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Systemic administration of ML297, a selective activator of G-protein-gated inwardly rectifying K1 (GIRK) channels, decreases
innate avoidance behavior in male C57BL/6J mice. The cellular mechanisms mediating the ML297-induced suppression of
avoidance behavior are unknown. Here, we show that systemic ML297 administration suppresses elevated plus maze (EPM)-
induced neuronal activation in the ventral hippocampus (vHPC) and basolateral amygdala (BLA) and that ML297 activates
GIRK1-containing GIRK channels in these limbic structures. While intracranial infusion of ML297 into the vHPC suppressed
avoidance behavior in the EPM test, mirroring the effect of systemic ML297, intra-BLA administration of ML297 provoked
the opposite effect. Using neuron-specific viral genetic and chemogenetic approaches, we found that the combined inhibition
of excitatory neurons in CA3 and dentate gyrus (DG) subregions of the vHPC was sufficient to decrease innate avoidance
behavior in the EPM, open-field, and light-dark tests in male C57BL/6J mice, while performance in the marble-burying test
was not impacted. Furthermore, genetic ablation of GIRK channels in CA3/DG excitatory neurons precluded the suppression
of avoidance behavior evoked by systemic ML297 in the EPM test. Thus, acute inhibition of excitatory neurons in the ventral
CA3 and DG subregions of the vHPC is necessary for the apparent anxiolytic efficacy of systemic ML297 and is sufficient to
decrease innate avoidance behavior in male C57BL/6J mice.
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Significance Statement

We interrogated the cellular mechanisms underlying the apparent anxiolytic efficacy of ML297, a selective activator of G-pro-
tein-gated inwardly rectifying K1 (GIRK) channels and promising lead compound. Intracranial infusion of ML297 into the
ventral hippocampus (vHPC) and basolateral amygdala (BLA) complex exerted opposing influence on innate avoidance
behavior in male C57BL/6J mice, the former recapitulating the suppression of avoidance behavior evoked by systemic ML297.
Using viral genetic and chemogenetic approaches, we showed that combined inhibition of excitatory neurons in CA3 and den-
tate gyrus (DG) subregions of the vHPC is sufficient to decrease innate avoidance behavior in male mice and mediates the
decrease in avoidance behavior evoked by systemic ML297. These findings establish a foundation for future investigations
into the therapeutic potential of GIRK channel modulation in anxiety disorders.

Introduction
Anxiety is a state of apprehension and enhanced vigilance, trig-
gered by anticipation of a future threat or internally generated,
that often results in avoidance behavior (Hendriks et al., 2016;
Arnaudova et al., 2017; Hofmann and Hay, 2018). Approach-
avoidance conflict models, including elevated plus maze (EPM),
open-field test, and light-dark test, are common assays for stud-
ies of innate avoidance or anxiety-related behavior in rodents
(Calhoon and Tye, 2015). Drugs with anxiolytic efficacy in
humans reduce avoidance behavior in rodents (Bourin, 2015;
Calhoon and Tye, 2015), and individuals suffering from anxiety
disorders show avoidance to potentially hazardous stimuli
(Calhoon and Tye, 2015). A recent attempt to adapt the EPM
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model for human subjects demonstrated that anxiety level corre-
lates positively with open arm avoidance, and that benzodiaze-
pine treatment suppresses this behavior (Biedermann et al.,
2017).

The predictive and face validity of approach-avoidance
conflict models, and their straightforward implementation in
rodents, has made them popular tests for probing the anatomic,
cellular, and molecular mechanisms underlying innate avoidance
behavior. Several lines of evidence have implicated the ventral
hippocampus (vHPC) and basolateral amygdala (BLA) complex
in innate avoidance behavior (Fanselow and Dong, 2010;
Oler et al., 2010; Wang et al., 2011; Felix-Ortiz et al., 2013;
Bannerman et al., 2014; Stujenske et al., 2014; Calhoon and
Tye, 2015; Janak and Tye, 2015; Yang and Wang, 2017;
Jimenez et al., 2018; Sorregotti et al., 2018; Padilla-Coreano
et al., 2019). For example, lesions of the vHPC are anxiolytic
(Kjelstrup et al., 2002; Bannerman et al., 2003). Neuronal ac-
tivity in the vHPC and BLA complex also correlates with
position of animals (i.e., open or closed arms) on the EPM
(Adhikari et al., 2010, 2011; Wang et al., 2011; Jimenez et al.,
2018). Less is known regarding the neuronal populations and
molecular mechanisms within these limbic structures that
regulate innate avoidance behavior.

Several drugs prescribed for anxiety disorders, including
selective serotonin reuptake inhibitors and buspirone, work by
enhancing inhibitory G-protein signaling in neurons (Bystritsky
et al., 2013; Strawn et al., 2018). G-protein-gated inwardly recti-
fying K1 (GIRK/Kir3) channels mediate the direct/postsynaptic
G-protein-dependent effects of inhibitory neurotransmitters
throughout the CNS (Slesinger and Wickman, 2015). GIRK
channels are activated in a Gb g -dependent manner, following
stimulation of G-protein-coupled receptors linked to inhibitory
(Gi/o) G-proteins (Lüscher and Slesinger, 2010; Luján et al.,
2014). Most neuronal GIRK channels contain GIRK1 and
GIRK2 (Luján and Aguado, 2015). Indeed, GIRK1 and GIRK2
exhibit broad and overlapping distributions in the rodent brain,
including the hippocampus and amygdala (Karschin et al., 1996;
Lüscher et al., 1997; Koyrakh et al., 2005). Moreover, genetic
ablation of Girk1 or Girk2 in mice yields a complete loss or sub-
stantial reduction in GIRK channel activity in most neuron pop-
ulations (Luján et al., 2014).

Constitutive ablation of the Girk1/Kcnj3 or Girk2/Kcnj6 gene
in male mice reduces innate avoidance behavior in the EPM
(Pravetoni andWickman, 2008). Interestingly, systemic adminis-
tration of ML297, a potent direct activator of GIRK1-containing
GIRK channels (Kaufmann et al., 2013), also reduces innate
avoidance behavior in EPM, in a GIRK-dependent manner
(Wydeven et al., 2014; Vo et al., 2019). ML297 did not alter
motor activity, impact performance in the forced swim test, or
evoke a conditioned place preference (Wydeven et al., 2014).

Given the broad distribution of GIRK channels in the
brain, the site(s) of action of ML297 that underpin its influ-
ence on innate avoidance behavior are unclear. Here, we
show that systemic ML297 blunts neuronal activation in
the vHPC and BLA complex induced by EPM exposure.
Intra-vHPC infusion of ML297 decreases innate avoidance
behavior in male C57BL/6J mice, recapitulating the impact
of systemic ML297, whereas ML297 infusion into the BLA
complex exerts the opposite effect. In addition, combined
inhibition of excitatory neurons in the CA3 and dentate
gyrus (DG) subregions of the vHPC is necessary for the
anxiolytic efficacy of systemic ML297, and sufficient to
decrease innate avoidance behavior in male mice.

Materials and Methods
Animals
All animal experiments were approved by the Institutional Animal
Care and Use Committee at the University of Minnesota. The gener-
ation of Girk1–/– (RRID:MGI:3041949) and Girk1fl/fl mice was
described previously (Bettahi et al., 2002; Marron Fernandez de
Velasco et al., 2017). TrpC4Cre (Okuyama et al., 2016) and
DOCK10Cre (Kohara et al., 2014) mice were provided by Susumu
Tonegawa, and GAD67GFP(1) mice (Tamamaki et al., 2003) were
provided by Takeshi Kaneko. CaMKIICre (B6.Cg-Tg(Camk2a-cre)
T29-1Stl/J; RRID:IMSR_JAX:005359) and Grik4Cre (C57BL/6-Tg
(Grik4-cre)G32-4Stl/J; RRID:IMSR_JAX: 006474) mice were obtained
from The Jackson Laboratory. All lines were maintained by backcrossing
with C57BL/6J mice, also purchased from The Jackson Laboratory. Mice
were housed with a 14/10 h light/dark cycle (lights on at 6 A.M. and off
at 8 P.M.), and food and water were available ad libitum. All behavioral
studies were performed during the light phase.

Reagents
ML297 (C17H14F2N4O) was synthesized in-house or generously pro-
vided by C. David Weaver. Clozapine-N-oxide (CNO) was purchased
from Tocris Bioscience. Baclofen and CGP54626 were purchased from
Sigma-Aldrich. pAAV-hSyn-DIO-hM4Di(mCherry) [RRID:Addgene_
44362 (Krashes et al., 2011) and pAAV-hSyn-DIO-mCherry (RRID:
Addgene_50459) were gifts from Bryan Roth]. pAAV-CaMKIIa-hM4Di
(mCherry), pAAV-CaMKIIa-Cre(mCherry), and pAAV-CaMKIIa-
mCherry plasmids were generated by the University of Minnesota Viral
Vector and Cloning Core (VVCC; Minneapolis, MN) using pAAV-
CaMKIIa-hChR2(C128S/D156A)-mCherry (RRID:Addgene_35502, a
gift from Karl Deisseroth), as the backbone (Yizhar et al., 2011). pAAV-
mDlx-hM4Di(mCherry) and pAAV-mDlx-mCherry were generated
using pAAV-mDlx-GCaMP6f-Fishell-2 (RRID:Addgene_83899, a gift
from Gordon Fishell), as the source of the mDlx promoter/enhancer
(Dimidschstein et al., 2016). All vectors were packaged in AAV8 sero-
type by the VVCC; titers were between 0.7 and 5.5� 1014 genocopies/
ml.

EPM
EPM studies were performed as described (Vo et al., 2019). Briefly, mice
were placed in the EPM center facing an open arm and away from the
experimenter, and their subsequent activity was recorded for 5min by
video camera. Time spent in the open arms, closed arms, maze center,
total distance traveled, and average velocity were extracted using ANY-
maze 5.2 software (Stoelting Co). For intracranial ML297 studies, stylets
were removed on test day and replaced with injection cannulae attached
to a Pump 11 Elite infusion pump (Harvard Apparatus) and protruding
1 mm beyond the tip of the guide cannula. After infusions (250 nl/min,
500 nl/side) of vehicle (0.1% DMSO in saline) or ML297 (1.5, 5, or
15pmol/side), injection cannulae were held in place for 1–2min. EPM
tests were performed immediately thereafter. Following testing, ink was
infused through injection cannulae to aid in targeting validation. For
chemogenetic and GIRK ablation studies, CNO (2mg/kg) or ML297
(30mg/kg) was administered on test day via intraperitoneal injection,
30min before EPM testing.

c-Fos labeling and quantification
Animals were euthanized with phenytoin/pentobarbital (150mg/kg, i.p.)
2 h after EPM exposure. Following transcardial perfusion and fixation
with 4% paraformaldehyde (PFA), brains were postfixed in 4% PFA for
4–6 h and transferred to a 30% sucrose solution for 2–3 d. Coronal sec-
tions (30mm) containing the vHPC and BLA complex were prepared by
cryostat and transferred to a 0.1 M PBS solution. Brain sections were
rinsed with PBS and placed in 1% borohydride for 15min, and then
incubated with rabbit anti c-Fos antibody (catalog #ABE457, EMD
Millipore Corp), diluted 1:1000, overnight at 4°C. Subsequently, brain
sections were rinsed in PBS with 2% Triton X-100 and placed in goat
anti-rabbit secondary antibody (catalog #550338, BD Biosciences),
diluted 1:50, for 1.5–2 h on rotator. After rinses in PBS plus 2% Triton
X-100, brain sections were immersed in Avidin-biotinylated enzyme
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complex HRP (ABC) solution (Vector Labs) for 1.5–2 h, and then rinsed
in PBS and placed in a 0.015% 3,39-diaminobenzidine (DAB) solution
for 15–30min. Brain sections were then rinsed again in PBS and
mounted on gelatin-coated slides. c-Fos expression was quantified using
ImageJ particle analysis. The threshold was automatically set using the
Renyi Entropy algorithm (Law et al., 2017). The total cell count of c-Fos
(1) cells within the boundaries of the targeted brain regions (i.e., CA1,
CA3, DG, and BA) was divided by the targeted areas to obtain density
values. Because of the variability in the data across the cohorts of ani-
mals, we normalized the density of each subject by the average density of
the vehicle and control handling (Veh/control) group included in each
cohort.

Slice electrophysiology
Coronal vHPC (350mm) and BLA (280mm) slices were prepared as pre-
viously described for electrophysiological recordings of neurons in the
vCA1 (Victoria et al., 2016), CA3 and DG (Anacker et al., 2018), and
BLA complex (Tipps et al., 2018). Glass microelectrodes were filled with
a K-gluconate-based pipette solution. All recordings were obtained using
an EPC10 HEKA amplifier and Patchmaster 2� 73.2 software (HEKA
Elektronik), and all measured and command potentials factored in a
junction potential (�15mV) predicted using JPCalc software (Molecular
Devices). For rheobase assessments, cells were held in current-clamp
mode and given 1-s current pulses, beginning at�60pA and progressing
in 20pA increments until spiking was elicited. Somatodendritic currents
induced by baclofen (200 mM), ML297 (10 mM), or CNO (10 mM) were
measured at a holding potential (Vhold) of �60mV. Holding current,
input resistance, and series resistance values were measured throughout
each experiment by tracking responses to periodic (0.2Hz) voltage steps
(�5mV, 800ms). Only experiments with stable (,30% variation) and
low series resistances (,30 MV) were analyzed.

Intracranial surgery
Intracranial ML297 experiments were performed as previously described
(Kotecki et al., 2015). Briefly, bilateral stainless-steel guide cannulae (26-
gauge, Plastics One) targeting the vHPC (from bregma: �3.15 mm AP,
63.80 mmML,�3.25 mmDV) or BLA complex (�1.50 mm AP,63.30
mm ML, �4.70 mm DV) were positioned 1 mm above the infusion tar-
get of adult male C57BL/6J mice (eight weeks). Mice were allowed to
recover for 7–9 d before EPM testing. For intracranial viral manipula-
tions, microinjectors were created by affixing a 33-gauge stainless steel
hypodermic tube within a shorter 26-gauge stainless steel hypodermic
tube, and they were attached to polyethylene-20 tubing affixed to 10-ml
Hamilton syringe. Microinjectors were lowered bilaterally to the vCA1
(�3.15 mm AP,63.90 mmML, �3.25 mm DV), vCA3/DG (�3.15 mm
AP, 63.00 mm ML, �2.70 mm DV), or BLA complex (from bregma:
�1.50 mm AP, 63.30 mm ML, �4.70 mm DV). Viral vectors (vCA1:
400 nl, vCA3/DG: 300 nl, BLA: 400 nl) were infused at a rate of 100 nl/
min using a Pump 11 Elite infusion pump (Harvard Apparatus). The sy-
ringe was left in place for 10min following infusion. Electrophysiological
validation or behavioral studies were performed four weeks after
surgery.

Open-field test
The open-field test was performed in chambers (43.38� 43.38�
30.28 cm) housed within sound-attenuating cubicles (Med Associates)
with overhead illumination (single 2.8-W light bulb), as described
(Pravetoni and Wickman, 2008). On test day, mice were placed into a
corner of the open field and activity patterns were tracked for 30min by
infrared sensors. Time spent in the center of the arena (28.14�
28.14 cm) was analyzed for each subject. For systemic ML297 and che-
mogenetic studies, ML297 (30mg/kg, i.p.) or CNO (2mg/kg, i.p.) was
administered 30min before testing.

Light-dark test
The light-dark test was performed 3 d following the open-field test in
modified two-compartment chambers (Med Associates; 16.76� 12.7�
12.7 cm per compartment) housed within sound-attenuating cubicles.
One compartment contained white walls and floors, and overhead

illumination (single 2.8-W light bulb), while the other compartment
contained black walls and floors, without overhead illumination. On test
day, mice were acclimated to the testing room for 60min before being
placed in the black compartment facing the open door to the white com-
partment, and time spent on each side was tracked for 5min by infrared
sensors. Percent time spent in the light compartment was measured for
each subject using MED-PC IV 4.2 software (Med Associates). For sys-
temic ML297 and chemogenetic studies, ML297 (30mg/kg, i.p.) or CNO
(2mg/kg, i.p.) was administered 30min before testing.

Marble-burying test
The marble-burying test was performed 3 d following the light-dark test
in standard polycarbonate mouse cages (18� 28 � 13 cm) containing
4–5 cm of aspen wood chip bedding and 20 dark blue marbles (1.15-cm
diameter) arranged in a 4� 5 array. Mice were acclimated to the testing
room for 60min before being single-housed for 5min in cages contain-
ing aspen bedding. Following habituation to the novel substrate, mice
were injected with ML297 (30mg/kg, i.p.) or CNO (2mg/kg, i.p.) and
placed back into their home cages. After 30min, mice were placed into a
corner of the test cages containing aspen bedding and marbles. Cages
were covered with a filter-top lid and mice were free to bury for 30min.
After 30min, mice were removed and the number of marbles at least
two-thirds buried were counted. The percentage of marbles buried was
calculated for each subject.

Validation of intracranial targeting
For intracranial ML297 studies, 250-mm coronal sections containing the
vHPC and BLA complex were obtained by vibratome, and ink and guide
cannulae locations were assessed. Data from mice with mistargeted can-
nulae placement were excluded from analysis. For viral fidelity validation
studies involving GAD67GFP(1) mice, brains were fixed with 4% PFA
via transcardial perfusion, as described above, and 50-mm sections
containing the vHPC or BLA complex were collected using a sliding
microtome. Images (2� and 20�) of fluorescent expression were
acquired on an IX81ZDC2 Olympus microscope with disk-scanning
unit using MetaMorph Advanced Acquisition v. 7.7.7.0 software
(Olympus America Inc.). Dual fluorescent images were overlaid in
ImageJ and evaluated using the Allen Mouse Brain Atlas (Lein et al.,
2007). Quantification of cells was performed manually in ImageJ
using the multipoint selection function. To assess the anatomic scope
of viral targeting, 250-mm coronal slices of the vHPC and BLA com-
plex were obtained, and 2� images of bright-field and fluorescent vi-
ral expression were acquired. Only data from mice in which the
majority (.70%) of viral-driven fluorescence was confined to the tar-
geted brain regions were included.

Experimental design and statistical analyses
Male mice were used in this study because the impact of genetic ablation
of Girk1 and Girk2 (Pravetoni and Wickman, 2008), as well as systemic
ML297 (Wydeven et al., 2014), on innate avoidance behavior was shown
in male mice. In addition, sex differences in EPM performance in
C57BL/6 mice have been reported (An et al., 2011), and because the
estrous cycle influences the performance of female rodents in the EPM
test at baseline and in response to drug treatment (Marcondes et al.,
2001; D’Souza and Sadananda, 2017; Yohn et al., 2020). All behavioral
experiments were performed in a blind fashion; experimenters did not
know the drug or viral treatment status of subjects during testing. Group
size determinations were based on effect sizes observed in related experi-
ments, or estimated from pilot studies and previous publications
(Wydeven et al., 2014; Vo et al., 2019). Data are presented throughout as
the mean 6 SEM. Statistical analyses were performed using Prism 8
(GraphPad Software). Data were analyzed with two-tailed t test, Welch’s
t test, Mann–Whitney test, one-way ANOVA, or two-way ANOVA, as
appropriate. Pairwise comparisons were performed with Tukey’s or
Bonferroni multiple post hoc tests when F was significant and there was
no variance in homogeneity. Data points that fell.2 SDs outside of the
group mean were excluded from analysis. Differences were considered
significant if p, 0.05.
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Results
ML297-induced suppression of EPM-induced neuronal
activation in the vHPC and BLA complex
We began by evaluating the impact of EPM exposure on
neuronal activation in the vHPC and BLA complex of male
C57BL/6J mice, as assessed by immunolabeling for the im-
mediate early gene c-Fos (Gallo et al., 2018). Consistent
with prior reports (Silveira et al., 1993; Linden et al., 2004),
EPM exposure increased c-Fos expression in the vHPC,
with significant increases seen in CA1, CA3, and DG subre-
gions of the vHPC (**p, 0.01; Mann–Whitney test; Fig.

1A–D). EPM exposure also increased c-Fos expression in
the basal (BA) subregion of the BLA complex (**p, 0.01;
Mann–Whitney test; Fig. 1I,J), which shares reciprocal con-
nections with the vHPC and other brain regions implicated
in anxiety and avoidance behavior (Calhoon and Tye, 2015;
Janak and Tye, 2015). c-Fos labeling in the lateral (LA) sub-
region of the BLA complex was not significantly impacted
by EPM exposure (p = 0.2468; Mann–Whitney test; Fig. 1K).
Systemic ML297 administration before EPM exposure
blunted the EPM-evoked increase in c-Fos labeling in
all vHPC subregions (**p, 0.01; Mann–Whitney test). A

Figure 1. Impact of ML297 on EPM-induced c-Fos expression in the vHPC and BLA. A, Representative images of c-Fos expression in the CA1, CA3, and DG subregions of the
vHPC in mice receiving vehicle and control handling (Veh/control), vehicle and EPM exposure (Veh/EPM), and ML297 (30 mg/kg, i.p.) and EPM exposure (ML297/EPM). B–D,
Comparison of c-Fos density in vCA1, vCA3, and vDG subregions of subjects in Veh/control, Veh/EPM, and ML297/EPM groups. Statistical comparisons were made using the
Mann–Whitney test (**p, 0.01), with density values obtained from normalization by the mean of the Veh/control group in each vHPC subregion (N = 4–6 mice/group). E–
G, Representative currents induced by ML297 (10 mM) in vCA1 and vCA3 pyramidal neurons, and vDG granule cells, in slices from male C57BL/6J (wild type; WT) and Girk1–/–

mice. Currents were reversed by bath application of 0.3 mM Ba21, which blocks GIRK channels. H, Summary of ML297-induced somatodendritic currents in CA1 pyramidal
neurons (N = 2–3 mice/n = 6 experiments per group), CA3 pyramidal neurons (N = 1–2, n = 3–6), and DG granule cells (N = 2–3, n = 8) in slices from WT and Girk1–/–

mice. Main effects of genotype (F(1,31) = 194.7, p, 0.0001) and vHPC subregion (F(2,31) = 27.19, p, 0.0001) were detected, along with an interaction between genotype
and subregion (F(2,31) = 26.35, p, 0.0001); ***p, 0.001 and ****p, 0.0001, respectively. I, Representative images of c-Fos expression in the BA and LA subregions of
the BLA in vehicle/no EPM, vehicle/EPM, ML297/EPM groups. J, K, Comparison of c-Fos density in LA and BA and subregions of subjects in Veh/control, Veh/EPM, and
ML297/EPM groups. Statistical comparisons were made using the Mann–Whitney test (*p, 0.05 and **p , 0.01, respectively), with density values obtained from normal-
ization by the mean of the Veh/control group in each BLA subregion (N = 5–6 mice/group). L, Summary of ML297-induced somatodendritic currents measured in BA principal
neurons (N = 1–2 mice, n = 3–9 total recordings/group) in slices from WT and Girk1–/– mice (U = 0, **p = 0.0091; Mann–Whitney test).
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small but significant ML297-induced suppression of c-Fos
labeling was also observed in the BLA subregions
(*p, 0.05; Mann–Whitney test).

ML297-induced activation of GIRK channels in the vHPC
and BLA
GIRK channels containing GIRK1 and GIRK2 mediate the post-
synaptic G-protein-dependent inhibitory effect of GABA and
other inhibitory neurotransmitters in CA1 pyramidal neurons
(Koyrakh et al., 2005), and these subunits have been implicated
in GIRK channel formation in other HPC neuron populations,
including CA3 pyramidal neurons and DG granule cells (Karschin
et al., 1996; Lüscher et al., 1997). To determine whether ML297
selectively evokes GIRK-dependent currents in vHPC CA1 and
CA3 pyramidal neurons, and DG granule cells, we next evaluated
ML297-induced somatodendritic currents in slices from adult male
C57BL/6J and Girk1–/– mice. ML297-induced somatodendritic cur-
rents were observed in all targeted neuron populations from
C57BL/6J mice, but not in slices from Girk1–/– mice (Fig. 1E–G).
ML297-induced currents in vCA3 pyramidal neurons from C57BL/
6J mice were notably larger than currents measured in vCA1 py-
ramidal and vDG neurons [significant effects of genotype (F(1,31) =
194.7, ****p, 0.0001) and vHPC subregion (F(2,31) = 27.19,
****p, 0.0001) and interaction between genotype and subregion
(F(2,31) = 26.35, ****p, 0.0001); Fig. 1H].

Although GIRK channel subunit expression has been docu-
mented in the BLA complex (Karschin et al., 1996), functional
evidence supporting the existence of GIRK1-containing GIRK
channels is limited (Tipps et al., 2018). As such, we also probed
for ML297-induced, GIRK-dependent responses in BA principal
neurons, identified based on established morphologic and electro-
physical properties (Tipps et al., 2018). ML297 evoked GIRK-de-
pendent somatodendritic currents in all BA principal neurons from
C57BL/6J mice, but not Girk1–/– mice (U= 0, **p=0.0091; Mann–
Whitney test; Fig. 1L). Thus, ML297 activates GIRK1-containing
GIRK channels in excitatory neurons in the vHPC and BA.

Bi-directional influence of intracranial ML297 on innate
avoidance behavior
To examine the behavioral impact of GIRK channel activation in
the vHPC and BA on EPM performance, we administered
ML297 via intracranial infusion to the vHPC (Fig. 2A,C) or BA
(Fig. 2G,I) of adult male C57BL/6J mice. Intra-vHPC ML297
dose dependently increased time spent in the open arms of the
EPM (F(3,36) = 7.36, p= 0.0006; one-way ANOVA; Fig. 2B,D), at
the expense of time spent in the closed arms (F(3,36) = 4.52,
p=0.0086; one-way ANOVA; Fig. 2E). In contrast, intra-BA
ML297 dose dependently decreased time spent in the open arms
of the EPM (F(3,34) = 4.047, p= 0.0146; one-way ANOVA; Fig.
2H,J). Infusion of ML297 into either brain region had no impact
on total distance traveled [F(3,36) = 1.20, p=0.3251 (vHPC),
F(3,34) = 1.198, p=0.3252 (BA); one-way ANOVA; Fig. 2F,L], or
on average velocity [F(3,36) = 1.14, p= 0.3434 (vHPC), F(3,34) =
1.166, p= 0.3371 (BA); one-way ANOVA]. Thus, intra-vHPC
and intra-BA infusion of ML297 yielded divergent outcomes in
the EPM test, with intra-vHPC ML297 recapitulating the sup-
pression of avoidance behavior seen with systemic ML297
(Wydeven et al., 2014; Vo et al., 2019).

Impact of chemogenetic inhibition of BA principal and
GABA neurons on innate avoidance behavior
To better understand how ML297-induced neuronal inhibition
within the vHPC and BA impacts innate avoidance behavior, we

employed neuron-specific, viral chemogenetic approaches target-
ing excitatory/glutamatergic or inhibitory/GABAergic neuron
populations. As AAV/CaMKIIa-based vectors afford selective
access to excitatory/principal neurons in the BLA (Tye et al.,
2011), we infused AAV8-CaMKIIa-hM4Di(mCherry) or AAV8-
CaMKIIa-mCherry control vector bilaterally into the BA of
male C57BL/6J mice (Fig. 3A,B). In slice electrophysiological val-
idation studies, the hM4Di agonist CNO increased the rheobase
(decreased the excitability) of hM4Di-expressing, but not
control, BA principal neurons (t(7.578) = 6.707, ***p=0.0002;
unpaired Student’s t test with Welch’s correction; Fig. 3C).
Consistent with our previous report (Tipps et al., 2018), chemo-
genetic inhibition of BA principal neurons had no effect on time
spent in the open or closed arms of the EPM [t(20) = 1.378,
p= 0.1834 (open), t(20) = 0.2696, p=0.7902 (closed); unpaired
Student’s t test; Fig. 3D,E], or on total distance traveled during
the test (t(20) = 1.533, p=0.1409; unpaired Student’s t test; Fig.
3F). Thus, chemogenetic inhibition of BA principal neurons, like
optogenetic inhibition of BLA principal neuron somata (Tye et
al., 2011), does not impact innate avoidance behavior in male
C57BL/6J mice.

We also used AAV8-based vectors harboring the mDlx pro-
moter/enhancer, which drives transgene expression in forebrain
GABA neurons (Dimidschstein et al., 2016), to target inhib-
itory/GABA neurons in the BA. To evaluate the fidelity of
AAV8/mDlx-based vectors in this structure, we infused
AAV8-mDlx-mCherry into the BA of GAD67GFP(1) mice
(Fig. 3G; Tamamaki et al., 2003). We observed a 72% over-
lap in GFP labeling and mCherry fluorescence, with 22% of
cells expressing GFP alone (likely uninfected cells) and 6%
of cells expressing mCherry alone (Fig. 3H,I). Thus, AAV8/
mDlx-based vectors afford relatively selective genetic access
to the majority of GABA neurons in the BA. Unfortunately,
chemogenetic inhibition of GABA neurons in the BA pro-
voked mild-to-severe seizure activity in all subjects, pre-
cluding an evaluation of the impact of GABA neuron
inhibition on innate avoidance behavior.

Impact of chemogenetic inhibition of vHPC excitatory and
GABA neurons on innate avoidance behavior
AAV8-CaMKIIa-hM4Di(mCherry) has been used to drive
hM4Di expression in excitatory neurons of the vHPC, and
chemogenetic inhibition of excitatory neurons throughout the
vHPC decreased innate avoidance behavior in C57BL/6 mice
(Parfitt et al., 2017). With optimization of targeting coordinates
and viral loads, we were able to restrict the scope of viral infec-
tion to either CA1 (Fig. 4A,B) or CA3/DG (Fig. 4H,I) subregions
of the vHPC. To assess the targeting fidelity of AAV8/CaMKIIa
vectors, we infused AAV8-CaMKIIa-mCherry into vCA1 or
vCA3/DG subregions of GAD67GFP(1) mice. We detected
strong viral-driven mCherry fluorescence and minimal overlap
with GFP-positive (GABA) neurons in both CA1 (Fig. 4C) and
CA3/DG (Fig. 4J). Thus, AAV8/CaMKIIa vectors afford genetic
access to excitatory neurons in CA1 and CA3/DG subregions of
the mouse vHPC.

We next treated adult male C57BL/6J mice with AAV8-
CaMKIIa-hM4Di(mCherry) or AAV8-CaMKIIa-mCherry
control vector, targeting vCA1 or vCA3/DG. In slice elec-
trophysiological validation studies, CNO increased the rheobase
of hM4Di-expressing, but not mCherry control-expressing, CA1
pyramidal neurons (t(5) = 5.456, **p= 0.0025; unpaired Student’s
t test with Welch’s correction; Fig. 4D), CA3 pyramidal neurons
(t(3) = 3.749, *p= 0.0305; unpaired Student’s t test with Welch’s
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correction; Fig. 4K), and DG granule cells (t(6.5) = 7.298,
***p=0.0002; unpaired Student’s t test with Welch’s correction;
Fig. 4K). Chemogenetic inhibition of vCA1 pyramidal neurons
had no impact on time spent in the open or closed arms of the
EPM [t(17) = 0.8167, p=0.4254 (open), t(17) = 1.557, p= 0.1378
(closed); unpaired Student’s t test; Fig. 4E,F], or on total distance
traveled during testing (t(17) = 0.09228, p=0.9276; unpaired
Student’s t test; Fig. 4G). In contrast, chemogenetic inhibition of
vCA3/DG excitatory neurons increased time spent in the open
arms of the EPM at the expense of time spent in the closed arms

[t(14.84) = 3.074, **p= 0.0078 (open), t(17) = 3.228, **p= 0.0049
(closed); unpaired Student’s t test with Welch’s correction; Fig.
4L,M], but did not impact total distance traveled (t(17) = 1.185,
p= 0.2523; unpaired Student’s t test; Fig. 4N). Notably, these be-
havioral outcomes were recapitulated using a complementary
approach involving the CaMKIICre(1) transgenic driver line
and Cre-dependent viral vectors [t(15) = 0.3685, p= 0.7177
(vCA1: open), t(15) = 0.3007, p= 0.7678 (vCA1: closed), t(15) =
0.3286, p= 0.7470 (vCA1: total distance), t(13) = 3.153,
**p= 0.0076 (vCA3/DG: open), t(13) = 2.795, *p= 0.0152 (vCA3/

Figure 2. Impact of intracranial ML297 on EPM performance. A, Schematic of stereotaxic implantation of guide cannulae into the vHPC. Mice were allowed to recover from surgery for 7–9
d before behavioral testing. B, Representative track plots of mice treated with intra-vHPC vehicle (0/left/red) or 15 pmol/side ML297 (right/blue) in the EPM test. C, Summary of cannulae place-
ments, with colors representing individual subjects treated with vehicle/0 (red, N= 10) or 15 (blue, N= 10) pmol/side ML297. D, E, Percentage of time spent in the open (F(3,36) = 7.36,
p= 0.0006; one-way ANOVA) and closed (F(3,36) = 4.52, p= 0.0086; one-way ANOVA) arms of the EPM following intra-vHPC infusion of ML297; *p, 0.05 and **p, 0.01, respectively, versus
0 pmol (N= 9–11 mice/group). F, Total distance traveled during the EPM test (F(3,36) = 1.20, p= 0.325; one-way ANOVA). G, Schematic for stereotaxic implantation of guide cannulae into the
BA. H, Representative track plots of mice treated with intra-BA vehicle (0/left/red) or 15 pmol/side ML297 (right/blue) in the EPM test. I, Summary of cannulae placements, with colors repre-
senting individual subjects treated with vehicle/0 (red, N= 10) and 15 (blue, N= 10) pmol/side ML297. J, K, Percentage of time spent in the open (F(3,34) = 4.047, p= 0.0146; one-way
ANOVA) and closed (F(3,34) = 1.813, p= 0.1633; one-way ANOVA) arms of the EPM following intra-BA infusion of ML297; *p, 0.05 versus 0 pmol (N= 8–10 mice/group). L, Total distance
traveled during the EPM test (F(3,34) = 1.198, p= 0.3252; one-way ANOVA).
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DG: closed), t(13) = 0.8588, p=0.4060 (vCA3/DG: total distance);
unpaired Student’s t test; Fig. 4E–G,L–N].

Chemogenetic inhibition of vCA3/DG excitatory neurons
also increased time spent in the field center during the open-field
test (t(18) = 2.327, *p=0.0318; Fig. 4O) and the light chamber in
the light-dark test (t(18) = 2.767, *p=0.0127; Fig. 4P), but this
manipulation had no impact on marble-burying behavior (t(18) =
1.790, p=0.0903; Fig. 4Q). Since ML297 was previously charac-
terized in EPM but not other tests of innate avoidance behavior
(Wydeven et al., 2014; Vo et al., 2019), we sought to understand
the involvement of ML297 in these behavioral models. Systemic
ML297 administration also reduced avoidance behavior observed
in the light-dark test (t(22) = 2.198, *p= 0.0387; Fig. 4P), but had
no effect in open-field (t(22) = 0.1919, p= 0.8496; Fig. 4O) or mar-
ble-burying tests (t(22) = 0.4238, p= 0.6758; Fig. 4Q). Thus, sys-
temic ML297 administration in male C57BL/6J mice is sufficient
to recapitulate the impact of acute chemogenetic inhibition of
excitatory neurons in the vHPC CA3/DG subregion in EPM and
light-dark tests, but not open-field test; the impact of both
manipulations on avoidance behavior was most pronounced in
the EPM test.

To interrogate the behavioral impact of selective inhibition of
defined neuron populations in the vHPC, we combined Cre-de-
pendent viral vectors with Cre-driver lines affording access to
CA1 (TrpC4Cre; Okuyama et al., 2016; Fig. 5A,B) and CA3
(Grik4Cre; Nakazawa et al., 2002; Fig. 5F,G) pyramidal neurons,
and DG granule cells (DOCK10Cre; Kohara et al., 2014; Fig.
5K,L). Consistent with results described above, we observed no
significant impact of chemogenetic inhibition of vCA1 pyramidal
neurons on EPM performance [t(15) = 1.22, p= 0.240 (open),
t(15) = 1.10, p= 0.287 (closed), t(15) = 0.042, p=0.967 (total dis-
tance); unpaired Student’s t test; Fig. 5C–E]. Similarly, neither
the selective inhibition of vCA3 pyramidal neurons [t(13) = 1.57,
p=0.141 (open), t(13) = 1.64, p= 0.125 (closed), t(13) = 1.69,
p=0.114 (total distance); unpaired Student’s t test; Fig. 5H–J],

nor the selective inhibition of vDG granule cells [t(17) = 0.048,
p= 0.963 (open), t(17) = 0.83, p= 0.417 (closed), t(17) = 1.35,
p= 0.195 (total distance); unpaired Student’s t test; Fig. 5M–O],
significantly impacted EPM performance. These results suggest
that combined inhibition of excitatory neurons in vCA3/DG is
required to suppress innate avoidance behavior in male mice.

We also targeted inhibitory/GABA neurons in the vHPC with
AAV8/mDlx-based vectors. We infused AAV8-mDlx-mCherry
into the vHPC of GAD67GFP(1) mice (Fig. 5P), and found that
70% of neurons exhibited GFP and mCherry fluorescence, while
19% expressed GFP alone (likely uninfected cells) and 11%
expressed mCherry alone (Fig. 5Q,R). Thus, AAV8/mDlx-based
vectors afford relatively selective genetic access to the majority of
GABA neurons in the vHPC. Unfortunately, chemogenetic inhi-
bition of GABA neurons in the vHPC provoked severe seizure
activity in all subjects, resulting in death of most subjects tested.

Impact of GIRK channel ablation in vCA3/DG excitatory
neurons on systemic ML297
To test whether the combined GIRK-dependent inhibition of
excitatory neurons in CA3/DG subregion of the vHPC mediates
the impact of systemic ML297 on EPM performance in mice, we
employed a viral Cre strategy to ablate GIRK channels selectively
in this vHPC subregion. We infused AAV8-CaMKIIa-Cre
(mCherry) or AAV8-CaMKIIa-mCherry into vCA3/DG of male
Girk1fl/fl mice (Fig. 6A). In both vCA3 pyramidal (Fig. 6B) and
vDG granule cells (Fig. 6C) from Girk1fl/fl mice, Cre treatment
decreased the amplitude of baclofen-induced somatodendritic
currents [t(9.9) = 9.499, ****p, 0.0001 (vCA3), t(16) = 5.403,
****p, 0.0001 (vDG); unpaired Student’s t test; Fig. 6D], a com-
posite GABAB receptor-dependent response mediated primarily
by GIRK channel activation (Lüscher et al., 1997; Koyrakh et al.,
2005). Loss of GIRK channel activity in these neurons also
decreased rheobase [t(14) = 4.234, ***p= 0.0008 (vCA3), t(18) =

Figure 3. Chemogenetic inhibition of BA principal and GABA neurons. A, Schematic of bilateral targeting of the BA in male C57BL/6J mice with AAV8-CaMKIIa-hM4Di(mCherry) or AAV8-
CaMKIIa-mCherry vectors. B, Representative image of viral fluorescence in the BA, showing minimal spread into the LA and CeA. C, Change in rheobase induced by CNO (10 mM) in control or
hM4Di-expressing BA principal neurons (t(7.578) = 6.707, ***p= 0.0002; unpaired Student’s t test with Welch’s correction; N= 2–3 mice and n= 8 total recordings/group). D, E, Percentage of
time spent in open (t(20) = 1.378, p= 0.1834; unpaired Student’s t test) and closed (t(20) = 0.2696, p= 0.7902; unpaired Student’s t test) arms of the EPM by male C57BL/6J mice treated with
intra-BA hM4Di or control vector (N= 11 mice/group), following administration of CNO (2mg/kg, i.p.). F, Total distance traveled during the EPM test (t(20) = 1.533, p= 0.1409; unpaired
Student’s t test) by male C57BL/6J mice treated with hM4Di or control vector (N= 11 mice/group). G, Schematic of bilateral targeting of the BA in GAD67eGFP(1) mice with AAV8-mDlx-
mCherry. H, Representative image of AAV8-mDlx-mCherry labeling in the BA of GAD67GFP(1) mouse. Left, eGFP(1) GABA neurons within the area of viral infusion. Middle, mDlx-driven
mCherry expression in BA GABA neurons. Right, Overlap of GFP and mCherry fluorescence. I, Pie chart summarizing the quantification of percentages of neurons that are mCherry(1) only,
eGFP(1) only, or show overlapping markers. A majority of neurons carry both fluorescent signals, demonstrating that AAV8/mDlx-based vectors selectively target GABA neurons in BA. N= 3.
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Figure 4. Chemogenetic inhibition of excitatory neurons in the mouse vHPC. A, Schematic of bilateral targeting of vCA1. B, Representative image of the vHPC from a GAD67GFP(1) mouse
receiving AAV8-CaMKIIa-mCherry in vCA1. Dashed lines highlight vCA1, vCA3, and vDG subregions. The white rectangle shows the area enlarged in panel C. C, Image of the vCA1 subregion
showing GFP-positive (GABA) neurons within the area of viral infusion (left), CaMKIIa-driven mCherry expression (middle), and minimal overlap of GFP and mCherry fluorescence (right). D,
Change in rheobase induced by CNO (10 mM) in control or hM4Di-expressing vCA1 pyramidal neurons (t(5) = 5.456, **p= 0.0025; unpaired Student’s t test with Welch’s correction; N= 2 mice
and n= 6–8 total recordings/group). E, F, left, Percentage of time spent in open (t(17) = 0.8167, p= 0.4254; unpaired Student’s t test) and closed (t(17) = 1.557, p= 0.1378; unpaired
Student’s t test) arms of the EPM by male C57BL/6J mice treated with intra-vCA1 hM4Di or control vector (N= 8–11 mice/group), following administration of CNO (2 mg/kg, i.p.). Right,
Percentage of time spent in open (t(15) = 0.3685, p= 0.7177; unpaired Student’s t test) and closed (t(15) = 0.3007, p= 0.7678; unpaired Student’s t test) arms of the EPM by male CaMKIICre
(1) mice treated with intra-vCA1 AAV8-hSyn-DIO-hM4Di(mCherry) or AAV8-hSyn-DIO-mCherry vector (N= 8–9 mice/group), following administration of CNO (2 mg/kg, i.p.). G, Total distance
traveled during the EPM test by male C57BL/6J mice treated with hM4Di or control vector (left, t(17) = 0.09228, p= 0.9276; unpaired Student’s t test), and in CaMKIICre(1) mice treated with
intra-vCA1 DIO-hM4Di or control vector (right, t(15) = 0.3286, p= 0.7470; unpaired Student’s t test). H, Schematic of bilateral targeting of vCA3/DG. I, Representative image of the vHPC from a
GAD67GFP(1) mouse receiving AAV8-CaMKIIa-mCherry in the vCA3/DG subregion. The white open box shows the area enlarged in panel J. J, Image of the vCA3/DG subregion showing GFP-
positive (GABA) neurons within the area of viral infusion (left), CaMKIIa-driven mCherry expression (middle), and minimal overlap of GFP and mCherry fluorescence (right). K, left, Change in
rheobase induced by CNO (10 mM) in control or hM4Di-expressing vCA3 pyramidal neurons (t(3) = 3.749, *p= 0.0305; unpaired Student’s t test with Welch’s correction; N= 1–2 mice and
n= 4–5 total recordings/group). Right, Change in rheobase induced by CNO (10 mM) in control or hM4Di-expressing vDG granule cells (t(6.5) = 7.298, ***p= 0.0002; unpaired Student’s t test
with Welch’s correction; N= 2 mice and n= 7 total recordings/group). L, M, left, Percentage of time spent in open (t(14.84) = 3.074, **p= 0.0078; unpaired Student’s t test with Welch’s correc-
tion) and closed (t(17) = 3.228, **p= 0.0049; unpaired Student’s t test) arms of the EPM by male C57BL/6J mice treated with intra-vCA3/DG hM4Di or control vector (N= 8–11 mice/group),
following administration of CNO (2 mg/kg, i.p.). Right, Percentage of time spent in open (t(13) = 3.153, **p= 0.0076; unpaired Student’s t test) and closed (t(13) = 2.795, *p= 0.0152; unpaired
Student’s t test) arms of the EPM by male CaMKIICre(1) mice treated with intra-vCA3/DG DIO-hM4Di or control vector (N= 7–8 mice/group), following administration of CNO (2 mg/kg, i.p.).
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3.773, **p= 0.0014 (vDG); unpaired Student’s t test; Fig. 6E],
consistent with an increase in excitability, but did not impact
resting membrane potential [t(16) = 1.155, p= 0.2652 (vCA3),
t(18) = 0.6257, p=0.5394 (vDG); unpaired Student’s t test; Fig.
6F]. Importantly, GIRK channel ablation in vCA3/DG excita-
tory neurons precluded the increase in time spent in the
open arms [t = 1.142, p = 0.2715 (Cre/Veh vs Cre/ML297),
t = 3.051, **p = 0.0076 (Cre/ML297 vs mCherry/ML297);
unpaired Student’s t test; Fig. 6G] and decrease in time
spent in the closed arms [t = 1.581, p = 0.1348 (Cre/Veh vs
Cre/ML297), t=3.317, **p=0.0047 (Cre/ML297 vs mCherry/
ML297); unpaired Student’s t test; Fig. 6H] evoked by systemic
ML297, without impacting total distance traveled during EPM
testing [t=0.7080, p=0.4921 (Cre/Veh vs Cre/ML297), t=2.005,
p=0.0603 (Cre/ML297 vs mCherry/ML297); unpaired Student’s t
test; Fig. 6I]. Thus, GIRK channel activation in excitatory neurons
in vCA3/DG is necessary for the suppression of innate avoidance
behavior induced by systemic ML297 administration in male
C57BL/6J mice.

Discussion
Both constitutive ablation (Blednov et al., 2001; Pravetoni and
Wickman, 2008) and acute pharmacological activation (Wydeven
et al., 2014) of GIRK channels correlate with decreased innate
avoidance behavior in mice. The similar behavioral outcomes for
both gain-of-function and loss-of-function manipulations of
GIRK channel activity suggested the presence of complex, oppos-
ing contributions of neuronal GIRK channel activity on innate
avoidance behavior. Subsequent genetic manipulations ablating
GIRK channels selectively in GABA neurons or forebrain excita-
tory neurons, however, had no impact on EPM performance
(Victoria et al., 2016). Here, we identify discrete limbic structures
that could help explain the complex influence of GIRK channels
on innate avoidance behavior in mice. Specifically, we show that
acute pharmacological activation of GIRK channels in the vHPC
and BLA complex exerts opposing influence on innate avoidance
behavior in male mice.

The impact of GIRK channel activation in vHPC on innate
avoidance behavior aligns with the effect of systemic ML297, and
GIRK channel ablation in vCA3/DG excitatory neurons pre-
cluded the efficacy of systemic ML297. Conversely, acute activa-
tion of GIRK channels in the BA increased avoidance behavior.
Collectively, our observations suggest that the behavioral impact

of ML297-induced inhibition of vCA3/DG overrides the impact
of ML297-induced inhibition of the BA. This could be explained
in part by the amplitude of ML297-induced somatodendritic cur-
rents, which were notably larger in vCA3 pyramidal neurons
than BA principal neurons. GIRK channels are expressed in
other brain regions implicated in anxiety-related behavior, how-
ever, including the medial prefrontal cortex (Hearing et al.,
2013), hypothalamus (Karschin et al., 1996), habenula (Lecca et
al., 2016). Thus, the effect of systemic ML297 on EPM perform-
ance is likely shaped by GIRK-dependent inhibition in several
brain regions.

Given that intra-BA ML297 provoked increased avoidance
behavior in male mice, the lack of impact of chemogenetic inhi-
bition of BA principal neurons on EPM performance was unex-
pected, particularly since chemogenetic inhibition of BA
principal neurons is mediated largely by GIRK channel activa-
tion (Tipps et al., 2018). Nevertheless, our results mirror the out-
come of optogenetic inhibition experiments targeting BLA
principal neuron somata, which also did not impact EPM per-
formance (Tye et al., 2011). ML297-induced GIRK channel acti-
vation may evoke a stronger inhibition of BA principal neurons
than hM4Di activation, a contention supported by the observa-
tion that the impact of intra-BA ML297 on EPM performance
was seen only at the highest dose administered. The differential
impact of intra-BA ML297 and acute chemogenetic inhibition
may also be attributable to the different scope of pharmacological
and viral interventions. The LA and BA subregions of the BLA
complex contribute in distinct fashion to fear-related behavior
(Calhoon and Tye, 2015; Manassero et al., 2018; Tipps et al.,
2018), and optical inhibition of principal neurons in the adjacent
basomedial amygdala increased anxiety-related behavior in the
open-field test (Adhikari et al., 2015). Although we targeted the
BA in intracranial pharmacological and chemogenetic experi-
ments, ML297 may diffuse further than AAV vectors, impacting
adjacent structures.

The differential behavioral influence of discrete BLA projec-
tions may also contribute to the discrepant outcomes of the in-
tracranial pharmacological and chemogenetic studies. Indeed,
optogenetic stimulation of BLA principal neurons projecting to
the central amygdala (CeA) suppressed innate avoidance behav-
ior (Tye et al., 2011), whereas optogenetic stimulation of BLA
projections to the vHPC and mPFC increased avoidance behav-
ior (Felix-Ortiz et al., 2013, 2016). These findings suggest the in-
triguing possibility that the strength of GIRK-dependent
signaling differs in BLA principal neurons in a projection-spe-
cific manner, with projections that normally suppress avoidance
behavior (e.g., BLA-CeA projection; Tye et al., 2011) being par-
ticularly sensitive to ML297-induced inhibition.

While the vHPC has been implicated in innate avoidance
behavior, the roles of specific vHPC subregions and neuron pop-
ulations are less clear (Kheirbek et al., 2013; Weeden et al., 2015;
Engin et al., 2016; Parfitt et al., 2017; Jimenez et al., 2018;
Schumacher et al., 2018). The activity of vCA1 pyramidal neu-
rons, the major output neurons of the vHPC (Basu and
Siegelbaum, 2015), has been implicated in the expression of
avoidance behavior. Most notably, the majority of mouse vCA1
pyramidal neurons exhibited increased intracellular Ca21 activity
during open arm exploration, and optogenetic silencing of these
neurons on entry into the open arms decreased avoidance behav-
ior (Jimenez et al., 2018). Furthermore, vCA1 projections to the
lateral hypothalamic area and prefrontal cortex showed elevated
activity in anxiogenic settings, and inhibition of these projections
suppressed avoidance behavior (Ciocchi et al., 2015; Padilla-
Coreano et al., 2016; Jimenez et al., 2018).

/

N, Total distance traveled during the EPM test by male C57BL/6J mice treated with hM4Di or
control vector (left, t(17) = 1.185, p= 0.2523; unpaired Student’s t test) and in male
CaMKIICre(1) mice treated with intra-vCA1 DIO-hM4Di or control vector (right, t(13) =
0.8588, p= 0.4060; unpaired Student’s t test). O, left, Percentage of time spent in open-field
center by male C57BL/6J mice treated with hM4Di or control vector (t(18) = 2.327,
*p= 0.0318; unpaired Student’s t test), following administration of CNO (2 mg/kg, i.p.).
Right, Percentage of time spent in open-field center by male C57BL/6J mice treated with sys-
temic ML297 (30 mg/kg, i.p.) or vehicle (t(22) = 0.1919, p= 0.8496; unpaired Student’s t
test) 30 min before testing. P, left, Percentage of time spent in light chamber of light-dark
box by male C57BL/6J mice treated with hM4Di or control vector (t(18) = 2.767, *p= 0.0127;
unpaired Student’s t test), following administration of CNO (2 mg/kg, i.p.). Right, Percentage
of time spent in light chamber by male C57BL/6J mice treated with systemic ML297 (30 mg/
kg, i.p.) or vehicle (t(22) = 2.198, *p= 0.0387; unpaired Student’s t test) 30 min before test-
ing. Q, left, Percentage of marbles buried by male C57BL/6J mice treated with hM4Di or con-
trol vector (t(18) = 1.790, p= 0.0903; unpaired Student’s t test), following administration of
CNO (2 mg/kg, i.p.). Right, Percentage of marbles buried by male C57BL/6J mice treated
with systemic ML297 (30 mg/kg, i.p.) or vehicle (t(22) = 0.4238, p= 0.6758; unpaired
Student’s t test) 30 min before testing.
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Figure 5. Chemogenetic inhibition of excitatory vCA1, vCA3, or vDG neurons. A, Schematic of bilateral targeting of vCA1 in TrpC4Cre(1) mice treated with either AAV8-hSyn-DIO-hM4Di
(mCherry) or AAV8-hSyn-DIO-mCherry vector. B, Representative image of viral targeting of vCA1 pyramidal neurons in a TrpC4Cre(1) mouse treated with AAV8-hSyn-DIO-mCherry. C, D,
Percentage of time spent in the open (t(15) = 1.22, p= 0.240; unpaired Student’s t test) and closed (t(15) = 1.10, p= 0.287; unpaired Student’s t test) arms for male TrpC4Cre(1) mice treated
with DIO-hM4Di or control vector (N= 8–9 mice/group). E, Total distance traveled during the EPM test by male TrpC4Cre(1) mice treated with DIO-hM4Di or DIO-control vector (t(15) = 0.042,
p= 0.967; unpaired Student’s t test). F, Schematic of bilateral targeting of vCA3 in Grik4Cre(1) mice treated with either AAV8-hSyn-DIO-hM4Di(mCherry) or AAV8-hSyn-DIO-mCherry vector.
G, Representative image of viral targeting of vCA3 pyramidal neurons in a Grik4Cre(1) mouse treated with AAV8-hSyn-DIO-mCherry. H, I, Percentage of time spent in the open (t(13) = 1.57,
p= 0.141; unpaired Student’s t test) and closed (t(13) = 1.64, p= 0.125; unpaired Student’s t test) arms for male Grik4Cre(1) mice treated with DIO-hM4Di or DIO-control vector (N= 7–8
mice/group). J, Total distance traveled during the EPM test by male Grik4Cre(1) mice treated with DIO-hM4Di or DIO-control vector (t(13) = 1.69, p= 0.114; unpaired Student’s t test). K,
Schematic of bilateral targeting of vDG in DOCK10Cre(1) mice treated with either AAV8-hSyn-DIO-hM4Di(mCherry) or AAV8-hSyn-DIO-mCherry vector. L, Representative image of viral targeting
of vDG granule cells in a DOCK10Cre(1) mouse treated with AAV8-hSyn-DIO-mCherry. M, N, Percentage of time spent in the open (t(17) = 0.048, p= 0.963; unpaired Student’s t test) and
closed (t(17) = 0.83, p= 0.417; unpaired Student’s t test) arms for male DOCK10Cre(1) mice treated with DIO-hM4Di or DIO-control vector (N= 9–10 mice/group). O, Total distance traveled
during the EPM test by male DOCK10Cre(1) mice treated with DIO-hM4Di or DIO-control vector (t(17) = 1.35, p= 0.195; unpaired Student’s t test). P, Schematic of bilateral targeting of the
vHPC in GAD67eGFP(1) mice with AAV8-mDlx-mCherry. Q, Representative image of AAV8-mDlx-mCherry labeling in the vHPC of GAD67GFP(1) mouse. Left, eGFP(1) GABA neurons within
the area of viral infusion. Middle, mDlx-driven mCherry expression in vHPC GABA neurons. Right, Overlap of GFP and mCherry fluorescence. R, Pie chart summarizing the quantification of per-
centages of neurons that are mCherry(1) only, eGFP(1) only, or show overlapping markers. A majority of neurons carry both fluorescent signals, demonstrating that AAV8/mDlx-based vectors
selectively target GABA neurons in vHPC. N= 4.
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Given the evidence linking vCA1 pyramidal neurons to the
expression of innate avoidance behavior, as well as our data
showing that ML297 blunted the increase in EPM-induced c-Fos
expression in vCA1, we were surprised to find that chemogenetic
inhibition of vCA1 pyramidal neurons, achieved using three
complementary approaches, had no impact on EPM perform-
ance. The distinct temporal profiles of vCA1 pyramidal neuron
inhibition in optogenetic and chemogenetic studies may explain
the different behavioral impact of these manipulations. vCA1 py-
ramidal neuron activity increased once mice entered the EPM

open arms, rather than at decision points
(Jimenez et al., 2018), and optogenetic in-
hibition of vCA1 pyramidal neurons on
entry to EPM open arms suppressed
expression of avoidance behavior. In our
chemogenetic studies, vCA1 pyramidal
neurons were likely inhibited before and
throughout the duration of EPM testing.

While vCA1 pyramidal neuron inhibi-
tion did not impact EPM performance in
male C57BL/6J mice, chemogenetic inhibi-
tion of excitatory neurons in vCA3/DG
increased EPM open arm time, as well as
center time in open-field and light chamber
time in the light-dark test. Our findings align
well with a recent study demonstrating that
chemogenetic inhibition of vHPC neurons
in male rats reduced avoidance behaviors in
EPM and light-dark tests (Maestas-Olguin et
al., 2021), but this study did not provide ana-
tomic separation between CA1 and CA3/
DG vHPC subregions. Besides approach-
avoidance conflict models, we also examined
the effect of hM4Di-mediated inhibition of
vCA3/DG neurons in the marble-burying
test, an active-avoidance task in which mice
work to minimize threatening stimuli.
Excitotoxic lesioning of vHPC produced
anxiolytic effects in EPM and marble-bury-
ing tests in male mice (Wang et al., 2019).
Here, however, we observed no impact of
vCA3/DG inhibition in active avoidance
behavior. These different behavioral out-
comes could be attributable to the different
scope of persistent excitotoxic lesions and
acute chemogenetic inhibition, including the
lack of cell-type and subregion specificity in
the former approach.

Furthermore, our Cre ablation efforts
demonstrated that activation of GIRK1-
containing GIRK channels in vCA3/DG
excitatory neurons is required for the sup-
pression of avoidance behavior evoked
by systemic ML297. Consistent with this
premise, EPM exposure increased c-Fos
expression in vCA3 and vDG, as well as
vCA1, and systemic ML297 administration
suppressed the EPM-induced increase in c-
Fos expression. Interestingly, our findings
align well with a previous study showing
that systemic diazepam-induced suppres-
sion of innate avoidance behavior in the
EPMwas lost in mice lacking a2-containing
GABAA receptors in excitatory neurons in

the DG and CA3, but not CA1 pyramidal neurons (Engin et al.,
2016). Conversely, the effect of diazepam on conditioned fear
required a2-containing GABAA receptors in vCA1 pyramidal neu-
rons, but not in CA3 and DG excitatory neurons.

Collective chemogenetic inhibition of excitatory neurons in
CA1, CA3, and DG subregions of the vHPC in C57BL/6 mice
decreased avoidance behavior (Parfitt et al., 2017). Using the
same viral vector and optimized targeting approaches, we dem-
onstrate that this effect can be recapitulated by acute

Figure 6. GIRK channel ablation in vCA3/DG and systemic ML297. A, Representative image of the vCA3/DG from a Girk1fl/fl

mouse receiving AAV8-CaMKIIa-mCherry in vCA3/DG. Dash lines highlight the vCA1, vCA3, and vDG subregions of vHPC. B,
C, Representative somatodendritic currents (Vhold = �60mV) evoked by baclofen (200 mM), and reversed by the GABAB re-
ceptor antagonist CGP54626 (2 mM), in vCA3 pyramidal and vDG neurons from Girk1fl/fl mice treated with AAV8-CaMKIIa-Cre
(mCherry) or AAV8-CaMKIIa-mCherry vector. D, Summary of baclofen-induced currents in vCA3 (left, t(9.9) = 9.499,
****p, 0.0001; unpaired Student’s t test with Welch’s correction. N= 2–3 mice and n= 7–9 total recordings/group) and
vDG (right, t(16) = 5.403, ****p, 0.0001; unpaired Student’s t test. N= 2–3 mice and n= 8–10 total recordings/group)
excitatory neurons from Girk1fl/fl mice treated with intra-vCA3/DG AAV8-CaMKIIa-Cre(mCherry) or AAV8-CaMKIIa-mCherry
vector. E, Impact of Girk1 ablation on rheobase in vCA3 (left, t(14) = 4.234, ***p= 0.0008; unpaired Student’s t test; N= 2–
3 mice and n= 7–9 total recordings/group) and vDG (right, t(18) = 3.773, **p= 0.0014; unpaired Student’s t test; N= 2–3
mice and n= 10 total recordings/group) excitatory neurons from Girk1fl/fl mice treated with intra-vCA3/DG AAV8-CaMKIIa-
Cre(mCherry) or AAV8-CaMKIIa-mCherry vector. F, Summary of resting membrane potential (RMP) in vCA3 (left, t(16) =
1.155, p= 0.2652; unpaired Student’s t test; N= 2–3 mice and n= 8–10 total recordings/group) and vDG (right, t(18) =
0.6257, p= 0.5394; unpaired Student’s t test; N= 2–3 mice and n= 10 total recordings/group) excitatory neurons from
Girk1fl/fl mice treated with intra-vHPC AAV8-CaMKIIa-Cre(mCherry) or AAV8-CaMKIIa-mCherry vector. G, H, Percentage of
time spent in open and closed arms of the EPM by male Girk1fl/fl mice treated with intra-vCA3/DG Cre or control (con) vector,
and either systemic vehicle (veh) or ML297 (30 mg/kg, i.p.). Group sizes ranged from 8–10 mice/group; **p, 0.01. I, Total
distance traveled during the EPM test by male Girk1fl/fl mice treated with intra-vCA3/DG Cre or control (con) vector, and ei-
ther systemic vehicle (veh) or ML297 (30 mg/kg, i.p.).
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chemogenetic inhibition of excitatory neurons in vCA3/DG.
Sequential excitatory synapses between DG granule cells, CA3
pyramidal neurons, and CA1 pyramidal neurons form a promi-
nent unidirectional circuit within the HPC. The lack of impact of
chemogenetic inhibition of vCA1 pyramidal neurons on EPM
performance suggests that the inhibition of distinct circuits and
projections involving vCA3 and vDG excitatory neurons under-
lies the suppression of avoidance behavior seen in our studies.
Notably, selective chemogenetic inhibition of vHPC neurons
projecting to the lateral septum (LS), most of which originate in
CA3, increased innate avoidance behavior in the EPM test
(Parfitt et al., 2017). Chemogenetic activation of the vHPC-LS
projection decreased avoidance behavior, as did chemogenetic
activation of excitatory neurons in the vDG that provide gluta-
matergic input to CA3 (Kheirbek et al., 2013). Thus, the suppres-
sion of avoidance behavior that we observed with chemogenetic
inhibition of excitatory neurons in vCA3/DG likely occurred de-
spite an opposing behavioral influence conferred by inhibition of
the vHPC-LS projection.

In summary, we report here that GIRK channel activation in
discrete limbic structures evokes divergent influence on innate
avoidance behavior in male mice, and that ML297-induced inhi-
bition of neurons in the vCA3/DG subregion of the vHPC is
required for the suppression of avoidance behavior evoked by
systemic ML297. We also present evidence that inhibition of
excitatory neurons in the vCA3/DG subregion of the vHPC is
sufficient to suppress innate avoidance behavior in male mice.
Given the cross-species validity of approach avoidance conflict
model as a translational measure of anxiety and avoidance
behavior (Biedermann et al., 2017), our work suggests that future
efforts targeting pharmacologic or genetic manipulations of
GIRK channel activity in specific neuron populations might
prove useful for treatment of anxiety-related disorders.
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