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Fear expressed toward threat-associated stimuli is an adaptive be-
havioral response. In contrast, the generalization of fear responses
toward nonthreatening cues is a maladaptive and debilitating
dimension of trauma- and anxiety-related disorders. Expressing fear
to appropriate stimuli and suppressing fear generalization require
integration of relevant sensory information and motor output.
While thalamic and subthalamic brain regions play important roles
in sensorimotor integration, very little is known about the contri-
bution of these regions to the phenomenon of fear generalization.
In this study, we sought to determine whether fear generalization
could be modulated by the zona incerta (ZI), a subthalamic brain
region that influences sensory discrimination, defensive responses,
and retrieval of fear memories. To do so, we combined differen-
tial intensity-based auditory fear conditioning protocols in mice
with C-FOS immunohistochemistry and designer receptors exclu-
sively activated by designer drugs (DREADDs)-based manipula-
tion of neuronal activity in the ZI. C-FOS immunohistochemistry
revealed an inverse relationship between ZI activation and fear
generalization: The ZI was less active in animals that generalized
fear. In agreement with this relationship, chemogenetic inhibi-
tion of the ZI resulted in fear generalization, while chemogenetic
activation of the ZI suppressed fear generalization. Furthermore,
targeted stimulation of GABAergic cells in the ZI reduced fear
generalization. To conclude, our data suggest that stimulation of
the ZI could be used to treat fear generalization in the context of
trauma- and anxiety-related disorders.
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Expressing fear toward cues that have previously been associ-
ated with trauma is adaptive (conditioned fear). Equally

adaptive is the expression of fear toward stimuli that closely re-
semble traumatic cues (fear generalization). Such generalization
of fear allows the organism to be “better safe than sorry.” How-
ever, fear generalization can diminish quality of life and is a highly
debilitating dimension of trauma- and anxiety-related disorders
like posttraumatic stress disorder and generalized anxiety disorder
(1–4). Reducing fear generalization, while maintaining adaptive
fear responses, will reduce the daily burden experienced by indi-
viduals living with these disorders and requires identifying neural
circuitry that could modulate fear generalization.
Brain regions such as the lateral amygdala (5–7), central

amygdala (8, 9), prefrontal cortex (10, 11), hippocampus (3, 12),
and bed nucleus of the stria terminalis (13, 14) have been im-
plicated in fear generalization. More importantly, these regions
play crucial roles in detecting threats and assigning valence to
environmental stimuli (15–18). Therefore, while manipulating
these regions could potentially reduce fear generalization, doing
so might compromise threat detection, conditioned fear, and
survival. In this study, we set out to ask whether targeting brain
regions outside of the aforementioned canonical fear-related
circuitry could reduce fear generalization.
Thalamic and subthalamic brain regions are ideal candidates to

modulate fear generalization because they serve as hubs relaying
information from sensory cortices to limbic, midbrain, and
brainstem nuclei; are involved in stimulus discrimination; and gate

behavioral states (12, 19–26). While the auditory and paraventricular
thalamus has been shown to influence fear generalization (27, 28),
less is known about the contributions of subthalamic brain regions
to fear generalization. Most recently, the zona incerta (ZI), a
subthalamic region, has received attention for its role in mod-
ulating defensive responses and retrieval of fear-related mem-
ories (29, 30). Notably, studies in rodents have highlighted that
the ZI influences sensory discrimination (31, 32) and that
stimulation of the ZI in humans facilitates discrimination of
fearful from nonfearful stimuli (33). Motivated by this litera-
ture, we hypothesized that the ZI might be able to modulate
fear generalization. Combining discriminative auditory fear
conditioning in mice with C-FOS staining and chemogenetic
manipulation of neuronal activity, our findings bring to light
nuanced contributions of this subthalamic region to fear gen-
eralization and suggest that stimulating the ZI may be of
therapeutic value in reducing fear generalization.

Results
Decreased Neuronal Activity in the ZI Accompanies Fear Generalization
That Manifests After Conditioning with High-Intensity Foot-Shocks.
Wild-type mice trained under low-threat conditions (0.3-mA
foot-shocks) exhibited increased freezing to CS+ (conditioned
auditory stimulus) and reduced freezing to CS− (neutral auditory
stimulus) (Fig. 1 A and B). Under high-threat conditions (0.8-mA
foot-shocks), wild-type mice exhibited fear generalization, as in-
dicated by increased freezing to both the CS+ and CS− tones [Fig. 1
A and B; low-intensity training group (n = 14), high-intensity training
group (n = 10); training × tone interaction: F(1,22) = 19.17, P <
0.0001; post hoc tests: low-intensity training:CS− vs. low-intensity

Significance

The generalization of fear responses toward neutral stimuli is a
highly prevalent and debilitating dimension of trauma- and
anxiety-related disorders. Understanding the neural circuits
that underlie the ability to suppress fear generalization is of
significant translational interest. Recent studies have largely
focused on examining fear generalization in the context of
traditionally discussed fear-related circuitry like the amygdala,
prefrontal cortex, and hippocampus, which monitor and detect
threatening stimuli. However, very little is understood about the
role of thalamic and subthalamic regions in modulating fear
generalization. Combining discriminative auditory fear condi-
tioning in mice with C-FOS mapping and chemogenetic manip-
ulation of neuronal activity, we demonstrate a role for the
subthalamic zona incerta in suppressing fear generalization.

Author contributions: A.V. and B.G.D. designed research; A.V., N.B., P.R., J.G., and B.G.D.
performed research; A.V. and B.G.D. analyzed data; and A.V., J.G., D.G.R., and B.G.D.
wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence should be addressed. Email: bdias@emory.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1820541116/-/DCSupplemental.

Published online April 9, 2019.

9072–9077 | PNAS | April 30, 2019 | vol. 116 | no. 18 www.pnas.org/cgi/doi/10.1073/pnas.1820541116

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1820541116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:bdias@emory.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1820541116


training:CS+, P < 0.0001; low-intensity training:CS− vs. high-intensity
training:CS−, P < 0.01]. Animals trained under high-threat condi-
tions showed poor discrimination in their fear response to the CS+

and CS− and increased generalization, as noted by their lower
discrimination index compared with animals trained under low-
threat conditions (Fig. 1C; P < 0.01, t = 3.640, df = 22). Both
groups showed low and indistinguishable freezing to the testing
context (context B) (SI Appendix, Fig. S1), demonstrating a speci-
ficity of freezing responses to the tones.
To examine neuronal activation of the ZI in the context of fear

generalization, we counted the number of cells expressing the
immediate early gene, C-FOS, in the ZI after exposing animals
to either CS− or CS+ tone presentations. These animals had been
previously trained under low-threat or high-threat conditions (SI
Appendix, Fig. S2). Animals trained under high-threat conditions
expressed increased fear to CS− on the day of testing, accom-
panied by lower numbers of C-FOS–positive cells in the ZI (Fig.
1 D and F and SI Appendix, Figs. S2 and S3). We did not find
any significant differences between groups in the numbers of
C-FOS–positive cells in the ZI after exposure to the CS+
[training × tone interaction: F(1,19) = 4.944, P < 0.05; post hoc
tests: low-intensity training:CS− vs. high-intensity training:CS−,
P < 0.01; CS−: low-intensity shock group (n = 7), high-intensity
shock group (n = 8); CS+: low-intensity shock group (n = 4),
high-intensity shock group (n = 4)]. In general, higher levels of
fear expression (as measured by the freezing responses) were
associated with lower numbers of C-FOS–expressing cells in the
ZI (Fig. 1E; n = 21 animals; P < 0.01, r = −0.5563).

Decreasing Cellular Activity in the ZI Results in Fear Generalization
After Conditioning with Low-Intensity Foot-Shocks. We utilized Gi-
coupled designer receptors exclusively activated by designer
drugs (DREADDs) to decrease activity of cells in the ZI (Fig. 2
A–D). Bath application of 20 μM clozapine-N-oxide (CNO)
in vitro hyperpolarized hM4DGi-expressing neurons in the ZI,
reducing cellular activity (Fig. 2D). Fourteen days before training
animals under low-threat conditions, we injected adeno-associ-
ated virus (AAV)-containing human synapsin (hSyn) promoter
driven transgenes: AAV5-hSyn-hM4D(Gi)-mCherry or AAV5-
hSyn-EGFP bilaterally into the ZI of wild-type mice (SI Ap-
pendix, Fig. S4), and CNO was then administered i.p. 1 h before
testing fear generalization. Decreasing activity of the ZI resulted
in fear generalization in animals trained under low-threat condi-
tions (Fig. 2E). Specifically, the low-intensity training hM4D(Gi)+
CNO animals exhibited significantly higher freezing responses to
CS− compared with freezing responses to the CS− of the low-
intensity training GFP+CNO animals [low-intensity training
GFP+CNO group (n = 6), low-intensity training hM4DGi+CNO
group (n = 7); DREADD × tone interaction: F(1,11) = 6.335, P <
0.05; DREADD treatment main effect: F(1,11) = 26.73, P <
0.001; tone main effect: F(1,11) = 91.91, P < 0.0001; post hoc
tests: low-intensity training GFP+CNO:CS− vs. low-intensity
training GFP+CNO:CS+, P < 0.0001; low-intensity training
hM4DGi+CNO:CS− vs. low-intensity training hM4DGi+CNO:
CS+, P < 0.01; low-intensity training GFP+CNO:CS− vs. low-
intensity training hM4DGi+CNO:CS−, P < 0.0001]. Low-
intensity training hM4DGi+CNO animals showed an impaired
ability to discriminate between the CS+ and CS−, as noted by their
lower discrimination index compared with low-intensity training
GFP+CNO animals (Fig. 2F; P < 0.01, t = 3.572, df = 14). Both
groups showed low and indistinguishable freezing to the testing
context (context B) (SI Appendix, Fig. S5), suggesting a specificity
of freezing responses to the tones. Chemogenetic inhibition of
cells in the ZI was not accompanied by alterations in locomotor
activity or anxiety-like behavior (SI Appendix, Fig. S6).

Increasing Cellular Activity in the ZI Reduces Fear Generalization That
Manifests After Conditioning with High-Intensity Foot-Shocks. We
utilized Gq-coupled DREADDs to increase activity of cells in
the ZI (Fig. 3 A–D). Bath application of 20 μM CNO in vitro
depolarized hM3DGq-positive neurons in the ZI, increasing
cellular activity (Fig. 3D). Fourteen days before training animals
under high-threat conditions, we injected AAV5-hSyn-hM3D(Gq)-
mCherry or AAV5-hSyn-EGFP bilaterally into the ZI of wild-type
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Fig. 1. Fear generalization is associated with decreased neuronal activation
in the ZI. (A) Outline of the discriminative auditory fear conditioning pro-
tocol. On day 1, one group of mice received CS+ tone presentations paired
with 0.3-mA foot-shocks (low-threat intensity) and unpaired CS− tone pre-
sentations. Another group of mice received CS+ tone presentations paired
with 0.8-mA foot-shocks (high-threat intensity) and unpaired CS− tone pre-
sentations. On day 2, freezing responses were recorded for the CS+ and CS−

tone presentations. ITI, intertrial interval. (B) Animals trained under low-
threat conditions show a low freezing response to CS− and a high freezing
response to CS+ (no fear generalization). In contrast, animals trained under
high-threat conditions show an increased freezing response to both CS− and
CS+ (fear generalization). (C) Discrimination indices (DIs) reveal significant
fear generalization in the animals trained under high-threat conditions. (D)
Decreased C-FOS expression was observed in the ZI of animals that showed in-
creased fear to CS− presentations on the testing day. (E) Significant correlation
was found between C-FOS expression in the ZI and behavioral fear responses. (F)
Representative images of C-FOS expression in the ZI in response to tone presen-
tations during the testing day after training under low-threat or high-threat
conditions. (Scale bar: 100 μm.) **P < 0.01; ****P < 0.0001. Blue bars, low-
intensity training; red bars, high-intensity training. Data are represented as
mean ± SEM.
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mice, and CNO was then administered i.p. 1 h before testing fear
generalization. Increasing activity of the ZI reduced fear general-
ization in animals trained under high-threat conditions (Fig. 3E).

Specifically, the high-intensity training hM3D(Gq)+CNO animals
exhibited significantly lower freezing responses to CS− than to CS+,
compared with the high-intensity training GFP+CNO animals [high-
intensity training GFP+CNO group (n = 7), high-intensity training
hM3DGq+CNO (n = 10); DREADD × tone interaction: F(1,15) =
20.16, P < 0.001; DREADD treatment main effect: F(1,15) = 19.47,
P < 0.001; tone main effect: F(1,15) = 136.6, P < 0.0001; post hoc
tests: high-intensity training GFP+CNO:CS− vs. high-intensity
training hM3DGq+CNO:CS−, P < 0.0001; high-intensity training
hM3DGq+CNO:CS+ vs. high-intensity training hM3DGq+CNO:
CS−, P < 0.0001; high-intensity training GFP+CNO:CS+ vs. high-
intensity training hM3DGq+CNO:CS+, P < 0.01]. High-intensity
training hM3DGq+CNO animals showed better discrimination in
their fear response to the CS+ and CS−, as noted by their higher
discrimination index compared with high-intensity training GFP+
CNO animals (Fig. 3F; P < 0.0001, t = 5.931, df = 17). Both groups
showed low and indistinguishable freezing to the testing context
(context B) (SI Appendix, Fig. S7), suggesting a specificity of freezing
responses to the tones. Chemogenetic activation of the ZI was not
accompanied by alterations in locomotor activity or anxiety-like
behavior (SI Appendix, Fig. S8).

Increasing Activity of GABAergic Cells in the ZI Reduces Fear Generalization
That Manifests After Conditioning with High-Intensity Foot-Shocks.
GABAergic cells in the ZI have been implicated in defensive
responses like freezing and avoidance, as well as in retrieval of
aversive memories (29, 30). We tested whether stimulating
GABAergic cells in the ZI can reduce fear generalization (Fig.
4A). Fourteen days before training animals under high-threat
conditions, we injected AAV5-DIO-hSyn-hM3D(Gq)-mCherry
or AAV5-DIO-hSyn-mCherry bilaterally into the ZI of vesicular
GABA transporter (vGAT)-CRE mice (Fig. 4 B and C). CNO was
administered i.p. 1 h before testing fear generalization. Increasing
activity of GABAergic cells in the ZI alone drastically reduced
fear generalization observed in animals trained under high-threat
conditions (Fig. 4D). Specifically, vGAT-CRE:DIO-hM3D(Gq)-
mCherry+CNO animals exhibited significantly lower freezing re-
sponses to CS− than to CS+, compared with vGAT-CRE:DIO-
mCherry+CNO animals [vGAT-CRE:DIO-mCherry+CNO group
(n = 9), vGAT-CRE:DIO-hM3D(Gq)-mCherry+CNO (n = 11);
DREADD × tone interaction: F(1,18) = 21.48, P < 0.0001;
DREADD treatment main effect: F(1,18) = 26.03, P < 0.0001; tone
main effect: F(1,18) = 50.84, P < 0.0001; post hoc tests: high-
intensity training DIO-hM3DGq+CNO:CS+ vs. high-intensity
training DIO-hM3DGq+CNO:CS−, P < 0.0001; high-intensity
training DIO-GFP+CNO:CS− vs. high-intensity training DIO-
hM3DGq+CNO:CS−, P < 0.0001; high-intensity training DIO-
GFP+CNO:CS+ vs. high-intensity training DIO-hM3DGq+CNO:
CS+, P < 0.05]. High-intensity training DIO-hM3DGq+CNO ani-
mals showed better discrimination in their fear response to the CS+
and CS−, as noted by their higher discrimination index compared
with high-intensity training DIO-GFP+CNO animals (Fig. 4E; P <
0.0001, t = 9.151, df = 18). Both groups showed low and in-
distinguishable freezing to the testing context (context B) (SI
Appendix, Fig. S9), suggesting a specificity of freezing responses to
the tones. Such chemogenetic stimulation of GABAergic cells in
the ZI was not accompanied by alterations in locomotor activity or
anxiety-like behavior (SI Appendix, Fig. S10).

Discussion
Our results demonstrate a role for the ZI in modulating fear
generalization. First, we found reduced C-FOS activation in the
ZI associated with increased fear toward a neutral auditory
stimulus. Next, we found that reducing cellular activity in the ZI
resulted in fear generalization in animals trained under low-
threat conditions. Chemogenetic stimulation of cellular activity
in the ZI and targeted stimulation of GABAergic cells in the ZI
reduced generalized fear responses normally observed after
training animals under high-threat conditions.
Increasing threat intensities broaden generalization gradients in

humans (34). In accordance with these data, we found that animals
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trained under high-threat conditions (0.8-mA foot-shocks) gener-
alized fear to both conditioned (CS+) and neutral (CS−) tones,
whereas animals trained under low-threat conditions (0.3-mA foot-
shocks) did not demonstrate such generalization. These observa-
tions agree with previous reports that conditioning using increasing
shock intensities promotes cue-related fear generalization in ro-
dents (5, 35). While others have reported fear generalization to
occur across contexts using similar protocols (13, 36–38), we do not
observe the generalization of fear in testing context B after high-
intensity fear conditioning in context A. This lack of contextual fear
generalization after high-intensity training could be attributed to
differences in study organism and experimental design. First, most
studies that have demonstrated context-related fear generalization
have used rats, and there may be species differences in cued- and
contextual-fear generalization. Second, context A and context B
were made easily distinguishable in our experiment with the use of
distinct floors, odors, and lighting, which are changes that a recent
study in mice demonstrated were sufficient to prevent contextual
fear generalization (39).
To test whether the ZI is potentially involved in fear general-

ization, we first sought to compare C-FOS staining in the ZI of
animals trained under low-threat and high-threat conditions. Ex-
citingly, we found fewer C-FOS–positive cells in the ZI of animals
that had been trained under high-threat conditions and general-
ized fear to the CS− than in the ZI of animals that had been
trained under low-threat conditions and did not generalize fear.
Could the ZI modulate fear generalization? The ZI is ideally
positioned to convey information regarding the salience of specific
sensory stimuli and to orchestrate appropriate fear-related be-
havioral responses. First, the ZI receives projections from sensory
cortices (including the auditory cortex) and can coordinate activity
across cortical networks according to attentional demands (40,
41). Additionally, the ZI innervates midbrain regions like the
periaqueductal gray, which plays an important role in orches-
trating fearful behaviors (15, 42, 43). Second, the ZI has been
implicated in sensory discrimination and can modulate incoming
sensory information (44). Finally, stimulating the ZI in humans
facilitates the discrimination of fearful faces from nonfearful ones
(33, 45). It is possible that stressful states like those created by
high-intensity threat conditioning directly perturb cellular function
in the ZI, rendering fear generalization as a behavioral outcome.
Alternatively, generalized fear responses could arise indirectly due
to amygdala→ZI connectivity (30, 42). Loss of cue specificity and
widening of the memory trace in the amygdala occurring during
fear generalization (5) could alter the ZI’s influence on modu-
lating fear responses. Future experiments will need to examine if
and how stress and amygdala function impact cellular and mo-
lecular niches in the ZI to cause fear generalization.
Building on our observations from the C-FOS study, we used

DREADD-based strategies to test whether manipulating cellular
activity in the ZI affected fear generalization. Reducing cellular
activity in the ZI resulted in animals trained under low-threat
conditions showing fear generalization. Conversely, increasing the
activity of cells in the ZI of animals trained under high-threat
conditions distinctly reduced fear generalization. Given the com-
plex neurochemical profile of the ZI (46), we wanted to determine
the cell populations responsible for suppressing fear generaliza-
tion. The GABAergic neurons of the ZI were of particular in-
terest, since they have been shown to gate ascending sensory
information by fast feed-forward inhibition of higher order tha-
lamic nuclei (19, 44, 47, 48). More recently, GABAergic cells in
the ZI have been shown to be important for defensive responses
as well as acquisition and retrieval of fear memories (29, 30). We
found that stimulating GABAergic cells in the ZI reduced fear
generalization in animals conditioned under high-threat in-
tensities. We did not observe any significant differences in total
distance traveled and velocity during open-field tests performed
after any of our chemogenetic manipulations of the ZI (SI Ap-
pendix, Figs. S6, S8, and S10). These data collected in the open-
field test ruled out the possibility that alterations in locomotor be-
havior could explain our results, which is a possibility that needed to
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to the bregma. (C ) Representative image of the ZI targeted with in-
tracranial infusions of DREADD-expressing mCherry viruses (in red) and
Hoechst-stained nuclei (in blue). (Scale bar: 100 μm.) (D) Patch-clamp re-
cording of hSyn-hM3DGq-mCherry–expressing cells in the ZI showing
membrane depolarization during CNO exposure. (E ) Training using high-
intensity foot-shock causes fear generalization, as seen by high freezing to
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resulted in a significant decrease in the fear response to CS+ as well as CS−
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(hM3DGq+CNO) resulted in a better ability to discriminate between the
CS+ and the CS−. **P < 0.01; ****P < 0.0001. Data are represented as
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be excluded, given that the caudal ZI is targeted via deep brain
stimulation to ameliorate motor symptoms in patients with Par-
kinson’s disease (33, 42, 45). These data are not surprising, given
that we targeted the medial, and not the caudal, subdivision of the
ZI (SI Appendix, Fig. S4). Furthermore, freezing to the testing
context (context B) remained unaltered after manipulating cel-
lular activity in the ZI (SI Appendix, Figs. S5, S7, and S9), further
emphasizing that the observed effects on fear generalization
were specific to the CS+ and CS− tones presented.
Stimulation of GABAergic cells and the parvalbumin-expressing

cells in the ZI has been demonstrated to reduce fearful behavior
(29, 30). In line with these findings, we find that stimulating
GABAergic cells within the ZI results in reduced fear responses
toward the conditioned stimuli (DREADD treatment main effects
are reported in Figs. 3 and 4). However, it should be pointed out
that the reduction in fear responses to the CS− that we observe
after stimulating GABAergic cells in the ZI is of a qualitatively
greater magnitude than the decrease in fear responses to the CS+

after such stimulation. Moreover, animals continue to show a high
fear response to the CS+ even after activation of the ZI, sug-
gesting that our results are not a consequence of all fear re-
sponses being pulled off from the ceiling levels of fear observed
after training with high-intensity foot-shocks. Further support
for this perspective comes from the significant differences in
the discrimination index between the control and DREADD-
treated groups. Therefore, stimulating the ZI still leaves room
for adaptive (albeit lower) fear responses to the CS+ to be
expressed, while reducing fear to the neutral CS−. Our anter-
ograde tracing of projections from GABAergic cells in the ZI
(SI Appendix, Fig. S11) to regions like the nucleus reuniens
(implicated in fear generalization), as well as the PAG (impli-
cated in conditioned and unconditioned fear), are in accor-
dance with recent findings (29, 30, 49). These tracing data
suggest the potential for dissociating independent roles of the
ZI in titrating fear generalization to the CS− and conditioned
fear to the CS+.
With the ZI being chemoarchitecturally diverse, it would be

informative to know the neurotransmitter/neuromodulator pro-
files of the ZI cells that are activated in animals that do not
generalize fear. While blocking synaptic transmission in the ZI has
been shown to alter anxiety-related measures (30), we did not find
similar effects with chemogenetic manipulations of the ZI (SI
Appendix, Figs. S6C, S8C, and S10C), a discrepancy possibly
explained by cell type-specific influences on behavior. Future
studies that target specific subpopulations of activated cells
in the ZI will be required to achieve a finer grained resolu-
tion of how the ZI influences distinct dimensions of fear
and anxiety.
Our experimental results bolster the recently demonstrated

link between ZI activity and fearful behavior, and its role in
calibrating fearful behavior toward environmental stimuli (29,
30). Our study makes a contribution to this body of work by
demonstrating a role for the ZI in fear generalization. To con-
clude, our work suggests that stimulating the ZI in the clinic
during exposure therapy could potentially reduce fear general-
ization, while leaving adaptive fear responses intact.

Materials and Methods
Animals. Adult female and male C57BL/6J and vGAT-CRE mice were bred in
the vivarium and group-housed under a 14:10-h light/dark cycle with ad
libitum food and water. All experiments were approved by the Emory In-
stitutional Animal Care and Use Committee and followed NIH standards.

Auditory Fear Conditioning to Test Fear Generalization. Differential intensity-
based auditory fear conditioning was used to test fear generalization as
described (50) (outlined in Fig. 1A). Details are provided in SI Appendix.

Stereotaxic Surgeries. We infused AAV5-hSyn-hM4DGi-mCherry (to reduce
activity), AAV5-hSyn-hM3DGq-mCherry (to stimulate activity), and AAV5-hSyn-
EGFP (control) viruses into the ZI of C57BL/6J animals. To stimulate cellular
activity in the ZI of vGAT-CREmice, we used AAV5-hSyn-DIO-hM3DGq-mCherry
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Fig. 4. Targeted chemogenetic activation of GABAergic cells in the ZI can
reduce fear generalization. (A) Experimental design: vGAT-CRE animals re-
ceived intracranial injections of CRE-dependent control or DREADD virus,
and after 2 weeks, they were conditioned to high-threat intensities. One day
posttraining, CNO was administered i.p. 1 h before testing for fear gener-
alization. BL, baseline; Hab, habituation. (B) vGAT-CRE animals were injected
with either the control virus (AAV5-hSyn-DIO-mCherry) or excitatory
DREADDs (AAV5-hSyn-DIO-hM3DGq-mCherry) at −1.52 mm posterior to
the bregma. (C ) Representative image of the GABAergic cells within the
ZI infected with mCherry-expressing excitatory DREADDs (in red) and
Hoechst-stained nuclei (in blue). (Scale bar: 100 μm.) (D) Animals with
expression of DIO-hM3DGq virus in vGAT-CRE–expressing GABAergic
cells in the ZI and injected with CNO (DIO-hM3DGq+CNO) 1 h before testing
for fear generalization showed a significant decrease in fear response to CS−

compared with animals that were infused with the DIO-mCherry virus in
vGAT-CRE–expressing GABAergic cells in the ZI and injected with CNO (DIO-
mCherry+CNO). (E ) Chemogenetic activation of GABAergic cells in the ZI
(DIO-hM3DGq+CNO) resulted in a better ability to discriminate between
the CS+ and the CS−. **P < 0.05; ****P < 0.0001. Data are represented as
mean ± SEM.

9076 | www.pnas.org/cgi/doi/10.1073/pnas.1820541116 Venkataraman et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820541116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1820541116


and AAV5-hSyn-DIO-mCherry (control) viruses. The AAVs were bilaterally in-
jected into the ZI via stereotaxic surgery at −1.52 mm AP, ±0.73 mm ML, and
−4.79 mm DV relative to bregma. Details are provided in SI Appendix.

C-FOS Immunohistochemistry and Cell Counting. C-FOS expression was detected
90 min after exposure to either the CS+ or the CS− on the testing day (SI
Appendix, Fig. S2) in 35-μm brain sections of animals trained under low-threat
or high-threat conditions using rabbit polyclonal anti–C-FOS antibody (1:6,000
dilution, ABE 457; Millipore) and MCID Core Imaging software. Details are
provided in SI Appendix.

Histology. To verify placement of intracranial virus injections, brains were
sectioned at 35 μm, stained with Hoechst nuclear stain (1:1,000), mounted on
slides using SlowFade Gold Antifade mountant (Life Technologies), and vi-
sualized using a Nikon Eclipse E800 fluorescent microscope. Details are
provided in SI Appendix.

Open-Field Test. The open-field arena (50 × 50 × 50 cm3) was illuminated by
red lights, and animals were acclimated to the red light in the testing room
for 1 h after i.p. CNO injections (1 mg/kg). The mice were then placed in the
center of the arena and allowed to explore for 5 min. Video data were
analyzed using TopScan 2.0 (CleverSys, Inc.).

Electrophysiology. At 4 to 6 wk after viral injections, 300-μmmouse brain slices
containing the ZI were obtained as previously reported (51). Standard whole-
cell patch-clamp recordings from fluorescent neurons in the ZI were per-
formed. Details are provided in SI Appendix.

Statistical Analysis. GraphPad Prism was used to analyze the data. Unpaired
t tests were used for datasets containing only two groups and one dependent
variable (C-FOS immunohistochemistry). Repeated-measures two-way ANOVA
was used to analyze datasets with more than one independent variable (be-
havior experiments). Post hoc tests were only performed when interaction ef-
fects between the independent variables were significant, and Sidak’s
correction was applied to account for multiple comparisons. Significance was
set at P < 0.05.
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