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SUMMARY

To better understand the function of cholinergic projection neurons in the ventral pallidum (VP),
we examined behavioral responses to appetitive (APP) and aversive (AV) odors that elicited
approach or avoidance, respectively. Exposure to each odor increased cFos expression and calcium
signaling in VP cholinergic neurons. Activity and Cre-dependent viral vectors selectively labeled
VP cholinergic neurons that were activated and reactivated in response to either APP or AV odors,
but not both, identifying two non-overlapping populations of VP cholinergic neurons differentially
activated by the valence of olfactory stimuli. These two subpopulations showed differences

in electrophysiological properties, morphology, and projections to the basolateral amygdala.
Although VP neurons are engaged in both approach and avoidance behavioral responses,
cholinergic signaling is only required for approach behavior. Thus, two distinct subpopulations

of VP cholinergic neurons differentially encode valence of olfactory stimuli and play distinct roles
in approach and avoidance behaviors.
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Differences:

Kim et al. identify two distinct subpopulations of VVP cholinergic projection neurons activated
by an appetitive vs. aversive odor. These two subpopulations display different properties,
which indicate differential integration of each subpopulation into neural circuits. These results
demonstrate functional heterogeneity of VP cholinergic neurons.

INTRODUCTION

Proper decision making is critical for survival in a dynamic environment with both appetitive
(APP) and aversive (AV) stimuli. This entails motivation to approach and retrieve rewarding
stimuli as well as motivation to avoid harmful stimuli. The first step in any behavior

is the ability to properly encode valence.! The valence of the stimulus (either positive

or negative) then directs the animal toward an appropriate behavioral output. Generally,
animals demonstrate approach behavior toward positive valence stimuli while avoiding
negative valence stimuli.1=3 Misattributions of valence can lead to maladaptive behaviors.
Furthermore, prolonged improper valence encoding can lead to the development of
psychiatric diseases such as drug addiction and depression.#> Examining the brain regions
and neural circuits that underlie proper valence encoding is essential to understanding the
mechanisms underlying motivated behaviors.
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The ventral pallidum (VP) is involved in mediating motivated behaviors.6-10 The VP
coordinates limbic inputs and regulates motivated behaviors in response to these inputs.8-11
The VP has been implicated in a variety of neuropsychiatric disorders that are characterized
by motivational imbalance, including drug addiction, depression, stress, and anxiety.12~

16 The VP modulates motivation via the activity of multiple different cell types. y-
aminobutyric acid (GABA) projection neurons in the VP increase motivation to receive

a rewarding stimulus.17:18 For example, optogenetic stimulation of VP GABA neurons
makes a stimulus appear more rewarding and can drive reinforcement behavior.%17 In
contrast, stimulation of glutamatergic projection neurons in the VP enhances aversive
responses, leading to avoidance.%17

In addition to GABA and glutamate neurons, the VP includes a small population of
cholinergic neurons that project out of the VP to targets that include the basolateral
amygdala (BLA), medial prefrontal cortex (mPFC), and thalamus.8:17:19 The functional
significance of VP cholinergic projection neurons is unclear. Stephenson-Jones and
colleagues identified a cluster of VVP neurons, described as type | neurons, whose firing
patterns differed from that of either VP GABAergic or glutamatergic neurons.? Unlike VP
GABA or glutamatergic neurons, these neurons responded to both aversive and rewarding
stimuli.® These type | VP neurons were hypothesized to be salience-encoding cholinergic
neurons, since their activity patterns resemble those of cholinergic neurons in other parts of
the basal forebrain that respond to both reward and punishment.20

Despite the known presence of cholinergic projection neurons in the VP, the functional
significance of these neurons remains unknown. Although VP GABA and glutamate neurons
have a unique role in processing rewarding vs. aversive behaviors, the role of VP cholinergic
neurons in approach vs. aversive behaviors is unknown. Accordingly, we utilized activity-
and Cre-dependent viral vectors to permanently label activated VP cholinergic neurons in
distinct behavioral contexts. Here, we demonstrate that the VP includes two non-overlapping
subpopulations of cholinergic neurons: one activated in response to APP odors and a second,
distinct subpopulation activated in response to AV odors. These two subpopulations of VP
cholinergic projection neurons are spatially intermingled within the VP but are differentiated
from one another in several key characteristics including electro-physiological properties,
overall neuronal morphology, and projections to downstream brain regions. Importantly,
although VP cholinergic neurons are engaged in APP and AV behavioral responses, VP
cholinergic signaling is required for approach behavior, whereas AV behaviors are not
exclusively dependent on VP cholinergic signaling.

APP and AV odors elicit innate behavioral responses

To examine whether VP cholinergic neurons were engaged in APP and/or AV behaviors,

we first measured behavioral responses to an APP odor (2-phenylethanol) and an AV odor
(predator odor, mountain lion urine) (Figure 1A). In a preference test between saline (SAL)
and the APP odor, mice spent significantly more time in the arm with the APP odor ({16) =
-5.7, p <0.001; Figures 1B and 1C), indicating approach to the APP odor. In contrast, in a
preference test between SAL and the AV odor, mice spent significantly more time in the arm
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with SAL (414) = -5.06, p < 0.001; Figures 1B and 1C), indicating avoidance of the AV
odor. Neither the APP nor the AV odor affected total distance traveled or velocity (Figures
S1A and S1B). We did not find any sex differences in approach or avoidance behavior in
response to odor exposure (Figures S1C and S1D).

Approach and avoidance behaviors engage VP cholinergic neurons

To test whether immediate-early gene expression (cFos) was increased in VP cholinergic
neurons following odor exposure, mice were euthanized ~45 min following the odor
preference test (Figures 1A-1C), and fixed tissue slices containing the VP were stained
with antibodies recognizing choline acetyltransferase (ChAT; cholinergic neurons) and cFos
(as a marker of neuronal activation) (Figures 1D and 1E). The total number of cFos* cells
in the VP significantly increased following exposure to either odor (A2, 64) = 12.79, p <
0.001; pairwise comparisons: APP vs. SAL [t=4.29, p <0.001], AV vs. SAL [f=4.64,p

< 0.001]; Figure 1F, right). Cholinergic neurons were activated following exposure to either
odor (number of co-localized ChAT and cFos* neurons [Figure 1G, left]: A2, 64) = 4.19, p
< 0.05; pairwise comparison: APP vs. SAL [t=2.77, p < 0.05], AV vs. SAL [t=2.26,p <
0.05]; percentage of ChAT neurons that were cFos™ after odor exposure [Figure 1G, right]:
A2, 64) = 4.35, p < 0.05; pairwise comparisons: APP vs. SAL [#=2.63, p < 0.05], AV

vs. SAL [£=2.59, p < 0.05]). The number of cholinergic neurons identified was equivalent
between groups (ChAT counts; Figure 1F, left).

VP cholinergic neurons display time-locked increases in calcium activity in direct
response to each odor

To examine the activity of VP cholinergic neurons in direct response to each odor, we

used Cre-dependent GCaMP6f and /in vivo fiber photometry to measure calcium responses
of VP cholinergic neurons during timed odor delivery. Both the APP odor (Figures 11,

1K, and 1M) and the AV odor (Figures 1J, 1L, and 1N) increased calcium activity of VP
cholinergic neurons during the 10-s delivery of each odor. The area under the curve (AUC)
was significantly increased during each APP odor delivery (A4, 34) = 14.28, p < 0.001,
Figure 1K; pairwise comparisons: APP 1 vs. pre-odor [#=6.35, p < 0.001], APP 1 vs.
post-odor [¢=5.66, p < 0.001], APP 2 vs. pre-odor [#= 3.02, p < 0.05], APP 3 vs. pre-odor
[t=4.74, p <0.001], APP 3 vs. post-odor [¢= 4.04, p < 0.05]). Likewise, the integrated
Ca?* signal (AUC), was significantly increased following each AV odor delivery (A4, 34)
=12.34, p < 0.001, Figure 1L; pairwise comparisons: AV 1 vs. pre-odor [£=5.78, p <
0.001], AV 1 vs. post-odor [£=5.15, p < 0.001], AV 2 vs. pre-odor [¢=4.16, p < 0.05],

AV 2 vs. post-odor [#=3.53, p < 0.05], AV 3 vs. pre-odor [£= 3.81, p < 0.05], AV 3 vs.
post-odor [¢=3.19, p < 0.05]). The maximum Zscore x F/Fwas significantly increased
during the first APP odor (A4, 34) = 4.4, p < 0.05; £=3.69, p < 0.05; Figure 1M) and first
AV odor (A4, 34) =5.19, p < 0.05; £=3.90, p <0.05; Figure 1N). These results corroborate
our immunohistochemistry (IHC) results and confirm that both APP and AV odors directly
engage VP cholinergic neurons.
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Silencing VP cholinergic neurons not only abolishes but reverses approach behavior to
active avoidance of the APP odor

To test the requisite participation of VP cholinergic neurons in approach or avoidance
behaviors, we used a Cre-dependent inhibitory designer receptor exclusively activated by
designer drugs (DREADD) to silence cholinergic neurons in the VP (Figure 2). Previous
experiments have demonstrated the efficacy of DREADD:s for altering the activity of
cholinergic neurons and for influencing behavior.16:21-24 |n a preference test with the APP
odor, mice in the sham group (eGFP only + clozapine) exhibited approach to the APP

odor (Figures 2B [left] and 2C). In contrast, hM4Di inhibition of VP cholinergic neurons
abolished this effect, and mice spent significantly more time in the SAL arm than in the arm
with the APP odor (£8) = 4.21, p < 0.05; Figures 2B [right] and 2C), consistent with active
avoidance of the APP odor. Thus, VP cholinergic signaling not only is required for approach
behavior, but inhibition of cholinergic neurons in the VP leads to active avoidance of the
APP odor.

In contrast to the dramatic effects of hM4Di inhibition of VP cholinergic neurons on the
reversal of approach to the APP odor, the behavioral response toward the AV odor was
resistant to VVP cholinergic inhibition. In a preference test with the AV odor, mice in the
sham group exhibited avoidance of the AV odor (Figures 2D [left] and 2E). Mice with
hM4Di inhibition of VP cholinergic neurons also displayed avoidance of the AV odor
(Figures 2D [right] and 2E). These results indicate that inhibition of cholinergic signaling
in the VP was not sufficient to alter avoidance of the AV odor. These results were not due
to any hM4Di-induced changes in behavior, as mice in both groups displayed comparable
locomotor activity (Figures S3A-S3D). Furthermore, mice with hM4Di inhibition of VP
cholinergic neurons displayed equal time spent in each arm during a preference test with
SAL in both arms of the Y-maze (Figures S3E and S3F), further indicating that hM4Di
inhibition of cholinergic neurons did not induce general changes in behavior.

Distinct and non-overlapping subpopulations of VP cholinergic neurons are activated in
response to APP vs. AV odors

Exposure to either odor led to cFos expression in equivalent numbers (~20%) of VP
cholinergic neurons (Figures 1D-1G) and resulted in a similar increase in calcium

activity (Figures 1H-1N). To determine whether the same or distinct subpopulations of

VP cholinergic neurons were activated in response to each odor, we injected the VP of
ChAT-Cre x Fos-tTA/GFP mice, with an activity-dependent and Cre-dependent viral vector
expressing an inhibitory DREADD, AAVg.DIO.TRE.hM4Di.P2A. mCherry (ADCD).25

In activated cholinergic neurons, tetracycline transactivator (tTA) will drive hM4Di and
mCherry expression when mice are off doxycycline (DOX)-containing food. Injected mice
were switched from a DOX-on to DOX-off diet, exposed to SAL, APP, or AV odor, then put
back on DOX chow. Twenty-four hours later, mice were exposed to the same or a different
odor and then processed for ChAT and GFP (to amplify the cFos-GFP signal) IHC (Figure
3A). This design enables VP cholinergic neurons activated on day 1 (i.e., test 1) to be
ChAT* and ADCD*, and neurons activated on day 2 (i.e., test 2) to be ChAT" and cFos*.
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Very few ADCD™ or cFos™ VP cholinergic neurons were detected in animals exposed and
re-exposed to SAL (Figure 3B). Both the first exposure and the re-exposure to either the
APP odor or the AV odor activated VP cholinergic neurons (ChAT*/ADCD™, ChAT*/cFos*;
Figures 3C and 3D). Notably, in each case, virtually all of the ADCD* VP cholinergic
neurons (activated during the first exposure) were also cFos* (reactivated during the second
exposure).

In a distinct cohort of animals, we switched the second odor presented so that it was distinct
from the first odor (i.e., from APP to AV or vice versa: Figure 4A). In these mice, we found
that similar numbers of VP cholinergic neurons were activated during the first odor exposure
(ChAT*/ADCD", Figures 4B and 4C) and during the second odor exposure (ChAT*/cFos*,
Figures 4B and 4C) as seen in the previous cohort (compare Figures 3C and 3D with Figures
4B and 4C). However, in these mice there were essentially no reactivated VP cholinergic
neurons regardless of which odor was presented first (i.e., no ADCD*/cFos* VP cholinergic
neurons).

Importantly, the number of ChAT* neurons was not significantly different across
experiments (Figure S5A), and both odors increased the number of ADCD* (Figure S5B)
and cFos™ (Figure S5C) neurons, regardless of which day the odor was presented. In sum,
each odor significantly increased the number of activated VVP cholinergic neurons compared
to SAL (Figures S6A and S6B). However, the number of reactivated VP cholinergic neurons
(ChAT*/ADCD*/cFos* neurons) was dependent on which odor was presented on day 2. If
mice were exposed to the same odor on days 1 and 2, there was a significantly greater
number of reactivated VP cholinergic neurons (A3, 17) = 68.8, p < 0.001; Figure 4D,
APP/APP and AV/AV compared to APP/AV and AV/APP), whereas if mice were exposed to
a different odor on day 2, there was no overlap between ChAT*/ADCD™* and ChAT*/cFos*
VP cholinergic neurons. This indicates that VVP cholinergic neurons that were activated in
response to the first odor are not reactivated when mice are exposed to a distinct odor on day
2. We replicated these findings using the robust activity marking (RAM) system in C57 mice
(Figures S7 and S8).

To further examine whether the activation of VP cholinergic neurons was odor specific

or determined by valence, we repeated our ADCD/cFos labeling experiments using two
distinct APP or AV odors (Figure S9). One cohort of mice was exposed to the APP odor
(2-phenylethanol) on day 1 and exposed to another APP odor (peanut butter oil) 24-h later
(day 2). In these mice, ~80% of VP cholinergic neurons activated on day 1 were reactivated
on day 2 (Figures S9A and S9B). A second cohort of mice was exposed to the AV odor
(mountain lion urine) on day 1 and exposed to a distinct AV odor (peppermint oil) on day
2. In these mice, ~70% of day-1-activated VP cholinergic neurons were reactivated (Figures
S9C and S9D). These results indicate that the activation and reactivation of VP cholinergic
neurons are valence specific and not due to the odors themselves.

Selective inhibition of VP cholinergic neurons previously activated by the APP odor
abolishes and reverses approach behavior to the APP odor

To determine the participation of each specific subpopulation of VP cholinergic neurons
in approach to the APP odor and/or avoidance of the AV odor, we used ADCD-hM4Di
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to selectively silence VP cholinergic neurons that were previously activated by each odor
(Figure 5A). As expected, in a preference test with the APP odor, mice in the sham group
displayed the usual approach behavior to the APP odor (Figures 5B [left] and 5C). However,
selective silencing of VP cholinergic neurons that were previously activated by exposure to
the APP odor abolished this behavior ({11) = 2.72, p < 0.05; Figures 5B [right] and 5C).
Particularly striking was that inhibition of previously activated APP odor VP cholinergic
neurons not only blocked approach behavior but in fact elicited active avoidance of the APP
odor.

In a preference test with the AV odor, mice in the sham group displayed avoidance of

the AV odor (Figures 5D [left] and 5E). In sharp contrast to the dramatic effects of

silencing APP-odor-activated VP cholinergic neurons, mice with ADCD-hMA4Di silencing
of VP cholinergic neurons previously activated by exposure to the AV odor had no effect
(Figures 5D [right] and 5E). These results underscore our findings using hM4Di for non-
selective inhibition of VP cholinergic neurons (Figure 2) and were devoid of any changes in
locomotor activity (Figure S10). Combined, our DREADD inhibition experiments show that
inhibition of VP cholinergic neurons (either general silencing or selective inhibition of APP
VP cholinergic neurons) reversed approach to the APP odor and led to active avoidance of
the APP odor.

APP-vs. AV-odor-activated VP cholinergic neurons are intermingled but differ in certain
electrophysiological properties, neuronal morphology, and projections to the BLA

We next examined features that might be shared and factors that might distinguish the two
subpopulations of VP cholinergic neurons. First, for all mice assessed in Figures 3 and 4, we
relocalized the site of ADCD injection and mapped APP- (Figure S11, blue circles) and AV-
odor-responding (Figure S11, orange triangles) VP cholinergic neurons. Across the targeted
regions (bregma +0.62 to +0.14), we found that these differentially activated subgroups of
VP cholinergic neurons are spatially intermingled within the VP (Figure S11).

Next, to ask how the two subpopulations of VVP cholinergic neurons might differ in
electrophysiological properties from each other, we used a Cre-dependent activity marker
(FLEX-RAM)?6 to label each population with ADCD as described above and then used
patch-clamp recordings to quantify different aspects of the electrophysiological profile of
each subpopulation (Figures 6A and 6B). Recordings were performed at least 3 days after
odor exposure to avoid any transient changes in functional profile that might arise from
acute neuronal activation. We compared the properties of APP- and AV-odor-activated VP
cholinergic neurons to a pool of “non-activated” VP cholinergic neurons obtained from
ChAT-tau-eGFP mice maintained in the home cage. Both APP and AV VP cholinergic
neurons displayed a greater rate of maximum firing (A2, 38) = 10.71, pairwise comparisons:
ALL vs. APP £31) =5.36, p < 0.01; ALL vs. AV #27) = 2.80, p < 0.05; Figure 6F) and

sag potential (Figure S12A). Most other passive and active features were shared by control
and odor-sensitive VP cholinergic neurons (Figure S12). However, there were important
differences between APP- and AV-odor-activated VP cholinergic neurons that produced clear
distinctions in their action potential profiles and their relative excitability (Figures 6C—6E).
Specifically, AV-odor-activated VP cholinergic neurons were slightly more hyperpolarized
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than APP-odor-activated VP cholinergic neurons (A2, 38) = 11.39, p < 0.001; pairwise
comparisons: APP vs. AV {18) = 2.72, p < 0.05; Figures 6C and 6G). AV-odor-activated

VP cholinergic neurons also had a smaller amplitude of the afterhyperpolarization potential
(A2, 38) =4.53, p < 0.05; pairwise comparisons: APP vs. AV, t=2.74, p < 0.05; Figures 6D
and 6H). The net effect of the differences in these features underlies the phenotype that APP
VP cholinergic neurons are less excitable than AV VP cholinergic neurons.

All cells examined by electrophysiological recordings were labeled with neurobiotin,
relocalized and identified by post hoc ChAT IHC and by expression of FLEX-RAM.
Relocalized neurons were reconstructed to assess the soma-proximal morphology of APP-
and AV-odor-activated VP cholinergic neurons (Figure 61). A convex hull analysis was
conducted to assess the surface area and volume occupied by APP- vs. AV-odor-activated
VP cholinergic neurons. The convex hull enveloping APP-odor-activated VP cholinergic
neurons was smaller in surface area (A1, 10) = 12.22, p < 0.05; Figure 6J) and volume
(Figure S13C) compared to AV-odor-activated VP cholinergic neurons. APP-odor-activated
VP cholinergic neurons also exhibited a significantly smaller dendrite area (A1, 10) =
26.77, p < 0.05; Figure 6K) and dendrite volume (A1, 10) = 57.31, p <0.05; Figure 6L).

In addition to these features, APP-odor-activated VP cholinergic neurons had a significantly
greater number of intersecting points in a Sholl analysis at distances close to the soma

(at 10 um A1, 10) = -2.69, p <0.05; at 20 pm A1, 10) = -3.16, p <0.05; Figure 6M).

Next, we assessed the percentage of reconstructed neurons whose dendrites reached a

set distance from the soma in a Sholl analysis. The dendritic arbor of ~80% of AV-odor-
activated VP cholinergic neurons extended at least 100 um from the soma, whereas less
than 20% of APP-odor-activated VP cholinergic neurons reached this distance (Figure 6N).
Additional morphometric features that were not statistically different between APP- and
AV-odor-activated VP cholinergic neurons are shown in Figure S13. Overall, these results
consistently demonstrate APP-odor-activated VP cholinergic neurons are smaller and more
complex in their proximal dendritic arbor than AV-odor-activated VP cholinergic neurons.
These data, along with our slice electrophysiology profile of APP- and AV-odor-activated
VP cholinergic neurons, are consistent with potential differences in circuit engagement.

The BLA is a major projection target of VP cholinergic neurons.8:19 To begin to examine
how these two distinct populations of VP cholinergic neurons might differ in their
projections encoding valence, we examined the relative predominance (or lack thereof) of
the APP vs. AV projections to the BLA (Figures 7A-7C and S14). Although we found an
equal number of VP cholinergic neurons that were activated by the APP vs. AV odor (Figure
7D, left), the relative proportion of BLA-projecting APP vs. AV VP cholinergic neurons
was not equivalent. The percentage of BLA-projecting VP cholinergic neurons that were
activated by the AV odor was significantly greater than the number of BLA-projecting VP
cholinergic neurons activated by the APP odor (46) = —2.98, p < 0.05; Figure 7D, right).
This result underscores the predominance of AV encoding VP cholinergic projections to the
BLA.
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DISCUSSION

We identified two non-overlapping subpopulations of VP cholinergic neurons: one activated
in response to APP odors and a second, distinct subpopulation activated in response to AV
odors. We demonstrate that despite being activated in response to both odors, VP cholinergic
neuron activity is absolutely required for approach behavior. These two subpopulations of
VP cholinergic neurons also differ in passive and active electro-physiological properties,
dendritic morphology, and projections to the BLA. These data are consistent with
differential integration of each subpopulation into valence processing circuits.

VP cholinergic neurons are engaged in behavioral responses to both APP and AV odors

Few studies have examined how mice respond to innately pleasant stimuli. The APP

odors used in the present study were 2-phenylethanol (the active component of rose

0il)27 and peanut butter oil. A previous experiment showed that although mice do not
exhibit a preference for 2-phenylethanol, mice display anti-depressive-like behaviors.2” We
demonstrate here that mice display approach to the APP odor. One hypothesis for this
difference is the arena in which the mice were tested. We used two arms of a Y-maze

in which mice were given the ability to freely roam between two arms, likely leading

to the exhibition of approach behavior. Although the VP has a well-established role in
reward-related behaviors such as drug addiction, 112829 the role of \VP cholinergic neurons
in reward behaviors is unclear. 192-1gG-saporin-induced lesions of cholinergic neurons in
the nucleus accumbens (NAc) and VP reduced cocaine self-administration,30 implicating VP
cholinergic neurons in some aspect of reward-related behaviors. Our results show that VP
cholinergic neurons are engaged following exposure to APP stimuli.

Mice reliably display innate avoidance behavior following predator odor exposure.31-38 This
behavior is consistent across multiple predator odors (fox urine, cat urine, mountain lion
urine, 2,5-dihydro-2,4,5-trimethylthiazoline, or peppermint oil). Avoidance of predator odor
is accompanied by numerous neurobiological changes. Among a wide array of effects, the
most notable include cFos activation in brain regions related to stress,3’ the mPFC,3! and the
BLA.38 The results from the current study add to these findings and, along with our previous
work,2® demonstrate that activation of VP cholinergic neurons is another reliable response
following exposure to aversive odors.

VP cholinergic signaling is required for approach to the APP odor

Numerous studies have reported that approach behaviors are more readily manipulated than
avoidance behaviors.3%-41 We show that general silencing of VP cholinergic neurons, as
well as inhibiting APP-odor-activated VP cholinergic neurons, not only blocked approach
behavior but led to avoidance of the APP odor. This suggests that avoidance may be the
default behavior until mice encounter an APP stimulus that engages APP VP cholinergic
neurons. Basal forebrain cholinergic neurons (BFCNSs) outside of the VP have also been
shown to play a role in behavioral responses to APP stimuli.*2-44 However, these previous
studies focused on learned behaviors associated with rewarding stimuli as opposed to innate
behaviors. We have previously found that distinct subsets of BFCNs govern learned vs.
innate behavioral responses.2® As such, VP cholinergic neurons may play a unique role
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in innate behavioral responses to salient stimuli. While avoidance behaviors are governed
by multiple circuits and are thus resistant to inhibition of a single component, approach
behaviors are more susceptible to inhibition of VP cholinergic neurons.

Avoiding predators and noxious stimuli is crucial for survival. As such, the numerous brain
regions and circuits known to be involved in avoidance of the predator odor31-35:37.38.45
might provide redundancy and compensate for the inhibition of AV-odor-activated VP
cholinergic neurons, thus preserving a behavior critical for survival. Cholinergic signaling
from other BFCNSs, as well as cholinergic signaling outside of the basal forebrain, also
contributes to behavioral responses to AV stimuli.2546-53 These compensating brain regions
and circuits (both cholinergic and non-cholinergic) may allow an animal to maintain
continued avoidance of threatening stimuli despite the inhibition of VP cholinergic neurons.

Functional heterogeneity of VP cholinergic neurons

We identify two subpopulations of VP cholinergic neurons that are differentially activated
by APP vs. AV odors. In addition to engagement in different behavioral responses, APP

vs. AV VP cholinergic neurons exhibited differences in some electrophysi-ological features,
morphology, and projections to the BLA. Changes in neuronal morphology and alterations
in electrophysiological features are two common indicators of changes in the connectivity of
neural circuits.>*=57 As the primary output of VP cholinergic neurons targets the BLA 819
we chose to examine the proportion of BLA-projecting VP cholinergic neurons activated
by each odor. Our retrograde mapping experiment revealed that a greater percentage of
BLA-projecting VP cholinergic neurons were activated by AV odors. Collectively, these
results illustrate the presence of two distinct non-overlapping subpopulations of cholinergic
neurons in the VP, demonstrating functional heterogeneity of VVP cholinergic neurons.

The two subpopulations of VP cholinergic neurons identified in the present study resemble
VP GABA (increased firing in response to a positive valence stimulus) and VP glutamate
neurons (increased firing in response to a negative valence stimulus).® GABA neurons are
the primary cell type within the VP, accounting for ~75% of all VP neurons.1” VP GABA
neurons have reciprocal connections with the NAc and project to the lateral hypothalamus,
thalamus, and ventral tegmental area (VTA).8:5859 Importantly, VP GABA neurons have a
crucial role in reward processing. Activating VP GABA neurons is reinforcing,®17:60 and
VP GABA neurons demonstrate increased calcium activity in response to reward-predictive
cues.>® Furthermore, inhibiting VP GABA neurons decreases reward seeking.%:5% The
behavioral effects of inhibiting VP cholinergic neurons and loss of approach to APP odors
resembled the reported effect of inhibiting VP GABA neurons. This raises the possibility
that VP cholinergic neurons co-release GABA, a feature of other BFCNSs that corelease
GABA and acetylcholine in the cortex.61 It remains to be seen whether the same is true for
VP cholinergic neurons.

Glutamatergic neurons represent ~15% of all cells within the VP.17 VP glutamatergic
neurons have reciprocal connections with the BLA, receive input from the NAc and cortex,
and send projections to the VTA.8:62 |n contrast to VP GABA neurons, VP glutamatergic
neurons play a prominent role in aversive behaviors.%:17:60.62 \/p glutamatergic neurons
were previously found to lack markers of cholinergic neurons.82 However, another study
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demonstrated co-expression of vVGLUT3 mRNA in BFCN's that project to the BLA,%3 and a
recent study has shown expression of vGLUT3 in VVP/substantia innominata (SI) cholinergic
neurons that project to the BLA.%4 Our results show that a significantly greater percentage
of BLA-projecting VP cholinergic neurons are activated by the AV odor. It is possible

that these VP cholinergic neurons co-express glutamatergic markers. Co-expression of VP
cholinergic neurons with GABA or glutamate (and, potentially, other markers) remains an
intriguing area for future research.

Numerous studies have reported the activation of BFCNs following exposure to both
rewarding and aversive stimuli.%-20:53 Although VP cholinergic neurons were hypothesized
to resemble other BFCNs and encode salience, we show that cholinergic projection neurons
of the VP are functionally complex and can encode valence of olfactory stimuli. An
important difference between our study and previous ones is the stimuli presented. While
other studies have used APP and AV stimuli of distinct sensory modalities, we chose to
specifically utilize APP and AV stimuli of the same sensory modality. In contrast to previous
studies, 920 we did not assess how VP cholinergic neurons respond to cues predicting odor
delivery. Future studies are needed to examine how VP cholinergic neurons respond to
stimuli of distinct sensory modalities and how they respond to cues predicting APP and AV
odors.

Functional diversity of BFCNs

Cholinergic neurons in the VP as well as in the nucleus basalis of Meynert (nBM), medial
septum/vertical limb of the diagonal band (MS/vDB), horizontal limb of the diagonal band
(hDB), and SI comprise BFCNs.33 BFCNSs originate from various neurogenic zones and at
different times in the embryonic brain.>3:6% Although in general birth date and location
correlate with the final projection targets in the adult brain, our understanding of the
functional differences between these populations is just beginning to emerge. For example,
cholinergic projections from the nBM to the BLA play a role in both cue-associated fear
learning?>46-48.66 and reward learning.#2>2 Cholinergic projections from the MS/vDB

to the hippocampus have been heavily implicated in behavioral responses to stress and
anxiety49:67-69 and reward learning.4344 Our findings add to this growing understanding
by demonstrating that there are distinct subpopulations of VP cholinergic neurons that can
mediate behavioral responses to either innately positive or negative valence stimuli.

Conclusions and future directions

Despite the well-established role of the VVP in valence processing, prior studies have

not tested the participation of VP cholinergic neurons in valence encoding. Our results
demonstrate that VP cholinergic neurons are activated in response to either APP or

AV odors. This present study focused specifically on the functional heterogeneity of

VP cholinergic neurons. Future research can determine whether these results extend to
valence of other sensory stimuli (i.e., taste and touch) and to learned (i.e., conditioned)
responses. Future studies can examine potential differences in other brain regions that
receive cholinergic input from the VP (mPFC and medial dorsal thalamus). Another area
for future research is to determine how valence-encoding VP cholinergic neurons interact
with valence-encoding neurons of the BLA and/or other regions to promote approach
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vs. avoidance behaviors. Targeting positive vs. negative valence-encoding microcircuits
may lead to the development of more efficacious pharmacotherapeutic treatments for
neuropsychiatric disorders characterized by misattributions of valence and/or motivational
imbalance.

Limitations of the study

Previous studies examining the role of VP GABAergic and glutamatergic neurons in
approach and avoidance behaviors used /7 vivo electrophysiology recordings®62 or /n vivo
calcium imaging.18:59 These imaging modalities track the activity of VP neurons with
greater temporal resolution than the activity-dependent fluorescent reporters used here. As
such, we cannot distinguish whether VP cholinergic neurons have a more nuanced role in
approach or avoidance behaviors. Moreover, our method is reliant on, and limited by, the
accuracy of virus injection and spread of the virus, likely under-representing the involvement
of VP cholinergic neurons in approach and avoidance behaviors. Another limitation in our
approach was that we did not account for potential differences in olfactory processing of
APP and AV odors. Odors are sensed by sensory neurons in the vomeronasal system, which
project to the olfactory bulb. Connections between the olfactory bulb and other parts of the
brain determine the valence of odors.”%.71 Behavioral responses to odors also depend on
spontaneous and experience-dependent activity of olfactory sensory neurons.’® Differences
in olfactory processing of the APP or AV odor may influence behavioral responses to odor
exposure.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, David Talmage
(David.Talmage@NIH.gov).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
. Original code used for analysis is freely available:

Fiber photometry:
https://github.com/rokim01/Fiber-Photometry-analysis
https://zenodo.org/records/10723901
Electrophysiology:
https://github.com/nsdesai/patch_clamp_analysis

https://zenodo.org/records/10723870
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

8-12 week-old male and female mice were randomly assigned to groups at the start of all
experimental procedures. The strains of mice used were: C57BL/6J (Jax #000664), Chat-
IRES-Cre:Aneo (B6; 129S6-Chattm2(cre)Lowl/J; Jax # 006410, abbreviated Chat-Cre),
and the offspring of Chat-Cre mice crossed to Fos-tTA/Fos-shEGFP mice, (B6. Cg-Tg(Fos-
tTA, Fos-EGFP*)1Mmay/J; Jax # 018306, abbreviated Chat-Cre x Fos-tTA/GFP). Chat-
tau-eGFP mice (a gift from S.Vijayaraghavan, University of Colorado),”* which express
GFP in all cholinergic neurons and processes, were used as naive home-cage controls in
electrophysiology experiments. Previous studies indicate the electrophysiological profile of
neither Chat-tau-eGFP or Chat-Cre mice differ from non-genetically tagged cholinergic
neurons.” All mice were housed in a 12-h light/dark cycle with temperature and humidity
control. Food and water were available ad-/ibitum. All procedures were approved by the
NINDS Animal Care and Use Committee (ASP # 1531). For all experiments, the APP odor
used was 2-phenylethanol (Sigma # 77861), and the AV odor used was mountain lion urine
(Predator Pee # 92016). Commercially available peanut-butter oil was used as a distinct APP
odor, and peppermint oil (Sigma # 77411) was used as a distinct AV odor.

METHODS DETAILS

Surgery—Mice were anesthetized using isoflurane (3-5% induction, 1.5% maintenance)
and placed in a stereotax. Bilateral injections targeted the VP using coordinates from

the Paxinos Mouse Brain Atlas (AP +0.38, ML +/- 1.45, DV5.0). A Hamilton

syringe was slowly lowered to the VP and mice were injected with ~0.3 pL of the
following viral vectors dependent on experiment: AAVo.DIO. TRE.hM4Di.P2A.m.Cherry
(ADCD; packaged at UNC viral vector core),2> AAV9.RAM.d2tTA. TRE.mCherry.NLS-
FLAG (RAM; Addgene # 63931, packaged at UNC viral vector core),28 AAVq.Syn.Flex-
GCaMP6f.WPRE.SV40 (GCaMP6f; Addgene # 100837), AAVg.hSyn.DIO.hM4Di
(Gi).mCherry (hM4Di; Addgene # 44362), AAVq.eSyn.eGFP (Vector Biolabs # VB4870),
AAV9.RAM.d2tTA. TRE.Flex.tdTomato (FLEX-RAM; Addgene # 84468, packaged at
NINDS Viral Vector Core). For retrograde tracing experiments, 0.15 uL Fast Blue
(Polysciences # 17740-1) was injected bilaterally in the BLA (AP -1.35, ML +/- 3.2, DV
4.7). For optical recording of calcium signaling, /77 vivo fiber photometry was used. A fiber
optic cannula (Neurophotometrics, ferrule diameter 1.25 mm, core diameter 400 um) was
implanted ~100 pm above the VP virus injection site and secured using dental cement.

Odor preference behavior tests—All experiments assessing the behavioral responses
to odors were conducted using a near-infrared (NIR) modular Y-Maze with a NIR camera
(Med Assaociates). Initial odor preference was assessed in a single 10-min session. One arm
of the Y-Maze contained an odor (either APP or AV) on a gauze pad and one arm contained
SAL. Mice began the session in the third vacant arm. After initial entry into either the
odor-containing or SAL-containing arm, re-entry into the starting arm was blocked, forcing
mice to choose between the odor vs. SAL arm. Time spent in each arm (odor vs. SAL) was
analyzed using EthoVision XT (v 15) software.
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ADCD/RAM labeling of activated VP cholinergic neurons—For ADCD and RAM
labeling experiments, Chat-Cre x Fos-tTA/GFP mice were given approximately 3—4 weeks
to recover from surgery post viral injection. Following recovery, behavior sessions occurred
over three consecutive days. On the first day (Day 0), mice were habituated twice to the
Y-Maze. During each habituation session, mice were allowed to explore only one arm

of the Y-Maze for 10 min, counter-balanced for each arm of the Y-Maze. Following the
second habituation session, mice were transferred to a clean cage and removed from a DOX
diet, thus allowing for ADCD or RAM expression. On Day 1, approximately 24-h later,
mice were exposed to either an odor or SAL in one arm of the Y-maze (labeling activated
VP cholinergic neurons). Following ADCD or RAM labeling of activated VP neurons,
mice were returned to a DOX diet. On Day 2, approximately 24-h later, mice were then
exposed to either SAL or an odor in a different arm of the Y-Maze. Mice were returned

to the home cage until tissue was collected for additional processing. We have previously
shown that ADCD expression is observed 72-h post-stimulus presentation.2®> A previous
experiment demonstrated RAM expression does not decay for at least 2 weeks.2® Therefore,
at the timepoint in our experiments when mice are collected for tissue processing, (on Day
2, 24-h after ADCD or RAM labeling of activated VP neurons), we expect ADCD and
RAM expression to be observed 24-h following odor presentation, and potential decay in
fluorescence not a confounding factor in our results.

DREADD inhibition experiments—Odor preference was assessed following general
inhibition of VP cholinergic neurons using a floxed inhibitory DREADD in Chat-Cre mice
(hM4Di), or inhibition of previously activated VP cholinergic neurons (ADCD-hM4Di)

in Chat-Cre x Fos-tTA/GFP mice. For hM4Di odor preference tests, mice were allowed

to recover from surgery for 3—4 weeks and then injected IP with 0.1 mg/kg clozapine.
Approximately 15-min later, odor preference was assessed in the Y-Maze, identical to the
odor preference test described above. For ADCD labeling in odor preference tests, mice
were allowed to habituate to the Y-Maze on Day 0 and activated VVP cholinergic neurons
were labeled with ADCD on Day 1. For selective inhibition of previously activated VP
cholinergic neurons on Day 2, mice were injected with 0.1 mg/kg clozapine and allowed to
explore two arms of the Y-Maze (previously exposed odor vs. SAL). Time spent in each arm
(odor vs. SAL) was analyzed using Ethovision software.

In-vivo calcium signaling assays using fiber photometry—Chat-Cre mice were
injected with a Cre-dependent GCaMP6f in the VP and a fiber optic cannula was

implanted above the viral injection site. Fiber photometry recordings were made using the
Neurophotometrics FP3002 system. Acquisition parameters were: 415 (for isobestic channel
recordings) and 470 (GCaMP channel recordings) nm channels, 20 frames/sec, power ~100
uw. All fiber photometry recordings were conducted in behavior chambers equipped with

an odor delivery system (Med Associates). Mice were given two days to habituate to the
behavior chamber and patch cords. Mice were then exposed to timed delivery of either odor
(APP or AV). Timed odor delivery took place in a 10-min session, where odor was delivered
(3 x 10 s) every 3 min. Approximately 24-h following the first odor exposure session, mice
were exposed to the opposite odor.
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Processing of all fiber photometry data was performed using a custom MATLAB script.
Initialization frames (x5 s at the start of recordings) were removed from the raw data

and raw fluorescence values were binned at 5 Hz intervals. The GCaMP signal was then
normalized to the isobestic signal and fluorescence measures were obtained. The change in
fluorescence (AF/F) was calculated and converted to Z-scores. The integrated Zscore vs.
time was estimated by the area under the curve (AUC), calculated using GraphPad Prism
representing a single value combining fluorescence intensity and time. The max Zscore
AF/F was defined as the highest Zscore AF/F during the 10 s odor delivery period.

Immunohistochemistry (IHC)—Following behavior testing or odor exposure (~45 min
for C57/BL6J and Chat-Cre mice; ~2.5 h for Chat-Cre x Fos tTA/GFP mice), mice

were perfused with phosphate buffered saline (PBS) and 4% paraformaldehyde (PFA).
30-60 min post-stimulus presentation is a standard protocol for assessing cFos using
immunohistochemistry.”® In Fos tTA/GFP mice, although the induction of endogenous Fos
protein is ~45 min, we perfused these mice at ~2.5 h to account for the maturation of

GFP protein. Previous studies have demonstrated the number of activated cells identified by
Fos-GFP fluorescence is maximal at 2—3 h post-stimulation.””-’8 Brains were post-fixed in
4% PFA overnight before being cryoprotected in 30% sucrose. 50 pm slices were cut on a
cryostat and stored in 50% PBS/glycerol at —20°C until immunostaining.

For all experiments, free floating slices were first washed (3 x 10 min) in PBS +2% Triton
X-100 (PBST). Slices were then transferred to a blocking solution containing PBST and
10% normal donkey serum (NDS) and incubated on a shaker for 2-h at room temperature.
Following blocking, slices were incubated overnight at 4°C in blocking solution with the
addition of the following antibodies (dependent on experiment): goat anti-ChAT (Millipore
Sigma AB144P), rabbit anti-cFos (Synaptic System 226 008), chicken anti-GFP (Abcam
ab13970), mouse anti-mCherry (Living Colors 632543), or rat anti-Substance P (Millipore
Sigma MAB356). All primary antibodies were used at 1:500. Following incubation with
primary antibodies, slices were washed (3 x 10 min) in PBST and then incubated (2-h

at room temperature) in blocking solution with the addition of the following secondary
antibodies (dependent on primary antibody used, all secondary antibodies were used

at 1:1000): donkey anti-goat A647 (Thermo Fisher A-21447), donkey anti-rabbit A488
(Thermo Fisher A-21206), donkey anti-chicken A488 (Jackson Immuno 703-545-155),
donkey anti-mouse A594 (Thermo Fisher A-21203) or donkey anti-rat A594 Thermo Fisher
A-21209). Following incubation with secondary antibodies, slices were first washed in
PBST (3 x 10 min) and then washed in PBS (1 x 10 min). Slices were mounted onto slides
using Fluoromount-G with DAPI (Southern BioTech 0100-01).

All images were acquired on an Olympus VS200 slide scanner with a Hamamatsu Orca-
Fusion camera. Whole slice images were obtained using the 415, 470, 594 and 647 nm
channels. Each image was acquired using 5 pm z-steps and identical exposure times for each
channel. Images were saved as.vsi files before being converted to Imaris files for analysis.

Electrophysiology—To assess passive and active electrophysiological properties of VP
cholinergic neurons previously been activated in response to the APP or AV odor, we first
labeled odor responsive neurons /n vivo with the permanent activity marker FLEX-RAM
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(Addgene # 84468).26 FLEX-RAM is identical to RAM (i.e., activity dependent expression
only went off a DOX diet) but is only expressed neurons that contain Cre-recombinase.
Therefore, Chat-Cre mice were injected with FLEX-RAM in the VP and exposed to either
the APP or AV odor 3-4 weeks later (identical to the ADCD and RAM labeling experiments
described above). Following odor exposure, mice were returned to a DOX diet and stayed

in the home cage until electrophysiology recordings were conducted (a minimum of 3 days,
maximum of 21 days). Odor naive mice of Chat-tau-eGFP genetic background were used

as non-odor exposed controls. Following a minimum of 72 h, mice were euthanized, the
brain was removed, and 300 mm slices containing the VP were taken on a Leica VT1200
vibratome (details discussed below). A previous experiment validating the RAM construct
showed peak RAM expression lasts 1-week post-stimulation, begins to decay at 2 weeks
and is no longer observed 4 weeks post-stimulation.26 It is possible that RAM expression is
declined in slices that were recorded at later timepoints in our study (2—3 weeks). However,
since we are only assessing long-lasting changes in electrophysiological properties recorded
from cells with visible RAM expression, we do not expect this potential decay in RAM
expression to affect our electrophysiology results.

Brain slices containing the VP were prepared using standard procedures.”:"® Shortly after
receiving a lethal dose of ketamine/ xylazine, mice were perfused transcardially with an
ice-cold cutting solution containing (in mM): 92 N-methyl-D-glucamine, 2.5 KClI, 1.25
NaH,PO,4, 30 NaHCO3, 20 HEPES, 25 D-glucose, 2 thiourea, 5 ascorbate, 3 pyruvate, 0.5
CaCly, and 10 MgSOQy. Brains were removed as rapidly as possible, and a Leica VT1200
vibratome was used to make 300-pum-thick coronal sections. Slices were cut in the same
ice-cold saline used for perfusion and were then transferred to a covered chamber filled with
a holding solution containing (in mM): 92 NaCl, 2.5 KClI, 1.25 NaH,PO,, 30 HEPES, 25
D-glucose, 2 thiourea, 5 ascorbate, 3 pyruvate, 2 CaCl,, and 2 MgSQOy,. Slices were kept

in this solution at room temperature for 1-2 h before being transferred to the stage of an
upright microscope for patch clamp recording. Slices were then continually perfused with
an artificial CSF kept at 31°C and containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH,PQOy,
25 NaHCOg3, 10 D-glucose, 2 CaCly, and 1 MgCl,. All three solutions (cutting, holding,
recording) were bubbled with 95% O,/5% CO, to maintain pH at ~7.4; all had osmolarities
of 305-315 mOsm.

Patch clamp recordings were obtained at physiologic temperature (~31°C) under visual
guidance using patch electrodes (3—7 MQ) filled with an internal solution containing

(in mM): 125 K-gluconate, 10 KCl, 4 NaCl, 10 HEPES, 4 Mg-ATP, 0.3 Tris-GTP, 7
phosphocreatine (pH 7.4, osmolarity 290 mOsm), and 0.2% neurobiotin. Before patching,
fluorescence images (GFP or tdTomato) were taken with a high-resolution CCD camera
to establish neuronal identity. Recordings were made in current clamp mode with bridge
balance and pipette capacitance neutralization parameters set appropriately. Membrane
potentials were not corrected for junction potential, which was approximately 10 mV given
these solutions. Recordings with series resistances >25 MQ, input resistances <50 MQ,
and resting potentials >-50 mV were discarded, as were recordings where any of these
parameters changed by more than 20%.
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To assess intrinsic excitability, neurons were held at a baseline potential of -65 mV by a
DC injection, and a family of current steps (500 ms duration, =60 to 200 pA amplitude)
were injected. Steps were separated by 10 s. To assess subthreshold resonance, swept-sine
currents (“chirp™) between 0.5 and 12 Hz were injected (using MATLAB function chirp),
averaged, and used to extract impedance.

Neuronal morphology—VP slices that contained neurobiotin filled cells were stored in
4% PFA overnight following electrophysiology recordings. Slices were then kept in PBS
until immunostaining. The immunostaining protocol was identical to the immunostaining
procedures described above. The primary antibody used was goat anti-ChAT (1:500,
Millipore Sigma AB144P). The secondary antibodies used were donkey anti-goat A488
(Invitrogen A-11055) and streptavidin conjugated to Alexa Fluor 594 (Thermo Fisher
§32356) to visualize neurobiotin. All images were acquired on a Nikon spinning disk
confocal microscope using the following parameters: 405/488/594/647 lasers, minimal laser
power (>10%), identical exposure times for each channel, 4x averaging and 0.5 pm z-steps.
All images were converted to Imaris files and the filaments tab within Imaris was used

for automated neuronal tracing and analysis, including convex hull measurements and sholl
analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All odor preference behavior videos were first converted to.mP4 files and uploaded to
Ethovision (v.15 from Noldus). The Y-Maze dimensions were used to delineate the arena
borders and each arm containing an odor or SAL gauze pad was outlined as a zone.
Automated rodent tracking was used for each video and the time (in seconds) the mouse
spent in each zone was obtained. We did not note any sex differences in approach or
avoidance behaviors in response to odor exposure.

A pipeline for image analysis and quantification using Imaris is depicted in Figure S2. To
assist in defining VP boundaries, immunostaining for Substance P, which demarcates VP
borders®17 was conducted in brain slices from a Chat-tau-eGFP mouse (Figure S2). These
boundaries were then used in later slices to delineate the VVP. The whole VP was selected

as the ROI for analysis. Whole slice images were first cropped and borders delineating the
VP were created to mask any signal outside of the VVP. Representative, nonbinary fluorescent
images containing the VP is shown in Figure S4. The VP was identified as the brain region
containing a sparse cluster of cholinergic neurons ventral to the anterior commissure and
striatum, and dorsal to the densely packed cluster of cholinergic neurons in the hDB. Within
Imaris, the spots and surfaces function were used to create size and/or intensity-based
thresholds for each channel. The colocalization tab was used to create a new channel with
the colocalized signal between two defined channels. All data containing the total number of
spots or surfaces was then exported. For each mouse, the total number of spots, surfaces and
the colocalization of spots and surfaces, were obtained from 4 - 6 slices containing the VP
(ranging from bregma +0.62 to +0.14). A mean cell count within the VP for each mouse was
obtained by averaging the total number of cell counts across these slices.
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For electrophysiology data, eighteen features were extracted from each cell recorded before
and in the response to currents steps. (1) Membrane potential (mV), measured in the absence
of a current injection. (2) Sag potential (mV), measured in response to a —60 pA step,

equal to the difference between the steady-state potential and minimum potential. (3) Input
resistance (MQ), measured by the response to a —20 pA step. (4) Membrane time constant
Tau (T in ms), measured by the relaxation to a —20 pA step. (5) Rheobase (pA), the
minimum current step of 500 ms duration needed to elicit an action potential. (6) Spike
threshold (mV), measured from the first action potential of the rheobase current step (“first
action potential”), and defined as the potential at which dV/dt crosses 20 mV/ms (7) Spike
amplitude (mV), measured from the first action potential, and defined as the difference
between spike threshold and the peak of the action potential. (8) Spike width (ms), measured
from the first action potential at rheobase and defined as the width at half maximum
(halfway between threshold and peak). (9) Spike latency (ms), measured at rheobase current,
and defined as the time difference between the start of the step and the threshold crossing

of the first step. (10) Upstroke (mV/ms), the maximum value of dV//dt on the upstroke

of the first action potential at rheobase (11) Downstroke (mV/ms), the minimum value of
dV/dt on the downstroke of the first action potential at rheobase. (12) AHP amplitude (mV),
measured following the first action potential at rheobase, defined as the difference between
threshold and the minimum potential 100 ms later. (13) AHP latency (ms), the time after
spike threshold is crossed by the first action potential and the AHP minimum at rheobase.
(14) AHP width (ms), the time difference at half maximum of the first AHP. (15) f-1 slope
(Hz/pA), the slope of the initial linear section of the f-I curve. (16) Max firing rate (Hz),

the maximum firing rate produced by a current step between 0 and 200 pA, across the

entire 500 ms duration. (17) Adaptation index (dimensionless), for the maximal current
step, the number of spikes elicited in the second half of the 500 ms step divided by the
number elicited in the first 250 ms. (18) Coefficient of variation (CV) of interspike intervals,
measured from the maximal current step.

All statistical tests were conducted using GraphPad Prism (v. 9) or SigmaPlot (v. 14).

When comparing two groups a two-tailed t-test was used and when comparing three groups
a one-way ANOVA was used. For electrophysiology and neuronal morphology data, a
nested ANOVA was run to account for replicate values obtained from the same mouse.
Shapiro-Wilk and Smirnov-Kolmogorov tests were used to assess normality of the data.
Non-parametric tests were conducted if the data failed these tests. For all statistical analysis,
a was set at 0.05 and power was >0.8.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

VP cholinergic projection neurons are engaged in approach and avoidance
behaviors

Opposing valence odors activate distinct subpopulations of VP cholinergic
neurons

These two subpopulations differentially integrate into VP circuits

VP cholinergic signaling is required for approach behavior
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Figure 1. Appetitive and aversive odors activate VP cholinergic neurons
(A) Example heatmaps from the behavioral paradigms tested (from left to right): saline

(SAL), appetitive odor (APP), aversive odor (AV). Insets illustrate the typical path traveled
by mice under each condition. Left: presentation of SAL in both test arms results in
approximately equal time spent in each arm. Middle: presentation of an APP odor in one
arm elicits approach behavior. Right: presentation of an AV odor elicits avoidance behavior.
(B) Left: total time spent in each arm under SAL vs. SAL conditions, compared with SAL
vs. APP and SAL vs. AV conditions.
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(C) Behavioral responses measured as percent change of time spent in odor vs. SAL arm.
(D) Left: representative image of activated cholinergic neurons in a coronal slice (Br 0.14)
following odor preference test. Right: higher-magnification images of a representative area
within the VP (top; scale bar, 200 um), with additional magnification of the demarcated area
in the inset shown below (scale bar, 50 um). Blue, DAPI; green, cFos; magenta, ChAT.

(E) Representative high-magnification images of the VP following ChAT and cFos
immunohistochemistry. First column, SAL; second column, APP odor; third column, AV
odor. Rows are representative images for ChAT (first row), cFos (second row), the overlay
between ChAT and cFos (third row), and co-localization between ChAT and cFos (fourth
row). Scale bars, 50 um. Arrowheads represent co-localized ChAT and cFos neurons in the
VP.

(F) Total counts of neurons immunostained for both ChAT and cFos.

(G) Co-localization of ChAT and cFos in the VP in total numbers (left) and percentage of
ChAT™ neurons that co-express cFos (right).

(H) Workflow and timeline for /n vivo fiber photometric assays.

(I and J) VP FLEX-GCaMP6f traces in response to the first 10-s delivery of the APP odor (I)
and AV odor (J). Shaded area represents the time window for odor delivery.

(K and L) Area under the curve (AUC) measurements before, during, and following each
APP odor (K) or AV odor (L) delivery.

(M and N) Maximum Z-score AF/F before, during, and following APP odor (M) and AV
odor (N) exposure.

*p < 0.05, ***p < 0.001, NS, not significant. Error bars represent mean = SEM. For both
behavior and IHC experiments (A-G), sample sizes are as follows: SAL, n = 8 mice, 4 males
and 4 females; APP odor, n = 9 mice, 4 males and 5 females; AV odor, n = 8 mice, 4 males
and 4 females. For fiber photometry experiments, n = 7 mice, 5 males and 2 females.
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Figure 2. Chemogenetic inhibition of VP cholinergic neurons abolishes approach to the APP
odor

(A) Workflow of experiments using chemogenetic inhibition to test the contribution of VP
cholinergic activity to approach and avoidance behaviors in response to odor exposure.

(B) Left: representative heatmap demonstrating approach behavior to the APP odor in a
sham mouse (n = 5 mice; 3 males and 2 females). Right: representative heatmap in a mouse
with chemogenetic inhibition of cholinergic neurons in the VP and APP odor presentation (n
=5 mice; 2 males and 3 females).

(C) Quantification of experiments shown in (B).

(D) Left: representative heatmap demonstrating avoidance of the AV odor in a sham mouse
(n =7 mice; 5 males and 2 females). Right: representative heatmap showing that inhibition
of VP cholinergic neurons (n = 7 mice; 3 females and 4 males) is without effect on
avoidance of the AV odor.

(E) Quantification of experiments shown in (D).

*p < 0.05. Error bars represent mean + SEM.
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Figure 3. Assessment of activated and reactivated VP cholinergic neurons using genetic and
immediate-early gene probes following repeat odor presentation

(A) Schematic diagram of the strategy employed to differentially label VVP cholinergic
neurons that were activated in same or distinct contexts.

(B) Mapping and quantification of the activation and reactivation profile of VP cholinergic
neurons following two exposures to SAL (h = 4 mice; 2 males and 2 females). Left:
representative image of ADCD (red), cFos (green), and ChAT (magenta). Mapping of the
co-localization of the indicated probes is shown in the right image. Right: quantification
of the number of VP cholinergic neurons activated by test 1 (ChAT* and ADCD™), those
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activated by test 2 (ChAT* and cFos*), and the neurons that were reactivated (ChAT™,
ADCD", and cFos™*).

(C) Mapping (left) and quantification (right) of the activation and reactivation profile of VP
cholinergic neurons following two test exposures to the same APP odor (n = 4 mice; 2 males
and 2 females).

(D) Mapping (left) and quantification (right) of the activation and reactivation profile of VP
cholinergic neurons following two test exposures to the same AV odor (n = 4 mice; 3 males
and 1 female). Error bars represent mean £ SEM. Scale bars, 50 um.
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Figure 4. Distinct populations of VP cholinergic neurons are activated in response to distinct
olfactory stimuli
(A) Schematic diagram of the strategy employed to label activated VP cholinergic neurons

in distinct contexts (see Figure 3 legend for details).

(B) Mapping (left) and quantification (right) of the activation and reactivation profile of VP
cholinergic neurons (n = 4 mice, all males) following an initial exposure to the APP odor
(test 1: APP), followed 24-h later with exposure to the AV odor (test 2: AV).
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(C) Mapping (left) and quantification (right) of the activation and reactivation profile of VP
cholinergic neurons (n = 6 mice, all males) following an initial exposure to the AV odor (test
1: AV), followed by exposure to the APP odor (test 2: APP).

(D) Summary of the quantification of the reactivation profile of VP cholinergic neurons
following two test exposures to the same odor (either APP or AV) and following exposure to
opposite valence odors on test 1 vs. test 2.

*p < 0.05. Error bars represent mean + SEM. Scale bars, 50 pm.
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Figure 5. Selective chemogenetic inhibition of previously activated APP cholinergic neurons in
the VP abolishes approach to the appetitive odor, reversing behavior to strong avoidance

(A) Workflow of behavior experiments using ADCD to target inhibitory DREADDs for
specific inhibition of previously activated subpopulations of VP cholinergic neurons.

(B) Left: representative heatmap showing approach behavior to the APP odor in a sham
mouse. Right: representative heatmap of the behavioral response of a mouse following
inhibition of VP cholinergic neurons previously activated in response to the APP odor.

(C) Mice in the sham group (n = 6 mice; 2 males and 4 females) exhibit approach to the
APP odor. Inhibiting previously activated VP cholinergic neurons in response to APP odor
exposure (n =7 mice; 5 males and 2 females) leads to significantly more time in the SAL
paired arm.

(D) Left: representative heatmap depicting avoidance of the AV odor in a sham mouse (n =

5 mice). Right: ADCD inhibition of VP cholinergic neurons previously activated in response

to the AV odor has no effect on avoidance of the AV odor.
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(E) Mice in the sham group (n = 5; 2 males and 3 females) exhibit avoidance of the AV odor.
Inhibiting VP cholinergic neurons previously activated by the AV odor (n = 6; 4 males and 2
females) has no effect.

*p < 0.05. Error bars represent mean + SEM.
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Figure 6. Differences in electrophysiological and morphological properties between appetitive vs.
aversive odor activated VP cholinergic neurons

(A) Timeline of slice electrophysiology experiments using

AAV.RAM.d2TTA:: TRE.FLEX.tdTomato (FLEX-RAM) labeling of activated VP
cholinergic neurons.

(B) Representative electrophysiology traces from an APP-odor-activated (n = 12 cells from
6 mice; 3 males and 3 females) and an AV-odor-activated VP cholinergic neuron (n = 8 cells
from 4 mice; 2 males and 2 females). Left: representative traces at rheobase. Middle: traces
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zoomed in to show differences in latency to fire an action potential. Right: traces zoomed in
to illustrate differences in amplitude of the afterhyperpolarization potential.

(C) Extended time course of action potential currents (Vi — V).

(D) Action potential currents of APP vs. AV VP cholinergic neurons plotted as d V/d¢vs.
time.

(E) Phase plots of action potential dynamics (d V/d¢vs. V) of APP vs. AV VP cholinergic
neurons.

(F-H) Comparison of electrophysiological properties assayed in identified APP vs. AV VP
cholinergic neurons, with VVP cholinergic neurons from home-cage ChAT-tau-eGFP mice
(ALL, n =21 cells from 8 mice). APP and AV VP cholinergic neurons display differences
in maximum firing rate (F), resting membrane voltage (G), and afterhyperpolarization
amplitude (H).

(1) Reconstructed proximal arbor of a representative neuron from an APP (left) and AV odor
VP cholinergic neuron (right), with their convex hull shown. Scale bar, 10 pm.

(J) The convex hull from APP VP cholinergic neurons (n = 7 reconstructed cells with a
convex hull from 5 mice: 3 males and 2 females) are significantly smaller in surface area
vs. AV VP cholinergic neurons (n = 5 reconstructed cells with a convex hull from 3 mice: 2
male and 1 female).

(K and L) APP VP cholinergic neurons (n = 10 reconstructed cells from 8 mice: 4 male and
4 female) exhibit a significantly smaller dendrite area (K) and dendrite volume (L) than AV
VP cholinergic neurons (n = 6 reconstructed cells from 4 mice: 2 male and 2 female).

(M) Sholl analysis of reconstructed APP (n = 10 reconstructed cells from 8 mice: 4 male
and 4 female) and AV (n = 6 reconstructed cells from 4 mice: 2 male and 2 female) VP
cholinergic neurons.

(N) A larger percentage of AV VP cholinergic neurons are able to reach greater distances
away from the soma vs. APP VP cholinergic neurons.

*p < 0.05. Symbols represent individual cells or reconstructed neurons. Error bars represent
mean + SEM.
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Figure 7. Although both APP and AV VP cholinergic neurons project to the BLA, the
predominant BLA input from the VP stems from AV encoding VP cholinergic neurons

(A) Workflow to retrogradely label BLA-projecting VP cholinergic neurons.

(B) Representative images in mice injected with fast blue in the BLA (in blue) and overlaid
on a bright-field image.

(C) Representative images from the VVP in a mouse exposed to the APP odor (left column)
and AV odor (right column). First row, ChAT; second row, cFos; third row, Fast Blue; bottom
row, overlay of all channels. Scale bars, 20 pm.
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(D) AV responsive VP cholinergic neurons (n = 6 mice, all female) constitute a significantly
greater percentage of BLA-projecting VP cholinergic neurons than APP responsive VP
cholinergic neurons (n = 6 mice; 4 male and 2 female).

*p < 0.05. Error bars represent mean + SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Anti-Choline Acetyltransferase Millipore Sigma Cat # AB144P; RRID: AB_2079751
Rabbit Anti-cFos Synaptic Systems Cat # 226 008; RRID: AB_2891278
Chicken Anti-GFP Abcam Cat # ab13970; RRID: AB_300798
Mouse Anti-mCherry Living Colors Cat # 632543; RRID: AB_2307319
Rat Anti-Substance P Millipore Sigma Cat # MAB356; RRID: AB_94639

Donkey Anti-Goat, Alexa Fluor 647

Thermo Fisher

Cat # A-21447; RRID: AB_2535864

Donkey Anti-Rabbit, Alexa Fluor 488

Thermo Fisher

Cat # A-21206; RRID: AB_2535792

Donkey Anti-Chicken, Alexa Fluor 488

Jackson Immuno Research

Cat # 703-545-155; RRID: AB_2340375

Donkey Anti-Mouse, Alexa Fluor 594

Thermo Fisher

Cat # A-21203; RRID: AB_141633

Donkey Anti-Rat, Alexa Fluor 594

Thermo Fisher

Cat # A-21209; RRID: AB_2535795

Streptavidin conjugated to Alexa Fluor 594

Thermo Fisher

Cat #S32356

Bacterial and virus strains

AAV, DIO.TRE.hM4Di.P2A.m Cherry (ADCD)

This paper and (Rajebhosale,

Ananth et al.)2°

N/A

AAV, RAM.d2tTA TRE.mCherry.NLS-FLAG (RAM)

(Sorensen et al )%

Plasmid # 63931; RRID: Addgene_63931

AAV, Syn.Flex-GCaMP6f.WPRE.SV40 (GCaMP6f)

(Chen et al.)2

Plasmid # 100837; Cat # 100837-AAV9;
RRID: Addgene_100837

AAV; hSyn.D10.hM4Di (Gi).mCherry (hM4Di)

(Krashes et al.)’

Plasmid # 44362; Cat # 44362-AAV8; RRID:
Addgene_44362

AAVgeSyn.eGFP

Vector Biolabs

Cat # VB4870

AAVy RAM.d2tTA. TRE.Flex.tdTomato

(Sorensen et al )%

Plasmid # 84468; RRID: Addgene_84468

Chemicals, peptides, and recombinant proteins

Fast Blue Polysciences Cat # 17740-1
2-phenylethanol Sigma Cat # 77861
Mountain Lion Urine Predator Pee Cat # 92016
Peppermint Oil Sigma Cat# 77411
Peanut butter Oil Commercially available N/A
Clozapine Sigma Cat #C6305

Normal Donkey Serum

Jackson Immuno Research

Cat # 017-000-121

Fluoromount-G with DAPI

Southern Bio Tech

Cat # 0100-01

Neurobiotin

Vector Laboratories

Cat # SP-1120

Experimental models: Organisms/strains

Mouse: C57BL/6J

The Jackson Laboratory

Jax Strain # 000664

Mouse: Chat-IRES-Cre:Aneo

The Jackson Laboratory

Jax Strain # 006410

Mouse: Fos-tTA/Fos-shEGFP

The Jackson Laboratory

Jax Strain # 018306

Mouse: Chat-tau-eGFP

From S.Vijayaraghavan,
University of Colorado

N/A

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
Custom MATLAB script for fiber photometry analysis This paper https://doi.org/10.5281/zenodo.10723901
Custom MATLAB script for electrophysiology analysis This paper https://doi.org/10.5281/zenodo.10723870
MATLAB (2020a) Mathworks https://www.mathworks.com/products/
matlab.html
RRID:SCR_001622
Imaris Oxford Instruments https://imaris.oxinst.com/

RRID:SCR_007370

EthoVision XT (v 15) Noldus https://www.noldus.com/ethovision-xt
RRID:SCR_000441

Graphpad Prism (v 10) Graphpad https://www.graphpad.com/features
RRID: SCR_002798

Sigmaplot (v 14.0) SYSTAT https://systatsoftware.com/sigmaplot/

Other

Y-Maze Med-Associates Cat # MED-

YMMN https://med-associates.com/product/
modular-y-maze-package/

Fiber optic cannulae (ferrule diameter 1.25 mm, core
diameter 400 pum)

Neurophotometrics

https://neurophotometrics.com/cannulae-and-
sleeves

Ceramic split sleeves to connect fiber optic cannula to patch
cord

Neurophotometrics

https://neurophotometrics.com/cannulae-and-
sleeves

Fiber optic patch cords

Doric

https://neuro.doriclenses.com/collections/
branching-fiber-optic-patchcords/products/laf-
bundle-fiber-optic-patch-cord?
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