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Persistent avoidance of stress-related stimuli following acute stress exposure predicts negative outcomes such as substance
abuse and traumatic stress disorders. Previous work using a rat model showed that the central amygdala (CeA) plays an im-
portant role in avoidance of a predator odor stress-paired context. Here, we show that CeA projections to the lateral hypo-
thalamus (LH) are preferentially activated in male rats that show avoidance of a predator odor-paired context (termed
Avoider rats), that chemogenetic inhibition of CeA-LH projections attenuates avoidance in male Avoider rats, that chemoge-
netic stimulation of the CeA-LH circuit produces conditioned place avoidance (CPA) in otherwise naive male rats, and that
avoidance behavior is associated with intrinsic properties of LH-projecting CeA cells. Collectively, these data show that CeA-
LH projections are important for persistent avoidance of stress-related stimuli following acute stress exposure.
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Significance Statement

This study in rats shows that a specific circuit in the brain [i.e., neurons that project from the central amygdala (CeA) to the
lateral hypothalamus (LH)] mediates avoidance of stress-associated stimuli. In addition, this study shows that intrinsic physi-
ological properties of cells in this brain circuit are associated with avoidance of stress-associated stimuli. Further characteriza-
tion of the CeA-LH circuit may improve our understanding of the neural mechanisms underlying specific aspects of
stress-related disorders in humans.

Introduction
Exposure to stressful events often leads to adverse consequences
such as increased anxiety, depression, and negative changes in
cognition and mood. The type of coping mechanism engaged
during stress exposure predicts the severity of stress-related con-
sequences (Moos and Schaefer, 1993). Avoidance coping mecha-
nisms are associated with negative consequences such as suicide
(Linehan et al., 1986) and engaging in violence (Kotler et al.,

1993), as well as substance abuse (Mezzich et al., 1995) and post-
traumatic stress disorder (PTSD; Bryant and Harvey, 1995).
Among PTSD patients, persistent avoidance of stress-associated
stimuli is a strong predictor of poor treatment response (Taylor
et al., 2001) and future PTSD severity (Bryant et al., 2000;
Perkonigg et al., 2005; Shin et al., 2015).

The use of animal models to investigate the neurobiological
factors underlying stress effects is critical for the development of
better prevention, diagnostic, and treatment strategies. Our labo-
ratory uses a model in which a subset of rats exposed to predator
odor stress show persistent and stable avoidance of odor-paired
stimuli (context with distinct tactile and visual cues), mirroring
avoidance symptoms in some but not all humans exposed to
stress (Breslau, 2009; Albrechet-Souza and Gilpin, 2019). After
stress, rats classified as Avoiders exhibit hyperalgesia (Itoga et al.,
2016), escalated alcohol drinking, more aversion-resistant alco-
hol responding (Edwards et al., 2013; Weera et al., 2020), higher
anxiety-like behavior than unstressed controls (Whitaker and
Gilpin, 2015), and blunted corticosterone response to predator
odor relative to Non-Avoiders exposed to the same stress
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(Whitaker and Gilpin, 2015). These effects are not attributable to
non-specific factors such as learning or animals’ ability to detect
the predator odor stimulus. For example, we have shown that
conditioned preference for a context paired with sweet solution
does not predict conditioned avoidance of a context paired with
predator odor (i.e., bobcat urine; Edwards et al., 2013), and that
predator odor stress exposure increases adrenocorticotropin hor-
mone and corticosterone levels in both Avoiders and Non-
Avoiders (Whitaker and Gilpin, 2015).

In humans with PTSD, amygdala hyperreactivity predicts the
magnitude of avoidance (Sripada et al., 2013) and the severity of
overall PTSD symptoms (Stevens et al., 2017). In rats, the central
amygdala (CeA) serves as the main output nucleus of the amyg-
dala and is an important modulator of behavioral and physiolog-
ical stress responses (Ventura-Silva et al., 2013). Previous
findings in our lab suggest that CeA is an important node for
mediating avoidance of aversive stimuli and other behaviors in
Avoider rats. For example, male Avoider rats show escalated cor-
ticotropin-releasing factor (CRF) peptide content in CeA after
stress compared with Non-Avoiders and unstressed Controls,
intra-CeA infusions of CRF produce avoidance in stress-naive
male rats (Itoga et al., 2016), and intra-CeA blockade of CRF1
receptors (CRFR1) attenuates stress-induced avoidance behavior,
escalated alcohol drinking (Weera et al., 2020), and hyperalgesia
in male Avoider rats (Itoga et al., 2016).

CeA cells project to several downstream effector brain
regions, including the lateral hypothalamus (LH; Krettek and
Price, 1978; Tsumori et al., 2006). The LH plays an important
role in modulating motivated behaviors, including approach and
avoidance (Stuber and Wise, 2016). For example, activation of
LH GABAergic cells produces real-time place preference (Jennings
et al., 2015), whereas activation of LH glutamatergic cells produces
real-time place aversion (Jennings et al., 2013). Interestingly, a
recent study in mice showed that predator odor exposure increased
Ca21-indicated activity in LH hypocretin-expressing (Hcrt1) cells
and that chemogenetic stimulation of these cells produced real-time
place avoidance (Giardino et al., 2018).

Here, we tested the hypotheses that predator odor exposure
activates CeA projections to LH (CeA-LH) in Avoiders, that in-
hibition of CeA-LH projections attenuates avoidance behavior in
Avoiders, and that CeA-LH circuit stimulation supports the de-
velopment of conditioned place avoidance (CPA) behavior in
otherwise naive animals. We also characterized the topographical
and physiological properties of these projections at baseline and
after predator odor exposure. Findings from this study lay the
foundation for future work that will interrogate the role of CeA-
LH signaling in other stress-related behaviors (e.g., altered alco-
hol/drug reward and aversion).

Materials and Methods
Subjects
Adult male Wistar rats (Charles River) were used in all experiments.
Rats were pair-housed in a humidity-controlled and temperature-con-
trolled (22°C) vivarium on a reverse 12/12 h light/dark cycle (lights off at
8:00 A.M.) and had ad libitum access to food and water. All behavioral
procedures occurred in the dark phase under red or dim light illumina-
tion. All procedures were approved by the Institutional Animal Care and
Use Committee of the Louisiana State University Health Science Center
and were in accordance with National Institutes of Health guidelines.

Drugs
Clozapine-N-oxide (CNO; NIH Drug Supply Program) was dissolved in
20% dimethylsulfoxide (DMSO). ZD7288 (Tocris, catalog #1000) was

dissolved in DI water for a stock concentration of 8 mM. ZD7288 stock
was diluted 400� when added to the recording bath artificial CSF
(aCSF) for a final concentration of 20 mM. Capsazepine (Sigma-Aldrich,
catalog #C191) was dissolved in 45% DMSO/55% DI water for a stock
concentration of 12 mM. Capsazepine stock was diluted 400� when
added to the recording bath aCSF for a final concentration of 30 mM.
Tetrodotoxin (TTX)-citrate (Tocris, catalog #1069) was dissolve in DI
water for a stock concentration 0.4 mM and dissolved to a final concen-
tration of 1 mM in the recording aCSF bath. 4-Aminopyridine (4AP;
Tocris, catalog #0940) was dissolve in DI water for a stock concentration
0.4 M and dissolved to a final concentration of 1 mM in the recording
aCSF bath.

Stereotaxic surgeries
Rats were anesthetized with isoflurane and mounted into a stereotaxic
frame (Kopf Instruments) for all stereotaxic surgeries. The following
coordinates (from bregma) were used for bilateral intra-LH or CeA
microinjections: �2.1 mm posterior, 6 2.0 mm lateral, and �8.8 mm
ventral (LH) or �2.5 mm posterior, 6 4.0 mm lateral, and �8.4 mm
ventral (CeA). Retrobeads (Lumafluor), Cholera Toxin B (Thermo
Fisher Scientific, catalog #22843), or viral constructs (see below) were
injected into each side of the LH or CeA at a volume of 0.5ml over 5min,
and injectors were left in place for an additional 2min. Viral titers were
between 1.0 and 1.5� 1013 GC/ml. At the end of surgeries, rats were
monitored to ensure recovery from anesthesia and were given at least 6 d
to recover before the start of behavioral procedures. Rats were treated
with the analgesic flunixin (2.5mg/kg, s.c.) and the antibiotic cefazolin
(20mg/kg, i.m.) before the start of surgeries and once the following day.

Predator odor place conditioning
Predator odor place conditioning was performed as previously described
(Edwards et al., 2013; Albrechet-Souza and Gilpin, 2019). The apparatus
consists of three conditioning chambers with distinct tactile (hole, grid,
or rod floors) and visual stimuli (circles, white, or stripes walls) separated
by a small triangular center chamber. On day 1, rats were allowed to
freely explore the apparatus for 5min, and the chamber with the most
deviant time score for each rat was excluded from future sessions. On
day 2, rats were allowed to freely explore the two-chamber apparatus for
5min (without the excluded chamber) and time spent in each chamber
was recorded as preconditioning baseline (CPA pretest time). Rats were
assigned to Stress or Unstressed Control groups, counterbalanced for the
magnitude of baseline preference for the conditioning chambers. Rats in
the stress group received predator odor place conditioning in an
unbiased and counterbalanced design. On day 3, rats were confined to
one chamber for 15min in the absence of odor. On day 4, rats were con-
fined to the other chamber for 15min in the presence of predator odor
(a sponge soaked with 3 ml of bobcat urine; Maine Outdoor Solutions)
placed under the floor. On day 5, rats were again allowed to freely
explore the 2 conditioning chambers for 5min and time spent in each
chamber was recorded (CPA posttest time). Time spent in the odor-
paired chamber during CPA posttest minus pretest was used to index
for avoidance. Rats that showed greater than a 10-s decrease in time
spent on the odor-paired chamber were classified as Avoiders and all
other stressed rats were classified as Non-Avoiders. Unstressed Controls
were never exposed to predator odor.

Immunohistochemistry
Rats were deeply anesthetized with isoflurane and were transcardially
perfused with ice-cold PBS followed by 4% paraformaldehyde (PFA).
Brains were extracted and postfixed in 4% PFA for 24 h (at 4°C), cryo-
protected in 20% sucrose for 48–72 h (at 4°C), and snap-frozen in
2-methylbutane on dry ice. Forty-micrometer coronal sections were col-
lected using a cryostat and stored in 0.1% sodium azide in PBS at 4°C.
Sections were washed 2� 10min in PBS and incubated in 3% hydrogen
peroxide for 10min. Sections were then washed 3� 10min in PBS and
incubated in a blocking buffer containing 1% (w/v) bovine serum albu-
min and 0.3% Triton X-100 in PBS for 1 h at room temperature (RT).
Then, sections were incubated in a rabbit anti-c-Fos antibody (Millipore;
catalog #ABE457, RRID:AB_2631318) for 48 h at 4°C. Sections were
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then washed for 10min in TNT buffer (0.1 M Tris base in saline with
0.3% Triton X-100), incubated for 30min in 0.5% (w/v) tyramide signal
amplification (TSA) blocking reagent (see below) in 0.1 M Tris base, and
incubated for 30min in ImmPRESS horseradish peroxidase anti-rabbit
antibody (Vector Laboratories, catalog #MP-7401; RRID:AB_2336529)
at RT. Following 4� 5min washes in TNT buffer, sections were incu-
bated in cyanine 3 for 10min at RT (TSA blocking reagent and cyanine
3 were part of the TSA Cyanine 3 detection kit; PerkinElmer, catalog
#NEL704A001KT). Sections were washed 3� 10min in TNT buffer and
mounted on microscope slides with Fluoro-Gel II with DAPI (Electron
Microscopy Sciences, catalog #17985-51).

Slice electrophysiology
On the day of slice electrophysiology experiments, rats were deeply anes-
thetized with isoflurane and transcardially perfused with 80-ml RT
(;25°C) NMDG aCSF containing the following: 92 mM NMDG, 2.5 mM

KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM glu-
cose, 2 mM thiourea, 0.5 mM CaCl2, 10 mM MgSO4·7 H2O, 5 mM Na-
ascorbate, and 3 mM Na- pyruvate; 300-mm-thick coronal sections con-
taining the CeA were collected using a vibratome (VT1200S, Leica
Microsystems). Sections were incubated in NMDG aCSF at 36°C for
12min, then transferred to a RT holding aCSF solution containing the
following: 92 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM

NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 2 mM CaCl2, 2
mM MgSO4·7 H2O, 5 mM Na-ascorbate, and 3 mM Na-pyruvate. Brain
sections were allowed to rest �1 h before commencement of the record-
ing session. At the time of recording sections were transferred to a re-
cording aCSF solution containing the following: 130 mM NaCl, 3.5 mM

KCl, 2 mM CaCl2, 1.25 mM NaH2PO4, 1.5 mM MgSO4·7 H2O, 24 mM

NaHCO3, and 10 mM glucose (Avegno et al., 2018). Recording aCSF was
maintained at 31–33°C using an in-line heater (Warner Instruments).
Recordings were performed with an internal recording solution contain-
ing the following: 120 mM K-gluconate, 4 mM KCl, 2 mM K-EGTA, 10
mM HEPES, 4 mM Mg-ATP, 0.3 mM Na2-GTP, and 10 mM Na2-phos-
phocreatine; pH 7.2–7.3 (285–295 mOsm; Mayeux et al., 2017; Avegno
et al., 2018).

In situ hybridization
RNAscope in situ hybridization was performed following the manufac-
turer’s recommendations. Rats were perfused transcardially, and brains
were fixed and frozen as described above (see above, Immuno-
histochemistry). Ten-micrometer coronal sections were collected using a
cryostat and stored in 0.1% sodium azide in PBS at 4°C. Sections were
washed 2� 10min in PBS and incubated in TBS-T containing 3%
hydrogen peroxide for 20min. Sections were then washed 2� 10min in
PBS and float mounted onto microscope slides, allowed to dry overnight,
and stored in 100% ethanol at�20°C for up to oneweek. For RNAscope
processing, slides were removed from ethanol, air dried, and a hydro-
phobic barrier was drawn around each brain section. Brain sections were
covered with Protease III and incubated at 40°C for 45min. Sections
were then washed in PBS 2� 2min, covered with a Crhr1 RNA probe
(Advanced Cell Diagnostics, Rn-Crhr1, catalog #318911-C3), and incu-
bated at 40°C for 4 h. Sections were then incubated for 15min in 5� sa-
line-sodium citrate buffer at RT and washed 2� 2min in RNAscope
Wash buffer. Sections were then incubated consecutively with RNAscope
AMP 1 (40min), AMP 2 (20min), AMP 3 (40min), and AMP 4A (20min)
reagents at 40°C, with 2� 2min washes in RNAscope Wash buffer in
between each incubation. Sections were then coverslipped with Fluoro-Gel
II with DAPI (Electron Microscopy Sciences, catalog #17985-51). All
RNAscope probes, reagents, and buffers were purchased from Advanced
Cell Diagnostics (RNAscope Fluorescent Multiplex kit, reference #320851).

Experiment 1
The purpose of this experiment was to map CeA-LH projections using
anterograde and retrograde tracing and to test synaptic connections
between CeA projections and LH cells using a combination of optoge-
netics and slice electrophysiology.

CeA-LH anterograde and retrograde tracing
For anterograde tracing, rats (n=3) were given bilateral microinjections
of AAV5-hSyn-mCherry (Addgene, 114472-AAV5) and were killed four
weeks later (Fig. 1A). For CeA-LH retrograde tracing, rats (n=24) were
given bilateral Retrobeads microinjections targeting the LH (see above,
Stereotaxic surgeries) at least 12 d before killing. These animals were also
used in the c-Fos experiment (experiment 2) (Fig. 1F).

CeA-LH slice electrophysiology with optogenetics
Rats were given intra-CeA AAV5-hSyn-hChR2(h134R)-mCherry
(Addgene; 26 976-AAV5) at least four weeks before killing and slice elec-
trophysiology. Voltage-clamp recordings were performed with cells
clamped at�50mV. Light pulses (;13 mW/mm2 power density, 0.5-ms
pulse duration, 10-Hz frequency) were delivered and IPSC responses
were measured. In a subset of recorded neurons, after characterizing
baseline IPSC amplitude, picrotoxin (PTX; 100 mM) was applied to the
bath and postsynaptic response to optical stimulation was measured
15min later. In another set of neurons, optically evoked responses in LH
were recorded in the presence of the sodium channel blocker TTX (1
mM) and the potassium channel blocker 4AP (1 mM). Either: (1) whole-
cell recording was established first, synaptic responses were measured,
then TTX and 4AP were added to the bath and responses were remeas-
ured in the same neuron; or (2) TTX and 4AP was circulating in the
bath before whole-cell recording was established and then responses
were measured only in the presence of TTX and 4AP.

Experiment 2
The purpose of this experiment was to test the hypothesis that predator
odor stress produces more neuronal activation (c-Fos1) in CeA-LH cells
in Avoiders relative to stressed Non-Avoiders and unstressed Controls.
Rats were given intra-LH injections of Retrobeads and were subjected to
the predator odor place conditioning procedure described above (after at
least 6 d of recovery from surgery). On the day after CPA posttest, rats
were re-exposed to predator odor in a clean cage for 15min (a cup con-
taining a bobcat urine-soaked sponge was placed on top of the cage) and
were killed 90min later (Fig. 2A). Brain sections were analyzed for accu-
racy of Retrobeads microinjections. Three rats were removed from anal-
ysis because of misplaced Retrobeads microinjections and two rats were
removed because of procedural error during predator odor place condi-
tioning (final n=19). Three 40-mm brain sections separated by;200mm
were processed for c-Fos immunohistochemistry and analyzed.
Retrobeads1 and c-Fos1 cell counts were calculated for whole CeA,
medial CeA (CeM) and lateral CeA (CeL) across three brain sections
(Fig. 1G for anatomic outline of CeM vs CeL). c-Fos activation in CeA-
LH cells was expressed as the percentage of total Retrobeads1 cells that
were c-Fos1/Retrobeads1 (i.e., c-Fos and Retrobeads double positive).

Experiment 3
The purpose of this experiment was to test the hypothesis that the CeA-
LH circuit mediates conditioned avoidance behavior. Specifically, we
tested the hypotheses that inhibition of CeA-LH cells attenuates condi-
tioned avoidance of a predator odor stress-paired chamber in Avoider
rats and that stimulation of CeA-LH cells supports the development of
CPA in stress-naive rats.

CeA-LH circuit inhibition
To test the hypothesis that inhibition of CeA-LH cells attenuates avoid-
ance behavior in Avoider rats, inhibitory designer receptors exclusively
activated by designer drugs (DREADD) receptor-containing virus or
mCherry control virus was targeted to CeA-LH cells using an inter-
sectional viral expression strategy. Rats (n=64) were given bilateral
microinjections of a retrograde viral vector for the expression of Cre
(AAVrg-pmSyn1-EBFP-Cre; Addgene, 51507-AAVrg) targeting the LH.
Two weeks later, half of the rats (n= 32) were given bilateral intra-CeA
microinjections of a viral vector for Cre-dependent expression of an in-
hibitory DREADD receptor (AAV5-hSyn-DIO-hM4D(Gi)-mCherry;
Addgene 44 362-AAV5), and the other half of the rats (n= 32) were
given bilateral intra-CeA microinjections of a control viral vector
(AAV5-hSyn-DIO-mCherry, Addgene, 50459-AAV5; Fig. 3A,B). Four
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weeks later, rats underwent the predator odor place conditioning proce-
dure described above. One day after posttest (“test 1,” in which rats were
indexed for avoidance of the predator odor-paired chamber), rats were
given a second posttest session (“test 2”) that was preceded by a 30 min
CNO (4mg/kg) or vehicle (20% DMSO in saline) pretreatment (1 ml/kg
body weight, i.p.; Fig. 3C). Change in time spent in the predator odor-
paired chamber from test 1 to test 2 was used as an index of change in
avoidance behavior.

CeA-LH circuit stimulation
To test the hypothesis that stimulation of CeA-LH cells supports condi-
tioned avoidance behavior in stress-naive rats, stimulatory DREADD
receptor-containing virus (AAV5-hSyn-DIO-hM3D(Gq)-mCherry; Add-
gene, 44361-AAV5) or mCherry control virus was targeted to CeA-LH cells
using the same intersectional viral strategy described above. Place condition-
ing procedures began no fewer than 14d after CeA virus microinjections.
The conditioning apparatus is identical to the one used for predator odor
place conditioning described above. On the day before the start of CPA pro-
cedures, rats were handled and weighed in the procedure room. On day 1,
rats were given vehicle (20% DMSO in saline; i.p.) injections (1 ml/kg) im-
mediately before they were placed in the conditioning apparatus and
allowed to freely explore all three chambers for 5min. As with predator
odor place conditioning, the chamber with the most deviant time score for
each animal was removed from all future procedures for that particular rat.
On day 2, this procedure was repeated with two chambers and time spent
in each conditioning chamber was recorded as preconditioning baseline
(pretest time). On day 3, rats were given vehicle injection (1 ml/kg, i.p.) im-
mediately before confinement to one conditioning chamber for 15min. On

day 4, rats were given a CNO injection of 0, 2, or 4mg/kg (1 ml/kg, i.p.) im-
mediately before confinement to the other chamber for 15min. On day 5,
rats were given vehicle injection immediately before they were allowed to
freely explore both chambers for 5min (posttest 1), and a difference score
of time spent in the CNO-paired chamber during posttest minus pretest
was calculated. This 5-d chemogenetic place conditioning procedure is iden-
tical to the 5-d predator odor place conditioning procedure used above.
Time spent in the CNO-paired chamber during test 1 minus pretest was an-
alyzed to test whether a single CeA-LH circuit stimulation session can pro-
duce CPA. After a 2-d break (Saturday and Sunday), rats were given
additional conditioning sessions to test the effect of repeated CeA-LH circuit
stimulation on avoidance behavior. Rats were given two vehicle (Monday
and Wednesday) and two CNO (Tuesday and Thursday) conditioning ses-
sions followed by a second posttest (Friday). This procedure was repeated a
third time in week 3. In total, rats received five CNO conditioning sessions,
five vehicle conditioning sessions, and three posttests (Fig. 3E). Each rat was
always injected with the same dose of CNO (i.e., between-subjects dose
response) or an equivalent volume of vehicle. Rats were weighed immedi-
ately before each injection. The conditioning score for each posttest was cal-
culated by subtracting pretest time spent in CNO-paired chamber from
posttest time spent in CNO-paired chamber. Positive values were inter-
preted to reflect a preference for the CNO-paired chamber; negative values
were interpreted to reflect an aversion for the CNO-paired chamber.

At the end of the experiment, all rats were killed, and brains were
imaged to ensure accuracy of virus expression as indicated by mCherry1
cell bodies. One and four rats were removed from the DREADD inhibition
and stimulation studies, respectively, because of inaccurate virus expression
outside the CeA.

Figure 1. CeA projections form functional connections with LH neurons. A, Schematic of intra-CeA microinjections of AAV5-hSyn-mCherry. Right, Image showing mCherry expression in a cor-
onal brain section containing the CeA and LH (scale bar: 500mm). Inset, High-magnification image of mCherry fibers in LH (scale bar: 20mm). 3V: third ventricle, f: fornix, ZI: zona incerta, LH:
lateral hypothalamus, Opt: optic tract, IC: internal capsule, MeA: medial amygdala, CeA: central amygdala, BLA: basolateral amygdala. B, Schematic showing approximate location of
mCherry1 terminals (red) in LH along the rostro-caudal axis. C, Representative trace showing optically evoked current of LH neuron in the absence (black) and presence (orange) of the GABA-
A receptor blocker PTX. D, In neurons that received PTX, relative synaptic response amplitudes were significantly decreased (pp, 0.001). E, An example recording of postsynaptic current in an
LH neuron showing response to optical stimulation of CeA neuron axon terminals before and after bath application of TTX and 4AP. F, Schematic of intra-LH microinjections of Retrobeads.
Right, Representative image of intra-LH Retrobeads microinjection site (scale bar: 200mm). G, left, Low-magnification (2�) image showing medial (CeM) and lateral (CeL) subdivisions of CeA
and surrounding landmarks. LA: lateral amygdala, BLA: basolateral amygdala, PIR: piriform cortex. Middle and right, Representative images of Retrobeads1 cells in CeM versus CeL (scale
bar: 50mm). H, Retrobeads1 cell counts in CeM versus CeL of Avoider, Non-Avoider, and Controls rats (pp, 0.001; n= 6 or 7 rats per group). I, Expression of Crhr1 in CeA-LH projection cells
(labeled with CTB-555; scale bar: 50mm). Arrows indicate examples of double-labeled cells.
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Experiment 4
The purpose of this experiment was to characterize the intrinsic proper-
ties and synaptic transmission of CeA-LH cells from Avoiders, Non-
Avoiders, and unstressed Controls, to test whether stress-induced altera-
tions in these parameters may be associated with avoidance behavior.
Studies have previously shown that alterations in synaptic transmission
and/or intrinsic neuronal excitability properties in the amygdala

measured ex vivo are associated with stress-related behavioral outcomes
(Rosenkranz et al., 2010; Rau et al., 2015; Silveira Villarroel et al., 2018).
Rats were given bilateral intra-LH green Retrobeads microinjections at
least 6 d before the start of predator odor CPA. One day after CPA postt-
est, rats were re-exposed to predator odor (in a fashion identical to
experiment 1; Fig. 2A) and killed 17 h later. We measured the following
intrinsic neuronal excitability properties: resting membrane potential

Figure 2. Avoiders have more c-Fos1 CeA-LH cells. A, Timeline schematic of experiment 2. B, Predator odor stress produces conditioned avoidance in a subset of rats. C, Representative
images of c-Fos1 (white) and Retrobeads1 (red) cells in the CeA of Controls, Non-Avoiders, and Avoiders (scale bar: 20mm). Total number of c-Fos1 cells in CeA (D), CeM (E), and CeL (F)
of Avoiders (red), Non-Avoiders (blue), and Controls (black). Percent of c-Fos1/Retrobeads1 cells over total Retrobeads1 cells in CeA (G), CeM (H), and CeL (I) of Avoiders, Non-Avoiders,
and Controls; pp, 0.05 (see text for exact p value), n= 6 or 7 rats per group.
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(RMP), input resistance, voltage SAG, and firing rate to input current
response (Dembrow et al., 2010; Joshi et al., 2015; Avegno et al., 2018).
We also recorded spontaneous IPSC (sIPSC) events while clamping the
membrane voltage at �50mV and spontaneous EPSCs (sEPSCs) while
clamping the membrane voltage at �70mV. Recorded cells were gener-
ated from 17 rats.

Experiment 5
The purpose of this experiment was to test the contributions of specific
HCN channels to voltage SAG in CeA-LH cells of Avoiders, Non-
Avoiders, and Controls. All procedures through killing were identical to
experiment 3. Here, we used the putative HCN1-selective blocker capsa-
zepine (Gill et al., 2004) and compared relative SAG amplitude and
kinetics before and after drug application to better understand the con-
tribution of HCN1 versus non-HCN1 (HCN2-4) to previously observed
stress effects on voltage SAG in LH-projecting CeA cells. Recorded cells
were generated from 11 rats.

Experimental design and statistical analyses
Data were analyzed using omnibus factorial ANOVAs, with significant
interactions followed-up with lower-order ANOVAs and Tukey’s post
hoc analyses. Within-subjects’ factors include CeA subdivision (medial
vs lateral) and test session, and between-subjects’ factors include stress
group (Avoider, Non-Avoider, Control) and treatment (vehicle, CNO),
where appropriate. In DREADD experiments, animals that were given
either active or control virus microinjections were analyzed separately (i.
e., the control virus group was treated as a replication of the experiment;
Smith et al., 2016). In all cases, the significance level was set at p, 0.05; t
statistics from a two-sample t test are also reported in pairwise compari-
sons. In experiment 4, the relationship between SAG amplitude and
timescale was quantified by using the Spearman rank-order correlation
coefficient. This is a non-parametric correlation which is equivalent to
the Pearson correlation coefficient of the rank values of the original data.
Group means are shown with 6 SEM. All analyses were performed
using the Statistical Package for Social Sciences software or MATLAB.
Statistical details of experiments are reported in Results.

Results
Experiment 1: CeA projections form functional connections
with LH neurons
The purpose of this experiment was to map CeA-LH projections
using anatomic tracing and to test synaptic connections between
CeA projections and LH cells using a combination of optoge-
netics and slice electrophysiology.

CeA-LH anterograde tracing
An anterograde tracer (AAV5-hSyn-mCherry) was microin-
jected into the CeA of rats and brain sections containing the LH
were collected fourweeks later. mCherry1 terminals were pres-
ent in the LH, particularly in the rostral region (bregma �1.8 to
�2.5). Within this region, mCherry1 terminals were mostly
present in the dorsal and lateral areas of LH (Fig. 1A,B).
mCherry1 terminals were also present in neighboring areas
such as medial amygdala (MeA) and zona incerta (ZI; Fig. 1A).

CeA-LH slice electrophysiology
AAV5-hSyn-hChR2-mCherry was microinjected into the CeA of
rats and brain sections containing the LH were prepared for elec-
trophysiological experiments fourweeks later; 490-nm full-field
LED light was used to visualize mCherry fluorescence in live
brain slices. The spatial distribution of mCherry1 axons was
qualitatively similar to that observed in our fixed tissue experi-
ments (Fig. 1A). Neurons ventral to the ZI and medial to the in-
ternal capsule were targeted for recordings. We found that LH
neurons exhibited IPSC responses (1276 54pA) when the slices
were illuminated with blue light (470nm) and that these

responses were sensitive to PTX (100 mM; Fig. 1C). PTX signifi-
cantly reduced the relative amplitude of optically evoked IPSCs
in a subset of recorded LH neurons (0.086 0.01, p, 0.001; Fig.
1D). Also, to confirm that the CeA-LH pathway is monosynaptic,
we recorded from several LH neurons with the sodium channel
blocker TTX (1 mM) and the potassium channel blocker 4AP (1
mM). We used this approach because TTX blocks action poten-
tial generation of any potential di-synaptic intermediates, while
4AP compensates for the TTX-induced reduction in excitability
at synaptic terminals. We found that direct synaptic responses
persisted in the presence of TTX1 4AP (Fig. 1E); mean response
amplitudes of optically evoked responses with circulating TTX1
4AP was 72.56 23.9 pA (n=3).

CeA-LH retrograde tracing
Retrobeads were microinjected into the LH (Fig. 1F), and rats
were stressed and indexed for avoidance following the predator
odor CPA procedure described above (Fig. 2A). Tissue sections
from these rats were used for retrograde mapping of CeA-LH
cells and for experiment 2 (see below). The number of
Retrobeads1 cells in both the lateral (CeL) and medial (CeM)
subdivisions of the CeA of Avoiders, Non-Avoiders, and
Controls was quantified (Fig. 1G). An omnibus CeA subdivision
(CeM, CeL) � stress group (Avoiders, Non-Avoiders, Controls)
ANOVA revealed a main effect of CeA subdivision (F(1,16) =
38.9, p, 0.001), indicating that there are more Retrobeads1
cells in CeM than in CeL (Fig. 1H). There were no differences in
the number of Retrobeads1 cells between stress groups.

Crhr1 in situ hybridization in CeA-LH cells
We next tested whether CeA-LH cells expressed Crhr1, a gene
whose receptor product (CRF type-1 receptor) is highly expressed
in CeA and mediate stress effects on behavior (Bruchas et al., 2009;
Spierling and Zorrilla, 2017). Rats were given intra-LH microinjec-
tions of cholera toxin B conjugated with Alexa Fluor 555 (CTB-
555), killed oneweek later, and sections containing CeA were proc-
essed for RNAscope in situ hybridization of Crhr1. We found that a
subset of CTB-5551 cells in CeA colocalized with Crhr1 (Fig. 1I).

Experiment 2: CeA-LH cells are activated in avoiders after
predator odor exposure
The purpose of this experiment was to test the hypothesis that,
after stress, Avoider rats have more activated (c-Fos1) CeA-LH
cells than stressed Non-Avoiders and unstressed Controls. Rats
were given intra-LH Retrobeads microinjections, exposed to
predator odor stress and indexed for avoidance, and re-exposed
to predator odor before their brains were collected for c-Fos
immunohistochemistry (Fig. 2A). Stressed rats that showed a
change in time spent in the predator odor-paired chamber of
greater than �10 s were classified as Avoiders (Fig. 2B). Avoider
rats had more total c-Fos1 cells (both Retrobeads1 and –) in
the CeA than Non-Avoiders and Controls [one-way (stress
group) ANOVA, significant effect of stress group (F(2,16) = 8.8,
p= 0.003; Tukey’s post hoc tests: p=0.004 (Avoiders vs Controls)
and p=0.009 (Avoiders vs Non-Avoiders); Fig. 2C,D]. Analysis
of c-Fos1 cell counts in the medial (CeM) and lateral (CeL) sub-
divisions of the CeA (Fig. 1F) showed that Avoiders had more c-
Fos1 cells than Non-Avoiders and Controls in the CeM (Fig.
2E) but not CeL [Fig. 2F; significant CeA subdivision � stress
group interaction (F(2,16) = 8.7, p=0.003); significant effect of
stress group in CeM only (F(2,16) = 14.6, p, 0.001); Tukey’s post
hoc tests: p, 0.001 (Avoiders vs Controls) and p= 0.001
(Avoiders vs Non-Avoiders)].
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Analysis of the percentage of c-Fos1 Retrobeads1 (i.e., c-
Fos1 CeA-LH) cells showed that Avoiders had more c-Fos1
Retrobeads1 cells in the CeA than Non-Avoiders and Controls
[one-way ANOVA, significant effect of stress group (F(2,16) = 8.7,
p=0.003); Tukey’s post hoc tests: p=0.003 (Avoiders vs Controls)
and p=0.013 (Avoiders vs Non-Avoiders); Fig. 2C,G]. Analysis of
c-Fos1 cell counts in CeM and CeL subdivisions showed that
Avoiders had more c-Fos1 cells than Non-Avoiders and Controls
in the CeM (Fig. 2H) but not CeL [Fig. 2I; subdivision � stress
group interaction (F(2,16) = 3.2, p=0.06); significant effect of stress
group in CeM only (F(2,16) = 12.4, p=0.001); Tukey’s post hoc tests:
p=0.001 (Avoiders vs Controls) and p=0.003 (Avoiders vs Non-
Avoiders)].

Experiment 3: in vivomodulation of CeA-LH cell activity
affects avoidance behavior
CeA-LH circuit inhibition
The purpose of this experiment was to test the hypothesis that
chemogenetic inhibition of CeA-LH cells attenuates conditioned

avoidance of a predator odor stress-paired chamber in Avoider
rats. The inhibitory Gi-DREADD receptor, hM4D(Gi), was tar-
geted to CeA-LH cells using an intersectional viral strategy (see
Materials and Methods; Fig. 3A,B). Rats were stressed, indexed
for avoidance (test 1), and retested for avoidance (test 2) follow-
ing CNO or vehicle pretreatment (Fig. 3C). In rats that received
intra-CeA active virus (AAV5-hSyn-DIO-hM4D(Gi)-mCherry)
microinjections, CNO treatment attenuated avoidance in Avoider
rats but did not affect avoidance behavior in Non-Avoiders [test �
treatment� stress group interaction (F(1,28) = 3.3, p=0.068); signifi-
cant test � treatment interaction in Avoiders only (F(1,12) = 5.2,
p=0.041); significant effect of test in CNO-treated Avoiders only
(F(1,6) = 58.4, p, 0.001); Fig. 3D]. In rats that received intra-CeA
control virus microinjections (AAV5-hSyn-mCherry), CNO treat-
ment did not affect avoidance behavior in any rats (Fig. 3D).

CeA-LH circuit stimulation
The purpose of this experiment was to test the hypothesis that in
vivo chemogenetic stimulation of CeA-LH cells is sufficient to
support CPA. The stimulatory Gq-DREADD receptor, hM3D

Figure 3. Conditioned avoidance of a predator odor-paired context is attenuated by CeA-LH cell inhibition and mimicked by CeA-LH cell activation. A, Schematic of intersectional viral expres-
sion strategy for targeting hM4D(Gi)-mCherry, hM3D(Gq)-mCherry, or mCherry control to CeA-LH cells. B, Image of mCherry expression in CeA cell bodies (left panel) and fibers in LH (right
panel). BLA: basolateral amygdala, CeA: central amygdala, f: fornix, IC: internal capsule, LH: lateral hypothalamus, MeA: medial amygdala, ZI: zona incerta. C, Timeline schematic for testing the
effect of CeA-LH circuit inhibition on avoidance behavior. D, Avoidance scores in Avoider and Non-Avoider rats that were given intra-CeA active Gi-DREADD or control virus and CNO or vehicle
pretreatment during test 1 and test 2. E, Timeline schematic of CNO/vehicle place conditioning procedure. F, Avoidance scores of rats that received intra-CeA active Gq-DREADD or control virus,
split by CNO treatment group and across three posttest sessions; pp, 0.05 (see text for exact p values), n= 6–9 rats per group.
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(Gq), was targeted to CeA-LH cells as described above (Fig. 3A,
B). Stress-naive rats were given CNO-paired or vehicle-paired
place conditioning sessions on alternating days (see Materials
and Methods; Fig. 3E). In rats that received intra-CeA microin-
jections of the active virus (AAV5-hSyn-DIO-hM3D(Gq)-
mCherry), 4mg/kg CNO treatment produced CPA across three
test sessions [significant main effect of CNO dose (F(2,20) = 3.7,
p=0.042); Tukey’s post hoc test: p=0.041 (4 vs 0mg/kg CNO);
Fig. 3F, left panel]. Analysis of test 1 minus pretest time on the
CNO-paired chamber showed that a single CNO conditioning
trial produced a trend toward CPA (p= 0.1). Effects of CNO
treatment did not significantly vary across test sessions (no sig-
nificant test � treatment interaction). In rats that received intra-
CeA control virus microinjections, CNO treatment did not
produce place conditioning (Fig. 3F, right panel).

Experiment 4: CeA-LH cells in stressed rats have altered
intrinsic properties
The purpose of this experiment was to test the hypothesis that
stress differentially alters intrinsic excitability of and spontaneous
synaptic transmission onto LH-projecting cells in CeA in

Avoiders relative to Non-Avoiders and unstressed Controls.
Brain slices containing CeA were illuminated with blue light to
visualize cells labeled by a fluorescent retrograde tracer (green
Retrobeads). We found that labeled cells were primarily localized
to CeM (Fig. 4A). We exclusively targeted labeled cells for
whole-cell recordings. Once whole-cell access was established in
CeA-LH cells, we recorded spontaneous, resting membrane volt-
age traces in current clamp mode (with 0-pA injected current).
We found that there was a main effect of stress group on RMP
(one-way ANOVA, F(2,67) = 3.92, p=0.025). Cells from Non-
Avoiders had significantly lower RMP than either cells from
Controls (�74.96 2.2 vs�67.76 2.5mV; t(45) = 2.2 p, 0.05) or
Avoiders (�66.76 2.0mV; t(44) = 2.8 p= 0.01; Fig. 4B). While re-
cording in voltage clamp mode, we compared holding current at
�70mV and �75mV to estimate input resistance (Fig. 4C); we
found no significant effect of stress group on input resistance
between the three groups (one-way ANOVA, F(2,71) = 1.1,
p= 0.34). We then recorded 5-min traces of the holding current
to detect and quantify spontaneous postsynaptic current events
(Fig. 4D). We clamped the membrane voltage at �70mV to iso-
late sEPSCs and then recorded successive traces while clamping

Figure 4. CeA-LH cells in Avoiders have altered intrinsic properties after stress. A, Representative image showing spatial distribution of fluorescent Retrobeads-labeled cells in CeA (scale
bar: 200mm). RMP (B) and input resistance (C) of CeA-LH cells in Avoiders, Non-Avoiders, and Controls. D, Example traces of postsynaptic currents from a CeA-LH cell recorded with membrane
voltage clamped at �70 and �50mV. sEPSC event amplitude (E) and frequency (F) of CeA-LH cells in Avoiders, Non-Avoiders, and Controls. sIPSC event amplitude (G) and frequency (H) in
CeA-LH cells of Avoiders, Non-Avoiders, and Controls. I, A set of membrane voltage responses in step current injections of varying amplitudes in an example CeA cell. Scale bars: 100 mV and
500 ms. J, Input-output current-firing rate function of CeA-LH cells in Avoiders, Non-Avoiders, and Controls constructed using spike counts from current step responses. K, Firing rate in response
to 200-pA step current injection. L, An example voltage trace (baseline�70mV) in response to a hyperpolarizing current. The SAG fraction is characterized as the ratio of: (1) the voltage differ-
ence between the minimum hyperpolarization and the new steady state voltage, and (2) the difference between new steady state and baseline resting voltage (�70mV). These quantities are
denoted A and B, respectively, here. M, The SAG voltage fraction of CeA!LH cells from Avoiders, Non-Avoiders, and Controls; pp, 0.05, ppp, 0.01; n= 74 cells from 17 rats.
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at �50mV to observe sIPSCs. The polarity of sIPSCs is opposite
that of sEPSCs (outwards vs inward current) so to detect inhibi-
tory events the event detection threshold was set above the base-
line holding current; additionally, individual waveforms were
manually confirmed after analysis to confirm recording of
sIPSCs. One-way ANOVAs of stress group indicated there were
no significant differences in sEPSC or sIPSC amplitude (F(2,54) =
1.3, p= 0.28) or frequency (F(2,54) = 0.9, p= 0.41; Fig. 4E–H).
Next, voltage traces (in current clamp recording mode) were
recorded while injecting step currents of varying amplitudes into
the cell (Fig. 4I); action potentials during the step current dura-
tion were counted for each response to construct input-output
firing rate response curves (Fig. 4J). We compared the firing rates
at 200-pA step current injection and found that there was no
effect of stress group (one-way ANOVA F(2,56) = 1.1, p= 0.33;
Fig. 4K). Negative current steps hyperpolarized cell membrane
voltage; in some cells the membrane returned to more positive
intermediate steady state voltages (Fig. 4L). This characteristic
voltage excursion is known as the voltage SAG (Dembrow et al.,
2010; Joshi et al., 2015) and is reflective of subthreshold current
mediated HCN channels, also known as Ih. Voltage SAG fraction
was recorded in response to hyperpolarizing step current injec-
tion. We found that there was a main effect of stress group on
voltage SAG (one-way ANOVA, F(2,66) = 5.1, p= 0.009). Cells
from Avoiders exhibited significantly greater SAG than cells

from unstressed Controls (0.286 0.05 vs 0.136 0.03, t(45) = 2.5,
p= 0.0023 and Non-Avoiders (0.136 0.03, t(45) = 2.4, p=0.0025;
Fig. 4M).

Experiment 5: HCN subunit-specific function in CeA-LH
cells
The purpose of this experiment was to test the contribution of
HCN channels in general and also specific HCN channel subu-
nits (i.e., HCN1) to stress effects on hyperpolarization activated
voltage rebound (or voltage SAG) in CeA-LH cells observed in
experiment 3. Currents from HCN channels, denoted Ih, can
influence single cell and network rhythmic activity, postinhibi-
tory rebound excitation and synaptic plasticity (Brown and
Difrancesco, 1980; Bobker and Williams, 1989; Dickson et al.,
2000; Biel et al., 2009; Wahl-Schott and Biel, 2009; Ferrante et al.,
2017). To confirm that the observed voltage SAG depends on
HCN channel function, we applied the HCN blocker ZD7288 to
the aCSF bath in select cells exhibiting reliable SAG (.0.1) and
confirmed that the SAG fraction was reduced to near zero values
in Control and Avoider rats (Fig. 5A). The HCN channel family
is comprised of four isoforms, subunits HCN1-HCN4, each with
distinct activation timescales. Specifically, HCN1 exhibits the
fastest kinetics while HCN4 exhibits the slowest (Altomare et al.,
2003). To explore the potential subunits contributing to our
observed HCN channel-mediated SAG, we fit an exponential to

Figure 5. HCN subunit-specific function in CeA-LH cells after stress. A, SAG fraction magnitude pre-ZD7288 and post-ZD7288 (20 mM) application. B, Voltage SAG decay fitted with a single
exponential decay function to estimate relative timescales of the voltage response from HCN currents. C, Decay timescale of the SAG in Avoiders, Non-Avoiders, and Controls. D, Example mem-
brane voltage traces in response to hyperpolarizing step current injections before and after bath application of capsazepine (20 mM) in Control, Non-Avoider, and Avoider rats. E, Relative SAG
magnitude in CeA-LH cells of Avoiders, Non-Avoiders, and Controls following capsazepine application. F, The change in decay time constant of the voltage SAG after capsazepine bath applica-
tion. G, Correlation between relative SAG amplitude and change in timescale (from E, F) when data from Avoiders, Non-Avoiders, and Controls are pooled; pp, 0.05, ppp, 0.01; n= 26 cells
from 15 rats.
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the decaying phase of the SAG approach to new steady state (Fig.
5B). The decay time constant of the best fit exponential for volt-
age traces with a SAG fraction above 0.1 were compared between
Controls, Non-Avoiders, and Avoiders (Fig. 5C). One-way
ANOVA revealed a main effect of stress group on decay time-
scale of the HCN current (F(2,66) = 3.6, p= 0.041). Pairwise com-
parisons revealed a significantly slower decay timescale of HCN
currents in cells from Avoiders (136.56 13.3ms) relative to
Controls (90.86 7.8ms; t(23) = 2.4, p=0.036). To further explore
the potential subunit dependence of HCN-mediated currents, we
compared the stereotypical voltage SAG, indicative of HCN acti-
vation, in our recorded traces before and after bath application
of the putative HCN1-selective antagonist capsazepine (Fig. 5D;
Gill et al., 2004). While recording in current clamp mode, we
hyperpolarized cells (�100- to �200-pA current steps) and
quantified the voltage SAG. We then bath applied capsazepine
(30 mM) and calculated the relative change in SAG amplitude.
Capsazepine significantly reduced the magnitude of SAG (rela-
tive to baseline) in CeA-LH cells from unstressed Controls
(0.496 0.07; paired t test, t(8) = 7.2 p, 0.001 and Non-Avoiders
(0.566 0.07; paired t test, t(9) = 6.6, p, 0.001), but not Avoider
rats (0.706 0.13; paired t test, t(6) = 2.3, p= 0.06; Fig. 5E). We
calculated the time constants of the voltage SAG decay to steady
state and calculated the difference between precapsazepine and
postcapsazepine values. One-way ANOVA did not reveal a sig-
nificant main effect of capsazepine on change in SAG timescale
(p=0.16), but the change decay time constant of the voltage SAG
before and after capsazepine bath application was significantly
larger in CeA-LH cells from unstressed Control rats (309 6
70ms) relative to cells from Avoider rats (616 22, t(14) = 3.0,
p=0.005; Fig. 5F). To examine coordinated changes in capsaze-
pine-induced SAG amplitude reduction and increase in SAG
decay timescales, we calculated the correlation (Spearman corre-
lation coefficient) between the relative SAG and decay time con-
stant for the pooled data set. These quantities were significantly
negatively correlated (R = �0.537, p=0.005) meaning that after
bath application of capsazepine, large reductions in SAG ampli-
tude were generally associated with large increases in SAG time-
scale (i.e., slower approach of voltage to steady state) particularly
in Controls and Non-Avoiders (Fig. 5G). This is consistent with
a scenario where larger reductions in SAG amplitude is because
of reduction in current from HCN subunits with the fastest time-
scales, i.e., HCN1 subunits.

Discussion
The purpose of this study was to test the hypotheses that preda-
tor odor stress (i.e., bobcat urine) activates CeA-LH projections
in Avoiders, that CeA-LH circuit inhibition attenuates predator
odor conditioned avoidance in Avoiders, that CeA-LH circuit
activation is sufficient to support the development of CPA in
unstressed animals, and to characterize the topographical and
physiological properties of these projections at baseline and after
predator odor exposure. We first confirmed that CeA cells form
functional GABAergic synaptic contacts onto LH cells using a
combination of anterograde and retrograde tracing, optogenetics
and slice electrophysiology. Stress activated a higher number of
CeA-LH projection cells in Avoider rats relative to stressed Non-
Avoiders and unstressed Controls, as measured by c-Fos induc-
tion. Chemogenetic inhibition of CeA-LH projections attenuated
predator odor conditioned avoidance in Avoider rats and che-
mogenetic stimulation of this circuit in unstressed rats supported
the development of CPA. Slice electrophysiology studies revealed

that CeA-LH projections have more hyperpolarized RMPs in
Non-Avoiders and show greater voltage SAG in Avoiders. In
addition, our data suggest that voltage SAG in Avoiders have a
smaller HCN1 subunit contribution compared with voltage SAG
in stressed Non-Avoiders and unstressed Controls. To our
knowledge, this is the first demonstration of a functional role for
CeA-LH projections in behavior.

Function of CeA-LH projections
The CeA mediates the behavioral and physiological effects of
stress and specific CeA output projections have defined roles in
stress-related alterations in physiology and behavior. For exam-
ple, CeA projections to the paraventricular nucleus of the hypo-
thalamus (PVN) stimulate the hypothalamic-pituitary-adrenal
axis (Feldman and Weidenfeld, 1998) and projections to the
locus coeruleus drive noradrenergic activity (Bouret et al., 2003)
and anxiety-like behavior (McCall et al., 2015). To our knowl-
edge, there are no published studies on the role of CeA projec-
tions to LH in behavior. This study shows that predator
odor stress preferentially activates CeA-LH projection cells in
Avoiders, that chemogenetic inhibition of CeA-LH cells attenu-
ates predator odor-induced CPA, and that chemogenetic stimu-
lation of CeA-LH cells in otherwise experimentally naive rats
supports the development of CPA. Collectively, these results
suggest that CeA-LH projections are important for mediating
avoidance of aversive stimuli. One caveat to note is that the inter-
sectional virus strategy used here to express DREADD receptors
hM4D(Gi) and hM3D(Gq) (intra-LH microinjections of a retro-
cre AAV and intra-CeA microinjections of a cre-dependent
hM4D(Gi) or hM3D(Gq)) and systemic delivery of CNO may
produce activation of CeA-LH projections that have collateral
projections to other brain areas. However, hM3D(Gq) expression
was not detected in several brain areas that surround the LH and
that are known to receive CeA inputs [e.g., ZI (Zhou et al., 2018)
and PVN (Gray et al., 1989)].

Previous studies showed that LH lesions disrupt autonomic
(arterial pressure) but not behavioral responses (freezing) to fear
conditioning (Iwata et al., 1986; LeDoux et al., 1988). Findings
reported here suggest that the LH may mediate specific types of
aversion-related behavioral responses. This finding complements
recent work in mice showing that LH Hcrt1 cells, which receive
inputs from several brain areas including CeA, become activated
during predator odor (fox urine) exposure, as indicated by fiber
photometry, and that optical stimulation of LH Hcrt1 cells pro-
duces real-time place avoidance (Giardino et al., 2018). Future
work should elucidate the molecular phenotypes of LH cells
receiving CeA innervation, of CeA cells projecting to LH, and
their roles in stress-related behaviors. Here, using RNAscope, we
showed that a subset of CeA-LH cells are CRFR11 (Crhr1-
expressing). We are currently testing the role of CRFR11 CeA-
LH neurons in mediating effects of predator odor stress on
behavior.

Topography of CeA-LH projections
The topography of CeA-LH projections provides information
on the potential phenotypes of CeA and LH cells participating in
this circuitry. Here, we report that a majority of CeA-LH projec-
tions originate from the CeM, as indicated by retrograde tracing
using Retrobeads, consistent with previous findings in Long–
Evans (Reppucci and Petrovich, 2016) and Sprague Dawley rats
(Barbier et al., 2018). The CeL contains a high density of CRF-
expressing cells that release CRF both locally and distally
(Pomrenze et al., 2015), whereas the CeM contains a high density
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of CRFR1-expressing cells that can be activated by CRF
(Radulovic et al., 1998). This anatomic distribution, along with
prior findings that predator odor stress increases CRF peptide con-
tent in CeA of Avoiders and CRFR1 antagonism in CeA reduces
avoidance, escalated alcohol drinking (Weera et al., 2020), and
hyperalgesia in Avoiders (Itoga et al., 2016), makes it reasonable to
hypothesize that CRFR1 may be enriched on CeA-LH cells and
may gate the activity of this circuit, especially because we show here
that a subset of CeA-LH cells are CRFR11.

Using an mCherry-expressing AAV5 anterograde tracer, we
report that CeA cells mostly project to the rostrodorsal LH, in
agreement with a study by Reppucci and Petrovich (2016) in
rats. In addition, Barbier et al. (2018) showed that cells from cau-
dal CeM project to this region of LH in rats. The rostrodorsal LH
is a heterogeneous area but contains a relatively high density of
Hcrt1 cells in rats (Barbier et al., 2018), and LH Hcrt1 cells
have been implicated in avoidance behavior in mice (Giardino et
al., 2018). Indeed, previous work in mice showed that CeA projec-
tions innervate LH Hcrt1 cells (Nakamura et al., 2009), supporting
the idea that CeA cells may drive avoidance via modulation of LH
Hcrt1 cell activity. That said, other studies have demonstrated that
Hcrt– cells in the dorsal LH can also drive avoidance behavior (e.g.,
VGlut21 cells; Lazaridis et al., 2019).

Physiologic correlates of CeA-LH projection activation
After finding that stress preferentially activates CeA-LH cells in
Avoiders (as measured by c-Fos induction) and that chemoge-
netic modulation of CeA-LH cell activity in vivo affects avoid-
ance behavior, we examined stress effects on the physiological
properties of CeA-LH cells in Avoiders, Non-Avoiders, and
unstressed Controls. Previous studies showed that stress-induced
alterations in synaptic transmission and/or intrinsic excitability
properties (e.g., RMP, Ih, etc.) may contribute to stress-related
outcomes (Rosenkranz et al., 2010; Rau et al., 2015; Silveira
Villarroel et al., 2018). Spontaneous synaptic transmission (i.e.,
sEPSC and sIPSC) did not differ between groups, thus we con-
clude that stress-driven modifications in the synaptic circuitry
onto CeA-LH cells do not underlie poststress avoidance. We
next examined cell excitability properties related to action poten-
tial generation, and we found that input resistance and firing rate
gain did not differ between groups. We observed that the RMP
was significantly lower in Non-Avoiders than in Avoiders or
Controls, which suggests that lower RMP in Non-Avoiders may
buffer CeA-LH cells against stimuli (e.g., stress) that produce cel-
lular hyperactivity (and this may be absent or deficient in
Avoiders). Finally, we observed that the voltage SAG amplitude
(reflecting HCN-mediated currents) was significantly larger in
Avoider cells than in Non-Avoider or Control cells. HCN cur-
rents influence several aspects of neural and network activity:
they can depolarize membrane potentials (inward current), gen-
erate subthreshold oscillations, and postinhibitory rebound
mediated by Ih may help synchronize network rhythms (Brown
and Difrancesco, 1980; Bobker and Williams, 1989; Dickson et
al., 2000; Biel et al., 2009; Wahl-Schott and Biel, 2009; Ferrante et
al., 2017). We did not test network activity in CeA-LH cells in
vivo, but the functional effects of larger Ih in Avoiders may con-
tribute to hyperactivity of CeA-LH cells and/or increased func-
tional coupling of CeA and LH cells by synchronized rhythmic
activity. Past work identified an association between ex vivo Ih
function and in vivo stress effects: more specifically, virally medi-
ated knockdown of Ih (specifically that mediated by HCN1) in
the basolateral amygdala underlies resilience to stress in rats,
measured by social interaction time after 30min of restraint

(Silveira Villarroel et al., 2018). Similarly, our findings suggest
that larger Ih in CeA-LH cells is positively associated with higher
stress reactivity (i.e., higher avoidance of stress-paired stimuli).
To understand whether HCN channel subunit-specific changes
were associated with different behavioral phenotypes, we used
HCN channel subunit-selective pharmacology in our brain slice
recordings. Our results suggest that Ih in CeA-LH cells from
Non-Avoiders and unstressed Controls is largely mediated by
HCN1 subunits, whereas Ih in CeA-LH cells from Avoiders is
mediated in larger part by non-HCN1 subunits (e.g., HCN2-4).
Together, these findings suggest that several physiological factors
(i.e., RMP, Ih and non-HCN1-subunits) are associated with post-
stress avoidance and may modulate stress reactivity.

Collectively, these data suggest that CeA cells make functional
GABAergic synaptic contacts on LH cells, that stress activates
LH-projecting cells in the CeA of Avoiders, that these cells
largely originate in the CeM and project to the rostrodorsal LH,
that activation of these cells support the development of condi-
tioned avoidance behavior in stress-naive rats and inhibition
of these cells reduces avoidance of a stress-paired context in
Avoider rats, and that stress alters intrinsic properties (e.g.,
RMP, SAG) of LH-projecting cells in Avoider and Non-Avoider
rats. Future studies will investigate the molecular signature of
cells in this circuit and determine whether specific HCN channel
subunit signaling in this circuit is important for mediating stress
effects on behavior.
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