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Abstract

Fear generalization is a hallmark of anxiety disorders. Experimentally, fear generalization can be
difficult to dissociate from its counterpart, fear discrimination. Here, we use minimal threat learning
procedures to reveal such a dissociation. We show that in Long–Evans rats, an auditory threat cue
predicting footshock on 10% of trials produces a discriminated fear response that does not gener-
alize to a neutral auditory cue. In contrast, even slightly higher footshock probabilities (30 and 20%)
produce fear generalization. AAV-mediated, caspase-3 deletion of ventral pallidum neurons abol-
ishes fear generalization and reduces threat cue responding during extinction. The ventral palli-
dum’s contribution to fear generalization and extinction threat responding does not depend on
inputs from the nucleus accumbens. The results demonstrate a minimal threat learning approach
to dissociate fear discrimination from fear generalization and a novel role for the ventral pallidum in
generalizing and expressing fear.
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Significance Statement

In the laboratory, healthy mice, rats, and people generalize fear responding to a neutral cue before
showing fear discrimination. However, in the real world, fear generalization is not nearly as ubiquitous
in healthy individuals. Here we show that in rats, minimal threat learning procedures manipulating
footshock probability identify a boundary at which fear discrimination proceeds in the absence of
fear generalization. We exploit this boundary to reveal a novel and essential role of the ventral pallidum
in fear generalization.

Introduction
The ability to predict and respond to environmental threats is essential to survival. When

fear responding is confined to cues associated with threats, it is healthy and adaptive.
However, fear responses that generalize to neutral cues, are maladaptive. Fear generali-
zation is a hallmark of anxiety disorders (Cooper et al., 2022). Uncovering neural mecha-
nisms for fear generalization is paramount to reducing the personal and societal burden of
anxiety disorders.
A barrier to revealing neural mechanisms for fear generalization is a lack of behavioral

procedures to distinguish fear generalization from its counterpart: fear discrimination
(see Table 1 for definitions). This is because common laboratory approaches produce a
behavioral pattern in which fear generalization necessarily precedes fear discrimination.
For example, a commonprocedure uses a threat cue that predicts footshock (100%shock
probability) and a neutral cue that does not (0% probability). In the laboratory, healthy
people (Holt et al., 2014), intact rats (McDannald, 2010; Foilb et al., 2018), and intactContinued on next page.
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mice (Jo et al., 2018) initially acquire threat-like responses to a neutral cue. As the proce-
dure continues, subjects retain responding to the threat cue and reduce threat-like
responding to the neutral cue.
This pattern may lead to the assumption that fear generalization and fear discrimina-

tion represent extremes of a single process. This view has significant implications
for the neural mechanisms underlying fear generalization. If fear generalization and
fear discrimination are extremes of a single process, both are likely to be the product
of the same neural mechanisms. However, if fear generalization and fear discrimination
are distinguishable processes, each is likely to be supported by unique neural
mechanisms.
The basolateral amygdala plays a critical role in acquiring responding to threat cues

(LeDoux et al., 1988; Helmstetter, 1992; Maren, 1999; Goosens and Maren, 2001; Lee
et al., 2001, 2005; Nader et al., 2001; Choi and Brown, 2003; Gale et al., 2004; Koo
et al., 2004; Anglada-Figueroa and Quirk, 2005; Petrovich et al., 2009; McDannald,
2010; Liu et al., 2022; Williams-Spooner et al., 2022). However, it is now recognized
that the amygdala does not work alone to acquire and express fear. The second goal of
this study was to reveal possible roles of the ventral pallidum in generalizing and express-
ing fear responding in this minimal threat setting. Why the ventral pallidum? The ventral
pallidum is anatomically positioned to modulate fear responding. The ventral pallidum is
a forebrain region with direct and extensive projections to the basolateral amygdala
(Haber et al., 1985; Root et al., 2015). Furthermore, the ventral pallidum contains signals
that are suitable to guide threat responding and utilize error to modify cue–shock associ-
ations. In reward settings (Smith et al., 2009), the ventral pallidum has been shown to sig-
nal a reward value (Ottenheimer et al., 2018; Stephenson-Jones, 2019), as well as reward
prediction error (Ottenheimer et al., 2020). The ventral pallidum reward value (Tachibana
and Hikosaka, 2012) and reward prediction error signals (Ottenheimer et al., 2020) incor-
porate trial history into their respective computations. In aversive settings, ventral pallidum
neurons signal relative threat value (Kaplan et al., 2020; Stephenson-Jones et al., 2020;
Moaddab et al., 2021).
Beyond the amygdala, the ventral pallidum is reciprocally connected with the nucleus

accumbens core (Haber et al., 1985). Like the ventral pallidum itself, this pathway is con-
sistently implicated in reward settings (Pardo-Garcia et al., 2019). However, recent evi-
dence indicates roles of this same pathway in fear and anxiety. Optogenetic excitation
of D2R accumbens neurons projecting to the ventral pallidum promotes anxiety-like beha-
vior (Correia et al., 2023). The accumbens to the ventral pallidum pathwaymay play amore
general role in eliciting and organizing fear and anxiety behavior.
The goals of the present experiments were threefold. In Experiment 1, we sought to

develop behavioral procedures that dissociate fear discrimination from fear generaliza-
tion. To do this, we arranged for rats to undergo minimal threat learning in which a neutral
cue never predicted footshock, while a threat cue predicted a low probability of footshock
(30, 20, or 10%). We monitored responding during 10 learning sessions and then a single
extinction session. In Experiment 2, we asked if there is any role of the ventral pallidum in
fear generalization, fear discrimination, or the expression of fear-related responding during
extinction testing. Rats had ventral pallidum neurons bilaterally deleted using an intersec-
tional AAV approach (Yang et al., 2013; Tervo et al., 2016). Control rats had ventral palli-
dum neurons left intact. Rats were then assessed in minimal threat learning procedures
(30 or 10% threat probability). Finally, we asked if any of these behavioral processes
depended specifically on the accumbens to the ventral pallidum pathway. Nucleus
accumbens neurons projecting to the ventral pallidum were either deleted using an inter-
sectional AAV approach or left intact. Pathway-deleted and intact rats were then assessed
in all aspects of the 30% minimal threat learning procedure.

Table 1. Definitions for terms

Term Definition

Fear learning Acquiring a behavioral response to a threat cue paired with shock
Fear discrimination Differential responding to a threat cue (paired with shock) and a neutral cue (not paired with shock)
Fear generalization Threat-like responding to a neutral cue

Operationalized definitions for fear learning, fear discrimination, and fear generalization.
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Materials and Methods
Subjects
Subjects were 94 Long–Evans rats (47 females) arriving from Charles River Laboratories on Postnatal Day 55, weighing

196–298 g (Experiment 1, 47 total, 23 females; Experiment 2, 23 total, 11 females; and Experiment 3, 24 total, 12 females).
Upon arrival, rats were single-housed and placed on a 12 h light cycle (lights off at 6:00 P.M.). Rats acclimated to the facil-
ity with ad libitum access to water and chow (18% Protein Rodent Diet 2018, Harlan Teklad Global Diets) for at least
2 weeks before behavioral testing or surgery. All experiments were performed in accordance with the NIH guidelines
regarding the care and use of rats for experimental procedures.

Surgery
Aseptic, stereotaxic surgery was performed under isoflurane anesthesia (1–5% in oxygen) for Experiments 2 and 3.

Carprofen (5 mg/kg, s.c.), lactated ringer’s solution (5 ml, s.c.), and 2% lidocaine (∼1.5 ml, s.c.) were administered
preoperatively.

Experiment 1. No surgery was performed.

Experiment 2. The cranium was exposed via midline incision. Two holes were drilled above the ventral pallidum at sex-
specific coordinates: AP −0.12 mm and ML ±2.05 mm (11 females) and AP −0.08 mm and ML ±2.05 mm (12 males). Rats
received bilateral, 0.3 µl infusions of eSyn-iCre-T2A-eGFP-WPRE (rAAV2-retro) at DV −8.00 mm (female) or DV −8.10 mm
(male). RAAV2-retro inserts cre recombinase into local ventral pallidum neurons, as well as to neurons projecting to the
ventral pallidum. Casp3VP rats received bilateral 1.0 µl infusions of AAV-flex-taCasp3-TEVp (caspase-3 induces apoptosis
in cre-containing neurons) at the rAAV2-retro coordinates. Control rats received bilateral 1.0 µl infusions of
AAV-hSyn-mCherry at the rAAV2-retro coordinates. The dual viral approach meant ventral pallidum neurons would be
deleted in Casp3VP rats but left intact in control rats.
Infusions were delivered via 2 µl syringes (Hamilton, Neuros) controlled by a microsyringe pump (World Precision

Instruments, UMP3-2). The syringe was raised 0.1 mm 1 min after the completion of each infusion and then left in place
for 5 min to encourage delivery to the target site. Syringes were rinsed with saline between infusions.

Experiment 3. Bilateral eSyn-iCre-T2A-eGFP-WPRE infusions were performed as in Experiment 2. Now, two additional
holes were drilled above the nucleus accumbens core: AP +1.90 mm and ML ±1.80 mm (n=24; 12 females).
Casp3NAcc→VP rats (n=12; six females) received bilateral 1.0 µl infusions of AAV-flex-taCasp2-TEVp into the nucleus
accumbens core. Control rats (n=12; six female) received bilateral 1.0 µl infusions of AAV-EF1a-DIO-mCherry (n=12).
The dual viral approach meant ventral pallidum-projecting nucleus accumbens neurons would be deleted in
Casp3NAcc→VP rats but left intact in control rats. A complete breakdown of rats by sex, threat probability condition, and
surgical group is provided in Table 2.

Table 2. Rat numbers by group, probability, and sex

Group Probability Sex n

Experiment 1
30% Female 8
30% Male 8
20% Female 8
20% Male 8
10% Female 7
10% Male 8

Experiment 2
ControlVP 30% Female 3
ControlVP 30% Male 3
ControlVP 10% Female 3
ControlVP 10% Male 3
Casp3VP 30% Female 3
Casp3VP 30% Male 3
Casp3VP 10% Female 2
Casp3VP 10% Male 3
Experiment 3
ControlNAc→VP 30% Female 6
ControlNAc→VP 30% Male 6
Casp3NAc→VP 30% Female 6
Casp3NAc→VP 30% Male 6

The number of rats in each surgical group and footshock probability condition are shown by sex.
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Postoperative procedures
Rats received Rimadyl (Bio-Serv MD150-2, 2 mg/tablet) for postoperative analgesia for 2 d postsurgery. At least

4 weeks passed between surgery and footshock sessions to permit caspase-3–mediated neuronal deletion.

Behavior apparatus
The apparatus for behavioral testing consisted of eight individual chambers with aluminum front and back walls, clear

acrylic sides and top, and a grid floor. Each floor bar was electrically connected to an aversive shock generator (Med
Associates). An external food cup and a central port equipped with infrared photocells were present on one wall.
Auditory stimuli were generated with an Arduino-based device or a WAV trigger-based device and presented through
two speakers mounted on the ceiling (Fig. 1A). Each experimental chamber was enclosed in a sound-attenuating shell.

Pellet exposure and nose poke shaping
Rats were food-restricted and specifically fed to maintain their body weight throughout behavioral testing. Each rat was

given 4 g of experimental pellets (Bio-Serv Dustless Precision Pellets, 45 mg, Rodent Purified Diet, F0021) in their home
cage in order to overcome neophobia for 2 d. Next, the central port was removed from the experimental chamber, and rats
received a 30 min session in which one pellet was delivered everyminute. Following the pellet session, the central port was
returned to the experimental chamber for the remainder of the behavioral testing. Each rat was first shaped to nose poke in
the central port for experimental pellet delivery using a fixed ratio schedule in which one nose poke into the port yielded
one pellet. Shaping sessions lasted 30 min or until ∼15 nose pokes were completed. Each rat then received five sessions
during which nose pokes into the port were reinforced on a variable interval schedule. Session 1 used a variable interval of
30 s schedule (poking into the port was reinforced every 30 s on average). All remaining sessions used a variable interval of
60 s schedule. For the remainder of behavioral testing, nose pokes were reinforced on a variable interval of 60 s schedule
independent of cue and shock presentation. A variable schedule, rather than a ratio schedule, was used to encourage con-
sistent nose poking across the entire session.

Cue pre-exposure
Each rat was pre-exposed to the two cues to be used in the minimal threat learning procedure. Auditory cues were 10 s

in duration and consisted of repeating, 500 ms motifs of broadband click or trumpet. A 49 min session consisted of 10
presentations of each cue (20 total presentations) with a mean intertrial interval (ITI) of 2 min. The cue presentation order
was randomly determined by the behavioral program and differed for each rat, each session.

Minimal threat learning
Experiment 1. Each rat received 10, 49 min minimal threat learning sessions consisting of 20 trials, with a mean ITI of

2 min. Rats were divided into three groups. Each rat received 10 threat cue presentations. There were three probability
conditions with the threat cue being followed by footshock on 10% (n=15), 20% (n=16) or 30% (n=16) of trials
(Fig. 1B). Each rat also received 10 presentations of a neutral cue that was never followed by footshock. Auditory identities
of the threat and neutral cues were counterbalanced across rats. Footshock (0.5 s, 0.5 mA) was administered 2 s following
shock termination on trials in which it was given. The order of threat and neutral cue presentation was randomly deter-
mined by the behavioral program and differed for each rat, each session.

Experiment 2. The behavioral procedure is as in Experiment 1, but only the 10 and 30% threat probabilities were used.

Figure 1. Experimental design. A, Rats nose poke for food. Independently, cues can be played through overhead speakers, and shocks can be delivered
throughmetal floor bars.B, Minimal threat learning consisted of 10 s auditory cues predicting unique footshock probabilities: threat (red,p=0.3; purple, p=0.2;
and pink, p=0.1) and neutral (gray; p=0). Footshock was 2 s following cue offset on trials it was presented. C, The Mean±SEM baseline nose poke rate
during the cue pre-exposure session (p) and the 10 sessions of shock presentation (1–10) is shown. Baseline nose poke rates are shown because they are
used to calculate cue suppression ratio.
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Experiment 3. The behavioral procedure is as in Experiment 1, but only the 30% threat probability was used.

Calculating suppression ratio
Behavioral datawere acquired usingMedAssociates,Med-PC IV software. Rawdatawere processed inMATLAB to extract

time stamps for nose poke initiation and cue onset. Fear-related behavior was measured with suppression ratio using nose
poke rates from the baseline and cue periods (poke/min). The baseline nose poke rate came from the 20 s precue period.
The cue nose poke rate came from the 10 s cue period. The suppression ratio was calculated as follows: (baseline poke
rate−cue poke rate) / (baseline poke rate+cue poke rate). A suppression ratio of “1” indicated complete suppression of
nose poking during cue presentation relative to the baseline. A suppression ratio of “0” indicated equivalent nose poke rates
during the baseline and cue presentation,meaning no suppression of nose poking. Gradations in suppression ratio between 1
and 0 indicated intermediate levels of nose poke suppression during cue presentation relative to the baseline. Negative
suppression ratios indicated increased nose poke rates during cue presentation relative to the baseline.
Note: suppression of reward seeking is not “fear.” Fear, referring to behavioral output, is a collection of many overt and

autonomic responses elicited by a shock-paired cue (Davis, 1992; McDannald, 2023). Suppression of reward seeking is
one behavioral property of a footshock-associated cue.

Histology
Upon the conclusion of behavioral testing for Experiments 2 and 3, rats were anesthetizedwith an overdose of isoflurane

and perfused intracardially with 0.9% biological saline and then 10% neutral buffered formalin. Brains were extracted and
postfixed in 10% neutral buffered formalin for 24 h and then stored in 4% formalin and 10% sucrose for an additional 24 h.
Forty micrometer sections were collected on a sliding microtome and stored in cryoprotectant until mounting.
The tissues were collected around the bregma levels +0.36, 0.00, and −0.36 (Experiment 2) and bregma levels 0.00 and

+1.68 (Experiment 3) and then washed with 0.2 M potassium phosphate-buffered solution (3 × 5 min). The tissues were
mounted on slides and left to dry overnight in a dark area. Dry slides were coverslipped with Vectashield Hardset mounting
media (Vector Labs). Sections were imaged for green fluorescent protein (GFP) within 3 weeks of processing. A subset of
sections were processed with immunohistochemistry for substance P (primary antibody, rabbit anti-substance P, 1:100,
ImmunoStar; secondary antibody, Alexa Fluor 594 donkey anti-rabbit, Jackson ImmunoResearch Laboratories) and
NeuroTrace (1:200, Thermo Fisher Scientific) to determine overlap of GFP expression with the ventral pallidum as defined
by the location of substance P fibers.

Image acquisition and GFP neuron counting
Images were captured using a light microscope (Axio Imager Z2, Carl Zeiss). GFP neuron counting was performed with

Fiji (Schindelin et al., 2012). Color images were converted to grayscale and then thresholded to optimize the signal to the
background ratio. A Gaussian blur was applied, the image was converted to binary, and then the number of GFP particles
was counted. Two ventral pallidum sections (∼0.00 bregma, left hemisphere + right hemisphere) were quantified for
Experiments 2 and 3. Two ventral pallidum sections (bregma 0.00, left hemisphere + right hemisphere) and two nucleus
accumbens sections (bregma +1.68, left hemisphere + right hemisphere) were quantified for Experiment 3. Note: the soft-
ware and lens for our microscope were updated between Experiments 2 and 3. This led to overall differences in fluores-
cence levels between the two experiments.

Statistical analyses
Nosepokeandsuppression ratiodatawereanalyzedwith analysis of variance (ANOVA);p<0.05wasconsideredsignificant.

Within-subject, post hoc comparisons were performed using 95%bootstrap confidence intervals (95%BCIs). For 95%BCIs,
observing confidence intervals that did not contain zero indicated differences between conditions. The 95% BCIs were pre-
ferred because they do not assume normality and avoid Type 1 error issues associatedwithmultiple t tests. Between-subject,
post hoc comparisons were performed using independent sample t tests; p<0.05 was considered significant.

Results
Experiment 1
Baseline nose poke rates
Rats were mildly food deprived and trained to nose poke for a food reward. Poking was reinforced through minimal

threat learning. Baseline nose poke rates increased over the 11 sessions, with increases greatest observed for males
and rats in the 10% probability condition (Fig. 1C). ANOVA for the baseline nose poke rate [between-subject factors,
sex (female and male) and probability (10, 20 or 30%); within-subject factors, session (11, pre-exposure through
Session 10)] found significant main effects of session (F(10,410) = 36.03; p=2.68 ×10−50) and sex (F(1,41) = 23.80;
p=1.70 ×10−5). Additionally, ANOVA found significant interactions for session × sex (F(10,410) = 5.03; p=6.46 × 10−7) and
probability × session (F(20,410) = 1.95; p=0.009). Female rats had lower mean baseline nose poke rates than males across
testing (t45 = 5.22; p=4.00 × 10−6).
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Minimal threat learning
Nose poke suppression to the threat cue (30, 20, or 10%) and the neutral cue (0%) was measured over the 11 sessions.

Discrimination emerged for rats in each probability condition (Fig. 2A–C). Generalization of suppression to the neutral cue
was observed in the 30 and 20%probability conditions, but not the 10%condition. Demonstrating discrimination, ANOVA
[between-subject factors, sex (female andmale) and probability (10, 20 or 30%); within-subject factors, cue (threat vs neutral)
and session (11, pre-exposure through session 10)] found significant main effects of cue (F(1,41) = 255.09; p=3.32 ×10−19),
session (F(10,410) = 27.61; p=3.03 × 10−40), a significant cue × session interaction (F(10,410) = 41.69; p=1.76 × 10−56), and a
significant cue ×probability interaction (F(2.41) = 3.74; p=0.032). The threat cue elicited higher levels of suppression than
the neutral cue, with the difference most apparent for 30 and 20% probability conditions during the later sessions.
ANOVA also found a significant main effect of probability (F(2,41) = 16.43; p=6.00 × 10−6) and a significant session ×

probability interaction (F(20,410) = 5.43; p=2.51 × 10−12). For the 30 and 20% conditions, the rapid increase in threat cue
suppression ratios from Session 1 to Sessions 2–4 was also observed to the neutral cue. The 95% BCIs for differential
suppression ratios [mean (M) Sessions 2–4−Session 1] did not contain zero for any cue/group (Fig. 2D). For the 10% con-
dition, the rapid increase in threat cue suppression ratio from Session 1 to Sessions 2–4 (Mean, 0.25; 95% CI [(lower
bound) 0.15, (upper bound) 0.34]) was not observed to the neutral cue (M, −0.03; 95% CI [−0.11, 0.07]).

Influence of biological sex
The same ANOVA found a significant main effect of sex (F(1,41) = 8.58; p=0.006), a significant session × sex interaction

(F(10,410) = 2.32; p=0.012), and a significant session × sex × probability interaction (F(20,410) = 2.30; p=0.001). Females
showed higher overall levels of suppression, particularly during the later sessions. No significant sex × cue interactions
were observed.

Extinction test
Extinction testing revealed discrimination and partial sensitivity to the threat probability manipulations (Fig. 3A). Rats in

each condition showed greater suppression to the threat cue compared with that to the neutral cue. Rats in the 30 and

Figure 2. Responding during minimal threat learning. Mean±SEM suppression ratios for threat (red, p=0.3; purple, p=0.2; and pink, p=0.1) and neutral
(gray, p=0) from pre-exposure (p) through the 10minimal threat learning sessions (1–10) are shown for rats in the (A) 30%, (B) 20%, and (C) 10%probability
conditions. D, Group Mean (bars) and individual (female, filled; male, open) change in suppression ratio from Session 1 to Sessions 2–4 (Mean) are shown.
The +95% BCI does not contain zero.

Figure 3.Respondingduring extinction test.A, GroupMean (bars) and individual (female, filled;male, open) suppression ratios for threat (red,p=0.3; purple,p=
0.2; and pink, p=0.1) and neutral (gray, p=0) from the extinction test are shown.B, GroupMean and individual baseline nose poke rates are shown (color as in
A). *Independent samples t test, p<0.05.
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20% threat probability conditions showed greater threat cue suppression than rats in the 10% condition. Confirming dis-
crimination, ANOVA [between-subject factors, sex (female andmale) and probability (10, 20 or 30%); within-subject factor,
cue (threat vs neutral)] found a significant main effect of cue (F(1,41) = 120.77; p=8.5662× 10−14). The 95%BCIs confirmed
differential responding to threat and neutral cues by rats in the 30% (M, 0.56, 95% CI [0.41, 0.71]), 20% (M, 0.58, 95% CI
[0.41, 0.74]), and 10%conditions (M, 0.31; 95%CI [0.18, 0.44]). Revealing partial sensitivity to the threat probabilitymanip-
ulations, ANOVA found a significant probability × cue interaction (F(2,41) = 3.51; p=0.039), as well as a significant main
effect of probability (F(2,41) = 3.96; p=0.027). Between-subject t tests confirmed higher threat cue suppression ratios in
the 30 versus 10% conditions (t29 = 2.60; p=0.014) and in the 20 versus 10% conditions (t29 = 2.43; p=0.021). Neutral
cue suppression ratios did not differ between any groups (all t<0.1; p>0.9).
Female rats showed greater discrimination that was driven by higher suppression ratios to the threat cue. In support,

ANOVA revealed a significant main effect of sex (F(1,41) = 14.69; p=4.27 ×10−4) and a significant cue × sex interaction
(F(1.41) = 6.91; p=0.012). Group differences in suppression ratio could not be attributed to differences in baseline nose pok-
ing. All groups showed equivalent baseline nose poke rates during the extinction test (all t<0.46; p>0.6; Fig. 3B).

Experiment 2
Experiment 1 revealed that a 30% threat cue produces discrimination plus generalization, while a 10% threat cue pro-

duces discrimination without generalization. Experiment 2 combined caspase-mediated neuronal deletion with the 30 and
10%minimal threat learning procedures to examine possible roles of the ventral pallidum in discrimination, generalization,
and the expression of learning. If the ventral pallidum specifically contributes to generalization, then neuronal deletion
should selectively abolish responding to the neutral cue in the 30% condition. If the ventral pallidum is necessary for dis-
crimination, then differential responding to the threat cue and neutral cue should be impaired in both the 30 and 10% con-
ditions. If the ventral pallidum is necessary for the expression of minimal threat learning, then threat cue responding should
be diminished during the extinction test.

Histology
ControlVP rats received bilateral rAAV2-retro and mCherry infusions into the ventral pallidum (Fig. 4A). Casp3VP rats

received bilateral rAAV2-retro and cre-dependent caspase-3 (Fig. 4B). Subcommissural GFP fluorescence was bilaterally

Figure 4. Dual viral approach and GFP/deletion mapping. A, Control rats received bilateral rAAV2-retro and mCherry infusions into the ventral pallidum.
B, Casp3VP rats received bilateral rAAV2-retro and cre-dependent caspase-3 into the ventral pallidum. The ventral pallidum indicated in red. Representative
fluorescent images of subcommissural ventral pallidum are shown for (C) controls and for (D) Casp3VP rats (substance P, magenta; GFP, yellow).
E, Individual control rat GFP expression (green–yellow) was mapped at bregma levels +0.36, 0.00, and −0.36, made transparent then overlayed. Areas
of darker green–yellow indicate areas of more consistent GFP expression. F, Individual Casp3VP rat neuronal deletion (blue) was mapped at bregma
levels +0.36, 0.00, and −0.36, made transparent then overlayed. Areas of darker blue indicate areas of more consistent neuronal deletion. The ventral
pallidum border is outlined in red for both E and F. Representative NeuroTrace images from a control and Casp3VP rat are shown in Extended Data Figure 4-1.
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quantified at bregma 0.00 for each rat (Fig. 4C,D). Consistent with the known property of rAAV2-retro to locally transfect
cell bodies (Tervo et al., 2016), ControlVP rats showed high levels of GFP fluorescence and GFP+ soma were apparent.
Consistent with caspase-3–mediated deletion of ventral pallidum neurons, little or no GFP fluorescence was observed
in Casp3VP rats. GFP mapping (Fig. 4E) revealed viral expression throughout the anterior–posterior extent of the ventral
pallidum. Deletion mapping (Fig. 4F) using NeuroTrace (Extended Data Fig. 4-1) revealed corresponding and nearly com-
plete neuronal death at the same ventral pallidum levels. GFP expression and neuronal deletion weremost focal at anterior
and middle levels and then spread slightly beyond the bounds of the ventral pallidum in the posterior levels.
Independent samples t test found significantly higher ventral pallidum GFP counts in ControlVP (Mean, 724.33) com-

pared with Casp3VP rats (Mean, 17.82; t(21) = 5.51; p=1.8 × 10−5; Fig. 5A). GFP expression did not differ between females
and males nor between the 30 and 10% threat probability conditions (both t<0.20; p>0.80).
The combination of the rAAV2-retro construct and the camera lens/software settings is made for intense fluorescent

signals. The GFP fluorescent signals were, in some sections, so intense it was difficult to discern individual neurons.
To distinguish neurons, we applied a watershed transform. This may have inflated the overall neuron number. Identical
settings were used for the control and Casp3VP imaging. Observing little or no GFP expression in Casp3 sections in these
intense fluorescent conditions makes us confident deletion was not only successful, but nearly absolute.

Baseline nose poke rates
Over the 11 sessions of minimal threat learning (Fig. 5B), the baseline nose poke rate increased for all groups (Fig. 5C,D).

Female Casp3VP rats poked at higher rates than female ControlVP rats. ANOVA for the baseline nose poke rate [between-
subject factors, sex (female and male), group (ControlVP and CaspVP), and probability (10 or 30%); within-subject factors,
session (11, pre-exposure through Session 10)] found a significant main effect of session (F(10,150) = 9.02; p=1.51 × 10−11)
and a significant sex × group interaction (F(1,15) = 8.68; p=0.010).

Minimal threat learning
Over the 11minimal threat learning sessions, rats acquired greater suppression to the threat cue, with greatest suppression

observed to the 30% threat probability cue. Deleting ventral pallidum neurons had no impact on the emergence of discrimina-
tion in either probability condition (Fig. 6A–D) but abolished generalization of responding to the neutral cue in the 30% prob-
ability condition (Fig. 6B). Revealing expected patterns of discrimination across all rats, ANOVA for the suppression ratio
[between-subject factors, group (ControlVP and CaspVP), sex (female and male), and probability (10 or 30%); within-subject
factors, cue (threat vs neutral) and session (11, pre-exposure through session 10)] found a significant main effect of cue
(F(1,15) = 87.83; p=1.16×10

−7) and significant interactions for cue×session, cue×probability, and cue×session×probability

Figure 5. Quantifying GFP, experimental design, and baseline nose poke rate. A, Group Mean (bars) and individual (female, filled; male, open) ventral pal-
lidum neuron number is shown for control (circles) and Casp3VP rats (triangles). B, Minimal threat learning procedure consisted of 10 s auditory cues pre-
dicting unique footshock probabilities: threat (red, p=0.3, and pink, p=0.1) and neutral (gray, p=0). The Mean±SEM baseline nose poke rate from
pre-exposure (p) through the 10 minimal threat learning sessions (1–10) is shown for control (circles) and Casp3VP rats (triangles) in the (C) 30% (red)
and (D) 10% (pink) probability conditions.
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(all F>3; all p<0.01).Most critically, ANOVA revealed significant interactions of session×group (F(10,150) = 2.42; p=0.011) and
session×probability ×group (F(10,150) = 2.17; p=0.023). Casp3

VP rats in the 30% threat probability condition exhibited less
overall suppression than controls. This decrease meant Casp3VP rats never demonstrated suppression to the neutral
cue above pre-exposure levels. Despite disrupting generalization, caspase-mediated ventral pallidum neuronal deletion
did not disrupt discrimination. ANOVA revealed no significant interactions of cue × group (F(1,15) = 0.11; p=0.75), cue ×
probability × group (F(1,15) = 0.33; p=0.57), or cue × session ×group (F(10,150) = 0.19; p=0.997).

Influence of biological sex
ANOVA found no main effects of sex but a significant session × sex ×probability (F(10,150) = 2.18; p=0.022) interaction.

Male rats in the 10% condition acquired higher suppression than females. This pattern was reversed in the 30% condition,
with female rats acquiring slightly higher suppression than males.

Extinction test
Extinction testing revealed discrimination and sensitivity to the threat probability manipulation but reduced responding

to the threat cue in CaspVP rats (Fig. 7A). Confirming discrimination, ANOVA [between-subject factors, group (ControlVP

and CaspVP), sex (female and male), and probability (10 or 30%); within-subject factor, cue (threat vs neutral)] found a signifi-
cant main effect of cue (F(1,15) = 24.76; p=0.0001). The 95% BCIs confirmed differential responding to the threat and neutral
cues byControlVP rats (M, 0.40; 95%CI [0.20, 0.61]) andCaspVP rats (M, 0.16; 95%CI [0.08, 0.23]). Revealing sensitivity to the
threat probability manipulation, ANOVA found a significant probability ×cue interaction (F(1,15) = 4.79; p=0.045). Independent
sample t test found greater responding to the 30% threat cue than the 10% threat cue across all rats (t(21) = 2.10; p=0.047),
while no significant differencewas observed to the neutral cue (t(21) = 0.39;p=0.70). Demonstrating reduced responding to the
threat cue in CaspVP rats, ANOVA found a significant cue×group interaction (F(1,15) = 5.01; p=0.041). Independent sample t
test comparing differential threat/neutral suppression by ControlVP and CaspVP rats fell short of significance (t(21) = 2.02; p=
0.056). Group differences in suppression ratio could not be attributed to differences in baseline nose poking (Fig. 7B). All
groups showed equivalent baseline nose poke rates during the extinction test (all t<1.1; p>0.6).

Experiment 3
Experiment 2 revealed that ventral pallidum neuron deletion abolishes fear generalization and reduces threat responding

during extinction. Experiment 3 examined possible roles of the nucleus accumbens input to the ventral pallidum in the
generalization and expression of responding to the 30% threat cue.

Figure 6. Control and Casp3VP responding during minimal threat learning. Mean ±SEM suppression ratios for threat (red, p=0.3, and pink, p=0.1) and
neutral (gray, p=0) from pre-exposure (p) through the 10 minimal threat learning sessions (1–10) are shown for (A) control (circles) and (B) Casp3VP

rats (triangles) in the 30% probability condition and (C, D) the 10% probability condition.
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Histology
ControlNAcc→VP rats received bilateral rAAV2-retro into the ventral pallidum and mCherry into the nucleus accumbens

(Fig. 8A, left). Casp3NAcc→VP rats also received bilateral rAAV2-retro into the ventral pallidum and, now, cre-dependent
caspase-3 into the nucleus accumbens core (Fig. 8A, right). Subcommissural as well as accumbens core GFP fluores-
cence was bilaterally quantified at bregma 0.00 and at bregma +1.68 for each rat. ControlNAcc→VP rats (Fig. 8B,D) showed
higher levels of GFP fluorescence in both accumbens and ventral pallidum sections. In contrast, there was an overall
reduction in GFP fluorescence in both accumbens and ventral pallidum sections within Casp3NAcc→VP rats (Fig. 8C,E).
Independent sample t test found significantly higher nucleus accumbens GFP counts in ControlNAcc→VP (M, 94.83) com-
pared with Casp3NAcc→VP rats (M, 20.58; t(22) = 3.91; p=0.001; Fig. 8F). The same pattern was found for the ventral palli-
dum (t(22) = 6.07; p=8.03 × 10−5; Fig. 8G). GFP expression did not differ between females and males in either the
accumbens core (t(22) = 1.09; p=0.29) or the ventral pallidum (t(22) = 0.17; p=0.87). Observing reduced ventral pallidum
GFP was not expected. We speculate on the reason for this finding in the discussion.

Baseline nose poke rates
Following recovery each rat received 11 sessions of minimal threat learning (Fig. 8H). The baseline nose poke rate

increased for all groups across the 11 sessions (Fig. 8I). Male rats poked at higher rates than female rats in both groups.
ANOVA for the baseline nose poke rate [between-subjects factor, sex (female and male) and group (ControlNAcc→VP or
Casp3NAcc→VP); within-subject factors, session (11, pre-exposure through Session 10)] found a main effect of session
(F=11.10; p=5.35 ×10−15) and a main effect of sex (F=11.45; p=6.37 × 10−10).

Minimal threat learning
Deleting ventral pallidum-projecting accumbens neurons had no impact on discrimination or generalization of fear

responding (Fig. 9A,B). ANOVA for suppression ratio [between-subject factors, sex (female and male) and group
(ControlNAcc→VP or Casp3NAcc→VP); within-subjects factor, cue (threat or neutral) and session (11, pre-exposure through
Session 10)] found a main effect of cue (F=63.00; p=1.32 ×10−7), a main effect of session (F=18.79; p=4.47 ×10−24),
and a significant cue × session (F=13.86; p=1.89 × 10−18) interaction. No interactions or main effect of group were
observed (all F<1.40; p>0.25).

Influence of biological sex
ANOVA found no main effects of sex but a significant cue × sex interaction (F=6.32; p=0.021). Female rats showed

greater suppression to the neutral cue than male rats, overall.

Extinction test
Extinction testing revealed complete discrimination in all rats (Fig. 9C). ANOVA [between-subject factors, group

(ControlNAcc→VP or Casp3NAcc→VP) and sex (female and male); within-subject factor, cue (threat vs neutral)] revealed a
main effect of cue (F(1,20) = 102.78; p=2.51 ×10−9). The 95%BCIs confirmed differential responding to the threat and neu-
tral cues by ControlNAcc→VP rats (M, 0.58; 95% CI [0.49, 0.67]) and CaspNAcc→VP rats (M, 0.46; 95% CI [0.30, 0.61]). All
groups showed equivalent baseline nose poke rates (Fig. 9D) during the extinction test (p<0.05).

Figure 7. Control and Casp3VP responding during extinction test. A, Group Mean (bars) and individual (female, filled; male, open) suppression ratios for
threat (red, p=0.3, and pink, p=0.1) and neutral (gray, p=0) from the extinction test are shown control (left, circles) and CaspVP rats (right, triangles).
B, Group Mean and individual baseline nose poke rates are shown (color and shape as in A). *Independent samples t test, p<0.05.
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Figure 8. Histology, experimental design, and baseline nose poke rate. A, All rats received bilateral rAAV2-retro infusions into the ventral pallidum (left).
Control rats received mCherry infusions into the nucleus accumbens core, while Casp3NAcc→VP rats received cre-dependent caspase-3 infusions into
the nucleus accumbens core (right). Representative fluorescent images of the nucleus accumbens show GFP+ neurons in (B) controls but not in
(C) Casp3NAcc→VP rats. The accumbens core and anterior commissure are outlined. Representative fluorescent images of the ventral pallidum show
GFP+neurons in (D) controls and in (E) Casp3NAcc→VP rats. The anterior commissure is outlined. Group Mean (bars) and individual (female, filled; male,
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Discussion
By manipulating footshock probability, we uncovered a boundary (between 20 and 10%), below which fear discrimina-

tion occurs in the absence of fear generalization. Threat cues on either side of this boundary supported different levels of
fear-related responding during an extinction test (30%=20%>10%). Using these minimal threat learning procedures, we
demonstrated the roles of the ventral pallidum in generalizing fear-related responding to a neutral cue, and expressing
responding to a threat cue. At the same time, we found that neither ventral pallidum roles depend on inputs from the
nucleus accumbens.
Before discussing our results further, limitations and caveats must be pointed out. The ventral pallidum neuronal

deletion was pan-neuronal and nearly complete. Almost no neurons remained in the ventral pallidum of deleted rats.
Because the ventral pallidum contains GABAergic, cholinergic, and glutamatergic projection neurons, we cannot be
certain which type(s) were responsible for which ventral pallidum roles in behavior. Furthermore, the ventral pallidum neu-
ronal deletion was permanent. This means we cannot be certain if the changes in behavior during the extinction test
resulted from the absence of ventral pallidum neurons “during” the test itself. Ventral pallidum neuronal deletion may
have impacted initial learning, which then manifested in an extinction responding deficit. We feel that pan-neuronal
deletion is justified. No prior study had examined such a role of the ventral pallidum. If permanently deleting all neurons
had no impact on any aspect of behavior, it would have provided powerful negative evidence against the roles of the
ventral pallidum.
A somewhat surprising finding was that ventral pallidum neuronal deletion did not reduce responding for food reward.

This might have been anticipated given that manipulations of the ventral pallidum can reduce feeding and promote food
aversion (Cromwell and Berridge, 1993; Smith et al., 2009). However, more recent work shows that chronic, chemogenetic

Figure 9. Control and Casp3NAcc→VP responding during minimal threat learning and extinction. Mean±SEM suppression ratios for threat (red, p=0.3)
and neutral (gray, p=0) from pre-exposure (p) through the 10 minimal threat learning sessions (1–10) are shown for (A) control (circles) and (B)
Casp3NAcc→VP rats (triangles). C, Group Mean (bars) and individual (female, filled; male, open) suppression ratios for threat (red, p=0.3, and pink, p=
0.1) and neutral (gray, p=0) from the extinction test are shown for control (left, circles) and Casp3NAcc→VP rats (right, triangles). D, Group Mean and indi-
vidual baseline nose poke rates from the extinction test are shown for control and Casp3NAcc→VP rats (color and shape as in D). *Independent samples t
test, p<0.05. A single rat that did not poke during testing is outlined with an additional triangle in C and D.

�
open) nucleus accumbens neuron number (F) and ventral pallidum neuron number (G) are shown for control (circles) and Casp3VP (triangles). H, Minimal
threat learning procedure consisted of 10 s auditory cues predicting unique footshock probabilities: threat (red, p=0.3) and neutral (gray, p=0). I, M±SEM
baseline nose poke rate from pre-exposure (p) through the 10 minimal threat learning sessions (1–10) is shown for control (circles) and Casp3NAcc→VP rats
(triangles). *Independent samples t test, p<0.05.
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inhibition “or” excitation of the ventral pallidum promotes weight gain in rats without altering feeding (Doucette et al., 2022).
Chronic ventral pallidummanipulationsmay be resulting in compensatorymechanisms, accounting for discrepancies with
the effects of acute manipulations.
We found that infusing rAAV2-retro in the ventral pallidum and cre-dependent caspase-3 into the nucleus accumbens

reduced neuronal number in the ventral pallidum. Although this reduction was insufficient to alter fear generalization and
expression, it was unexpected. Since this study, we have performed another study using the same AAV constructs to
delete paraventricular thalamus inputs to the ventral pallidum (Moaddab et al., unpublished observations). That study
found no evidence of ventral pallidum neuronal deletion. Furthermore, that study quantified the nucleus accumbens as
a control region and further found no evidence of deletion. It is not a matter of the dual viral approach generally failing.
We suspect that the close proximity of the nucleus accumbens to the adjacent lateral ventricle allowed some caspase-3
to migrate to the nearby ventral pallidum, resulting in a partial deletion.
The negative findings of Experiment 3 are perhaps evenmore compelling given that some ventral pallidum neurons were

deleted in addition to complete deletion of ventral pallidum-projecting, nucleus accumbens neurons. Still, it is premature
to conclude there is no role for this pathway in modulating fear responding. Heterogeneous nucleus accumbens neuron
types project to the ventral pallidum, with D1-receptor and D2-receptor expressing populations being mostly unique
(Kupchik et al., 2015). In mice, optogenetic activation of D2-ventral pallidum–projecting accumbens neurons, but not
D1-expressing neurons, increased anxiety-like behavior in the elevated plus maze, light/dark test, and novelty suppres-
sion of feeding (Correia et al., 2023). Furthermore, our approach deleted core and shell accumbens neurons projecting to
the ventral pallidum. Our negative findingmay have been the result ofmanipulating all accumbens to ventral pallidumpath-
ways, spanning cell types and region of origin.
What is the ventral pallidum doing in minimal threat learning settings? One hypothesis is that the ventral pallidum is nec-

essary to fully process footshock. Partially supporting this hypothesis, the ventral pallidum plays a role in organizing beha-
vioral responding to nociceptive events (Asgharieh-Ahari et al., 2023; Ji et al., 2023). Perhaps then, the ventral pallidum is
also necessary to fully process nociceptive events, such as footshock. This might explain why we observed overall reduc-
tions in threat cue responding during extinction. However, if the ventral pallidum were necessary to fully process foot-
shock, we would expect greater reductions in threat cue responding over the 10 minimal threat learning sessions.
Specifically, responding to the 10% threat cue—which was already low in intact rats—should have been abolished in
rats with ventral pallidum neuronal deletion. We did not observe this.
Perhaps the ventral pallidum is necessary to process footshock in order to strengthen cue–shock associations. This is

generally consistent with reports showing ventral pallidum correlates of reward prediction error (Ottenheimer et al., 2020).
This could explain why there was no specific deficit in threat cue responding during the 10 minimal threat learning ses-
sions. The presence of footshock during the learning sessions reduced the need to retain and recall the cue–shock asso-
ciation. The absence of footshock during extinction testing required rats to recall the cue–shock association. Rats with
ventral pallidum neuronal deletion may have shown reduced threat cue responding during extinction because they had
formed weaker cue–shock associations that were more difficult to recall during extinction testing. In further support,
extinction testing took place 72 h following the last learning session (a weekend break), making recall of prior learning
more challenging.
Drawing from studies of credit assignment (Rushworth et al., 2011), the ventral pallidum may track trial history

(Ottenheimer et al., 2020) for purposes of assigning received foot shocks to cues. This process could not be revealed
by traditional pavlovian fear conditioning studies, because most studies employ a single cue and footshock. As a result,
there is no question as to which cue the shock should be assigned to. We employed relatively short sessions that
contained 20 total cue presentations (10 threats and 10 neutral). Our rats were tasked with determining to which cue
the footshock should be assigned. By representing the chronological, cue presentation history prior to footshock receipt,
rats would ensure that the shockwas attributed to themost recent cues. However, maintaining a chronological, “multiple”-
cue presentation history, and assigning some degree of shock to each prior cue would mean erroneously assigning
footshock to the neutral cue. This is because neutral cue presentations will proceed threat cue presentations roughly
half the time. If the ventral pallidum normally tracks cue presentation history and ventral pallidum neuronal deletion
abolishes this ability, then rats would only attribute footshock to the most recent cue—which is always the threat cue.
This is the exact pattern we observe.
It is likely that the ventral pallidum contributes to multiple threat processes. Though entirely speculative, it is possible

that these distinct processes are tied to unique neuron types. For example, GABAergic ventral pallidum neurons may
mediate responding to threat cues. This might be akin to roles of GABAergic ventral pallidum neurons in mediating
risk-related decision–making (Farrell et al., 2021; Hernández-Jaramillo et al., 2023). Cholinergic ventral pallidum neurons
may contribute to prediction error (Danielmeier et al., 2015) or track cue presentation history (Brzosko et al., 2017). These
signals would normally be used to strengthen cue–shock associations and assign shock to preceding threat cues. Should
these signals exist, they can only function through projections with partner brain regions.
The ventral pallidum is anatomically connected with a multitude of brain regions that contribute to fear learning and

expression (Root et al., 2015; Ray et al., 2022). Most interesting, cholinergic and GABAergic ventral pallidum neurons pro-
ject directly to the basal amygdala (Haber et al., 1985). The basolateral amygdala’s essential role in learning and expres-
sion of fear responding (LeDoux et al., 1990; Goosens and Maren, 2001; Lee et al., 2001; Koo et al., 2004; McDannald and
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Galarce, 2011) makes these projections particularly compelling. GABAergic projections to the basolateral amygdala may
promote threat responding, while cholinergic projections may strengthen cue–shock associations.
Here we show that minimal threat learning procedures can distinguish fear generalization from fear discrimination. We

used these procedures to reveal a novel for the ventral pallidum in fear generalization. Near-future work will link genetic
neuron types to specific threat processes (shock processing, prediction error, and trial history). This work will further reveal
the neural circuits through which the ventral pallidum shapes threat responding. Our results and novel experimental
approach are working toward a more complete description of the neural mechanisms for fear generalization. The goal
of this research is to identify new neural targets for therapies to restore selective fear to individual with anxiety disorders.
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