The Journal of Neuroscience, August 10, 2016 - 36(32):8461— 8470 - 8461

Systems/Circuits

Acute Stress Suppresses Synaptic Inhibition and Increases
Anxiety via Endocannabinoid Release in the Basolateral
Amygdala
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Stress and glucocorticoids stimulate the rapid mobilization of endocannabinoids in the basolateral amygdala (BLA). Cannabinoid
receptors in the BLA contribute to anxiogenesis and fear-memory formation. We tested for rapid glucocorticoid-induced endocannabi-
noid regulation of synaptic inhibition in the rat BLA. Glucocorticoid application to amygdala slices elicited a rapid, nonreversible
suppression of spontaneous, but not evoked, GABAergic synaptic currents in BLA principal neurons; the effect was also seen with a
membrane-impermeant glucocorticoid, but not with intracellular glucocorticoid application, implicating a membrane-associated glu-
cocorticoid receptor. The glucocorticoid suppression of GABA currents was not blocked by antagonists of nuclear corticosteroid recep-
tors, or by inhibitors of gene transcription or protein synthesis, but was blocked by inhibiting postsynaptic G-protein activity, suggesting
a postsynaptic nongenomic steroid signaling mechanism that stimulates the release of a retrograde messenger. The rapid glucocorticoid-
induced suppression of inhibition was prevented by blocking CB1 receptors and 2-arachidonoylglycerol (2-AG) synthesis, and it was
mimicked and occluded by CB1 receptor agonists, indicating it was mediated by the retrograde release of the endocannabinoid 2-AG. The
rapid glucocorticoid effect in BLA neurons in vitro was occluded by prior in vivo acute stress-induced, or prior in vitro glucocorticoid-
induced, release of endocannabinoid. Acute stress also caused an increase in anxiety-like behavior that was attenuated by blocking CB1
receptor activation and inhibiting 2-AG synthesis in the BLA. Together, these findings suggest that acute stress causes a long-lasting
suppression of synaptic inhibition in BLA neurons via a membrane glucocorticoid receptor-induced release of 2-AG at GABA synapses,
which contributes to stress-induced anxiogenesis.
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We provide a cellular mechanism in the basolateral amygdala (BLA) for the rapid stress regulation of anxiogenesis in rats. We
demonstrate a nongenomic glucocorticoid induction of long-lasting suppression of synaptic inhibition that is mediated by retro-
grade endocannabinoid release at GABA synapses. The rapid glucocorticoid-induced endocannabinoid suppression of synaptic
inhibition is initiated by a membrane-associated glucocorticoid receptor in BLA principal neurons. We show that acute stress
increases anxiety-like behavior via an endocannabinoid-dependent mechanism centered in the BLA. The stress-induced endo-
cannabinoid modulation of synaptic transmission in the BLA contributes, therefore, to the stress regulation of anxiety, and may
play a role in anxiety disorders of the amygdala. j
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Introduction
Stress plays an important role in the regulation of emotion and

emotional-memory formation, generally increasing anxiety-like
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ble for emotions and emotional-memory formation. It has been
associated with both the consolidation and extinction of fear
memories (Roozendaal et al., 2009; Isogawa et al., 2013), pro-
cesses directly related to stress-associated disorders, such as post-
traumatic stress disorder (PTSD; Goldstein et al., 1996; Parsons
and Ressler, 2013). The basolateral complex of the amygdala
(BLA), comprising the basal, lateral, and accessory basal nuclei,
stands out as a hub in the integration of different types of emo-
tionally salient sensory and cognitive inputs that contribute to the
generation of emotion and emotional memories (McGaugh,
2004; Phelps and LeDoux, 2005; Isogawa et al., 2013).

Glucocorticoids are the product of stress activation of the hy-
pothalamic—pituitary—adrenal (HPA) axis. Stress-induced gluco-
corticoids promote emotional memory consolidation acutely
via actions in the BLA (Roozendaal et al., 1999; Isogawa et al.,
2013). Glucocorticoid actions also contribute to anxiety-related
behaviors via activation of forebrain glucocorticoid receptors
(Tronche et al., 1999; Boyle et al., 2006; Hartmann et al., 2016).
The stress-induced facilitation of fear-memory consolidation
(Roozendaal et al., 2009) is thought to be mediated by a rapid,
nongenomic glucocorticoid action at GABA synapses within the
BLA (Roozendaal et al., 2002, 2006).

Type I cannabinoid (CB1) receptors are highly expressed by
GABAergic interneurons that make inhibitory synapses onto
principal neurons in the BLA, where they act to suppress GABA
release (Katona et al., 2001). Low-frequency stimulation in the
BLA elicits a long-lasting suppression of inhibitory synaptic in-
puts to principal neurons, which requires endocannabinoid
activation of CB1 receptors (Marsicano et al., 2002). Stress
causes a decrease in anandamide (AEA) and an increase in
2-arachidonoylglycerol (2-AG) content in the BLA, whereas di-
rect glucocorticoid actions in the BLA elicit increases in both AEA
and 2-AG (Patel et al., 2005; Hill and McEwen, 2009; Hill and
Tasker, 2012). Like glucocorticoids, endocannabinoids enhance
fear-memory formation via actions in the BLA (Campolongo et
al., 2009). Recent findings indicate that the facilitatory effect of
glucocorticoids on fear-memory consolidation depend on endo-
cannabinoid actions in the BLA, as they are blocked by inhibiting
BLA CBI receptors (Campolongo et al., 2009; Atsak et al., 2015).

Our previous studies demonstrated a rapid glucocorticoid-
induced synthesis and retrograde release of the endocannabinoid
2-AG at glutamate synapses in the hypothalamus (Di et al., 2003,
2009), which contributes to the rapid glucocorticoid feedback
inhibition of the HPA axis (Evanson et al., 2010). The cellular mech-
anisms in the BLA responsible for the rapid stress-induced glucocor-
ticoid modulation of emotional-memory formation are not known.
Here, we tested the hypothesis that glucocorticoids modulate
GABAergic synaptic inputs to BLA neurons via rapid retrograde
endocannabinoid release triggered by membrane-associated gluco-
corticoid receptors, and that stress-induced anxiety-like behavior is
dependent on endocannabinoid signaling in the BLA.

Materials and Methods

Animals. For electrophysiology experiments, male Wistar rats (4—6
weeks old; Charles River) were group housed on a 12 h light/dark sched-
ule and allowed to acclimate to their surroundings for =4 d before ex-
periments, and were used in accordance with Public Health Service
guidelines and a protocol approved by the Tulane University Institu-
tional Animal Care and Use Committee.

For behavior experiments, male Wistar rats weighing 225-275 g at the
time of arrival were housed in groups of two on a 12 h light/dark schedule
(lights off at 8:00 P.M.) and fed a standard rat diet (Purina Rat Chow,
Ralston Purina) ad libitum except during experimental procedures. An-
imal procedures were approved by the Institutional Animal Care and Use
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Committee of the Louisiana State University Health Sciences Center and
were used in accordance with National Institute of Health guidelines.
Rats were given 1 week to acclimate to their surroundings and were
handled daily before initiation of surgical or experimental procedures.

Slice preparation. The morning of experiments, rats were anesthetized
with ketamine/xylazine (80/5 mg/kg body weight, i.p.) and perfused with
ice-cold modified artificial CSF (aCSF) containing the following (in mm):
260 sucrose, 3 KCI, 6 MgSO,, 1.4 NaH,PO,, 1 CaCl,, 11 glucose, 5
HEPES, bubbled with 100% O, The brain was quickly removed and 3—4
coronal slices (300 wm) containing the BLA were sectioned on a vi-
bratome in the same ice-cold, modified aCSF. Slices were placed in oxy-
genated modified aCSF at 32-34°C (30 min) and then transferred to a
standard HEPES-based aCSF at room temperature (25°C), where they
were held until recordings. The standard aCSF contained the following
(in mm): 140 NaCl, 3 KCl, 1.3 MgSO,, 1.4 NaH,PO,, 2.4 CaCl,, 11
glucose, and 5 HEPES; pH was adjusted to 7.2-7.3 with NaOH (Di et al.,
2009). For some electrophysiology experiments, rats were subjected to
restraint stress for 30 min in a plastic decapitation cone immediately
before decapitation and slice preparation.

Brain-slice electrophysiology. Neurons in the BLA were selected for re-
cording by their pyramidal-shaped cell body under infrared-differential
interference contrast optics and whole-cell patch-clamp recordings were
performed on a fixed-stage upright microscope (Olympus BXW51WTI) at
30-32°C. Patch pipettes were pulled on a horizontal electrode puller
(P97, Sutter Instrument) with a tip resistance of 3—4 M{), and were filled
with either a high-[Cl "] and high-[Cs *] internal solution [containing
the following (in mm): 120 CsCl, 2 MgCl,, 1 CaCl,, 11 EGTA, 2 Mg-ATP,
0.3 Na-GTP, and 30 HEPES] or a “normal”-[Cl "] internal solution
[containing the following (in mwm): 120 K-gluconate, 10 KCl, 1 NaCl, 1
MgCl, 1 CaCl,, 10 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and 10 HEPES]. All
recordings were performed in voltage clamp using a Multiclamp 700A
amplifier and pCLAMP 9 software (Molecular Devices). Recordings with
an unstable input resistance or series resistance (i.e., that changed
>20%) were not included in our analyses. IPSCs were recorded with the
high-[Cl "] internal solution at a holding potential of —60 mV in the
presence of the ionotropic glutamate receptor antagonists DNQX (20
M) and AP-5 (40 um). EPSCs were recorded with the normal-[Cl ]
internal solution at a holding potential of —60 mV in the presence of the
GABA, receptor antagonist bicuculline methiodide (10 um). Tetrodo-
toxin (1 uM) was added to the perfusion medium to record miniature
IPSCs (mIPSCs) and EPSCs (mEPSCs). Evoked IPSCs (eIPSCs) were
elicited by constant current stimulation (Grass Technologies) using a
bipolar stimulating electrode (FHC) placed in the external capsule. Re-
cordings were low-pass filtered at 2 kHz, digitized at 5 kHz, and stored on
a computer hard drive for off-line analysis. Miniature synaptic currents
were analyzed for changes in mean frequency, amplitude, and decay time
(defined as the time elapsed from the peak of the mIPSC to 63% decay to
baseline) using the Minianalysis 6.0 program (Synaptosoft). Means were
calculated from 3 min epochs recorded in the final 3 min of baseline
activity and the final 3 min of the 10 min drug applications (Fig. 1A). The
mIPSC and mEPSC data are reported in the text as group averages of the
means of the 3 min epochs; they are illustrated in the figures as group
means of the percentage change from baseline calculated in each cell.
Evoked synaptic currents were analyzed for changes in mean amplitude.

Drug application. Drugs used in brain-slice experiments included
the following steroid ligands: water-soluble dexamethasone [(2-hydroxy-
propyl)-B-cyclodextrin-conjugated dexamethasone (DEX)] and corticoste-
rone [(2-hydroxypropyl)-B-cyclodextrin-conjugated corticosterone
(CORT)], DEX-bovine serum albumin (BSA) conjugate (Steraloids), spi-
ronolactone, and mifepristone (RU486); the following cannabinoid ligands:
WINS55,212-2, AEA, and 2-AG (Tocris Bioscience); SR141716 (SR; National
Institute of Mental Health Chemical Synthesis and Drug Supply Program);
the nonhydrolyzable guanylyl nucleotide GDP--S; the selective inhibitor of
eukaryotic protein synthesis cycloheximide (Tocris Bioscience); the gene
transcription inhibitor actinomycin D (Tocris Bioscience); and the 11-8
hydroxysteroid dehydrogenase type 1 inhibitor 2-methyl-1,2-di-3-pyridyl-
1-propanone (metyrapone). All drugs, unless specified, were purchased
from Sigma-Aldrich.
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Figure 1. Rapid glucocorticoid induction of a long-lasting suppression of synaptic inhibition in BLA neurons. A, Timeline of the whole-cell recording experimental paradigm. The last 3 min of

baseline and glucocorticoid application were used for normalization and calculation of percentage changes. B, mIPSC recording in control medium and DEX (1 wum) in a BLA neuron. DEX elicited a
decrease in the frequency of mIPSCs compared with baseline. €, Mean values of mIPSC frequency, amplitude, and decay time with respect to baseline values (dashed line) following DEX (1 tum) and
CORT (1 M) application. D, Time course in a representative BLA neuron of relative changes in mIPSC frequency elicited by two successive applications of DEX. Each data point represents the mIPSC
frequency over a T min period relative to baseline, designated by the dashed line. E, Concentration—response curves of the CORT-induced and DEX-induced decreases in mIPSC frequency relative to
the maximal response (ECg,: CORT, 350 nw; DEX, 384 nw). F, The mean amplitudes of elPSCs (elPSC Amp) recorded before (Basal) and after DEX (1 wum) application (DEX). **p << 0.01; numbers in

parentheses in bar graphs represent numbers of BLA neurons included in each group.

Intracranial injections. Rats were implanted bilaterally with cannulae
aimed at the BLA (coordinates: —2.1 mm anteroposterior, =5.0 mm
mediolateral, —8.0 mm dorsoventral) and allowed to recover for 5-7 d.
They were then habituated to the intracerebral injection procedure by
sham infusions for 4 consecutive days consisting of inserting injectors
into cannulae without drug injection. On the day of testing, pairs of rats
were removed from their home cages simultaneously during the dark
cycle. Each rat was bilaterally infused in the BLA with either the CBIR
antagonist SR (1 ng/0.5 ul/side) or vehicle (18:1:1 saline/ethanol/crema-
phor solution) at a rate of 0.2 pl/min for 2.5 min, and injectors remained
in the cannulae for 1 min after infusion to allow for diffusion. All rats
were then returned to their home cage.

Restraint stress. For electrophysiological experiments, rats were acutely
stressed by placement in a rodent plastic decapitation cone (Kent Scien-
tific) that was open-ended at the rostral end and closed caudally around
the tail with a tie. They were immobilized for 30 min starting at 8:30-9:00
A.M.,, after which they were immediately killed by decapitation at 9:00—
9:30 A.M. Control rats were cage mates of the stressed rats that were not
subjected to restraint stress, but were also decapitated at ~9:00 A.M.
Some rats received metyrapone or vehicle injections subcutaneously 90
min before the start of the restraint stress.

Behavioral testing. Control rats remained in their home cage for 45 min
after intracranial drug infusion before being tested for anxiety-like be-
havior using the open-field test [black Plexiglas with grid floor; 72 cm
(length) X 72 cm (width) X 36 cm (height)] or the elevated plus maze
(four arms 10 cm wide X 50 cm long at right angles, elevated 60 cm from
the floor; two arms with 40-cm-high walls and two arms with no walls).
Rats in the stress group were removed from their home cage 15 min after
infusion and were placed in clear Plexiglas restraint tubes for 30 min.
Plexiglas restraint tubes were used in lieu of decapitation cones for the
restraint stress here because the plastic tubes were less likely to dislodge
the dental cement skull caps holding the intracranial cannulae. Following
restraint (i.e., 45 min after infusion), rats were immediately tested in the

open field or elevated plus maze for 300 s, then returned to their home
cage. Unstressed control rats were tested at a parallel time point 45 min
after infusion. Open-field and elevated plus-maze behavior was video
recorded and scored later by an observer blind to the stress and drug-
treatment conditions. Open-field tests were scored for time spent in the
center versus periphery and for the number of center line crossings.
Elevated plus-maze videos were scored for time spent in the open versus
closed arms and for open-arm and closed-arm entries. Several days after
testing, rats were bilaterally injected in the BLA with 0.5 ul of Evans blue
dye under anesthesia and killed. Brains were then removed and flash
frozen in 2-methylbutane. Brains were sectioned at 50 wm on a cryostat
and stained with cresyl violet to determine the injection sites. Only rats
with bilaterally accurate injection sites in the BLA were included in data
analyses.

CORT assay. Rats were decapitated and trunk blood was collected in
Eppendorf tubes and allowed to clot at room temperature for 90 min.
Blood samples were then centrifuged at 2000 X g for 15 min at room
temperature and the serum fractions were carefully transferred to new
Eppendorf tubes and stored at —20°C until analysis of CORT concentra-
tion. Radioimmunoassay of serum samples was performed by the Ligand
Assay and Analysis Core Laboratory, Center for Research in Reproduc-
tion, University of Virginia [National Institute of Child Health and
Human Development (Specialized Cooperative Centers Program in Re-
productive and Infertility) Research Grant U54-HD28934].

Data analysis. All data are expressed as means * SEs. Statistical com-
parisons of electrophysiological data were performed using the Student’s
paired ¢ test for within-group comparisons and the Student’s unpaired ¢
test for between-group comparisons. One-way repeated-measures
ANOVAs were followed by post hoc pairwise comparisons with the Stu-
dent—Newman—Keuls pairwise test where justified. Behavioral data were
analyzed with two-way ANOVA with two between-subjects factors
(stress X drug), followed by post hoc pairwise comparisons with the
Student-Newman—Keuls test where justified. Non-normal data were
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square-root transformed before analysis. Statistical significance was set at
p < 0.05in all cases.

Results

Rapid glucocorticoid induction of a long-lasting suppression of
synaptic inhibition in BLA neurons

We tested for a rapid glucocorticoid modulation of GABA-
mediated mIPSCs and eIPSCs in BLA neurons. In BLA neurons
recorded in amygdala slices from 12 rats, glucocorticoid applied
in the perfusion bath had no effect on the membrane holding
current or input conductance, but suppressed mIPSCs beginning
within 3—-5 min and maximally within 5-7 min in 19 of 22 neu-
rons recorded (86%). The synthetic glucocorticoid DEX (1 um)
induced a rapid decrease in the frequency of mIPSCs (from 1.4 =
0.2 to 1.0 = 0.1 Hz; p < 0.01; n = 12), but not the mIPSC
amplitude (28.1 * 3.4 vs 30.2 = 4.6 pA; p = 0.4) or decay time
(12.4 = 1.0 vs 12.3 = 1.2 ms; p = 0.9; Fig. 1A-D). The endoge-
nous glucocorticoid CORT (1 uM) induced a similar rapid de-
crease in the mIPSC frequency (from 1.7 = 0.2 to 1.4 = 0.2 Hz;
p < 0.01; n = 10), but had no effect on either the mIPSC ampli-
tude (30.3 £2.7vs29.8 = 2.3 pA; p = 0.43) or decay time (13.0 =
1.3vs13.2 = 1.4 ms; p = 0.58; Fig. 1C). This suggested a presyn-
aptic site of modulation of GABA synapses by the glucocortico-
ids. The glucocorticoid effect was not reversible with 40—60 min
of washout of the drug, and a second glucocorticoid application
had no further effect on mIPSC frequency (Fig. 1D), indicating a
long-lasting action of the glucocorticoid that occludes a
subsequent response. Dose-response analyses of the rapid
glucocorticoid response showed a threshold concentration of ~10
nM for both CORT and DEX and a half-effective concentration
(ECs4) of 350 nM for CORT and 384 nm for DEX (Fig. 1E). These
findings revealed, therefore, a rapid, nonreversible suppression of
spontaneous inhibitory synaptic currents in BLA neurons by rel-
atively high glucocorticoid concentrations (i.e., physiological
stress levels). DEX (1 uMm) had no effect on the amplitude of
eIPSCs (Fig. 1 F), suggesting that evoked GABA release was insen-
sitive to the rapid glucocorticoid action, and that glucocorticoids
modulate the spontaneous, but not the evoked, pool of GABA
vesicles.

The glucocorticoid suppression of inhibition is mediated by a
nongenomic mechanism

The rapid nature of the glucocorticoid modulation of
GABAergic synaptic inputs to BLA neurons suggested that it
was mediated by a membrane receptor-induced, nongenomic
steroid action. To test this, we first determined whether the
membrane—impermeant glucocorticoid conjugate DEX-BSA
would retain the rapid suppressive effect of glucocorticoid on
the mIPSC frequency. Application of DEX-BSA (5 uM) in the
bath also decreased the mIPSC frequency (from 1.7 £ 0.2 to
1.2 = 0.3 Hz, p < 0.01; n = 6; Fig. 2B), beginning within 3-5
min of exposure. This suggested a site of action of the gluco-
corticoid at the membrane instead of a site in the cytoplasm or
nucleus. The membrane locus of the glucocorticoid receptor
was supported by DEX (1 uM) application directly into the
cytoplasm of the recorded cell via the patch pipette, which
failed to elicit a significant change in mIPSC frequency (1.4 =
0.2vs 1.3 = 0.2 Hz; p = 0.21, n = 6; Fig. 2B). We next tested
whether the rapid glucocorticoid suppression of mIPSCs is
sensitive to blockade of either the classical mineralocorticoid
receptor with spironolactone (Young et al., 1998) or the clas-
sical glucocorticoid receptor with RU 486 (Agarwal et al.,
1987). Blocking mineralocorticoid receptors with spironolac-
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Figure 2.  The glucocorticoid effect was mediated by a membrane-initiated, nongenomic,

G-protein-dependent signaling mechanism. 4, The timeline of the whole-cell recording para-
digm used for data presented in Cand D, except that the antagonists in D were applied intra-
cellularly via the patch pipette throughout the recordings. The timeline used for data presented
in B was the same as that illustrated in Figure 14. B, Bath application of the membrane-
impermeant DEX-BSA conjugate maintained the steroid’s suppressive effect on mIPSC fre-
quency, whereas direct intracellular application of DEX via the patch pipette had no effect on
mIPSC frequency. €, The DEX suppression of mIPSC frequency was not blocked by prior applica-
tion of antagonists of the nuclear mineralocorticoid receptor spironolactone (Spiro+DEX) or
the nuclear glucocorticoid receptor RU 486 (RU 486 -+ DEX). The antagonists alone were without
effect on the relative mIPSCfrequency (Spiro and RU 486). D, Blockade of gene transcription and
protein synthesis with intracellular application of actinomycin D (Act D) and cycloheximide
(CHX), respectively, via the patch pipette did not block the DEX suppression of mIPSC frequency.
Blockade of postsynaptic G-protein activity with intracellular application of GDP-3-S via the
patch pipette abolished the decrease in mIPSC frequency induced by DEX. E, Time course of
mean relative changes in mIPSC frequency elicited by two successive applications of DEX in the
absence and presence of the protein synthesis inhibitor cycloheximide in the bath. Inhibiting
protein synthesis did not block the maintenance of the glucocorticoid response, nor did it block
the occlusion of the response to a second glucocorticoid application. *p << 0.05; **p << 0.01.

tone (10 uM, n = 6) or glucocorticoid receptors with RU 486
(10 wM, n = 6) failed to inhibit the decrease in mIPSC fre-
quency elicited by subsequent coapplication of DEX (1 uMm;
Fig. 2C). Together, these results suggest that the glucocorti-
coid suppression of inhibitory synaptic inputs to BLA neurons
is not mediated by the intracellular mineralocorticoid or
glucocorticoid receptor, but by activation of a membrane-
associated receptor.

Next, to test whether the glucocorticoid effect on BLA neu-
rons was mediated by a nongenomic mechanism, we applied via
the patch pipette the gene transcription inhibitor actinomycin D
and the protein synthesis inhibitor cycloheximide directly into
the cytoplasm of the recorded cells. The rapid DEX (1 um) reduc-
tion in mIPSC frequency was insensitive to gene transcription
blockade with actinomycin D (10 uM; 1.9 = 0.3 to 1.5 = 0.2 Hz,
p < 0.05,n = 5) and to blockade of protein synthesis with cyclo-
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heximide (10 uMm; 1.8 = 0.5to 1.4 = 0.4 Hz, p < 0.05, n = 5; Fig.
2D). Because the rapid glucocorticoid effect was mediated, there-
fore, by a membrane receptor-associated nongenomic signaling
mechanism, we next tested for the postsynaptic G-protein depen-
dence of the response with the intracellular application via the
patch pipette of the G-protein blocker guanosine 5'-[B-
thio]diphosphate (GDP--S; 0.5-1 mm). Postsynaptic GDP-3-S
application (10 min) blocked the DEX-induced decrease in
mIPSC frequency (1.6 £ 0.2 vs 1.7 = 0.3 Hz, p = 0.25, n = 6; Fig.
2D), indicating that the rapid glucocorticoid suppression of
GABAergic synaptic inputs to BLA neurons is mediated by a
postsynaptic G-protein signaling mechanism, and implicating a
retrograde messenger in the presynaptic glucocorticoid modula-
tion of GABA release. Finally, we tested for the dependence of the
long-term maintenance of the rapid glucocorticoid response on
protein synthesis. The response to DEX (1 uMm) did not reverse
after >30 min of washout of the steroid with intracellular infu-
sion of the protein synthesis inhibitor cycloheximide (10 um; Fig.
2E). Therefore, like the induction of the glucocorticoid suppres-
sion of synaptic inhibition, the maintenance is not mediated by a
protein synthesis-dependent mechanism. A second bath applica-
tion of DEX (1 uM) with intracellular cycloheximide infusion
also had no effect on mIPSC frequency (Fig. 2D), indicating that
blocking protein translation did not prevent the occlusion of the
second response.

The glucocorticoid suppression of inhibition is mediated by a
retrograde endocannabinoid messenger

That glucocorticoids decrease the mean mIPSC frequency with-
out affecting either the mIPSC amplitude or decay kinetics
suggests a presynaptic site of action, while the postsynaptic
G-protein dependence suggests a postsynaptic G-protein signal-
ing mechanism. In hypothalamic neuroendocrine cells, gluco-
corticoids rapidly suppress glutamatergic synaptic inputs by the
retrograde release of the endocannabinoid 2-AG (Di et al., 2003,
2005, 2013). We tested, therefore, for the endocannabinoid de-
pendence of the glucocorticoid-induced suppression of GABA
release onto BLA neurons. Bath application of the CB1 receptor
inverse agonist/antagonist SR (1 um) blocked the decrease in
mIPSC frequency caused by DEX (1 um; 1.9 * 0.3 Hz in DEX +
SR vs 1.8 = 0.2 Hz in SR; p = 0.72, n = 5; Fig. 3B). The DEX-
induced decrease in mIPSC frequency was also blocked by tetra-
hydrolipstatin (THL, 10 uM), the selective inhibitor of the 2-AG
synthetic enzyme diacylglycerol lipase (1.6 = 0.2 Hz in THL vs
1.7 + 0.3 Hz in DEX + THL; p = 0.50, n = 7; Fig. 3B). This
suggests that the rapid glucocorticoid modulation of GABA syn-
apses on BLA neurons is mediated by presynaptic CB1 activation via
the retrograde release of 2-AG. No pharmacological inhibitor of
AEA metabolism is currently available, so we were not able to elim-
inate entirely the possibility that AEA may contribute to the
glucocorticoid-induced retrograde endocannabinoid signal; how-
ever, the complete block of the DEX-induced decrease in mIPSC
frequency by THL suggests that the effect was mediated by 2-AG.
The endocannabinoid signal was further supported by the obser-
vations that the DEX-induced decrease in mIPSC frequency was
mimicked and occluded by bath application of high concentra-
tions of the CB1 receptor agonists AEA (1 um) and 2-AG (1 uMm;
Fig. 3C). To confirm the presynaptic site of the CB1 receptors, a
CB1 receptor agonist was applied in the bath following postsyn-
aptic blockade of the rapid glucocorticoid effect with the intra-
cellular application of the G-protein antagonist GDP-S-S.
Following bath application of DEX (1 uM), which was blocked
with the postsynaptic G-protein blocker in the patch pipette, bath
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Figure 3.  The rapid glucocorticoid suppression of synaptic inhibition is mediated by activa-

tion of the release of a retrograde endocannabinoid messenger. 4, Timeline of the experimental
paradigm that produced the data shown in B and C. B, The CB1 receptor antagonist SR and the
inhibitor of 2-AG synthesis THL blocked the DEX-induced decrease in mIPSC frequency. C, The
endocannabinoids 2-AG and AEA mimicked (AEA and 2-AG) and occluded (AEA-+DEX and
2-AG+DEX) the rapid DEX-induced suppression of mIPSC frequency. Blocking postsynaptic
G-protein activity with intracellular GDP- 8-S application blocked the postsynaptic DEX-induced
decrease in mIPSC frequency (DEX), but not that caused by presynaptic (B1 receptor activation
with bath application of WIN55,212-2 (DEX-+WIN). D, Time course of the mean relative
changes in mIPSC frequency elicited by a single 10 min application of DEX (filled circles), and by
a 10 min application of DEX followed by a 10 min application of the (B1 receptor antagonist SR
(open circles). Blocking (B1 receptors reversed the glucocorticoid-induced suppression of
mIPSC frequency. *p << 0.05; **p << 0.01.

application of the high-affinity synthetic CB1 receptor agonist
WINS55,212-2 (1 uM) caused a decrease in mIPSC frequency
(19 £ 04 to 1.4 = 0.3 Hz, p < 0.05; n = 5; Fig. 3C). The
nongenomic nature of the sustained response to glucocorticoid
and the fact that there was no response to a second application of
glucocorticoid suggested that the maintenance of the glucocorti-
coid response may be mediated by the activation of a continuous
release of endocannabinoid. We tested this by blocking CB1 re-
ceptors subsequent to the glucocorticoid response on mIPSCs. A
10 min application of SR (1 um) reversed the DEX-induced de-
crease in the frequency of mIPSCs (Fig. 3E). This demonstrated
that the sustained suppression of GABA synaptic inputs to the
BLA neurons is caused by a glucocorticoid-induced continuous
release of endocannabinoid. Together, these findings suggest that
glucocorticoids trigger a rapid, sustained suppression of inhibi-
tory inputs to BLA neurons by switching on a continuous retro-
grade release of 2-AG at GABA synapses.
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Stress-induced endocannabinoid release and sustained suppression
of inhibition

The previous experiments showed that a 10 min application of a
relatively high glucocorticoid concentration induces a long-term
suppression of synaptic inhibition in BLA neurons by triggering a
continuous release of endocannabinoid at GABA synapses. We next
tested whether acute stress-induced CORT secretion in vivo would
have a similar long-lasting suppressive effect on synaptic inhibition
in BLA neurons that could be detected subsequently in recordings in
brain slices. We conducted whole-cell recordings in BLA neurons in
amygdala slices from rats subjected to a 30 min restraint stress before
being killed (Fig. 4A). Restraint stress increased the morning plasma
CORT from a control level of 18.6 = 3.5 ng/ml (n = 14) to 684.4 =
49.7 ng/ml (n = 16; p < 0.01; Fig. 4B). In slices from unstressed rats,
bath application of DEX (1 um, 10 min) caused a reduction in
mIPSC frequency in BLA neurons (from 1.3 = 0.2 to 1.0 = 0.2 Hz;
p <0.01,n = 5; Fig. 4C), as observed in the previous experiments. In
contrast, in slices from stressed rats, DEX (1 um) had no effect on
mIPSC frequency (baseline: 1.8 == 0.3 Hz; DEX: 1.7 = 0.3 Hz; p =
0.63, n = 5; Fig. 4C). To determine whether the loss of the DEX-
induced suppression of GABA inputs to BLA neurons following in
vivo restraint stress was caused by endocannabinoid occlusion of the
DEX effect, we tested for differences in CB1 receptor occupation at
GABA synapses on BLA neurons in the slices from unstressed versus
stressed rats. Bath application of the endocannabinoid 2-AG (1 um)
caused a decrease in mIPSC frequency in BLA neurons from un-
stressed rats (from 1.6 = 0.4 to 1.2 = 0.3 Hz; p < 0.05, n = 5), but
this effect was lost in BLA neurons from stressed rats (baseline: 1.2 =
0.4 Hz; 2-AG: 1.2 = 0.3 Hz; p = 0.48, n = 9; Fig. 4C). Bath applica-
tion of the CB1 receptor antagonist SR (1 uM) alone had no effect on
mIPSC frequency in BLA neurons from unstressed rats (baseline:
1.7 £ 0.3 Hz; SR: 1.8 = 0.3 Hz; p = 0.46, n = 6), but it caused a
significant increase in the mIPSC frequency in BLA neurons from
stressed rats (from 1.4 * 0.2 to 1.7 * 0.3 Hz; p < 0.05, n = 6; Fig.
4C). These findings suggested that the CB1 receptors at GABA syn-
apses on BLA neurons were occupied by endogenously released can-
nabinoid in slices from stressed rats, but not in slices from unstressed
control rats.

To determine whether the endocannabinoid occupation of CB1
receptors at GABA synapses on BLA neurons in slices from stressed
rats was dependent on glucocorticoids released during the acute
stress, we tested the effect of blockade of CORT synthesis during the
stress exposure with the 11-B-HSD inhibitor metyrapone (Rooz-
endaal et al., 1996; Blundell et al., 2011). Metyrapone applied intra-
peritoneally (50 mg/kg) 90 min before the start of the restraint stress
(Fig. 4D) resulted in a ~50% decrease in serum CORT compared
with the vehicle control group (vehicle: 597.4 = 54.5 ng/ml; me-
tyrapone: 297.4 + 47.9 ng/ml; n = 7, 8, p < 0.01; Fig. 4E). In BLA
neurons from stressed rats pretreated with metyrapone, but not ve-
hicle, the DEX-induced decrease in mIPSC frequency was restored
(from 1.6 = 0.3 to 1.2 = 0.2 Hz; p < 0.05, n = 6; Fig. 4F). In BLA
neurons from stressed rats treated with metyrapone, but not vehicle,
the 2-AG-induced decrease in mIPSC frequency was also restored
(from 1.5 = 0.3t0 1.2 £ 0.2 Hz; p < 0.05, n = 8) and the SR-induced
increase in mIPSC frequency was lost (baseline: 1.6 * 0.4 Hz; SR:
1.6 = 0.5 Hz; p = 0.47, n = 5; Fig. 4F). These findings together
suggest that acute restraint stress in vivo leads to a glucocorticoid-
induced sustained release of endocannabinoid and a continuous oc-
cupation of CB1 receptors at GABA synapses that causes the
suppression of inhibitory synaptic inputs to BLA neurons for up to
several hours in vitro. Consistent with this, we found that mIPSCs
recorded in BLA principal neurons in slices from stressed rats
showed a trend toward a lower baseline frequency than mIPSCs
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(Cont) and stressed rats (Stress). Exposure to a 30 min restraint stress increased the serum CORT level.
C Effects of DEX and (BT receptor ligands on mean normalized mIPSC frequency in BLA neurons from
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BLA neurons from stressed rats. These findings suggested (B1 receptor occupation at GABA synapses
following stress. D, Timeline of experimental paradigm used to generate data presented in F. E, Trunk
blood serum CORT levels measured in restraint-stressed animals injected intraperitoneally with vehi-
cle or the glucocorticoid synthesis inhibitor metyrapone. Compared with vehicle-injected rats
(Veh+Stress), metyrapone pretreatment reduced the acute stress-induced circulating CORT
(Met+Stress) by ~50%. F, Effects of DEX and (B1 receptor ligands on mean normalized mIPSC
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recorded in slices from unstressed rats (unstressed: 1.7 = 0.2 Hz,n =
62; stressed: 1.3 = 0.2 Hz, n = 21; p = 0.06).

DEX (1 uM) had no effect on the amplitude of eIPSCs re-
corded in BLA neurons in slices from stressed rats (p = 0.65, n =
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16). The CBI receptor antagonist SR (1 uM) also had no effect on
the amplitude of eIPSCs in slices from stressed rats (p = 0.5, n =
10), further suggesting that the sustained endocannabinoid re-
lease elicited by stress-induced glucocorticoid actions did not
modulate evoked GABA responses.

Stress causes anxiety-like behavior via endocannabinoid release in
the BLA

A sustained suppression of synaptic inhibition in BLA neurons
should shift the excitation—inhibition balance in the BLA toward
excitation, which could alter the anxiogenic output of the BLA.
We tested this hypothesis using the open-field and elevated plus-
maze tests of anxiety-like behavior in restraint-stressed and un-
stressed rats that received bilateral injections in the BLA of vehicle
or antagonists of endocannabinoid signaling.

Rats were injected in the BLA with the CB1 receptor inverse
agonist/antagonist SR (1 ug/0.5 ul) or vehicle 15 min before
restraint stress, or no stress, and were then placed in the open field
5 min later to test for anxiety-like behavior (i.e., time in center)
and locomotor activity (i.e., line crossings). A two-way ANOVA
revealed a main effect of stress (F; 5,y = 15.5, p < 0.001), no main
effect of drug (F, 5,y = 0.34, p = 0.86), and a significant stress X
drug interaction (F, 5,y = 33.7, p = 0.001) on time in center of
the open field (Fig. 5A). Restraint stress reduced time spent in the
center of the open field (i.e., increased anxiety-like behavior) in
rats that received intra-BLA vehicle injections (p < 0.05), but not
in rats that received intra-BLA injections of the CB1 antagonist
SR. Blocking CB1 receptors with SR injection in control rats re-
duced time in the center of the open field (p < 0.05; i.e., increased
anxiety-like behavior), which revealed an endocannabinoid tone
in the BLA that was anxiolytic (Fig. 5A). We also analyzed line
crossings in the open field after intra-BLA infusions of SR. A
two-way ANOVA revealed a main effect of stress (F, 3,y = 36.6,
p <0.001), but no effect of drug (p > 0.05), and no stress X drug
interaction effect (p > 0.05) on line crossings in the open field.

We next tested the effect of the 2-AG synthesis inhibitor
THL on stress-induced anxiety-like behavior in the open field.
Rats received bilateral intra-BLA THL (10 wg/0.5 ul) injec-
tions 15 min before placement in the restraint tube. A two-way
ANOVA revealed a main effect of stress (F(, ,;) = 55.7, p <

0.001), a main effect of drug (F(, ,;y = 7.5, p = 0.011), and a
significant stress X druginteraction (F, ;) = 9.02, p = 0.006)
on time in the center of the open field (Fig. 5B). Restraint
stress reduced time spent in the center of the open field (i.e.,
increased anxiety-like behavior) in rats that received intra-
BLA vehicle injections ( p < 0.05), but not in rats that received
intra-BLA injections of THL. Intra-BLA THL significantly res-
cued stress-induced anxiety-like behavior (p < 0.05), but un-
like the CB1 receptor antagonist, intra-BLA THL infusion had
no effect on anxiety-like behavior in stress-naive controls (Fig.
5B). This indicates that the endocannabinoid anxiolytic tone
revealed with CB1 receptor blockade (Fig. 5A) is not mediated
by 2-AG release, and may be due, therefore, to the tonic release
of AEA or another endocannabinoid. We also analyzed line
crossings in the open field after intra-BLA infusions of THL. A
two-way ANOVA revealed a main effect of stress (F(;,,, =
17.2, p < 0.001), but no effect of drug (p > 0.05), and no
stress X drug interaction effect (p > 0.05) on line crossings in
the open field.

We next tested the effect of the 2-AG synthesis inhibitor
THL on stress-induced anxiety-like behavior in the elevated
plus maze. Rats received bilateral intra-BLA THL (10 ug/0.5
wl) injections 15 min before placement in the restraint tube. A
two-way ANOVA revealed no main effect of stress or drug,
and no stress X drug interaction effect (p > 0.05 in all cases)
on time spent in the open arms or open-arm entries in the
elevated plus maze (Fig. 5C,D). There was also no main effect
of stress or drug, and no stress X drug interaction effect (p >
0.05) on closed-arm entries in the elevated plus maze, indicat-
ing no effect on locomotor activity.

Discussion

Our findings demonstrate a long-lasting suppression of
spontaneous inhibitory synaptic inputs to BLA principal neu-
rons via retrograde endocannabinoid release stimulated by
rapid stress-induced glucocorticoid signaling. The rapid glu-
cocorticoid actions were nongenomic and mediated by the
activation of a membrane-associated receptor, and were long
lasting due to the sustained release of endocannabinoid, which
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occluded any further glucocorticoid suppression of synaptic
inhibition. Glucocorticoids were without effect on evoked in-
hibitory synaptic inputs to the BLA neurons, suggesting that
the glucocorticoid-induced endocannabinoid release modu-
lates spontaneous, but not evoked, release of GABA at inhib-
itory synapses on BLA principal neurons.

The glucocorticoid suppression of basal inhibition was
triggered by a membrane-associated glucocorticoid receptor.
The decrease in mIPSCs was rapid in onset, was seen with a
membrane-impermeant glucocorticoid, but not with intr-
acellular glucocorticoid application, and was insensitive to
antagonists of nuclear glucocorticoid and mineralocorticoid
receptors and to inhibitors of gene transcription and protein
synthesis. However, it was blocked by inhibiting postsynaptic
G-protein signaling, implicating a postsynaptic nongen-
omic, membrane-associated receptor and G-protein signaling
mechanism like that seen at glutamate synapses on hypotha-
lamic neuroendocrine (Di et al., 2003, 2009) and presympa-
thetic neurons (Boychuk etal., 2013). Duvarci and Paré (2007)
reported a suppression of evoked IPSCs in BLA neurons
with a concentration of CORT (100 nm) that was near-
threshold in our analysis. However, the glucocorticoid effect
in that study required a 1-2 h delay, suggesting a delayed
transcriptional action of the steroid. Consistent with our data
showing lack of rapid CORT effect on evoked GABA release,
Patel et al. (2009) found that a single restraint stress failed to
alter depolarization-induced endocannabinoid release at
GABA synapses, suggesting no effect of stress-induced en-
docannabinoid release on evoked IPSCs in BLA principal
neurons.

This mechanism of rapid glucocorticoid modulation of in-
hibitory synapses differs from the rapid corticosteroid modu-
lation of excitatory synapses in the BLA, where CORT induced
a rapid increase in glutamate release via a presynaptic miner-
alocorticoid receptor-dependent mechanism (Karst et al.,
2010). The CORT facilitation of glutamate release was also
nonreversible, but unlike the suppression of GABA release, the
sustained facilitation of glutamate release was transcription-
dependent, suggesting a genomic mechanism (Karst et al.,
2010). The mineralocorticoid receptor dependence of the
rapid corticosteroid facilitation of glutamate release in the
BLA and hippocampus (Karst et al., 2005, 2010) suggests that
multiple membrane-associated corticosteroid receptors medi-
ate the rapid corticosteroid effects at different synapses in the
brain (Di et al., 2013; Tasker and Joéls, 2015).

The long-lasting glucocorticoid suppression of spontaneous
synaptic inhibition was mediated by the retrograde release of the
endocannabinoid 2-AG, since the effect was blocked by a CB1
receptor antagonist and by a selective inhibitor of the 2-AG syn-
thetic enzyme diacylglycerol lipase. CB1 receptors are highly
expressed in the BLA, and are concentrated at presynaptic
GABAergic terminals that synapse onto BLA principal neurons
(Katonaetal., 2001). The glucocorticoid effect was nonreversible,
its maintenance did not require protein synthesis, and a second
glucocorticoid application, or glucocorticoid application follow-
ing prior in vivo acute stress, was without effect on GABA synap-
tic currents. The maintenance of the glucocorticoid-induced
suppression of inhibition was due to a sustained release of 2-AG
and occupation of CBI1 receptors because (1) a CB1 receptor
antagonist applied following the glucocorticoid application
reversed the steroid effect, and (2) CB1 receptors were occupied
by glucocorticoid-dependent endocannabinoid release in slices
from stressed, but not unstressed, rats. The endocannabinoid
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release following restraint stress in vivo was dependent on gluco-
corticoid secretion, since it was reversed when glucocorticoid
synthesis was inhibited with metyrapone. That a 50% reduction,
and not a complete block, of the stress-induced CORT secretion
(i.e., from ~600 to ~300 ng/ml) was sufficient to reverse the
effect of stress on the in vitro glucocorticoid response is consistent
with the high concentration of CORT required for the rapid effect
in BLA neurons. This suggests that the normal circadian rhythm
of CORT secretion in the blood may not have the same effect,
since it would not be expected to reach the level we measured
following stress in the presence of metyrapone.

The glucocorticoid suppression of inhibition was long-lasting.
Thus, restraint stress in vivo, and glucocorticoid application in vitro,
induced a sustained release of endocannabinoid and suppression of
synaptic inhibition in BLA neurons for hours. This implies a gluco-
corticoid-induced molecular mechanism that serves as a switch that
turns on endocannabinoid production at GABA synapses. It re-
mains to be determined how the glucocorticoid-induced endocan-
nabinoid synthesis at GABA synapses in the BLA is maintained and
how it is turned off.

Acute stress and/or systemic corticosteroids cause a rapid
modulation of endocannabinoid levels in the BLA (Hill and
McEwen, 2009) and other stress-related brain regions, such as the
hippocampus, the prefrontal cortex, and the hypothalamus (Hill
etal.,2010a). The two endogenous cannabinoids, AEA and 2-AG,
possess distinct metabolic pathways (Ahn et al., 2008; Di Marzo,
2008) and may serve different physiological functions (Hill and
Tasker, 2012; Luchicchi and Pistis, 2012). In the BLA, AEA levels
are decreased and 2-AG levels are increased during stress, the
former possibly playing a permissive role in stress activation and
the latter contributing to the feedback effects of glucocorticoids
on these stress circuits (Evanson et al., 2010; Hill and Tasker,
2012). Our electrophysiological findings here in the BLA and in
the hypothalamus are consistent with this, as 2-AG mediates the
glucocorticoid modulation of inhibitory synapses on BLA neu-
rons and excitatory synapses on hypothalamic neuroendocrine
cells (Di et al., 2013).

The glucocorticoid-induced endocannabinoid suppression of
GABA inputs to BLA neurons provides a potential cellular mecha-
nism for the stress-induced increases in anxiety-like behavior and
modulation of fear-memory formation (Roozendaal et al., 2009,
Cecchi et al., 2002). Endocannabinoids in the BLA enhance fear-
memory consolidation, and stress facilitates fear-memory consoli-
dation via a CBl receptor-dependent mechanism in the BLA
(Campolongo et al., 2009). Rapid glucocorticoid-induced endocan-
nabinoid suppression of basal synaptic inhibition should alter the
excitation—inhibition balance in the BLA and increase BLA principal
neuron excitability. Our finding that a CB1 receptor antagonist
blocks the acute stress-induced increase in anxiety-like behavior sug-
gests that the stress-induced decrease in inhibition in the BLA con-
tributes to increased anxiety-like behavior. Glucocorticoids also
rapidly facilitate excitatory synaptic inputs to BLA neurons, which
should further enhance BLA neuron excitability, although this is not
endocannabinoid-dependent (Karst et al.,, 2010), and may not,
therefore, contribute to the rapid, endocannabinoid-dependent fa-
cilitatory effect of glucocorticoids on anxiety-like behavior (Patel et
al., 2005; our findings) and fear-memory consolidation (Campo-
longo etal., 2009). A recent study suggests that glucocorticoid mod-
ulation of excitatory synaptic circuits in the BLA, while critical for
fear learning, does not mediate stress-induced increases in anxiety-
like behavior (Hartmann et al., 2016).

The findings here and by others (Patel et al., 2005) that block-
ing CB1 receptors in the BLA increases anxiety-like behavior in
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unstressed animals indicate a basal inhibitory endocannabinoid
tone on BLA anxiogenic output. Given the anxiety-like behavior
caused by CB1 receptor blockade, but not by blocking 2-AG syn-
thesis, and the lack of effect of CB1 antagonist on basal IPSC
frequency in our experiments, the endocannabinoid tone is likely
to be mediated by AEA actions in glutamate circuits. The decrease
in AEA levels in the BLA mediated by increased fatty acid amide
hydrolase with stress exposure supports an AEA tone in the BLA
(Hill et al., 2009; Hill and Tasker, 2012; Gray et al., 2015). We
failed to detect a tonic endocannabinoid regulation of miniature
EPSCs in BLA neurons with application of the CB1 receptor an-
tagonist SR (1 uM; n = 12, data not shown); however, we cannot
rule out the possibility that the endocannabinoid tone may be
upstream in the BLA glutamate circuits, or that it may have been
lost during the slice preparation.

The glucocorticoid-induced suppression of inhibitory synap-
tic inputs to BLA principal neurons described here, and the
glucocorticoid-induced facilitation of excitatory inputs de-
scribed by Karst et al. (2010), are likely to play a crucial role in the
limbic regulation of stress and fear. Because the BLA is an impor-
tant locus for encoding and regulating stress-related emotion
and emotional-memory information, this rapid glucocorticoid—
endocannabinoid signaling provides a potential mechanism for
stress regulation of anxiety and emotional memories, as well as a
potential target for the treatment of traumatic stress disorders,
such as PTSD. Glucocorticoids increase endocannabinoid syn-
thesis in multiple stress-related brain regions (Di et al., 2005;
Malcher-Lopes et al., 2006; Hill and McEwen, 2009; Hill et al.,
2010b), such that the functional interaction between glucocorti-
coids and endocannabinoids described here in the BLA, like that
described in the hypothalamus (Di et al., 2003), may represent a
generalized cellular mechanism of nongenomic glucocorticoid
regulation throughout stress circuits in the brain (Tasker and
Herman, 2011).
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