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A novel GPR55-mediated satiety signal in the oval
Bed Nucleus of the Stria Terminalis

E. R. Hawken', C. P. Normandeau’, J. Gardner Gregory', B. Cécyre?, J.-F. Bouchard?, K. Mackie® and E. C. Dumont'

Nestled within feeding circuits, the oval (ov) region of the Bed Nucleus of the Stria Terminalis (BNST) may be critical for monitoring
energy balance through changes in synaptic strength. Here we report that bidirectional plasticity at ovBNST GABA synapses was
tightly linked to the caloric state of male rats, seesawing between long-term potentiation (iLTP, fed) and depression (iLTD, food
restricted). L-a-lysophosphatidylinositol (LPI) acting on GPR55 receptors and 2-arachidonoylglycerol (2-AG) through CB1R were
respectively responsible for fed (iLTP) and food restricted (iLTD) states. Thus, we have characterized a potential gating mechanism
within the ovBNST that may signal metabolic state within the rat brain feeding circuitry.

Neuropsychopharmacology (2019) 0:1-10; https://doi.org/10.1038/s41386-018-0309-0

INTRODUCTION

Feeding behavior is regulated in the brain by bottom-up (e.g.,
homeostatic) and top-down (e.g., non-homeostatic) processes [1].
The Bed Nucleus of the Stria Terminalis (BNST) is ideally positioned
to integrate this information and coordinate the selection of
appropriate physiological and behavioral foraging and feeding
responses [2-4]. Food consumption activates BNST neurons [5]
and optical stimulation of monosynaptic GABA projections from
the BNST (including the oval subregion [ovBNST]) to the lateral
hypothalamus (LH) and other structures that modulate metabolic
processes initiates voracious feeding in mice [6]. This suggests that
the ovBNST may in part contribute to the central regulation of
energy homeostasis.

Endocannabinoids (eCBs) are widely represented in central and
peripheral systems related to energy homeostasis [7, 8]. The most
described constituents of the eCB system are probably the type 1
cannabinoid receptor (CB1R) and its main endogenous ligands
arachidonoyl-ethanolamide (AEA) and 2-arachidonoylglycerol (2-
AG) [9-11]. The eCBs may interact with other lipidic neurochem-
ical systems which includes GPR55 receptors and their potential
endogenous ligand L-a-lysophosphatidylinositol (LPI) [12, 13].
GPR55, a rhodopsin-like seven transmembrane G-protein-coupled
receptor, responds to cannabinoids despite lacking the classical
cannabinoid binding pocket and sharing less than 15% sequence
identity with other eCB receptors [13, 14]. Although several
ligands acting at classical CB1Rs are also functional at GPR55, LPI is
inactive at CB1R and is gradually becoming the most accepted
putative endogenous ligand for the GPR55 receptor [12]. Evidence
suggests that GPR55 and its ligand(s) contribute peripherally to
energy homeostasis but this remains to be investigated centrally
[15].

Classical eCBs are important neuromodulators in feeding brain
circuits and are known to stimulate feeding behaviors [16-18].
Reported outcomes of GPR55 activation at synapses in the CNS
are opposite to that of eCBs-signalling through CB1Rs, mostly

favoring neurotransmitter release [19, 20]. We hypothesized that
GPR55 and CB1R might act in concert at ovBNST synapses to
orchestrate proper integration of energy homeostasis signals and
potentially adaptive feeding behaviors.

We report a form of feeding state-dependent bidirectional
plasticity at ovBNST GABA synapses mediated by 2-AG acting at
CB1R and LPI at GPR55. Depending on the feeding status of rats,
GABA synapses toggled between activity-dependent long-term
potentiation (iLTP, fed) and depression (iLTD, food restricted). We
identified a novel mechanism underlying LTP of GABA synapses
mediated by GPR55 and its putative ligand LPI in the ovBNST of
free-fed rats. In contrast, 2-AG produced CB1R-dependent iLTD of
ovBNST GABA synapses of food restricted rats. Together, our data
suggest that ovBNST GABA synapses are capable of encoding
energy status through lipid signaling-mediated long-term
plasticity.

METHODS

Animals

One hundred and eight long evans rats (Charles River
Laboratories, St-Constant, QC, Canada) weighing between 75
and 125 g were pair-housed in clear Plexiglas cages. Thirty adult
mice were individually housed in clear Plexiglas cages.
Cage floors were lined with bedding (Beta Chip, NEPCO,
Warrenburg, NY, USA) and located in climate-controlled colony
rooms (21 +1°C; humidity 40-70%) on a 12-h reversed light/
dark cycle (7:00 AM lights off -7:00 PM lights on). All
experimental manipulations occurred at least 2 h into the dark
cycle (approximately 9:00 AM). All animals acclimatized for at
least 7 days upon arrival from suppliers. Rodent chow (LabDiet
rodent feed #5001, PMI Nutrition International, Brentwood, MO,
USA) and water were provided in home cages until behavioral
portion of testing. All experiments were conducted in accor-
dance with the Canadian Council on Animal Care guidelines for
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use of animals in experiments and approved by the Queen’s
University Animal Care Committee.

Behavioral manipulations

All behavioral manipulations were conducted in colony room
home-cages. Free fed (FF): Fifty-seven rats had free access to food
at all time in their home-cage while being pair-housed. However,
to control for the potential effect of acute social isolation mild
stress during food restriction where rats needed to be single
housed for 24 h, 9 FF rats were singly housed for 24 h with ad
libitum access to food prior to brain extraction and slices
preparation. Food restricted (FR): Early in the dark cycle, rats were
singly housed and acutely food restricted (no food for 24 h, n=
51). The following morning, brain slices were prepared for
electrophysiology 2 h into the dark cycle (9:00 AM). Refed (RE): A
subset of FR rats were acutely refed (n =7) when chow was freely
available for 40 min prior to brain extraction and slices prepara-
tion. Water restricted (WR): The potential mild stress effect of
nutrient deprivation was also tested with acute water restriction
(n=3). Early in the dark cycle, rats were singly housed with their
water bottles removed for 24 h. The following morning, brain
slices were prepared for electrophysiology 2 h into the dark cycle
(9:00 AM).

CB1R transgenic mouse (CBIR™)

Eleven male (5 knockouts [KO, homozygous CB1R-deficient mice,
CBIR™'~; 6 wild-type littermates [WT, CBIR™]) transgenic mice
were provided by Dr. Jean-Francois Bouchard (Université de
Montréal, Montréal, QC, Canada). This targeted mutant was
created and characterized by the research team of Pr. Beat Lutz
(University of Mainz, Mainz, Germany; [21]). Strain development: In
brief, floxed-neo allele bearing mice were created and crossed
with transgenic mice ubiquitously expressing Cre recombinase.
Mice carrying a germ-line transmissible deletion of cnr1 were
backcrossed for five generations into C57BL/6N (Charles Rivers
Laboratories, St-Constant, QC, Canada). Expression of CB1R: lack of
CB1R expression in the central nervous system of KO mice was
previously shown by in situ hybridization and by immunohisto-
chemistry [21].

GPRS55 transgenic mouse (GPR55 /")

Fourteen male (7 knockouts [KO, homozygous Gpr55-deficient
mice, GPR55'~; 7 wild-type littermates [WT, GRP55™"]) trans-
genic mice were bred by Dr. Ken Mackie from founders obtained
from the Texas A&M Institute of Genomic Medicine (TIGM, College
Station, TX, USA) and maintained on a C57BL/6J background.
Strain development: in brief, a targeted mutation was generated
in 129SvEvBrd-derived embryonic stem (ES) cells using a targeting
cassette designed to replace a portion of exon 2 of the Gpr55 gene
containing the entire coding region of GPR55 protein with a
selection cassette. Homologous integration was detected by
Southern Analysis using probes internal to the targeting vector
on the 5’ side and external to the targeting vector on the 3’ side.
Following blastocyst injection, chimeric mice were bred to C57BL/
6J mice to generate F1 heterozygous animals. Subsequently, these
mice have been backcrossed onto a C57BL/6J background for >10
generations. Validation of GPR55 knockout: To confirm the
appropriate deletion from the GPR55 allele, PCR analysis was
conducted [22].

Brain slices preparation and electrophysiology

Rats and mice were anesthetized with isoflurane (5% at 5 L/min)
for rapid brain removal and brains were kept in iced-cold
physiological solution containing (in mM): 126 NaCl, 2.5 KCl, 1.2
MgCl,, 6 CaCl,, 1.2 NaH,PO,4 25 NaHCOs, and 12.5 p-glucose
equilibrated with 95%0,/5%CO,. Coronal brain slices (250 um)
were cut with a vibrating blade microtome (Leica VT-1000, Leica
Canada, Richmond Hill, ON, Canada) while in the physiological
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solution (2 °C). ovBNST-containing slices were incubated at 34 °C
for 60min and transferred to a tissue chamber constantly
perfused (3 ml/min) with physiological solution held at RT. All
recordings were done at RT to facilitate long-lasting high-quality
whole-cell voltage clamp recordings required to study long-term
synaptic plasticity. The recordings were made using glass
microelectrodes (3.5 MOhm) filled with a solution containing (in
mM): 70 CstMeSO3™, 58 KCl, 0.5 EGTA, 7.5 HEPES, 1.2 MgCl,, 12
NaCl, 1 MgATP, 0.3 GTP, and 1 P-creatine. For detailed
methodology for recordings of ovBNST GABAA-IPSC see [23].
Postsynaptic GABA, currents were evoked by local fiber stimula-
tion with tungsten bipolar electrodes (FHC, Bowdoin, ME, USA)
using a bipolar stimulus isolator (World Precision Instruments,
Sarasota, FL, USA) in the presence of the AMPA antagonist DNQX
(50 uM). Electrodes were placed in the ovBNST, 100-500 um
dorsal from the recorded neurons, and paired electrical stimuli
(10-100 pA, 0.1 ms duration, 20 Hz) were evoked at 0.1 Hz. Evoked
GABA,-IPSCs were titrated to ~50% of the maximum response
before baseline recording to allow for bidirectional plasticity.
Following 5 min of stable recording, neurons were subjected to
low-frequency stimulation (LFS; 1 Hz, 5 min) or bath application of
drugs, followed by a minimum of 30min post manipulation
period. Recordings were made using Multiclamp 700B amplifier
and Digidata 1440 A (Molecular Devices Scientific, Sunnyvale, CA,
USA), sampled at 10 kHz and filtered at 1kHz. Cell access was
tested with 1 mV, 100 ms test pulses before evoking IPSCs [24].
Data were acquired and analyzed with Axograph X (Axographx.
com).

Drugs

Stock solutions of AM251 (10 nM), L-a-lyso-phosphatidyl inositol
(LPI; 5 uM), YM 26734 (1 uM), AA COCF3 (1 puM), O-2050 (10 nM), O-
1602 (100 nM), CID 16020046 (10 uM), RHC 80267 (100 uM), JNJ
16259685 (50 nM), DHPG (5 uM), dioctanoylglycol (DOG, 10 mM),
URB 597 (100 nM), and DNQX (100 mM) were prepared in DMSO
(100%). Drugs were dissolved in the physiological solutions at the
desired concentration. DMSO concentration never exceeded 0.1%.
Drugs were obtained from Sigma-Aldrich Canada (Oakville, ON,
Canada), R&D Systems (Minneapolis, MN, USA) or EMD Millipore
Corp (Billerica, MA, USA).

Statistical analyses

We measured change in total charge (pA x msec) of postsynaptic
currents from baseline in percentage (((Chargeposi—Chargepaseiine)/
Chargepaseline) X 100). Data are reported as mean *s.e.m. Each
data point shown in time-courses is the average of 1-min bins (6
evoked GABA,-IPSCs) across recorded neurons. Paired-pulse ratios
(PPR) were calculated by dividing the second (S52) by the first (S1)
peak amplitude. Peak amplitudes for S1 and S2 were calculated
from baseline values measured immediately before stimulus
artefacts; when S1 did not fully decay before S2, baselines were
re-zeroed before measuring S2 magnitude (see [23, 25] for details).
Coefficient of variations (CV) for each cell were calculated [26].
PPRs and 1/CV? were compared before and after LFS or drug
(bath) application using paired t-tests or Wilcoxon signed-rank test
when data violated parametric assumptions.

Neuronal responses to LFS or drug application were averaged
for each group and graphically displayed. Where appropriate,
responses were further categorized as inhibitory long-term
potentiation of evoked GABA,-IPSCs (iLTP), inhibitory long-term
depression (iLTD) or no change, using previously established
criteria [27-29]. In brief, iLTP-induced changes in IPSC charge was
defined as a consistent (>20% deviation from baseline for at least
15 min) change in GABAA-IPSC and observable at 25 min post-LFS
or drug application. Likewise, iLTD was defined as a >20%
deviation below baseline for at least 15 min and observable at 25
min post-LFS or drug application. Neurons failing to reach either
iLTP or iLTD criteria were categorized as no change. Repeated
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Fig. 1 Metabolic state-dependent bidirectional GABA plasticity in the ovBNST. Effect of low-frequency stimulation (LFS) on electrically evoked

GABAA-IPSC (change in total charge) in ovBNST neurons of a free-fed rats (FF), b 24-h acute food restricted (FR) and ¢ 24-h FR followed by a 40-
min refeed (RE) as a function of time. Insets in a—c show representative evoked GABA,-IPSC before and after LFS followed by paired-pulse
ratios (PPR; S1 [first] and S2 [second] peak amplitudes) and 1/CV? of S1 peak amplitudes at two time points (1) baseline and (2) 25-30 min
following LFS. Double arrows represent LFS (5 min, 1 Hz). Scale bar: 100 pA and 25 ms. Number of rats in each figure is denoted by n. Dashed
lines indicate + 20% change in GABAA-IPSC. d Peak change in GABA-IPSC for each neuron in FF, FR, RE, and WR; color denotes polarity of
response. e Histogram summarizing the proportion and number (overlay on bars) of responding neurons to LFS under conditions a—c, and 24
h acute water restriction (WR). f Baseline PPR alone and plotted against peak change in GABA-IPSC with polarity of response for each neuron

in FF, FR, and RE. Black, all neuron responses averaged; Purple, iLTP; Red, iLTD; Gray, no change. *p < 0.05

measures analyses of variance (ANOVA) one-way (time) and two-
way (time x group) compared the effects of experimental
manipulations on GABAA-IPSC change in total charge. For all
repeated measures ANOVA, trend analyses (contrasts) were done
[30]. Post hoc analyses with Bonferroni correction explored
significant main effects and interactions. Contingency tables (the
Fisher's Exact Test [2x 2] with and without the Freeman-Halton
extension [2 x 3]) compared response frequencies (iLTP, iLTD, or no
change) across groups. Pearson’s correlation coefficient examined
the relationship between A GABA-IPSC and baseline PPR. Statistical
significance was set at p < 0.05. All statistical analyses were done
with SPSS 24.0 (IBM, Chicago, IL, USA) or Prism 6.

RESULTS

Feeding state determined the polarity of bidirectional plasticity at
ovBNST GABA synapses

First, we identified a form of activity-dependent long-term
potentiation of evoked GABAA-IPSCs (iLTP) in ovBNST neurons of
free fed (FF) male rats (time [FF, all neurons], F; =18, p =0.009;
Fig. 1a). iLTP occurred in a majority of ovBNST neurons (90%)
following a 5-min low frequency (1 Hz) local fiber stimulation (LFS;
Fig. 1a, €). Twenty-four hours of food restriction (FR) eliminated
iLTP (time [FR, all neurons], F;,5=0.05, p=0.5) in part via
significantly changing the polarity of the response to LFS,
unmasking inhibitory long-term depression (Fisher’'s Exact Test
with Freeman-Halton extension, FF X FR, p = 0.004; Fig. 1b, e). In
some neurons LFS did not produce a net change in GABAA-IPSC,
indicating a possible intermediate synaptic state that might exist
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along the continuum of bidirectional GABA plasticity at ovBNST
synapses. PPR and CV analyses suggested that both iLTP and iLTD
resulted from a presynaptic change in the probability of GABA
release (iLTP, Fig. 1a: PPR, ts = 3.6, p = 0.007; 1/CV?, ts = —3.5,p =
0.009; iLTP, Fig. 1b: PPR, t; = 3.3, p = 0.05; 1/CV?, t5 =55, p=0.01;
iLTD, Fig. 1b: PPR, ts = —5.2, p = 0.002; 1/CV2, Wilcoxon signed-
rank test, p = 0.02). iLTP rapidly recovered in FR rats subjected to a
40-min refeed (RE), suggesting that bidirectional plasticity was
tightly linked to the rats’ energy state (Fig. 1c; FF vs RE, Fisher's
exact test, p = 0.2; time X group [FF X FR x RE]: time, F; 30 =30, p <
0.001; group, F;39=6.2, p=0.004; interaction, F,39=4.5, p=
0.02). This was further confirmed by comparing peak GABAA-IPSCs
following LFS for FF, FR, and RE (Fig. 1e; Group, F,3=7.1, p=
0.002; Post hoc: FF X FR, p=0.004; FFXRE, p=1; FRXRE, p=
0.02). Metabolic state might also have modulated the probably of
GABA release as FR significantly reduced baseline PPRs (group,
FFXFR, F124=43, p=0.05) and a significant correlation arose
between LFS-induced change in GABAA-IPSC magnitude and
baseline PPRs (Fig. 1f; r=0.6, p < 0.001). Nutritional status, more
than fluid, determined the direction of ovBNST GABA plasticity as
24 h of water restriction (WR) did not significantly affect LFS-
induced change in GABAA-IPSC magnitude (time x group [FF x
WRI: time, F; ;7 =21, p<0.001; group, F; 17 =0.5, p=0.5; interac-
tion, F;17,=0.01, p=0.9, Fig. 1d) or the percentage of neurons
displaying iLTP, iLTD, or no change (WR X FF, Fisher's exact test,
p=0.1; Fig. 1e).

Acute (24 h) social isolation alone did not change LFS-induced
change GABA,-IPSC magnitude (time x group [group-housed FF X
social isolation FF]: time, F; 23 =38, p <0.001; group, F13=13,p=

SPRINGER NATURE
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Fig.2 Role of LPI acting at GPR55 LFS-induced iLTP at ovBNST GABA synapses. a Effects of LPI (5 uM, black bar) on electrically evoked GABA,-
IPSC in ovBNST neurons of FF rats. b Effect of LPl on paired-pulse ratios (PPR; S1 [first] and S2 [second] peak amplitudes) and 1/CV? of S1 peak
amplitudes at two time points (1) baseline and (2) 25-30 min following the application of LPI. ¢ Effect of LFS on evoked GABAA-IPSC in the
presence of the GPR55 antagonist CID 16020046 (10 uM). d Effect of LFS on evoked GABAA-IPSC in the presence of YM 26734 (1 uM) and AA
COCF; (1 uM), respectively, PLA1 and 2 blockers, in the recording pipette (intracellular). Insets show representative ovBNST GABA,-IPSC before
and after LPI a application or LFS c. Double arrows represent LFS (5 min, 1 Hz). Scale bar: 250 pA and 25 ms. Number of rats in each figure is
denoted by n. Dashed lines indicate + 20% change in GABAA-IPSC. e Peak change in GABA-IPSC for each neuron in FF, LPI, CID 16020046, and
YM 26734/AACOCF;(intracellular); color denotes polarity of response. f Histogram summarizing the proportion and number (overlay on bars)
of responding neurons to LPI or LFS. Black, all neuron responses averaged; Purple, iLTP; Red, iLTD; Gray, no change.*p < 0.05

0.3; interaction F;,3=4.1, p=0.06, data not shown) or neuronal
response distribution (group-housed FF (n = 9) vs social isolation FF
(n = 8); Fisher's exact test, p =1, data not shown).

iLTP at ovBNST synapses involved LPI acting at GPR55

GPR55 activation facilitates GABA release in the striatum such that
we investigated whether GPR55 was responsible for LFS-induced
iLTP in the ovBNST [31]. First, we bath applied the phospholipid
LPI on brain slices of FF rats (Fig. 2a, f). LPI (5puM, 10 min)
consistently produced long-lasting increases in GABAA-IPSC
magnitude (time [all neurons], F;g=14, p=0.005) due to an
increase in the probability of GABA release (PPR, tg = 3.1, p =0.02;
1/CV?, tg=—2.8, p=0.02; Fisher's exact test, FFXLPl, p=1;
Fig. 2a, b, e). LPI is an endogenous ligand of GPR55 suggesting
that LFS-induced iLTP in the ovBNST might be mediated by this
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receptor [12]. Consistent with this hypothesis, the GPR55 receptor
antagonist CID 16020046 (10puM; [32]) abolished iLTP and
revealed some iLTD in FF rats (time [all neurons], F1g=0.3, p=
0.6; Fisher's Exact Test with Freeman-Halton extension, LPI x CID
16020046, p < 0.001; Fig. 2¢, f). LPI synthesis relies on phospho-
lipase A (PLA) enzymatic activity and accordingly, postsynaptic
PLA,/; inhibition (i.e., drug in the recording pipette; PLA, inhibitor:
AA COCF; [1 puM], PLA; inhibitor: YM 26734 [1 uM]) significantly
interfered with iLTP (time [all neurons], F; 14 = 3.0, p =0.1; Fisher’s
exact test with Freeman-Halton extension, LPIx AA COCFs/YM
26,734, p=0.002; Fig. 2d, f). The above significant effects on
bidirectional plasticity were further confirmed by comparing LFS-
induced change in GABA4-IPSC (FF, with CID 16020046 in the bath
or AACOCF3/YM 26734 intracellular) and bath application (LPI);
Fig. 2e; group, F333=9.5, p<0.001; Post hoc: FFXLPl, p=1.0;

Neuropsychopharmacology (2019) 0:1-10



A novel GPR55-mediated satiety signal in the oval Bed Nucleus of the
ER Hawken et al.

a CBIR /- b
0) ® = 1.5
—_— w *
& \/-LFS—»\/ & 1.0 o '
2 = 05
6 a
1 n -
g CB1R +/+ 1063 _® * ®
< o) ®
%) -LFS—»N/ N
< B CBIR+/4+ FR 3 504
-100 T T T 1 -
0 10 20 30 o
Time (mins) ON6)
c ® d
100 — e FR 100 FR
@ 50 @
a a
< <
< <
(11] m
< 0 _u <
O O
< 0-2050 > < JNJ 16259685 ——>
-50 ; I T -50 T T T
0 10 20 30 0 10 20 30
Time (mins) Time (mins)
e f
100 — *
@ 50 @
a a
< <
< <
g o *: e &
(©) O
< RHC 80267 > <
-50 T T T FR 02050 JNJ RHC
0 10 20 30
Time (mins)
*
g % TP No change M LTD
* * *
100
S
5 50 9 I
[T]
=
2 7 5 8 5 9
2 4
0 -
& FR 02050 JNJ RHC FF DOG URB
& q,* P =) (=8 (=5 (n=A) (=8 (n=7)  (n=6)
0 O
¢ N
FR FF

FF x CID 16020046, p = 0.001; FF x AA COCF5/YM 26734, p = 0.008;
CID 16020046 x AA COCF3/YM 26734, p=1). We used GPR55/~
mice to support our pharmacological evidence of GPR55-
mediated iLTP at ovBNST GABA synapses. Although LFS did not
produce iLTP in C57 or GPR55™* mice as rellably as in rats, LPI-
induced iLTP was completely abolished in GPR55~'~ mice (Fisher's
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exact test, GPR55" " x GPR55/~, p=0.09; time [GPR55'7],
F1,10: 0001, p= 1, Flg Zf)

iLTD at ovBNST synapses resulted from 2-AG acting at CB1R

eCBs reduce inhibitory synaptic transmission through presynaptic
CB1R suggesting a mechanism for LFS-induced iLTD in the ovBNST
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Fig. 3 Role of 2-AG acting at CB1R in LFS-induced iLTD at ovBNST GABA synapses. a Effect of low-frequency stimulation (LFS) on electrically
evoked GABAA-IPSC in ovBNST neurons in brain slices prepared from food restricted CBIR™* and CBTR™'~ mice. b Effects of LFS on paired-
pulse ratios (PPR; S1 [first] and S2 [second] peak amplitudes) and 1/CV? of S1 peak amplitudes at two time points (1) baseline and (2) 25-30
min following LFS in CBTIR** mice. Effect of LFS on electrically evoked GABAA-IPSC in rat brain slices in the presence of ¢ the CB1R antagonist
0-2050 (10 nM), d the Group 1 mGIuR antagonist JNJ 16529685 (50 nM) and e the DAGLa blocker RHC 80267 (100 uM). Insets in a, ¢ show
representative evoked GABA,-IPSCs before and after LFS. Double arrows represent LFS (5-min, 1-Hz). Scale bar: 250 pA and 25 ms. Number of
animals in each figure is denoted by n. Dashed lines indicate + 20% change in GABAA-IPSC. f Peak change in GABA4-IPSC for each neuron
following in LFS in FR, and with O-2050, JNJ 16259685, or RHC 80267 present in the bath; color denotes polarity of response. g Histogram
summarizing the effects genetic and pharmacological manipulations of endocannabinoids on LFS-induced change in GABA-IPSC magnitude.
< Black, all neuron responses averaged; Purple, iLTP; Red, iLTD; Gray, no change. *p < 0.05

[33, 34]. Similar to rats, LFS resulted in presynaptic iLTD in FR
CBIR™™ mice (time x group [iLTD x no changel: time, F 10 = 3.8,
p =0.08; group, F;10=28, p<0.001; interaction, F;,0=6.2, p=
0.03; PPR, t,=7.2, p=0.002; 1/CV? Wilcoxon signed-rank test,
p = 0.04; Fig. 33, b, g). LFS failed to produce any form of change in
GABA-IPSC in FR CBIR™'~ mice suggesting that CB1R may be
responsible for iLTD in the ovBNST (time, [CBIR™], Fig=28p=
0.1). Pharmacological blockade of CB1R with O-2050 (10 nM) in FR
rats completely abolished iLTD to reveal iLTP (time, [all neurons],
F110=14, p=0.004; Fisher's exact test with Freeman-Halton
extension, FR x 0-2050, p = 0.006; Fig. 3¢, f). We then sought to
identify the endogenous eCB(s) responsible for CB1R-dependent
iLTD. eCBs (specifically the lipid-molecule 2-arachidonoylglycerol
[2-AG]) can be generated via Group 1 mGIuRs activating a Gag-
dependent phospholipase C that cleaves phosphatidyl inositol 4,5-
bisphosphate into diacylglycerol (DAG). Subsequently, DAG lipase
o (DAGLa) hydrolyzes DAG to 2-AG [35]. Accordingly, interfering
with the production of 2-AG with a Group 1 mGIuR antagonist (JNJ
162 59685, 50 nM) in FR rats completely eliminated iLTD (time, [all
neurons], F;11=3.0, p=0.1; Fisher's exact test with Freeman-
Halton extension, FRxJNJ 162 59685, p=0.02, Fig. 3d, g).
Conversely, promoting 2-AG synthesis by inhibiting DAG kinase
with dioctanoylglycerol (DOG, 10 uM) reduced LFS-induced iLTP
and slightly promoted iLTD in FF rat (Fisher's exact test with
Freeman-Halton extension, FF x DOG, p = 0.003, Fig. 3g). Further-
more, reducing 2-AG production by inhibiting DAGLa with RHC
80267 (100 uM) significantly interfered with LFS-induced iLTD in
FR rats (time, [all neurons], F1g=2.7, p=0.1; Fisher's exact test
with Freeman-Halton extension, FR x RHC 80267, p = 0.05, Fig. 3e,
g). In contrast, inhibiting the catabolism of anandamide (AEA) with
the FAAH blocker URB 597 (100 nM) in FF rats failed to reveal iLTD,
indicating 2-AG but not AEA may be responsible for LFS-induced
iLTD of ovBNST GABA synapses (Fisher's exact test with Freeman-
Halton extension, FFxURB 597, p=0.3, Fig. 3f). Mechanistic
effects on bidirectional plasticity were further confirmed by
comparing LFS-induced change in GABA,-IPSCs magnitude in
FR, or FR in the presence of 0-2050, JNJ 162 59685, and RHC
80267 (Fig. 3f; group, F5 45 = 4.0, p = 0.01; Post hoc: FR x 0-2050, p
=0.01; FRxJNJ 162 59685, p =1.0; FR x RHC 80267, p =0.8; JNJ
162 59685 x 0-2050, p=0.1). Notably, neither LFS-induced
change in GABAA-IPSC magnitude in the presence of JNJ 162
59685 nor RHC 80267 differed from FR; however, both drugs
completely blocked iLTD expected in FR rats, supporting a role for
2-AG in iLTD (Fig. 3d-g).

Food restriction enhanced CB1R function at ovBNST GABA
synapses

Thus far, our data suggest that LPI/GPR55 (iLTP) and 2-AG/CB1R
(iLTD) were the underlying mechanisms determining feeding
state-dependent bidirectional plasticity at ovBNST GABA synapses.
We next sought to determine whether feeding state affected
GPR55 and/or CB1R regulation of ovBNST GABA transmission to
bias bidirectional plasticity towards iLTP or iLTD. The iLTP resulting
from bath application of the synthetic GPR55 agonist O-1602 (100
nM) was unaffected by FR, showing that GPR55 function was not
modified by the rats’ feeding state (Fig. 4a; time x group [FF X FR]:
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time, F1 19 =24, p <0.001; group, F; ;9 =0.008, p = 0.9; interaction,
F1190=0.002, p=1.0). In contrast, CB1R-mediated regulation of
ovBNST GABA plasticity was significantly affected by FR.
Bath application of the CB1R inverse agonists/antagonists
AM251 (10 nM, Fig. 4b; time x group [FF X FR]: time, F; 51 =26, p
<0.001; group, F;2; =84, p=0.009; interaction, Fy; =5.1, p=
0.03) or 0-2050 (10 nM, Fig. 4c; time x group [FF X FRI: time, F; 5o
=43, p<0.001; group, Fy20=7.8, p=0.01; interaction, F; 50 =5.9,
p =0.02) resulted in iLTP that was significantly more robust in FR
compared to FF rats. Bath application of AM251 produced iLTP at
ovBNST GABA synapses in slices prepared from both GPR55"/*
and GPR55~/~ mice suggesting a dominant inverse agonist/
antagonist effect at CB1R rather than an agonist effect at GPR55
(Fig. 4d; time x group [GPR55™+ x GPR5™/~1: time, F1 1, =21, p<
0.001; group, Fy; =2.0, p=0.2; interaction, F, 1, =14, p=0.2).

DISCUSSION

Here, we characterized a bidirectional mechanism of GABA
plasticity in the ovBNST that was feeding state-dependent and
mediated by an extended endogenous eCB system (Fig. 5). First,
low-frequency synaptic activity in the ovBNST promoted iLTP
through GPR55 receptors and their putative endogenous ligand,
LPI. This mechanism worked in concert with classical eCBs, notably
2-AG, wherein the feeding state of the animal determined the
polarity of GABA synaptic plasticity. Thus, in an acute food
restricted state, CB1R/2-AG-activity dominated so that low
frequency synaptic activity resulted in iLTD. This suggests inter-
play between constituents of the eCB system encoding the rat
energy homeostatic state in the ovBNST.

LTP of inhibitory synapses in the ovBNST was LPI- and GPR55
dependent

Our data confirmed that GPR55 and its putative endogenous
ligand, LPI, are potent regulators of synaptic transmission in the
rat. Short (10 min) bath application of the putative endogenous
GPR55 ligand LPI or the synthetic-specific agonist 0O-1602
produced a long-lasting enhancement of GABA,-IPSC magnitude
by increasing the probability of GABA release, identical to that
produced by low frequency electrical stimulation. Additionally,
pharmacological blockade of GPR55 with CID-160220046 [32]
eliminated LFS-induced iLTP, suggesting activity-dependent
synthesis of an endogenous ligand acting at GPR55. Accordingly,
interfering with LPI synthesis by postsynaptic inhibition of PLA,,,
largely prevented LFS-induced iLTP [36]. Pharmacological block-
ade of GPR55 or inhibition of LPI synthesis revealed LFS-induced
iLTD, strongly suggesting that plasticity at ovBNST GABA synapses
was bidirectional. This bidirectional GABA plasticity may occurred
at individual neurons and/or synapses, although this needs to be
thoroughly confirmed.

We used genetically-engineered mice to support our pharma-
cological demonstration of activity-dependent synthesis of LPI
and GPR55 activation-mediated modulation of ovBNST GABA
synapses. However, LFS was notably less effective at inducing iLTP
in the ovBNST of C57 or GPR55 WT mice. The reasons for this
discrepancy is unknown and potential explanations can only be

Neuropsychopharmacology (2019) 0:1-10
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Fig. 4 Effect of metabolic state on GPR55- and CB1R-mediated regulation of GABAA-IPSCs in the ovBNST. Effect of a the GPR55 agonist O-1602
(100 nM) or b, c the CB1R antagonists/inverse agonists AM-251 (10 nM) or O-2050 (10 nM) on GABAA-IPSC magnitude in FF (circles) or FR
(squares). d Effect of the CB1R antagonist/inverse agonist AM-251 on GABAA-IPSC in the ovBNST of FR GPR55™" and GPR55~/~ mice. Number
of animals in each figure is denoted by n. Dashed lines indicate + 20% change in GABA-IPSC. Black bar indicates drug application. Purple,

iLTP; Gray, no change. *p < 0.05
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Fig. 5 Schematic illustrating a proposed mechanistic interplay
between feeding state and bidirectional GABAA-IPSC plasticity in
the rat ovBNST

speculative. One difference is that mice remained singly housed
throughout the study such that chronic social isolation may have
interfered with LFS-induced iLTP. Another possibility is a specie-
specific relationship between bidirectional plasticity of ovBNST
GABA synapses and stimulation frequency whereby 1 Hz may not
be optimal in mice. Notwithstanding these limitations, we were
not able to observe any hint of LFS-induced iLTP in GPR55 null
mice (11 neurons in 5 mice), suggesting that GPR55 is indeed
critical in activity-dependent iLTP of ovBNST synapses.

Our paired-pulse ratios (PPR) and coefficient of variation (CV)
analyses of LFS- or LPl-induced iLTP were consistent with a
presynaptic increased in the probability of GABA release [37]. This
finding is consistent with the GPR55-dependent enhancement of
presynaptic neurotransmitter release found in the hippocampus
[19, 20]. Putative postsynaptic blockade of LPI synthesis with
intracellular PLA;,, inhibition suggests a retrograde messenger
mode of synaptic modulation for the GPR55 system in the rat
OVBNST.

LTD of ovBNST GABA synapses was 2-AG- and CB1R dependent

We next identified that 2-AG acting at CB1R produced iLTD that was
uncovered by 24 h of food restriction. In FR male mice (CBIR™™"),
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LFS produced iLTD that was absent in CB1R null mice (CB1R™/7).
Likewise, in FR rats, pharmacologically blocking the CB1R (with O-
2050) ablated iLTD. Ubiquitous throughout the brain (including
the BNST), CB1Rs have been repeatedly localized on the
presynaptic compartment while their lipophilic ligands (e.g. 2-
AG) are synthesized on-demand postsynaptically and function as
retrograde signals to inhibit glutamate and GABA release [38-40].
Our PPR and CV analyses were consistent with a presynaptic
location for CB1Rs and suggested that iLTD resulted from a
decrease in GABA release.

Interestingly, our data suggest that 2-AG was the eCB
responsible for ovBNST iLTD rather than AEA which mediate
LTP/LTD of BNST glutamate synapses [33, 41]. We pharmacologi-
cally targeted multiple pathways to pinpoint 2-AG synthesis as the
mediator of iLTD at ovBNST synapses. We found that manipulating
2-AG metabolism overrode the effect of food restriction on the
polarity of GABA plasticity. For instance, increasing 2-AG synthesis
by blocking DAGK with DOG promoted iLTD, whereas decreasing
2-AG production via mGluR blockade or inhibition of DAG lipase
completed prevented LFS-induced iLTD. Consistent with a key role
for 2-AG in ovBNST iLTD, increasing AEA (via inhibition of FAAH
with URB) did not promote the occurrence of iLTD in FF animals.

Together, our data suggest that ovBNST neurons have the
ability to synthesize either LPI or 2-AG -depending on the feeding
state of the animal- and that both products of intracellular lipid
metabolism have the ability to act as retrograde messengers to
presynaptically promote or decrease GABA release, respectively,
for several minutes.

Feeding state ruled the polarity of bidirectional plasticity at
ovBNST GABA synapses

We characterized a mechanism of bidirectional plasticity at
ovBNST GABA synapses that was dependent on rats feeding
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state. We suggest two distinct but complementary molecular
mechanisms ruling the polarity of GABA plasticity, but yet, how
feeding state orchestrates the biochemical machinery necessary
to toggle between on signaling pathway to the other remains to
be determined. A positive energy balance (ad libitum feeding)
clearly favored the occurrence of LFS-induced iLTP in the ovBNST.
However, feeding state did not impact agonist-induced GPR55-
mediated change in GABA transmission, suggesting that the
regulation of LPI synthesis may be a critical target for energy state
variations. Consistent with this hypothesis, 48 h of food restriction
affects the levels of circulating plasma LPI [42]. Within the ovBNST,
we saw that LPl-dependent iLTP tightly followed the rats’ feeding
state being abolished by 24 h of food restriction, but quickly
recovering after a short (40 min) access to food. It is possible that
feeding (e.g., increased circulating glucose) regulates LPI produc-
tion via an increase in LPI's precursor, phosphatidyl inositol [PI]
and/or modulating PLA, ; activity. LPI synthesis may therefore be
considered as central satiety signal that might ultimately affect
feeding behaviors.

In contrast, food restriction increased CB1R-mediated iLTD in
the ovBNST, consistent with the general orexigenic effects of
CB1R and 2-AG in the CNS [18]. However, the relationship
between eCBs and energy homeostasis is complex as divergent
effects on food intake depend on the location and type of
synapses (GABA versus glutamate) expressing CB1Rs [16]. In the
ovBNST, 24h of food restriction uncovered iLTD at GABA
synapses that was mediated by CB1R activity. Bath application
of both CB1R antagonists/inverse agonists (AM251 and 0-2050)
showed a greater response when the rats were food restricted.
We surmised that an increase in GABA was likely due to either
inverse agonist actions or GPR55 agonism. We ruled out agonist
effects of AM251 at GPR55 by observing identical effects brain
slices from FR GPR55'~ and GPR55™" mice. Thus, we
determined that acute food restriction increased the activity of
CB1R in the ovBNST to bias GABA synaptic plasticity toward
iLTD. Our data do not allow however to determine whether this
effect was mediated by membrane receptor recruitment,
enhanced intrinsic CB1R function, or facilitated intracellular
signaling as a result of food restriction. Likewise, this functional
change of CB1R activity may coincide with increased basal levels
of 2-AG, biosynthesis of which is stimulated in the periphery by
fasting [43]. Overall, we hypothesize that LPI/GPR55 encodes a
satiety signal and conversely, that 2-AG/CB1R signaling is a
‘hunger’ signal in the ovBNST.

The synthetic pathways for both LPI and 2-AG production are
intertwined suggesting that both systems, although acting in
opposing fashion, work in concert. LPI can be synthesized by PLA;,
> hydrolyzing an acyl group from Pl. While 2-AG is classically
synthesized by the sequential actions of phospholipase C (PLC)
and diacylglycerol lipase on a phospholipid, frequently PI, 2-AG
can also be generated by PLA; hydrolyzing PI to lyso-PI, followed
by cleavage of the phosphodiester bond by a lyso-PLC [44].
Corticosteroids inhibit PLA, activity such that stress states,
including acute food restriction, increase circulating corticoster-
oids level that might inhibit PLA, ‘unmasking’ postsynaptic
production of 2-AG [45]. Therefore, bidirectional plasticity of the
ovBNST may in part be mediated by bidirectional regulation of
PLA]/Z aCtiVity.

It is notable that feeding state may gate plasticity mechanisms
in addition to influencing the basal probability of GABA release.
We saw a significant increase in the probability of GABA release
(i.e. decrease in PPR) in the ovBNST of FR rats. Interestingly, LFS-
induced iLTD consistently occurred in neurons with FR-related low
PPRs which is consistent with mechanistic hypotheses for
homeostatic bidirectional synaptic plasticity [46-48]. Accordingly,
it can be speculated that food restriction might reduce threshold
for iLTD (or conversely increase threshold for iLTP) through an
increase in the probability of ovBNST GABA release.

SPRINGERNATURE

Importantly, acute stressors such as social isolation and water
deprivation did not favor iLTD in the rat ovBNST. One possibility is
that these stressors may not increase corticosteroids levels to the
same degree as food restriction does. There is evidence that
laboratory animals can quickly habituate their corticosteroids
response to social isolation [49, 50] and that corticosteroids levels
can remain elevated in 48 h fasted but not water-deprived rats [51].

Regardless, bidirectional plasticity at GABA synapses in the
oVvBNST seems important for energy metabolism-related stress
and future experiments should examine the interplay between
stressors, corticosteroids levels, and LPI/2-AG synthesis.

Was feeding state-dependent GABA plasticity bidirectional at
unitary neuronal populations in the ovBNST?
There is a paucity of studies that explicitly show bidirectional
synaptic plasticity within single neurons, and to our knowledge,
this has never been shown at GABA synapses [52]. Reasons for this
possibly include the challenge of maintaining high quality whole-
cell recordings long enough to get both potentiation and
depression that can be qualified as long-term within single
recordings. It is nonetheless unlikely that a population of synaptic
inputs onto a single neuron would not sustain bidirectional
plasticity without seriously encroaching the fundamental rules of
synaptic homeostasis [46, 48]. Consequently, we cannot claim that
GABA inputs onto single ovBNST neurons have the ability to
undergo both iLTP and iLTD but this is quite probable. Although
impossible to determine whether feeding state can alter the
direction of bidirectional plasticity in single neurons in brain slices,
future experiments could aim at determining the effect of a
second LFS after stable iLTP or iLTD. Nonetheless, we saw iLTP in
numerous neurons in this study, but iLTD was restricted to a
minority of neurons upon food restriction or pharmacological
manipulations. One possibility is that our LFS protocol (1Hz 5
min) might not be optimal for iLTD and whether other plasticity
protocols (frequency and duration) may affect the direction of
bidirectional plasticity at ovBNST GABA synapses remains to be
examined. This potential relationship between plasticity protocol
and neurophysiological outcome could also have explained the
difference between rats and mice that we observed in our study.
One important question is also whether all ovBNST neurons can
synaptically detect changes in the animal’s feeding state. It is
reasonable to claim that the vast majority of ovBNST neurons can
undergo LFS-induced iLTP. However, our data suggest that only a
subpopulation of ovBNST neurons switched polarity with caloric
status and that iLTP resisted food restriction in some neurons. This
is not to say that those neurons resisting food restriction cannot
undergo iLTD but perhaps, not in response to an acute caloric
challenge. Interestingly, we saw an enhancement in the prob-
ability of GABA release (decrease in baseline PPR) in neurons
undergoing LFS-induced iLTD in FR rats. This suggests that food
restriction strengthened GABA inputs onto a subpopulation of
oVvBNST neurons which, through an enhancement in CB1R
function, became homeostatically primed for iLTD. The identity
of these potentially caloric challenge-sensitive ovBNST neurons is
currently unknown. There is a prevalence of neurotensin-positive
neurons in the ovBNST which largely co-express CRF and the
opioid peptide dynorphin [28, 29]. Based on some of our previous
work and the work of others, there is a distinct population of
enkephalin-positive neurons [28, 53, 54]. Others have suggested
subpopulations of neurons with distinct neurophysiological
signatures (type |, Il, or Ill) in the rat dorsolateral BNST [55, 56].
Most likely because we are anatomically conservative in our
recordings (i.e. recordings strictly restricted to the oval subregion
of the dIBNST), we do not typically (rarely) detect neurons with
distinct neurophysiological signatures (see methods section).
Nonetheless, it will be interesting to determine which subtype(s)
of ovBNST neurons might have the ability to detect caloric
challenge, i.e. whether they are projection neurons and if so,
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whether they have specific targets or whether they are
interneurons. It would also be important to determine whether
neurons with specific neurochemical contents (neurotensin/CRF/
dynorphin vs. ENK) have the ability to detect caloric challenges or
other type of homeostatic disturbances (e.g. fluids). Neuronal
heterogeneity could also explain the striking difference in GABA
plasticity we observed between rats and mice.

CONCLUSIONS

The ovBNST is ideally organized and connected to regulate
diverse motivational states, in part via its synaptic targets [6, 57—
60]. Primarily comprising GABAergic neurons, the BNST can
regulate feeding circuits through a monosynaptic GABA projec-
tion to the lateral hypothalamus (LH) to suppress glutamatergic
neurons and promote feeding [6]. Here we show that ovBNST
synaptic plasticity was sensitive to and depended on rats
feeding state, seesawing between an inhibited sated and an
active food restricted state. Thus, GABAergic projection neurons
from the ovBNST in food deprived animals could plausibly
restrict LH glutamatergic neurons activity to promote feeding.
Inevitably, the level of synaptic and neuronal activity that will
influence synaptic activity in the ovBNST will be tributary to
extrinsic excitatory and inhibitory inputs. In fact, the ovBNST
does receive inputs from brain regions that are clearly part of
the brain’s energy metabolism circuits such as the PVT
(glutamate), insular cortex (glutamate), and the central amyg-
dala (GABA) [61-63]. Exploring the behavioral consequences of
altered satiety-state-dependent bidirectional GABA plasticity will
be key to uncovering the adaptive and maladaptive function of
these circuits.
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