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Behavioral/Cognitive

Ventral Pallidum GABA Neurons Mediate Motivation
Underlying Risky Choice

Mitchell R. Farrell,' Jeanine Sandra D. Esteban,' Lauren Faget,> ““Stan B. Floresco,> ““Thomas S. Hnasko,>* and
Stephen V. Mahler!

"Department of Neurobiology & Behavior, University of California, Irvine, California 92697, “Department of Neurosciences, University of

California, San Diego, California 92093, *Department of Psychology, University of British Columbia, Vancouver, British Columbia V6T 1Z4, Canada,

and *VASDHS Research Service, San Diego, California 92161

Pursuing rewards while avoiding danger is an essential function of any nervous system. Here, we examine a new mechanism
helping rats negotiate the balance between risk and reward when making high-stakes decisions. Specifically, we focus on
GABA neurons within an emerging mesolimbic circuit nexus: the ventral pallidum (VP). These neurons play a distinct role
from other VP neurons in simple motivated behaviors in mice, but their role in more complex motivated behaviors is
unknown. Here, we interrogate the behavioral functions of VP*** neurons in male and female transgenic GAD1:Cre rats
(and WT littermates), using a reversible chemogenetic inhibition approach. Using a behavioral assay of risky decision-making,
and of the food-seeking and shock-avoidance components of this task, we show that engaging inhibitory G;,, signaling specifi-
cally in VP*P* neurons suppresses motivation to pursue highly salient palatable foods, and possibly also motivation to avoid
being shocked. In contrast, inhibiting these neurons did not affect seeking of low-value food, free consumption of palatable
food, or unconditioned affective responses to shock. Accordingly, when rats considered whether to pursue food despite poten-
tial for shock in a risky decision-making task, inhibiting VP*®* neurons caused them to more readily select a small but safe
reward over a large but dangerous one, an effect not seen in the absence of shock threat. Together, results indicate that
VPCAPA neurons are critical for high-stakes adaptive responding that is necessary for survival, but which may also malfunc-
tion in psychiatric disorders.

Key words: addiction; aversion; avoidance; chemogenetics; reward; ultrasonic vocalizations

(s )

In a dynamic world, it is essential to implement appropriate behaviors under circumstances involving rewards, threats, or
both. Here, we demonstrate a crucial role for VP“*®* neurons in high-stakes motivated behavior of several types. We show
that this VPS*®A role in motivation impacts decision-making, as inhibiting these neurons yields a conservative, risk-averse
strategy not seen when the task is performed without threat of shock. These new roles for VP*** neurons in behavior may
inform future strategies for treating addiction, and other disorders of maladaptive decision-making. j
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Introduction

Executing appropriate action under conflicting motivations is fun-
damental for survival in a dynamic world. For example, balancing
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Table 1. Chronological order of behavioral testing for each cohort of rats
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Risky decision  Progressive FR1 palatable Avoidance/escape  Motor Reward FR1 dhow M&M free
task ratio (hungry/sated) task reactivity USVs magnitude discrimination (hungry/sated) ~ access Locomotion
Cohort 1 Cohort 1
Cohort 2 Cohort 2 Cohort 2 Cohort 2
Cohort 3 Cohort 3 Cohort 3 Cohort 3 Cohort 3
Cohort 4
Cohort 5 Cohort 5

Cohort 6 Cohort 6

Chronological order of behavioral testing for each cohort of rats organized left (first test) to right (last test), with each behavioral test indicated on the top row. Cohort sex breakdown (M=male, F=female): Cohort 1 (7M,

8F), 2 (1M, 5F), 3 (5M, 11F), 4 (4M, 4F), 5 (8M, OF), 6 (11M, 7F).

neural substrates of both adaptive and maladaptive decision-
making.

The ventral pallidum (VP) is at an anatomic interface of moti-
vation and action (Heimer et al., 1982), and is ideally positioned
to contribute to behavioral responses to both rewards and
threats. Across species, VP neurons encode the motivational
value of specific actions that result in reward, in a manner that
reflects whether such actions are worth generating (Pessiglione et
al., 2007; Tindell et al., 2009; Tachibana and Hikosaka, 2012;
Richard et al., 2016; Fujimoto et al., 2019). VP also plays a causal
role in reward, as pharmacological stimulation enhances sponta-
neous food intake (Stratford et al., 1999; Smith et al., 2009) and
hedonic evaluations of tastes (Berridge and Kringelbach, 2015),
whereas perturbing VP disrupts conditioned motivation
(McAlonan et al,, 1993; Chang et al,, 2015) and reward-related
working memory (Floresco et al., 1999). Notably, VP also plays a
crucial role in seeking of multiple classes of addictive drugs
(Rogers et al., 2008; Mahler et al, 2014; Farrell et al, 2019;
Heinsbroek et al., 2019; Prasad and McNally, 2020).

However, it has become clear that VP not only contributes to
reward, but also to aversive motivational processes. Pharmacological
disinhibition of VP neurons generates spontaneous defensive behav-
ior in rats (Smith and Berridge, 2005), and disrupts the ability of
monkeys to avoid a cued aversive air puff (Saga et al,, 2016). Perhaps
relevant to this are recent reports revealing that a glutamatergic sub-
population of VP neurons mediates aversive motivation and learning
in mice, as they fire in response to aversive stimuli, promote avoid-
ance and curtail reward seeking when optogenetically stimulated,
and generally cause opposite effects to these when optogenetically
inhibited (Faget et al,, 2018; Tooley et al., 2018; Heinsbroek et al,
2019; Stephenson-Jones et al., 2020).

In contrast to VP glutamate neurons, neurons have
instead been linked to reward seeking and approach responses in
mice. For example, photostimulating VP“*** neurons is rein-
forcing, and induces food intake (Zhu et al., 2017; Faget et al,,
2018; Stephenson-Jones et al., 2020). VPB4 neurons also selec-
tively fire to reward cues, and their activity is required for oper-
ant reward seeking, but not avoidance responses (Stephenson-
Jones et al., 2020). These results support the notion of extensive
functional heterogeneity among VP cell populations (Smith and
Berridge, 2005; Kupchik and Kalivas, 2013; Mahler et al.,, 2014;
Root et al., 2015), and show that VP“*P* neurons play a distinct,
though poorly characterized, role in behavior.

Here we systematically characterize the behavioral functions
of VP*PA neurons, in transgenic GAD1:Cre rats. Using vali-
dated, specific, and reversible chemogenetic inhibition of
VPSAPA neurons, we show they mediate both highly motivated
pursuit of salient foods and avoidance of shocks. In contrast, in-
hibiting these cells does not affect shock-induced aversion, low-
motivation food seeking, free food consumption, or locomotion.
Notably, when rats made choices about food rewards under

VPGABA

threat of shock, VP9*®* inhibition shifted choice bias toward a
more risk-averse strategy, increasing preference for small/safe
rewards over large/risky ones. Together, these results show that
VPAPA neurons govern high-stakes motivational processes
underlying risky decision-making.

Materials and Methods

Subjects

Male (n1=46) and female (n=35) Long-Evans hemizygous GAD1:Cre
rats (Sharpe et al,, 2017; Gibson et al., 2018; Wakabayashi et al., 2019)
and their Cre-negative WT littermates were pair-housed in polycarbon-
ate tub-style cages (48 x 20 x 27 cm) with bedding and nesting material.
Rats were maintained on a reverse 12 h light-dark cycle, with testing in
the dark phase. Water was available ad libitum and food was restricted
to ~90% of free-feeding weight during behavioral testing (~6-9 g/d per
rat), unless otherwise noted. During food restriction, food was placed in
the home cage after each behavioral testing session. The cohorts of rats
used for each of the behavioral tasks, the sex distribution of each cohort,
and the chronological ordering of behavioral testing are presented in
Table 1. All procedures were approved by the University of California
Irvine Institutional Animal Care and Use Committee, and are in accord-
ance with the National Institutes of Health’s Guide for the care and use of
laboratory animals.

Chemogenetic methods

Surgery and viral vectors

Rats were anesthetized with ketamine (56.5mg/kg) and xylazine
(8.7mg/kg), and treated for pain with meloxicam (1.0mg/kg). An
adeno-associated vector containing double-floxed, inverted open reading
frame (DIO) mCherry-tagged hM4Di designer receptors (Armbruster et
al., 2007) (DREADDs; AAV2-hSyn-DIO-hM4D(Gi)-mCherry; titer: 1 -
x 10" GC/ml; Addgene) was injected bilaterally into VP (relative to
bregma: AP 0.0 mm, ML 2.0 mm, DV —8.2 mm; ~300 nl/hemisphere)
using a Picospritzer and glass micropipette. Injections occurred over
1 min, and the pipette was left in place for 5min after injection to limit
spread. Both GAD1:Cre and WT rats were injected with the active
hM4Di DREADD virus, and lack of hM4Di/mCherry expression was
confirmed in each WT rat.

Drugs

Clozapine-N-oxide (CNO) was obtained from National Institute on
Drug Abuse, and subsequently stored at 4°C in powder aliquots stored
in desiccant, and protected from light. CNO was dissolved in a vehicle
containing 5% DMSO in saline, and injected at 5 mg/kg intraperitone-
ally, 30 min before tests. For microinjections, bicuculline methiodide
(Sigma Millipore) was dissolved in ACSF (Thermo Fisher Scientific),
stored in aliquots at —20°C, and thawed just before use.

DREADD validation

Localization of DREADD expression to VP

Virus expression in GAD1:Cre rats was amplified with mCherry immu-
nohistochemistry, and sections were costained for substance P, an ana-
tomic marker of VP borders. First, behaviorally tested rats were perfused
with chilled 0.9% saline and 4% PFA after completion of experiments.
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Brains were cryoprotected in 20% sucrose, sectioned at 40 um, and
blocked in 3% normal donkey serum PBST. Tissue was incubated 16 h
in rabbit anti-substance P (ImmunoStar; 1:5000) and mouse anti-
mCherry antibodies (Clontech; 1:2000) in PBST-azide with 3% normal
donkey serum. After washing, slices were incubated in the dark for 4 h
in AlexaFluor-donkey anti-rabbit 488 and donkey anti-mouse 594
(Thermo Fisher Scientific), then washed, mounted, and coverslipped
with Fluoromount (Thermo Fisher Scientific). mCherry expression was
imaged at 10X, and the zone of expression in each hemisphere of each
rat was mapped in relation to VP borders, and a rat brain atlas (Paxinos
and Watson, 2006).

Localization of DREADD: specifically to VPP neurons
Experimentally naive GAD1:Cre rats (n =4) injected in VP with AAV2-
hSyn-DIO-mCherry were killed, and fresh brains were immediately
extracted and frozen in isopentane before storage at —80°C. Brains were
serially cut (20 um) on a cryostat and placed directly onto slides before
returning to storage at —80°C. Three different coronal sections of the
VP near the center of mCherry expression were used per brain. ISHs
were performed using the RNAscope Multiplex Fluorescent Assay
(Advanced Cell Diagnostics). RNA hybridization probes included anti-
sense probes against rat Gadl (316401-Cl), rat Slc17a6 (vglut2 gene;
317011-C3), and mCherry (431201-C2) (n=2), or antisense probes
against rat Gadl (316401-Cl), rat Slc32al (vgat gene; 424541-C3), and
mCherry (431201-C2) (n=2), both, respectively, labeled with alexa488,
atto647, and atto550 fluorophores. DAPI was used to label nuclei and
identify cells. Three images/hemisphere/section were taken at 63x
(1.4 NA) magnification using a Zeiss AxioObserver Z1 widefield epifluo-
rescence microscope (Carl Zeiss) with a Zeiss ApoTome 2.0 for struc-
tured illumination and Zen Blue software for counting. Wide-field
images were taken at 20x (0.75 NA) magnification. Cells that exhibited
at least 4 puncta (RNA molecules) in addition to DAPI were counted as
expressing the respective gene.

DREADD-dependent inhibition of VP“*®* neurons by CNO

In order to verify the ability of CNO to inhibit VP neurons in a
DREADD-dependent manner, we tested the ability of systemic CNO to
inhibit exogenously stimulated VP neural activity. Experimentally naive
GADI1:Cre rats (n=3) were injected unilaterally with the previously
described AAV2 DIO-hM4Di-mCherry vector in ipsilateral VP, and
contralaterally in VP with a matched AAV2 DIO-mCherry control vec-
tor (4.7 x 10'? GC/ml, AddGene). Three weeks later, bilateral intracra-
nial cannulae were implanted 2 mm dorsal to the injection target, using
previously described procedures (Mahler et al., 2013a, 2014, 2019), and
rats recovered for 5 d. Rats were then injected systemically with CNO, to
engage unilaterally expressed VPSP hM4Di receptors. Thirty minutes
later, rats were bilaterally injected in VP with 0.5ul of bicuculline
(0.01 ug/0.5 ul/50 s), inducing neural activity in the local VP area in
both hemispheres. Ninety minutes later, rats were perfused, and brains
were processed for Fos and mCherry to determine whether bicuculine-
induced Fos was suppressed by hM4Di activation (i.e., if there was less
Fos expression in the hM4Di hemisphere than the mCherry hemi-
sphere). VP sections near the center of the microinjection sites were
incubated overnight at room temperature in rabbit anti-Fos (1:5000;
Millipore) and mouse anti-DSRed (targeting mCherry; 1:2000;
Clontech), washed, incubated in AlexaFluor-donkey anti-rabbit 488 and
donkey anti-mouse 594 in dark for 4 h at room temperature, then cover-
slipped as above. For each rat, 2 or 3 brain sections/hemisphere/rat with
VP-localized microinjector tip damage were selected for manual quanti-
fication at 10x magnification by an observer blind to experimental
manipulation. mCherry-only and mCherry/Fos coexpressing cells within
VP borders (Paxinos and Watson, 2006) were counted in both hemi-
spheres. The percentage of mCherry cells coexpressing Fos in each sam-
ple was calculated, and per-hemisphere averages were computed for
each rat for statistical analysis.

Behavioral testing methods
Risky decision-making task

Operant apparatus. All operant testing was performed in Med
Associates operant chambers in sound-attenuating boxes, equipped with
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two retractable levers with associated stimulus lights above them.
Between the two levers was a food magazine connected to a food pellet
dispenser. Two nose-poke ports were positioned on the opposite wall
with a yellow light in one of the ports. Boxes were equipped with tone/
white noise and footshock generators.

Habituation training. We adapted a previously reported risky deci-
sion task and associated training protocol (Simon et al., 2009; Simon and
Setlow, 2012; Orsini et al., 2015a). Mildly food-deprived male (n=23)
and female rats (n = 22) were familiarized to highly palatable, banana-fla-
vored, sucrose, fat, and protein-containing pellets in their home cage
(Bio-Serv, catalog #F0024), then on day 1 of training, 38 pellets were
delivered into the food magazine on a variable time 100 s schedule (140,
100, 60 s) during a single ~60 min session. Rats that failed to eat >19
pellets were given a second day of magazine training.

Lever pressing training. Next, rats were trained to lever press for the
banana pellets in daily 30 min sessions. Each session began with illumi-
nation of the house light, and extension of a single lever plus illumina-
tion of the associated stimulus light (right or left, counterbalanced). One
pellet and a brief auditory tone cue (0.5 s, 2.9 kHz) were delivered on a
fixed ratio 1 (FR1) schedule, with a 10 s timeout period between pellet
deliveries. Daily FRI training continued until criterion was met (50 pel-
let/30 min session), followed by training on the alternate (left or right) le-
ver, again until criterion.

Lever choice training. The next training phase consisted of daily 1 h
sessions that taught rats to press levers within 10 s of their extension.
Sessions began with illumination of the houselight, and every 40 s one le-
ver (right or left) was extended for 10 s, along with the associated stimu-
lus light. Lever presses yielded 1 food pellet, and the tone cue. If no press
occurred during the 10 s extension window, the lever retracted and stim-
ulus light extinguished, the trial was counted as an omission, and rats
were required to wait until the next lever extension trial. Each session
consisted of 35 left lever and 35 right lever extensions with a 40 s inter-
trial interval, independent of the rats’ pressing or omitting. Rats that met
criterion (<10 omissions) on two consecutive sessions were moved to
the next phase of the task. In this phase, procedures were the same,
except that now pressing one lever (left or right, counterbalanced) deliv-
ered 1 pellet accompanied by the tone cue, and pressing the other lever
delivered 2 pellets and 2 tone cues. Rats were trained for at least 3 d in
this manner, until 2 consecutive days with <10 omissions.

Risky decision task. Rats were next trained on the risk task, in which
the threat of shock was introduced. At session start, as above, one lever
yielded 1 pellet, and the other 2 throughout the session. However, now
the 2 pellet option came with the chance of concurrently delivered shock,
the probability of which increased over the course of the session.
Sessions consisted of 5 blocks with 20 trials each, for a total of 66 min.
Blocks represent changes in footshock probability associated with large/
risky lever presses such that, in the first 20 trial block, there was no
chance of shock; and in each subsequent block, shock probability
increased by 25% (Block 1: 0% probability; Block 2: 25%; Block 3: 50%;
Block 4: 75%; Block 5: 100%). Each 20 trial block began with 8 “forced
choice” trials in which a single lever was extended (four large/risky and
four small/safe lever extensions, random order) to establish the shock
contingency for that block. Following the 8 forced choice trials, 12 “free
choice” trials commenced in which both the large/risky and small/safe
levers were extended simultaneously to allow choice of the preferred
option (small/safe; large/risky). If no lever press occurred within 10 s,
the lever(s) were retracted, stimulus light(s) extinguished, and the trial
was considered an omission. Footshock intensity (mA) was titrated indi-
vidually for each rat to ensure sufficient parametric space to observe ei-
ther increases or decreases in risky choice, as reported previously (Orsini
et al,, 2017). Footshock intensity started at 0.15mA for each rat on be-
ginning the risky decision task, and percent choice of the large/risky
reward was monitored daily for fluctuations in decision-making.
Footshock intensity was increased or decreased each day by 0.05mA,
until stable decision-making behavior was achieved in all animals.

Stable pretest baseline performance. Rats generally achieved stability
within 10-20 sessions, with near-exclusive choice of the “risky” 2 pellet
option when chance of shock was zero, then a parametric shift to the
“safe” 1 pellet option as shock probability increased across blocks



Farrell etal. @ VP GABA in Motivation during Risky Choice

(interaction of block X lever: Fy 35 = 111.5, p<0.0001). Rats were
trained until performance was stable for 5 consecutive days (no differ-
ence in 5 d average performance prevehicle/CNO: F(; 59y = 0.45, NS; or
interaction of block X treatment: F,9 = 0.023, NS), then were
assigned to receive counterbalanced vehicle and CNO tests, between
which behavior was restabilized over ~5d of training. Over the course
of these experiments, 6 rats made >50% omissions during vehicle treat-
ment sessions (range 50-72 omissions over 100 trials), making interpre-
tation of their data problematic. Accordingly, their data were excluded
from risky decision analyses.

Reward magnitude discrimination

To characterize potential VP inhibition effects on mere preference for
larger versus smaller rewards, a separate cohort of GAD1:Cre rats (1 =8)
were trained identically to above, except that shock was never intro-
duced. We then evaluated CNO effects (vs vehicle) on choice of the 2
pellet lever over the 1 pellet lever, in the absence of shock. Rats required
~5-10 training sessions before displaying stable preference for the larger
reward, after which they received CNO and vehicle tests on separate
days. After the first test, rats received ~3 d of training to restabilize per-
formance, then were given their second counterbalanced treatment.

Spontaneous palatable food intake

Ad libitum-fed rats (n=18) were placed in polycarbonate cages
(44.5 x 24 x 20cm) with bedding and ~12 g of peanut butter M&M
chocolates for 1 h on 2 consecutive days, to habituate them to test condi-
tions. The next day, rats were administered CNO or vehicle (counterbal-
anced, separate days) 30 min before a 1 h intake test. Forty-eight hours
later, the procedure was repeated with the other drug treatment. Food
intake (g) was measured.

High-effort instrumental responding for palatable food

To assess the involvement of the VP in food seeking under higher effort
requirements, mildly food-deprived rats (n=39) were trained to nose-
poke on a progressive ratio schedule of reinforcement. Sessions began
with illumination of the both the houselight and a light within the active
nose-poke port. When the required schedule was achieved, three banana
pellets + 3 concurrently delivered 0.5 s white noise pulses were delivered.
The number of nose-pokes required for reward increased each time the
prior requirement was achieved (FR 1, 6, 15, 20, 25, 32, 40, 50, 62, 77, 95,
118, 145, 178, 219, 268, 328, 402, 492, 603) (Smith and Aston-Jones,
2012). Inactive port entries were inconsequential, but recorded. Sessions
lasted a maximum of 2 h, or less if the rat failed to reach the next ratio
within 20 min of achieving the prior one. Training continued until rats
achieved stable performance for 2 consecutive sessions (<25% change in
active nose-pokes). Pressing was restabilized between counterbalanced
vehicle/CNO tests.

Low-effort instrumental responding for palatable food or conventional
chow

Mildly food-deprived rats or ad libitum fed rats (n = 16) were trained to
nose-poke for palatable 45 mg banana pellets on an FR1 schedule of rein-
forcement during daily 1 h sessions. Separate animals (n=8) were
trained to respond for 45mg chow pellets (Bio-Serv, catalog #F0165)
instead using the same procedures. Sessions began with illumination of
the houselight and active nose-poke port light. Active nose-pokes
resulted in delivery of a pellet into the food cup, whereas inactive nose-
pokes were without consequence. Rats were trained until achieving sta-
bility (<25% change in active nose-pokes) for 2 consecutive sessions (2-
7 sessions), then tested with counterbalanced vehicle/CNO, with 1+
days of restabilization between tests.

Operant shock avoidance/escape task

Procedures were adapted from a previously described shock avoidance/
escape task (Oleson et al., 2012). Rats (n = 18 trained) that had previously
performed the risky decision task, progressive ratio task, and palatable
food FR1 task were tested, and footshock intensity (mA) was the same as
that used for the rat during the previously trained risk task (0.15-
45mA). Each 30 min session began with illumination of the houselight,
and every 20 s an active and inactive lever were extended. Initial training
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taught rats to press a lever to turn off a repeated foot shock. During this
initial “escape only” training, lever extension was met with a concurrent
footshock that repeated (0.1 s footshock every 2 s) until the active lever
was pressed, at which time footshock ceased, both active and inactive
levers were retracted, and a 20 s white noise safety signal was played.
Then the next trial began with re-extension of both levers, a sequence
that was repeated until the end of the 30 min session. Training pro-
ceeded for at least 2 d, until consistent escape behavior was observed.

Next, rats were trained to avoid as well as to escape shocks in 30 min
sessions. In this phase, levers were again extended at the start of each
trial, but now this occurred 2 s before initiation of shocks. If the active le-
ver was pressed in this 2 s period (an avoid response), no shock
occurred, levers retracted, and the safety signal was played for 20 s. If no
press occurred before 2 s elapsed, repeating footshock commenced as
above, until an active lever press occurred (escape response), at which
time levers were retracted and the safety signal was played for 20 s.
Inactive lever presses were inconsequential but recorded. All rats with
>5 avoidance lever presses on the vehicle test day were included for
analyses (n=18). Rats were administered counterbalanced vehicle and
CNO tests 30 min before avoidance/escape sessions, with ~3 d between
tests to restabilize behavior. Data were analyzed by assessing (1) the
change in the ratio of avoidance presses to escape presses from pretest
baseline (i.e., change from baseline avoidance %), (2) the ratio of avoid-
ance presses to escape presses on vehicle and CNO tests (i.e., raw avoid-
ance %), (3) latency to avoid footshock, and (4) latency to escape
repeated footshock.

Motor responses to shock

To query the role of VPB4 in affective responses to shock itself, rats
(n=16) were tested for overt motor reactions to shocks of ascending in-
tensity in a chamber in which they had not been previously tested. The
houselight was illuminated and 2 min elapsed. This waiting period ended
with one 0.30 mA footshock to limit ongoing exploration. Following this
shock, rats were administered 5 consecutive 1 s, 0.05mA shocks, each
separated by 10 s. After these 5 shocks, the procedure was repeated with
blocks of increasingly intense shocks, increasing by 0.05 mA with each
block. Motor reactivity was evaluated during testing, according to previ-
ously published criteria (Bonnet and Peterson, 1975). Briefly, motor
reactivity was separated into four categories: 0, no movement; 1, flinch
ofa paw or a startle response; 2, elevation of one or two paws; 3, rapid
movement of three or all paws. When 3 of 5 shocks at a particular inten-
sity elicited level 3+ motor reactivity, the session was terminated. CNO/
vehicle tests were counterbalanced, and administered 48 h apart.

Ultrasonic vocalization (USV) responses to shock

To further query affective shock responses, rats (n=16) were adminis-
tered 2 shock-induced USV tests after counterbalanced vehicle or CNO,
held 48 h apart. Recordings again occurred in a chamber in which they
had not been previously tested. Sessions began with illumination of the
houselight; and following a 2min baseline period, rats received 5
unsignaled footshocks (1 s, 0.75mA), each separated by Imin.
Recordings were made with condenser ultrasound microphones (fre-
quency range: 10-200kHz; CM16/CMPA, Avisoft Bioacoustics) that
were centered atop the operant chamber and pointed directly toward the
center of the chamber (~18 cm above the floor). USV recordings were
made on an UltraSoundGate 416H data acquisition device (Avisoft
Bioacoustics; sampling rate 250 kHz; 16-bit resolution), as reported pre-
viously (Mahler et al, 2013b). Spectrograms were visualized using
Avisoft software, and USVs were manually quantified by an observer
blind to experimental conditions. Aversion-related 22kHz USVs were
operationalized as 18-30kHz with a duration >10ms, and positive
affect-related high frequency USVs were operationalized as those
>30 kHz frequency, with a duration >10ms.

General locomotor activity

General locomotor activity was assessed in a locomotor testing chamber
(43 x 43 x 30.5cm) with corncob bedding. Following two daily 2 h
habituation sessions, infrared beams captured horizontal distance
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Figure 1.  Anatomical, cellular, and functional characterization of hM4Di DREADDs in VPS"®A neurons. 4, Localization of DIO-hM4Di-mCherry in substance P-defined VP borders. Top left, DIO-
hM4Di-mCherry in VP. Top right, Substance P demarcates VP from surrounding basal forebrain. Bottom, Merged DIO-hM4Di-mCherry and substance P image. AC, Anterior commissure. Scale
bar, 400 .m. B, Mapping of viral expression for each individual rat expressing hM4Di DREADDs. Numbers indicate rostral/caudal coordinates relative to bregma. Green represents substance P-
defined VP. Red represents DIO-hM4Di-mCherry expression. ¢, RNAscope FISH for gad1, vglut2, and mcherry mRNA, with DAPI costain. Scale bar, 200 m. D, Higher magnification of mRNA sig-
nal. Scale bar, 20 zm. Green star represents mCherry " gad1. White star represents mCherry " vglut2. Yellow star represents mCherrygad1 ™ vglut2. E, Identity of mCherry cells in VP. mCherry
colocalized largely with gad1 mRNA (green bar), with few mCherry™ neurons expressing vglut2 mRNA. A small population of mCherry™ neurons expressed both gad1 and vglut2 (green +
white gradient), and some cells lacked observable gad1 or vglut2 mRNA and only expressed mCherry (red). F, Schematic illustrating bilateral bicuculline (0.01 £2g/0.5 wul) microinjection and sys-
temic CNO (5 mg/kg) in rats with ipsilateral mCherry and contralateral hM4Di* mCherry in VP¥*®* neurons (left: green represents Fos; red represents mCherry; right: green represents Fos; red
represents hM4Di " mCherry). White arrows indicate colocalization of Fos in mCherry ™ neurons. Scale bars, 40 um. G, CNO reduced %mCherry™ cells colocalized with Fos in hM4Di ™" mCherry
neurons, compared with contralateral mCherry only neurons. #:p << 0.01 (independent sample ¢ test). Data are mean = SEM. Dots represent individual rats.

traveled and number of vertical rears following vehicle/CNO injections
(counterbalanced tests, 48 h apart).

Statistics and analyses

GraphPad Prism and SPSS were used for all statistical analyses. CNO
and vehicle tests were counterbalanced for each experiment. An inde-
pendent-samples ¢ test was used to compare %Fos in ipsilateral
mCherry” VP neurons versus %Fos in contralateral hM4Di-mCherry
neurons following bicuculline microinjection and systemic CNO injec-
tion. Male and female footshock intensities required on the risky deci-
sion task were compared with an independent-samples ¢ test. For the
risky decision task, reward magnitude discrimination, and motor shock
reactivity tasks, effects of drug and block were analyzed with separate
two-way ANOVAs in GAD1:Cre and WT rats, along with Sidak post hoc
tests. Win-stay and lose-shift behavior was characterized on choice trials,
and analyzed with separate paired-sample ¢ tests for GAD1:Cre and WT
rats. Win-stay was operationalized as the number of risky choices after a
nonshocked risky choice, divided by the total number of nonshocked
risky choices, whereas lose-shift was the number of safe choices followed
by a shocked risky choice, divided by the total number of shocked risky
choices. In addition, we performed two-way ANOVAs with treatment
(vehicle and CNO) and genotype (WT and GADI1:Cre) as factors for rel-
evant comparisons, along with a third factor (bin) for risk task data.
Pearson’s correlation was used to determine whether footshock intensity
used in the risky decision task correlated with pressing for the large/risky
over the small/safe option. Separate one-way ANOVAs were conducted
to ask whether latency to press the small/safe or large/risky options

increased across the session when tested with vehicle treatment. Latency
data for the risky decision task excluded all trials in which omissions
occurred. For avoidance/escape task, FR1, and progressive ratio tasks,
effects of CNO versus vehicle in GAD1:Cre and WT rats were analyzed
with paired-sample ¢ tests. Because of the high variability in USV pro-
duction among rats, all USV data were analyzed as percent of vehicle test
day, and compared with 100% with one-sample ¢ test. Sample sizes were
chosen based on those used in prior experiments (Simon and Setlow,
2012; Orsini et al., 2017; Farrell et al., 2019). Two-tailed tests with a sig-
nificance threshold of p < 0.05 were used for all analyses.

Results

Selective, functional hM4Di expression in V neurons
GAD1:Cre rats exhibited hM4Di-mCherry expression (n=>53)
that was largely localized within substance P-defined VP borders
(Fig. 1A,B). Specifically, at the center of expression, mean *
SEM =68.9% * 1.2 of total viral expression area was localized
within VP, and in behaviorally tested rats 68.8% = 1.3 of VP
area contained mCherry expression. At least 55% of DREADD-
expressing cells were localized within VP borders of included
rats, although most animals also had at least some expression in
adjacent GABAergic structures. At least some extra-VP expres-
sion was observed in lateral preoptic area of 20.8% of rats, bed
nucleus of the stria terminalis (30.2%), horizontal limb of the di-
agonal band of Broca (66%), and globus pallidus (15.1% of rats).

GABA
P



Farrell etal. @ VP GABA in Motivation during Risky Choice

A B

Large/Risky
Shock Probability 0.4-
Small/Safe| 50 75100
Option Session Duration
Large/Risky
Option e

3J @

72 &

Shock Instensity (mA)
[=)
N

0.0

D VP Inhibition
Reduces Risky Choice
g100- ,
5 80- VEH
(o]
2 60-
2
[
40
8 CNO %
5 20+
= 0 GAD1:Cre

0 25 50 75 100
Risky of Punishment (%)

““"Female Male

m

J. Neurosci., May 19, 2021 - 41(20):4500-4513 - 4505

Cc

Males Endure Higher Equivalent Performance with
Shock Intensities

Titrated Shocks

* k%

——
oo

100

o]
o
1

Male

H O
o O
1 1

Female

N
o
N

%Choice Risky Option

o

0 25 50 75 100
Risk of Punishment (%)

No Effect of CNO
i 100- in Controls
o
g 807 VEH
2 60+
2
40 CNO
Q
S 20
g WT
° 0 25 50 75 100
Risk of Punishment (%)

Figure 2.  Inhibiting VP®"®* neurons reduces risky choice. 4, Schematic of risky decision task modified from Simon et al. (2009). Sessions consisted of forced choice trials (1 available option;
small/safe or large/risky) and free choice trials (2 available options; small/safe and large/risky), with ascending footshock probability associated with selection of the large/risky reward option.
B, Male rats required a higher shock intensity than females for appropriate performance of the risky decision task, as previously reported (Orsini et al., 2016). €, Equivalent average performance
of male and female rats on the risky decision task with shock titration. D, GAD1:Cre rats administered CNO (red line) exhibit a decrease in %choice of the risky option relative to vehicle-treated
rats (black line). E, No effect of CNO (teal line) in WT rats compared with vehicle treatment (black line). s:#p < 0.0001 (independent-sample ¢ test). p << 0.05, treatment main effect.
Semitransparent lines indicate data from individual rats tested with CNO (red/teal) or vehicle (black). Data are mean =+ SEM.

Verifying specificity of expression, we used RNAscope to show
that mCherry mRNA was largely colocalized with GABA-specific
markers gadl and vgat mRNA in VP (mCherry gadl™:
m=91.28 * 2.6; mCherry vgat': m=91.58 +2.75) (data not
shown). The vast majority of these neurons were triple labeled
for mCherry, gadl, and vgat (mCherry gadl®vgat™: m=
87.92 £ 2.58), indicating robust expression in GABAergic VP
neurons. Little mCherry expression was detected in vglut2 ™
neurons (mCherry vglut2™: m=842=*3.42), and of these
mCherry vglut2 " cells, 40.6% also localized with gadl (mCherry ™
vglut2"gadl™: m=3.42+ 1.08) (Fig. 1C-E), possibly indicating
coexpression of GABA and glutamate in some pallidal neurons
(Meye et al., 2016; Faget et al., 2018; Farrell et al., 2019).

To verify that hM4Di DREADDs measurably inhibit neural
activity in VPS“P4 neurons, we administered CNO systemically
to GAD1:Cre rats (n=3) with unilateral VP GAD1-dependent
expression of hM4Di “mCherry, and contralateral VP GAD1-de-
pendent mCherry only. We then pharmacologically disinhibited
VP neurons bilaterally, using microinjections of the GABA, an-
tagonist, bicuculine (0.01 ug/0.5 ul), which robustly induces VP
Fos (Smith and Berridge, 2005; Turner et al., 2008). As expected,
fewer mCherryFos VP neurons were found in the hM4Di-
expressing hemisphere than the mCherry hemisphere (Fig. 1F;
t) = 18.12, p=0.003), despite the fact that cannulae localizations
were equivalent in each hemisphere. These results demonstrate
that CNO, via actions at hM4Dj, is capable of suppressing Fos in
pharmacologically disinhibited VP®*P* cells, presumably by
recruiting endogenous G;, signaling (Pleil et al,, 2015; Roth,
2016).

Inhibiting VP44 neurons reduces risky choices

Rats (n=45) performed the risk task as expected, shifting their
choices from the large reward when chance of shock was low, to
the smaller but unpunished reward as the probability of shock
increased (Fig. 2A; GADI1:Cre rats main effect of block: Fi496) =
40.68, p<<0.0001; rats: Fi43, = 13.4, p<<0.0001). Male rats
required higher average shock intensities than female rats (Fig.
2B; ta0) = 5.6, p<0.0001), as reported previously (Orsini et al,,
2016). However, after this individualized shock titration, males
and females performed equivalently on the task, similarly shifting
their choice from the large/risky to the small/safe reward option
as shock probability increased (block: F4,179) = 76.5, p < 0.0001).
Importantly, no sex differences were detected for percent choice
of the risky option (Fig. 2C; sex: F(1 179y = 0.19, N§; block x sex
interaction: F(4 79y = 0.07, NS). Shock intensity required for sta-
ble behavior in each GADI1:Cre rat did not predict the subse-
quent magnitude of VP““®* neuron inhibition effects; that is,
shock intensity did not correlate with CNO effects (CNO day -
vehicle day) on large/risky lever pressing (r=0.14, NS) nor on
small/safe pressing (r = —0.05, NS).

In GAD1:Cre rats (n =30), CNO reduced choice of the large,
risky reward option (Fig. 2D; treatment: F; 54y = 4.62, p =0.042).
Although no significant overall treatment x block interaction
was detected, block-specific comparisons revealed that suppres-
sion of choice of the large reward was statistically different dur-
ing the 50% (Sidak: p=0.0014) and 75% (Sidak: p=0.038)
blocks, but not at the 0%, 25%, or 100% shock probability blocks
(all NS). To further probe effects of VPEABA inhibition on the
ability of positive or negative experiences to adjust ongoing
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Figure 3. VP*®* neuron inhibition increases latency to select the large/risky option, and trial omissions. A-C, In GAD1:Cre rats, CNO (red lines) increased the latency to press the large/risky

reward lever, relative to vehicle day in the same rats (black lines). i

p < 0.001, treatment main effect. B, In contrast, CNO in GAD1:Cre rats did not affect latency to press the small/safe reward

lever. C, CNO in GAD1:Cre rats increased the percentage of trials omitted on high-risk blocks. s:p < 0.001, treatment x block interaction. D-F, In WT rats without VP DREADDs, CNO (teal
lines) did not alter (D) omissions, (E) latency to press the large/risky reward lever, or (F) latency to press the small/safe reward option, relative to vehicle day (black lines). Semitransparent lines
indicate data from individual rats tested with CNO (red/teal) or vehicle (black). Data are mean = SEM.

behavior, we performed a win-stay/lose-shift analysis (Onge et al,
2011). CNO, relative to vehicle, did not alter the proportion of trials
in which either win-stay (vehicle: m = SEM =0.70 = 0.055; CNO:
m=0.69 £ 0.036; ;5 = 0.18, NS) or lose-shift occurred (vehicle:
m=0.42 £ 0.062; CNO: m=0.49 = 0.076; ¢y = 0.71, NS), indicat-
ing that the effects of VP“*®* inhibition on choice were not driven
by altered sensitivity to outcomes of recent choices. As expected, la-
tency to press the large/risky reward option increased as the foot-
shock probability increased (one-way ANOVA for vehicle day data:
Fa118) = 7.21, p < 0.0001), which did not occur for latency to press
the small/safe reward option (F19) = 1.44 NS). CNO selectively
increased the latency to press the large/risky reward option (Fig. 3A;
treatment: F(;,3;) = 13.5, p=0.0003), especially when the uncer-
tainty of footshock was maximum; during the 50% footshock block
(Sidak post hoc: p=0.0053). In contrast, CNO failed to impact la-
tency to press the small/safe reward option (Fig. 3B; F(1537) = 1.29,
NS). CNO also increased the total number of omitted trials, espe-
cially in the blocks with the highest probability of shock (Fig. 3G;
treatment X block interaction: F(4o6) = 11.91, p < 0.0001; Sidak post
hoc: 50% block: p =0.0006; 75%: p < 0.0001; 100%: p < 0.0001). In
addition, because of decreased pressing of the large/risky option
and increased omissions, CNO-treated GAD1:Cre rats obtained
fewer rewards overall than on vehicle day (treatment: F; 54y = 6.95,
p=0.015, data not shown).

VPB4 inhibition effects are specific to risky choices: no

effect on reward magnitude discrimination

Reward magnitude discrimination

A separate group of GADI:Cre rats (n=8) were trained as
described above, but in the absence of shock, to confirm their

ability to discriminate reward magnitude after VP“*** neuron

inhibition. As expected, rats nearly exclusively chose the large
reward over the small one during training, and after vehicle
treatment (vehicle day: large vs small reward: ¢, = 11.11,
P <0.0001). After CNO, GADI1:Cre rats showed a nearly identi-
cal preference as on their vehicle test day (Fig. 44; treatment:
Fu,s6 = 1.08, NS), showing that VPS4B4 inhibition does not
affect rats’ preference for a large reward over a small one. This
said, as in the task where the larger reward was associated with a
probabilistic shock, CNO increased omitted trials (Fig. 4B; treat-
ment x block interaction: F4,4) = 4.0, p=0.013), and decreased
total rewards obtained (Fig. 4C; treatment x block interaction
Flapay = 3.73, p=0.017), consistent with an overall reduction in
motivation. Post hoc tests revealed that CNO increased omissions
only in the third block (Sidak post hoc: p<0.01) and fourth
block (p < 0.05), and similarly only decreased rewards obtained
in the third block (Sidak post hoc: p<0.01) and fourth block
(p <0.05). Emergence of satiety in later blocks likely accounts
for why the fifth block of trials converged for both omissions and
rewards obtained, as a significant main effect of block was
observed for both omissions (F.4 = 21.4, p<<0.001) and
rewards obtained (F424) = 19.4, p < 0.001). However, CNO did
not impact choice latency relative to vehicle (treatment: F(; 59) =
0.86, NS), unlike in the shock version of the task where CNO
selectively increased latency to press the large/riskz lever. The
lack of effect on choice latencies induced by VP“*?* neuron in-
hibition in this experiment suggest that the increased decision
times observed on the risky decision task were not attributable to
a generalized psychomotor slowing, but rather to increased
deliberation time in weighing the costs and benefits of the risky
choice.
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Inhibiting VPSABA neurons suppresses instrumental
responding for high-value foods, without impairing general
locomotion

Similar suppression of palatable food responding during hunger
and satiety

We examined effects of inhibiting V neurons on low-effort
(FR1) operant responding for highly palatable banana pellets.
When GADI1:Cre rats (n=10) were tested under mild food
restriction, CNO reduced active port responding (Fig. 54; t() =
2.58, p=0.03), without affecting inactive port responding (¢) =
0.79, NS). Effects of VPS“PA neuron inhibition were similar
when rats were tested in the same manner while maintained on
ad libitum chow 23 h/day (Fig. 5B; active port responses: fg) =
2.65, p=0.027, inactive: to) = 0.97, NS), indicating that VPSA54
neurons are required for low-effort instrumental pursuit of a
highly salient, palatable reward regardless of physiological need
state.

PGABA

Suppression of responding for less-palatable chow only during
hunger

We next examined effects of inhibiting VPP neurons on low-
effort (FR1) operant responding for standard chow pellets under
hunger and satiety conditions (n=8). Inhibiting VPOABA pey-
rons reduced active port responding for chow when rats were
hungry (Fig. 5C; t) = 3.12, p=0.021), but not when they were
fed ad libitum (Fig. 5D; t) = 0.89, NS), as shown by the signifi-
cant interaction between hunger state and vehicle/CNO treat-
ment (F(; 6) = 6.31, p=0.046). However, we note that responding
for chow during satiety was quite low in some animals, raising
the possibility of a floor effect.

Robust suppression of high-effort palatable food seeking

When GAD1:Cre rats (n = 22) were trained on a progressive ratio
to stably respond for palatable banana pellets, CNO suppressed
break point (Fig. 6A,B; t21) = 2.4, p=0.026), and trended toward
suppressing active port responses (vehicle: m=1050=* 136.7,
CNO: m=847.5 = 122.4; t(5;) = 2.0, p=0.059). The low number
of inactive port responses was unaffected (vehicle: m=15.8 =
2.9, CNO: m =183 * 4.0; £(; = 0.53, NS).

Nonoperant spontaneous intake of palatable food is unaffected
To determine effects of VP“®* neuron inhibition on spontane-
ous intake of a highly palatable sweet and fatty food (n=12), we
examined 2 h intake of peanut butter M&M candies, placed
directly on the floor of a familiar testing chamber. CNO failed to
affect intake (g) in GAD1:Cre rats (Fig. 6C; ;) = 1.24, NS).

Locomotor activit

Effects of VPSAB4 inhibition with CNO treatment failed to alter
either horizontal locomotion or rearing behavior in GAD1:Cre
rats (n=12) (distance traveled: vehicle m=12,026 * 1006 cm,
CNO m=13,185* 1601 cm, t;;) = 0.71, NS; rearing: vehicle
m=183.6 £ 17.1 rears, CNO m =188 * 22.7 rears, t(;;) = 0.20,
NS).

Inhibiting VP44 neurons decreases motivation to avoid
footshock without impacting motor or affective reactions to
shock

Latency to avoid footshock increases after VPP neuron
inhibition

VPS“BA neuron inhibition suppressed operant risky decision-
making and food seeking, so we next sought to determine
whether this manipulation also affects negatively reinforced
operant responding (n=11). CNO did not affect the overall pro-
pensity of rats to avoid shocks rather than to escape them (Fig.
7A; change from baseline avoidance%: t(;0) = 1.50, NS; Vehicle:
m=38.82+%571; CNO: m=2896* 507 raw %avoidance:
tao) = 2.2, p=0.053), suggesting that their general strategy was
not altered by this manipulation. However, CNO selectively
increased latency to press to avoid shock in GAD1:Cre rats (Fig.
7B; t(10y = 2.60, p=0.027), consistent with reduced motivation to
avoid the impending, signaled shock. Escape latency was not
similarly impacted by CNO (Fig. 7C; £(10y = 1.36, NS), indicating
that rats were still fully capable of pressing to terminate an
ongoing shock.

No effects on motor or affective responses to shock

As expected, shock-induced motor reactivity scores parametri-
cally increased with footshock intensity (Fig. 84; GADI:Cre
block: Fs112) = 100.9, p <0.0001). Motor reactivity scores were
not affected by CNO in GADI:Cre rats (n=11) (treatment:
Fi112) = 0.27, NS), nor was the maximum shock intensity
endured altered (vehicle m=0.27 = 0.017 mA; CNO m=0.29 +
0.014 mA, t(10) = 0.94, NS).

No effect on shock-induced negative affective vocalizations

We also examined aversion-related 22kHz USVs emitted in
response to repeated, moderate intensity shocks (0.75mA/1 s,
delivered every min for 5min). These USVs were in the fre-
quency range of well-characterized aversion-related USVs
(Knutson et al., 2002; Portfors, 2007; Mahler et al., 2013b), with a
mean frequency of m=23.5* 1.1kHz, and a mean duration of
m=13064* 142.1ms. CNO failed to alter the number of
22 kHz vocalizations emitted in GAD1:Cre rats (n=10) (Fig. 8C;
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Figure 5. Inhibiting VP neurons reduces responding for palatable food and chow in
hungry rats, but only reduces responding for palatable food (not chow) in sated rats. 4, B, In
GAD1:Cre rats, CNO (red bars) reduced FR1 active nose-pokes for palatable food in (4) hungry
and (B) sated rats, relative to vehicle treatments (black bars). €, D, C(NO in GAD1:Cre rats
(red bars) reduced FR1 active nose-pokes for chow relative to vehicle (black bars) in (€) hun-
gry, but not (D) sated rats. E, F, No effect of CNO on active nose-pokes in WT controls (teal
bars) relative to vehicle treatment (black bars) under (E) hungry or (F) sated conditions.
#p < 0.05 (paired-sample ¢ test). Data are mean == SEM. Dots represent individual rats.

% of vehicle day USVs, compared with 100% with one-sample ¢
test: fo = 1.5, NS). We also observed some vocalizations
>30kHz, linked to positive affect (Knutson et al., 2002; Portfors,
2007; Brudzynski, 2013). These vocalizations, however, occurred
largely during the 2 min pre-footshock baseline (high-frequency
USVs/min on vehicle test for GADI:Cre and WT: m=
46.4 = 14.8) compared with the subsequent 5min intermittent
footshock period (m=9.6 * 5.8; pre-footshock vs footshock pe-
riod: #(;4) = 3.16, p=0.0069). Production of these high-frequency
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vocalizations was also unaffected by CNO treatment (% of vehi-
cle day USVs, compared with 100% with one-sample ¢ test: tg) =
1.74, NS).

Minimal DREADD-independent effects of CNO

Across all nine behavioral tasks implemented here, we saw few
nonspecific effects of CNO in WT rats lacking DREADD expres-
sion. In the risky decision task, administering CNO to WT rats
did not affect risky choice (Fig. 2E; treatment X block ANOVA,
no main effect of treatment: F; g) = 0.055, NS), although an over-
all ANOVA did not reveal a significant three-way interaction of
treatment, genotype, and block (F4 ;54 = 0.47, NS), or a geno-
type X treatment interaction (F; 3y = 0.61, NS), likely because of
the relatively low WT rat group size. In WT rats, CNO had no
effect on total omissions (Fig. 3F; treatment: F; gy = 0.60, NS),
total rewards obtained (treatment: F; g) = 0.044, NS), or latency
to press for either large/risky (Fig. 3D; treatment: F; 77) = 2.68,
NS) or small/safe rewards (Fig. 3E; treatment: F; ;7) = 0.91, NS),
although no significant genotype x treatment x block interac-
tions were detected for these variables (p > 0.05).

CNO also failed to alter FR1 responding for palatable pellets
in either food-deprived (Fig. 5E; active vehicle vs CNO: 5 =
0.036, NS; inactive: t5) = 1.04, NS) or sated WT rats (Fig. 5F;
active: t5) = 1.01, NS; inactive: t5) = 1.04, NS), and a significant
genotype X treatment interaction further demonstrates this
DREADD-specific effect in sated rats (genotype x treatment
interaction; active lever: F(; 14y = 5.70, p=0.032), although not
significantly so for food-deprived ones (genotype x treatment
interaction; active lever: F(;;4) = 1.89, NS). Progressive ratio
responding for palatable pellets was also unaffected by CNO in
WT rats (Fig. 6D,E; break point: ¢, = 0.63, NS; active nose-
pokes: f(16) = 0.54, NS; inactive nose-pokes: t;5) = 0.59, NS), as
was spontaneous M&M consumption (Fig. 6F; ¢5) = 0.41, NS). A
significant genotype X treatment interaction was found for break
point on the progressive ratio task (genotype x treatment inter-
action break point: F(; 37y = 4.49, p = 0.041), but this was not sig-
nificant for spontaneous M&M consumption (genotype X
treatment interaction: F; ;) = 1.11, NS). Likewise, CNO in WT
rats did not impact general locomotion (vehicle m=13,621 *
2580 cm, CNO m =16,768 = 3039 cm, f(s5) = 1.02, NS) or rearing
(vehicle m =197.8 £ 29.7 rears, CNO m = 174 £ 26.7 rears, t(s5) =
0.56, NS), and the genotype X treatment interactions were also
nonsignificant (locomotion: F(; 16) = 0.40, NS; rearing: F(; 1) =
0.42, NS).

Shock-related behaviors were also largely unaffected in WTs
by CNO, including motor reactions to shock (Fig. 8B; treatment:
F(1,33) = 0.85, NS), maximum shock intensity tolerated (vehicle:
m=0.22 *0.012; CNO: m=0.21 = 0.019; f4 = 1.0, NS), avoid-
ance propensity (Fig. 7D; change from baseline avoidance%: ve-
hicle day raw percentage: m=42.08 * 10.73, CNO day raw
percentage: m=28.96 * 9.07, t) = 1.54, NS), or avoidance la-
tency (Fig. 7E; t) = 0.064, NS), although raw avoidance% was
modestly decreased by CNO in WT rats () = 2.9, p=0.027). No
significant genotype X treatment interaction was found for ei-
ther avoidance propensity (F(; 16, = 0.0002, NS) or avoidance la-
tency (F,16) = 1.79, NS). Both 22kHz (aversion-related) and
>30kHz (positive affect-related) USVs were unchanged by
CNO in WT rats (Fig. 8C; % of vehicle day USVs, compared
with 100% with one-sample ¢ test, 22kHz: fy4 = 1.0, NS;
>30kHz: t4) = 0.96, NS). CNO in WT rats trended toward
increasing latency to escape (Fig. 7F; ts) = 2.2, p=0.07), although
no genotype x treatment interaction was found (F 6 = 0.14,
NS).
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Discussion

Here we show that V neurons play a fundamental role in
high-stakes motivation, and thereby impacting risky decision-
making strategies. Engaging G;, signaling in VP** neurons
with DREADDs interfered with both operant pursuit of desirable
foods as well as operant response to cancel an impending shock.
In contrast, VPS54 neurons play no apparent role in pursuit of
less valuable food, in spontaneous food consumption, or in affec-
tive responses to shock itself. This selective VP““®* neuron
involvement in motivated operant responding may therefore
extend beyond the pursuit of rewards, into avoidance of harm.
Accordingly, when both opportunity and risk are present (as is
usually the case in the natural world), VPSABA inhibition biased
decision-making toward a more conservative, risk-averse strat-
egy. Collectively, these results show that VP“*** neurons cru-
cially influence high-stakes decision-making, and thus likely
contribute to both the normal desires of life, and to darker pur-
suits in those with disorders of impaired judgment, such as
addiction.

PGABA

VPSABA peuron inhibition promotes conservative decision-

making by suppressing motivation

In a risky decision-making task, chemogenetically inhibiting
VPSABA neurons promoted selection of a small but safe option
over a large but risky one, without impairing the ability to dis-
criminate between rewards of different magnitudes. VP“*** in-
hibition also increased trial omissions and decreased the number
of rewards obtained in the presence or absence of shock, consist-
ent with decreased motivation for food. Similar increases in

latency and omissions have been shown following optogenetic
inhibition of all VP neurons in operant assays of sucrose seeking
(Richard et al., 2016). Yet VPABA inhibition effects were not
merely motivational in nature; food seeking was not indiscrimin-
ately suppressed. Instead, VP“P* inhibited rats shifted more
readily to a small but safe reward option, avoiding the large but
risky one, even when the risk of shock was relatively low.
Moreover, when rats did select the large/risky choice, VPSAB4
inhibition caused them to deliberate longer, an effect that was
not present on trials when the small/safe option was chosen. In
contrast, when VP““P* neuron inhibition occurred in a low
stakes (no shock) version of the task, no such effects on choice la-
tency were seen. In other words, inhibiting VP“*** neurons
seemed to selectively promote a more conservative, risk-averse
decision-making strategy by suppressing appetitive motivation.
Of course, VP does not act alone to influence risky choice,
but rather within wider mesocorticolimbic circuits that integrate
motivational states with encountered opportunities and threats,
in pursuit of generating maximally adaptive behavior under
motivational conflict. Indeed, numerous brain regions contribute
to risky decision-making in rats, including prefrontal cortices,
basolateral amygdala, lateral habenula, VTA, and NAc (Floresco
et al., 2008; Orsini et al., 2015b). Notably, lateral orbitofrontal
cortex lesions have similar effects on latency and propensity to
make risky choices as VP“®* neuron inhibition did here
(Orsini et al., 2015a), implying functional, if not direct anatomic
interactions between these structures (Simmons et al., 2014).
Interestingly, activating D2 dopamine receptors in VP’s largest
afferent input, the GABAergic NAc, similarly promotes risk-
averse behavior in adolescent rats (Mitchell et al, 2014).
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Figure 7. Inhibiting VP®*®* neurons increases avoidance latency, without affecting avoidance propensity or escape latency. A, CNO did not affect avoidance% in GAD1:Cre rats (red bar) rela-
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Although infusion of a D2 agonist in NAc would likely disinhibit
(excite) VP neurons (Gallo et al., 2018), paradoxically we find
here that inhibiting VPS“PA neurons with DREADDs causes a
similarly risk-averse phenotype. Reconciling these findings is an
important future direction and could involve experience-related
plasticity in D1 (i.e., “direct pathway”) versus D2 (i.e., “indirect
pathway”) inputs from NAc (Kupchik et al., 2015; Creed et al.,
2016; Heinsbroek et al., 2017; O’Neal et al., 2020), differences
between adolescent and adult decision-making processes (Spear,
2000), currently unknown specificity of NAc inputs to VP cell
subpopulations (e.g., glutamate vs GABA), or potentially non-
NAc inputs to VP that may influence reward-seeking decisions
(Richard et al., 2016; Ottenheimer et al., 2018).

Role for VPB4 neurons in seeking high-value food,
without affecting food consumption

Having found that VP“*®* neuron perturbation stifled risky
choice, we next sought to determine how inhibiting these neu-
rons impacts “pure” tests of food seeking and intake, in the ab-
sence of potential harm. VP’s role in food ingestion and
hedonics has been known for decades (Morgane, 1961; Stratford
et al., 1999; Castro et al., 2015), although it was not clear how VP
participates in this was unclear. Here, we show that chemoge-
netically inhibiting VPS*®4 neurons suppresses operant pursuit
of high-value foods such as palatable pellets, under both low-
and high-effort conditions. In contrast, pursuit of less palatable
chow was affected by VPS“P* inhibition only when this food
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was valued because rats were hungry. These results suggest that
VPSABA neurons selectively promote seeking of high-value
rewards, regardless of whether value is instantiated by the inher-
ent palatability of the food, by the presence of hunger, or by the
necessity to pay a cost such as effortful responding, or potential
for shock.

Interestingly, whereas inhibiting VPS4 neurons decreased
operant pursuit of valuable food rewards, it did not impair spon-
taneous consumption of palatable chocolate, suggesting that
these neurons mediate instrumental seeking of high-value
rewards, but not necessarily consumption of the reward once
obtained. Neurobiological dissociation between seeking and con-
sumption has been previously shown within ventral striatal net-
works (Berridge and Robinson, 2003). For example, intra-NAc
dopamine antagonism diminishes operant reward seeking but
leaves reward consumption unimpaired (Kelley et al, 2005;
Salamone and Correa, 2012). Similarly, inhibiting VP impairs
conditioned food or salt seeking, without impacting uncondi-
tioned consumption of these rewards (Farrar et al., 2008; Chang
et al., 2017). Our results extend these findings, showing that
VPSABA neurons in particular are required for pursuit, but not
consumption of food. This said, VP stimulation with opioid ago-
nist or GABA antagonist drugs robustly increases chow con-
sumption, and opioid drugs also enhance hedonic reactivity to
sweet tastes (Smith and Berridge, 2005, 2007). In addition, VP
lesions suppress all food intake, and lesioned animals will starve
without forced feeding (Cromwell and Berridge, 1993). Given
these findings, the present results could suggest lack of VPSAB4
neuron involvement in these consummatory effects, or they
could be a product of mechanistic differences between
DREADD:s and lesions, or other unknown factors.

VPS4BA peurons and appetitive versus aversive motivation

A recent surge of studies suggest that VP“*** neurons promote
appetitive behavior and reward, whereas intermingled VP gluta-
mate neurons instead mediate behavioral withdrawal and aver-
sion. For example, VPSABA neurons fire in response to water
rewards and their predictors in mice, especially when those
rewards are particularly valuable because of thirst (Stephenson-
Jones et al., 2020). Optogenetic activation of mouse VP“P4 neu-
rons elicits food intake and operant water seeking (Zhu et al,,
2017; Stephenson-Jones et al., 2020) and is reinforcing (Zhu et
al., 2017; Faget et al., 2018), while optogenetic stimulation of VP
glutamate neurons elicits aversive responses and promotes oper-
ant avoidance (Faget et al., 2018; Tooley et al., 2018; Levi et al.,
2020; Stephenson-Jones et al., 2020), although a recent report
suggests that VP glutamate neurons may mediate salience
regardless of valence (Wang et al., 2020). None of these prior
mouse studies indicated a role for VPS“®A neurons in aversive
motivation, but they did not examine more complex types of
aversive responding.

To address the function of VP“P* neurons further, we
examined the contribution of VP*** neurons to shock-induced
affective responses, and to instrumental responding to avoid or
escape shocks. Inhibiting VP*P* neurons failed to impact
shock-induced motor reactions or USVs, suggesting that these
cells do not mediate aversion per se. However, when rats were
trained to press a lever either to avoid an impending shock or to
escape an ongoing one, DREADD inhibition revealed a hidden
role for VPS“PA neurons in aversive motivation. Specifically, the
latency to press a lever to cancel an impending shock was
increased by VPS4 inhibition, whereas latency to press to
escape an ongoing shock was unaffected. Together, these data
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show that VPS“P* inhibition impacted neither affective reactions to
shock itself nor the ability of an ongoing shock to induce escape
responses. Instead, VP““Pinhibited rats simply appeared to less
urgently avoid impending punishment (although the proportion of
trials escaped vs avoided was not altered). This increase in avoid-
ance latency represents a departure from the common notion that
VPSAPA neurons are solely implicated in appetitive behavior.
Rather, these neurons seem instead to facilitate high-stakes instru-
mental behavior of many types. This said, we note that when rats
pressed to avoid footshock, they also received a 20 s signal indicat-
ing freedom from impending threat. It is therefore possible that
DREADD inhibition did not impact aversive motivation itself, but
instead reduced the conditioned reinforcing properties of this safety
signal (Fernando et al,, 2014). Dissociating avoidance of harm from
pursuit of safety is famously difficult (LeDoux et al., 2017; Sangha et
al., 2020), so further work is needed to disambiguate this newly dis-
covered role for VPSP neurons in aversive motivation.

Specificity of effects

We found very little evidence of nonselective effects of CNO in
WT rats without DREADDs. In the absence of DREADDs, CNO
can have off-target behavioral effects in some experiments
(MacLaren et al., 2016; Gomez et al., 2017; Manvich et al., 2018).
Yet across the numerous behaviors tested here, we identified
only a trend toward an increase in escape latency in WT rats,
indicating predominantly DREADD-specific effects of CNO
(Mahler and Aston-Jones, 2018). In addition, although VP is
sometimes considered a motor structure (Mogenson et al., 1980;
Heimer et al,, 1982), it is unlikely that VPS*®* DREADD effects
were due to nonspecific motoric inhibition. Neither horizontal
locomotion nor rearing behavior was affected by engaging
VPABA DREADDs, and behavioral effects were specific to
highly motivated instrumental contexts; other behaviors, such as
spontaneous chocolate intake, and pressing for chow in a sated
state were unaffected.

VP DREADD expression was mostly localized within strictly
defined VP borders, although in most rats at least some expres-
sion encroached on nearby subcortical structures containing
GABAergic neurons with important behavioral roles (Koob,
2004; Silberman et al., 2009; Jennings et al., 2013; Barker et al.,
2017; Saga et al., 2017; Gordon-Fennell et al., 2020), so we cannot
definitively exclude overlapping roles for these neurons in behav-
ioral effects observed here.

Similar to our prior findings (Farrell et al., 2019), we saw no
evidence of sex-dependent behavioral effects of chemogenetic
VP manipulation, although we also cannot exclude this possibil-
ity since studies were not powered to fully explore this variable.

We note that a portion of VP““®4 neurons also express other
peptides, such as parvalbumin and enkephalin, and such coex-
pression may have functional implications. For example, VP par-
valbumin neurons, are necessary for alcohol seeking and
depression-like behavior (Knowland et al., 2017; Prasad and
McNally, 2020). VPSA®A neurons that coexpress enkephalin also
drive cue-induced cocaine seeking (Heinsbroek et al., 2019). A
significant portion of both these VP subpopulations express
GABA markers, although others are glutamatergic. Since VP glu-
tamate and GABA neurons have dissociable roles in behavior
(Faget et al., 2018; Tooley et al.,, 2018; Stephenson-Jones et al.,
2020), further work is needed to parse the relative functional
roles played by VP cells expressing GABA, glutamate, various
coexpressed proteins, and combinations thereof.

In conclusion, these results demonstrate an essential role for
VPSPA neurons in high-stakes motivated behavior: be it to
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pursue valued rewards, to avoid impending harm, or to make
important decisions when motivations are mixed. We show for
the first time that VPS“®* neurons’ role in motivation impacts
decision-making, since inhibiting these cells yields a conserva-
tive, risk-averse decision-making strategy rather than a simple
decrease in all reward seeking. If successfully harnessed thera-
peutically, we speculate that suppressing VP“P* neuron activity
might be useful for treating addiction, or other disorders of mal-
adaptive, risky decision-making.
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