, these results demonstrate a learning-induced change in odor-evoked activity in both the BLA and
pPCX, though in this paradigm these regional changes were not detected at testing. In contrast, threat condi-
tioning also enhanced functional connectivity between the BLA and pPCX, which was maintained for at least
24 h. While there is extensive evidence that the BLA is required for acquisition, and at least initial periods of
expression of learned responses to threat™>®, the focus here is on whether both the BLA and pPCX play critical
roles in odor threat conditioning, and the specific role of BLA-pPCX interaction in this learned behavior. Thus,
as an important next step we simply asked whether the pPCX was necessary for normal odor threat conditioning.

The pPCX is necessary for olfactory threat conditioning. Ibotenic acid infusions into the pPCX induced robust
cell loss in layer IT and III as shown in Fig. 5A and B. Control animals infused with saline showed no signs of cell
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loss. These excitotoxic pPCX lesions prior to odor threat conditioning (10 CS+ [vanilla] pairings with footshock
and 30 CS- [peppermint] presentations) significantly reduced odor-evoked freezing in a novel context (Fig. 5C).
Odor-evoked freezing was reduced to both the CS+and CS—, as well as to a novel control odor (isoamyl acetate)
presented only during testing (Fig. 5C). A 2 X 3 ANOVA (group X stimulus) showed a significant main effect
of both group and stimulus (group, F(1,42) =5.53, p=0.024; stimulus, F(2,42) =4.12, p=0.025). Post-hoc tests
revealed freezing was significantly greater to the CS+ than the other odors in both the control (n=5) and lesioned
(n=9) animals, though overall odor-evoked freezing was less in lesioned rats. pPCX lesioned animals were not
anosmic as determined with a buried food task. All control and lesioned animals tested found the food within the
300 s trial (latency to find and retrieve food, controls=163+35 s, pPCX lesioned =165.5+15.5 s). Furthermore
there was no effect on activity levels in an open field test (total distance traveled, controls =20.5 + 2.4 m; pPCX
lesion=21.2+2.7 m, t-test, t(12) =0.18, p=0.85). These data further demonstrate a critical role for the pPCX in
odor threat conditioning™.

Thus, odor threat conditioning enhances functional connectivity between the BLA and pPCX, and an intact
pPCX is important for full acquisition/expression of learned odor threat. We next examined whether pPCX
involvement in odor threat conditioning was related specifically to its input from the BLA.

BLA input to pPCX is necessary for odor-specific learned threat response. Animals (n=67) received bilateral
infections of AAV5-CaMKIIa-eArchT3.0-eYFP to the BLA (Fig. 6A) and bilateral optical fibers implanted target-
ing either the BLA or the pPCX (Fig. 6B). Optogenetic controls included control virus infections (AAV5-CaM-
KlIa-eYFP) or AAV5-CaMKIIa-eArchT3.0-eYFP infections with no light applied (no difference in behavioral
outcomes was detected between these control groups). Following histological confirmation of infections limited
to the bilateral BLA, data from 42 animals were included in the analysis (Control n=9; BLA suppression during
acquisition n=6; BLA suppression during testing n=6; BLA fiber suppression within pPCX during acquisition
n=11; BLA fiber suppression within pPCX during testing n =10). Following at least 4 weeks of recovery, the
different optical fiber placements allowed suppression of either neurons within the BLA and all of their projec-
tions, or selective suppression of BLA projections to the pPCX during odor threat conditioning or during odor
threat expression. Animals were conditioned as in the protocols above in a differential odor threat conditioning
paradigm with a CS+ odor signaling shock and a CS— odor signaling safety. In some animals, activity in CAMKII
expressing BLA neurons was suppressed with 532 nm light (>8mW) during CS+/shock exposure during training
while other animals were trained without optogenetic suppression and instead had suppression imposed during
testing stimulus exposure.

As shown in Fig. 6C, controls animals learned an odor specific freezing response, showing significantly greater
freezing to the CS+ than to the CS—. In contrast, optogenetic suppression of BLA activity during the CS+/shock
presentations during training blocked acquisition of a learned odor threat response. Selectively suppressing BLA
projections to the pPCX during training, however, had no significant effect on odor specific threat learning, with
animals showing significant freezing to the CS+and significantly less freezing to the CS—. This suggests that BLA
input to the pPCX is not necessary for acquisition of normal odor specific threat responses.

However, suppression of either the BLA or selectively of the BLA projection to the pPCX during testing
disrupted expression of normal odor-specific threat responses. Animals in both groups showed normal lev-
els of freezing to the CS+, but showed non-specific, generalized freezing to the CS— (2-way ANOVA, optical
manipulation X stimulus, main effect of stimulus, F(1,37) =21.17, p <0.0001; main effect of optical manipula-
tion, F(4,37) =7.48, p=0.0002; post-hoc tests revealed CS+vs CS— differences in Control, p=0.0007 and pPCX
training, p=0.014, but not between other stimuli in other groups).

Discussion

The present results demonstrate that the BLA and pPCX function in concert to allow odor-specific learned threat
responses®®. Specifically, both optogenetic suppression of BLA activity and pPCX lesions impaired learned threat
acquisition, suggesting that both regions are critical for normal odor threat conditioning and/or expression. Dual
BLA and pPCX LFP recordings during differential odor threat conditioning was used to better understand this
cross talk. Specifically, there was enhanced odor-evoked high gamma band coherence between the BLA and pPCX
both during acquisition and during testing 24 h later, suggesting increased connectivity between these regions as
acquisition progressed, which continued after conditioning through testing the next day. This enhanced coher-
ence was expressed to both the CS+and the CS—, suggesting information about both the learned threat odor
and the learned safety odor was expressed in this circuit®. Although selective suppression of the BLA input to
the pPCX during training did not affect odor-specific learned fear, suppressing that connectivity during testing,
either by optogenetic suppression of the BLA or by selective suppression of BLA projections to the pPCX induced
generalized odor threat responses, rather than odor specific threat. These results suggest that a critical role of
BLA input to the pPCX is either to enhance olfactory acuity during expression allowing differential behavioral
responses to odors, or to assign threat/safety valence to odor representations within the pPCX, again to allow
differential odor responses. Additional research will be required to distinguish between these two mechanisms;
however, prior work has demonstrated that BLA input modifies single-unit ensemble odor coding within pPCX*’,
suggesting some BLA modulation of pPCX odor processing.

Odor threat conditioning enhanced high gamma band LFP oscillations in both the BLA and pPCX during
acquisition and enhanced high gamma band BLA-pPCX coherence during acquisition and expression. Previ-
ous work has demonstrated that odor threat conditioning induces changes in odor-evoked activity in both the
BLA?>#1:60 and PCX?*?62*%3 among other regions'>**¢! which can be long-lasting. It is unclear why the paradigm
used here did not induce changes in LFP odor-evoked responses that were expressed 24 h after conditioning
when tested in a novel context. However, BLA-pPCX coherence was maintained throughout both acquisition and
expression, suggesting a lasting change in this circuit selectively induced by threat conditioning. In addition, both
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Figure 6. (A) Example of AAV5-CaMKIIa-eArchT3.0-eYFP infusion into the BLA. Animal was perfused

2 months after the experiment was completed, thus some viral over-expression is observed. Optical fiber

track is not in this section. Lower right panel shows YFP labels BLA fibers within pPCX. Scale in inset=100y.
(B) Experimental design. AAV5-CaMKIIa-eArchT3.0-eYFP, or control virus, was infused bilaterally in the
BLA. Optical fibers were implanted bilaterally targeting either the BLA or BLA fibers within the pPCX to

allow suppression of activity within the BLA or selectively BLA projections to the pPCX during odor threat
conditioning or testing. (C) Odor-evoked freezing to the CS+and CS— in each group. Viral/light Controls froze
significantly more to the CS+ than the CS—, as did animals that had BLA projections to the pPCX suppressed
during training (asterisks signify significant difference between CS+and CS—, p <0.05). Suppression of the BLA
during training blocked threat conditioning (# signifies significant difference from all other groups, p <0.05).
Suppression of the BLA, or selectively of the BLA projection to the pPCX during testing, however, did not
impair expression of CS+evoked freezing, but did enhance generalization to the CS—. There were no differences
in odor-evoked freezing between the CS+and CS- in these groups.

learned and innate aversive odors have been reported to induce changes in a variety of LFP oscillation frequencies
in including theta, beta, and gamma band in the olfactory system, amygdala or other related structures?#>6263,
The LFP results reported here were primarily within the gamma band which replicates previous work showing
enhanced gamma oscillations in the PCX during this odor fear conditioning protocol*’. BLA gamma oscillations
have been shown to be robust and sensitive to sensory input® and in the olfactory system can be indicative of a
period of high synchrony in neural firing which is an effective way to drive downstream targets®. The present
results also strengthen previous data demonstrating that gamma oscillation amplitude is sensitive to odor learn-
ing and experience*>%*%,

Activity within the BLA encodes both threat and safety®>¢, and distributed BLA output projections can drive
either threat- or reward-appropriate behavioral responses via the central nucleus of the amygdala or nucleus
accumbens, respectively®. In the auditory system where it has been most thoroughly investigated, the stimulus
specificity of these learned behaviors has been shown to be dependent on the specificity of sensory inputs, either
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via the thalamus or sensory neocortex®’~%. Auditory threat conditioning modifies tone evoked responses and
receptive fields of auditory cortical neurons®””’*”! and auditory system lesions’?, or optogenetic suppression of
auditory cortical input to the lateral amygdala® impaired acquisition and expression of stimulus-selective fear.
However, there are also projections from the amygdala to the auditory cortex’®, and those projections are impor-
tant in shaping long latency learned responses of auditory cortical neurons to threatening tones”.

In contrast to the auditory system, however, the reciprocal connectivity between the amygdala and the olfac-
tory pathway is much more robust, with, for example, direct connections between the BLA and the full ante-
rior-posterior extent of the piriform and lateral entorhinal cortex*>’#7>. BLA fibers target both pyramidal cells
and interneurons within PCX*¢. The pPCX, considered a form of association cortex’, receives the strongest BLA
input*®, and optogenetic activation of BLA fibers within the pPCX modulates odor coding?. The present results
suggest that this BLA input is required for expression of odor-specific behavioral threat responses, presumably
via modulation of pPCX ensemble responses to both the threat and safety odors. BLA neurons projecting to
the lateral entorhinal cortex show enhanced responses to threatening stimuli after conditioning’®, thus a simi-
lar mechanism could occur in the pPCX to modify responses to the CS+and CS—*". Differential odor threat
conditioning has been shown to modify PCX single-unit responses to the CS+and CS- in freely moving rats
in a manner that should enhance discriminability of the two odors*. Whether this PCX odor coding change
is due to BLA input, and whether it underlies the observed loss of behavioral odor specificity after BLA input
suppression is currently being examined. Nonetheless, the results suggest that in contrast to auditory threat
conditioning, stimulus specificity in the behavioral expression of odor threat involves a direct BLA modulation
of the sensory cortex.

In summary, the present results suggest that BLA-pPCX connectivity is enhanced by differential odor threat
conditioning, and that suppression of BLA input to the pPCX impairs expression of behavioral response odor
specificity, resulting in threat generalization. This BLA-sensory cortex inter-relationship appears to differ from
the auditory system, reflecting the unique anatomical relationship between the amygdala and the olfactory cortex.
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