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Systems/Circuits

Presynaptic mGluRs Control the Duration of
Endocannabinoid-Mediated DSI

Phillip L.W. Colmers and “Jaideep S. Bains
Hotchkiss Brain Institute and Department of Physiology and Pharmacology, Cumming School of Medicine, University of Calgary, Calgary, Alberta, Canada
T2N 4N1

GABA synapses in the brain undergo depolarization-induced suppression of inhibition (DSI) that requires activation of presynaptic
cannabinoid type 1 receptors (CB,Rs). The brevity of DSI, lasting ~1 min in most brain regions, has been ascribed to the transient
production of 2-arachidonoylglycerol (2-AG). Here, we propose that the duration of DSI is controlled by heterologous interactions
between presynaptic mGluRs and CB,Rs. By examining GABA synapses on parvocellular corticotropin-releasing hormone-expressing
neurons in the paraventricular nucleus of the hypothalamus (PVN) of male and female mice, we show that DSI decays quickly in
experimental conditions in which both GABA and glutamate are released from adjacent nerve terminals. Pharmacological inhibition of
group I mGluRs prolongs DSI, whereas prior activation of mGluRs inhibits DSI, collectively suggesting that group I mGluRs quench
presynaptic CB,R signaling. When photostimulation of genetically identified terminals is used to release only GABA, CB,R-dependent
DSI persists for many minutes. Under the same conditions, activation of group I mGluRs reestablishes classical, transient DSI. The
long-lasting DSI observed when GABA synapses are independently recruited functionally uncouples inhibitory input to PVN neurons.
These observations suggest that heterologous interactions between mGluRs and CB,Rs control the temporal window of DSI at GABA
synapses, providing evidence for a powerful new way to affect functional circuit connectivity in the brain.
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Postsynaptic depolarization liberates endocannabinoids, resulting in a rapid and transient decrease in release probability at
GABA synapses. We discovered that mGluRs control the duration of depolarization-induced suppression of inhibition (DSI), most
likely through heterologous desensitization of cannabinoid type 1 receptors by presynaptic mGluR. By shortening the duration of
DSI, mGluRs control the temporal window for retrograde signaling at GABA synapses. Physiological or pathological changes that
affect glutamate spillover may profoundly affect network excitability by shifting the duration of cannabinoid inhibition at GABA

synapses.
J

ignificance Statement

son and Nicoll, 2001). Although eCB signaling has been impli-
cated in the regulation of several behavioral states including
stress, the short-lived actions of eCBs, when released in response
to postsynaptic depolarization, are difficult to reconcile with
their profound contributions to behavioral outputs. For exam-
ple, eCBs have a dramatic effect on the output of stress circuits
(Patel et al., 2004; Steiner et al., 2008; Morena et al., 2016), yet
GABA synapses on corticotropin-releasing hormone (CRH)
neurons in the paraventricular nucleus of the hypothalamus

Introduction

Endocannabinoids (eCBs) are retrograde signaling molecules
that decrease release probability at central synapses through ac-
tivation of presynaptic cannabinoid type 1 receptors (CB,Rs)
(Kreitzer and Regehr, 2001a,b; Ohno-Shosaku et al., 2001; Wil-
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(PVN) show depolarization-induced suppression of inhibition
(DSI) that is transient, decaying in <1 min (Wamsteeker et al.,
2010; Wamsteeker Cusulin et al., 2014). This disconnect may be a
consequence of upstream actions of eCBs in key stress centers
such as the amygdala (Hill et al., 2009) or bed nucleus of the
stria terminalis (BNST) (Glangetas et al., 2013), but it is also
possible that local signals in the PVN control eCB signaling in
ways that are not yet fully understood. For example, interac-
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Figure 1.

DSI 1
LDSI 2

Inhibition of mGluR prolongs DSI. 4, Top, Representative traces of elPSCs from baseline (1, gray) immediately after postsynaptic depolarization (2, red) and 3 min later (3, blue)

corresponding to the indicated regions below. Inset, Schematic of experimental setup. Bottom, Time course of elPSC amplitude of 10 cells from 9 animals (8 male, 1 female) following repeated
postsynaptic depolarization (PD) to +20mV for 5 s (vertical dashed line) (PD1: £, 4, = 17.06, p = 0.0001, PD2: , 5, = 34.15, p = 0.0001). Significance s reported with respect to the preceding
shaded baseline region. B, Summary data corresponding to shaded regions in A showing that sIPSC frequency undergoes a transient reduction that returns to baseline following PD (F, 5, = 7.89,
p = 0.0035), whereas sIPSC amplitude (C) is unaffected (F, o) = 2.13 p = 0.15). D, Top, Sample elPSC traces in the presence of MTEP (10 cum). Inset, Experimental setup. Bottom, Time course
showing elPSCamplitude of 8 cells from 7 mice (4 male, 3 female) undergoes a transient and persistent reduction in the presence of a mGluR; antagonist (PD1: £, ;) = 17.81, p = 0.0009, PD2:
Fio,7 = 6.85,p = 0.018). E, MTEP causes a transient and persistent reduction in sIPSC frequency (F, ;) = 23.33, p = 0.0001), whereas sIPSCamplitude (F) is unaltered (F, ;) = 1.43,p = 0.27).
Scale bars, 100 pA, 20 ms. Post hoc versus baseline p-values are shown as follows: *p << 0.05, **p << 0.01, ***p < 0.001. Data are shown as mean = SEM.

tions between CB,Rs and other signaling systems may affect
eCB efficacy.

In the PVN, more than half of the synaptic afferents onto CRH
neurons are GABAergic, but there is little spatial segregation be-
tween glutamate and GABA synapses (Decavel and van den Pol,
1992; Mikl6s and Kovécs, 2002, 2012). Further, GABA release
probability can be modulated by activation of G-protein-coupled
mGluRs (Schrader and Tasker, 1997; Zhou and Hablitz, 1997;
Govindaiah and Cox, 2004; Errington et al,, 2011), raising
the possibility that spillover-induced activation of presynaptic

mGluRs may have nuanced effects on GABA terminals. This may
occur through direct alterations to release probability or result
from heterologous desensitization of other G-protein-coupled
receptors (GPCRs) (Gordon and Bains, 2003; Zhang et al., 2004;
Straiker and Mackie, 2007). In the PVN, presynaptic terminals
exhibit heterologous desensitization following coincident GPCR
activation (Gordon and Bains, 2003; Zhang et al., 2004). Specif-
ically, the activation of protein kinase C by a G,-coupled adreno-
receptor impairs the ability of G;,,-coupled mGluRs to decrease
neurotransmitter release (Gordon and Bains, 2003). This inter-
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action between GPCRs from major sig- A
naling modalities raises the possibility
that glutamatergic and GABAergic trans-
mission may interact in the PVN as well.
Although heterologous desensitization of
CB,Rs has been described (Kouznetsova
etal., 2002; Chu et al., 2010), the synaptic
consequences of this process are
unknown.

Here, we hypothesized that recruit-
ment of presynaptic mGluRs on GABA
terminals may impact DSI through heter-
ologous desensitization of CB;Rs. To test
this possibility, we examined DSI under
conditions that either recruited both
GABA and glutamate release (electrical
stimulation) or just GABA release (photo-
stimulation of vGAT-positive nerve ter-
minals expressing channel rhodopsin 2).
Our findings indicate that activation of
presynaptic group I mGluRs promotes
heterologous desensitization of CB,Rs in
GABA terminals of the PVN. This does
not affect the amplitude of DSI, but does
shorten the duration. These findings sug-
gest that, in the absence of coincident
glutamate release, postsynaptic depolar-
ization can have long-lasting conse-
quences on release at GABA synapses.

+DNQX

Astro Patch
+GDPRs
+Ca* clamp

Figure 2.
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No role for astrocytic or postsynaptic GPCR signaling in LDSI. A, Left, Schematic showing postsynaptic loading of
GDPs. Right, Time course summary of 7 cells from 6 animals (4 male, 2 female) showing rapid recovery from DSl in neurons with
impaired GPCR signaling (PD1: f, ) = 22.89, p = 0.0001, PD2: F, 5, = 23.87, p = 0.0012). B, Left, Schematic showing
astrocytes patched and filled with an internal solution that clamps Ca®*

transients and prevents GPCR activation. Following

astrocytic loading, an adjacent neuron is patched and elPSCs are elicited. Right, Time course summary of 6 cells from 5 animals (4

Materials and Methods

Animal handling. All protocols received ap-
proval from the University of Calgary Animal
Care and Use Committee in accordance with
the guidelines of the Canadian Council on Animal Care. Experiments
were performed on 8- to 10-week-old VGAT-IRES-Cre transgenic mice
(Stock Slc32a1 tm2(cre)Lowl ‘Lo kerossed to C57BL/6J, The Jackson Labo-
ratory stock #016962, RRID:IMSR_JAX:016962) weaned at 3 weeks from
a homozygous colony. Mutants were screened for using PCR protocols
provided by the supplier. The following primers were used to identify
vGAT mutants: 5'-CTT CGT CAT CGG CGG CAT CTG-3" and 5-CCA
AAA GAC GGC AAT ATG GT-3" (200 bp band). Mice were housed
individually on a 12 h/12 h light/dark cycle and were given ad libitum
access to food and water.

Slice preparation and electrophysiology. Male and female vGAT-IRES-
Cre mice were anesthetized with isoflurane and decapitated. Brains were
removed and placed into slicing solution (0°C, saturated with 95% O,/
5%CO,) containing the following (in mm): 87 NaCl, 2.5 KCl, 25
NaHCO;, 0.5 CaCl,, 7 MgCl,, 1.25 NaH,PO,, 25 p-glucose, and 75 su-
crose before coronal sectioning to 250 wm on a vibratome (Leica). Slices
were transferred to aCSF (30°C, saturated with 95% O,/5% CO,) con-
taining the following (in mm): 126 NaCl, 2.5 KCl, 26 NaHCOj,, 2 CaCl,,
2 MgCl,, 1.25 NaH,PO,, and 10 p-glucose. Slices recovered for 1 h before
being brought to room temperature and then transferred to a recording
chamber superfused with aCSF (1 ml/min, 30-32°C saturated with 95%
0,/5% CO,) and visualized with an upright microscope (BX51WI,
Olympus) fitted with infrared DIC optics, metal halide fluorescence
lamp (X-Cite Series 120, EXFO), and digital camera (OLY-150, Olym-
pus). In the indicated experiments, the following compounds were added
via syringe pump (R-99, Razel): 100 um 6-Imino-3-(4-methoxyphenyl)-
1(6)-pyridazinebutanoic acid hydrobromide (GABAzine, Tocris Biosci-
ence), 50 pm (RS)-3,5-dihydroxyphenylglycine (DHPG, Tocris
Bioscience), 10 um 3-((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine
hydrochloride (MTEP, Tocris Bioscience), 10 um 6,7-dinitroquino-
xaline-2,3-dione (DNQX, Tocris Bioscience) and 5 um N-(piperidin-1-yl)-
5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1 H-pyrazole-3-

0.0040, PD2: F 5 5

male, 1 female) showing that PNCs within the field of a patched astrocyte exhibit rapid recovery from DSI (PD1: £, 5 = 13.61,p =
= 5.23,p = 0.028). Post hoc versus baseline p-values are shown as follows: *p << 0.05, **p << 0.01, ***p <
0.001. Data are shown as mean = SEM.

carboxamine (AM251, Tocris Bioscience), 750 nm (3,4 -dihydro-2H-
pyrano[2,3-b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone  (JNJ
16259685, Tocris Bioscience), 1 um guanosine 5’-(B-thio)diphosphate tri-
lithium salt (GDP s, Sigma-Aldrich), and 10 um Alexa Fluor 568 dye (Alexa
Fluor 568, Thermo Fisher Scientific).

Parvocellular neurosecretory cells were identified based on location
(Biag et al., 2012), morphology under differential interference contrast,
and distinct characteristic membrane voltage response to depolarizing
current steps (Wamsteeker et al., 2010). Borosilicate glass micropipettes
(BF150-86-10, Sutter Instruments) pulled on a horizontal pipette puller
(p-97, Sutter Instruments; 3—5 M{)) and filled with a KGluc internal
solution containing the following (in mm): 108 K-gluconate, 8 KCI, 8
Na-gluconate, 1 K,EGTA, 10 HEPES, 2 MgCl,, 4 K,ATP, and 0.3
Na,GTP were used for whole-cell recordings. Astrocyte-free [Ca?*] was
clamped to 100 nm based on calculations obtained via WebMaxC (RRID:
SCR_003165) and Lenntech activity coefficient calculator (RRID:
SCR_016475) with a modified KGluc internal containing the following
(in mm): 96 K-gluconate, 4.3 CaCl,, 8 Na-gluconate, 10 HEPES, 2 MgCl,,
4 K,ATP, 0.3 Na;GTP, 10 K,BAPTA, 1 GDPfs, and Alexa Fluor 568.
PNCs were voltage clamped (—80 mV) under constant perfusion of
DNQX. To induce DSI, PNCs were given depolarizing voltage command
to +20 mV for 5 s. Optically evoked IPSCs (oIPSCs) and electrically
evoked IPSCs (eIPSCs) were elicited at a rate of 0.2 Hz. eIPSCs were
elicited through a monopolar aCSF-filled micropipette (4—6 M())
40-60 wm medioventral to the PNC and stimulating afferents in the
neuropil (100-150 ms, 10-50 V; S88 stimulator, Grass Instruments).
Experiments in which oIPSCs interrupted firing were conducted by in-
jecting a postsynaptic depolarizing current step (40—100 pA, 2.5 s) to
elicit cell-autonomous firing while afferents from the fusiform nucleus of
the BNST (BNST},,) were stimulated (10 Hz, 1 s) before and after long-
lasting DSI (LDSI) induction. This protocol ran 10 sweeps at 0.2 Hz
during both conditions and sweeps with <6 Hz steady-state firing at
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from dura). A Nanoject II apparatus (Drum-
mond Scientific) bilaterally delivered 207 nl of
rAAV2 (3 X 10'* genome copy per milliliter,
Canadian Neurophotonics Platform Viral Vec-
tor Facility, RRID:SCR_016477; 3 X 10'2 ge-
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RRID:SCR_002448) carrying channelrhodop-
sin 2 (ChR2)-enhanced yellow fluorescent pro-
tein(eYFP) (pAAV-EFla-doublefloxed-hChR2
(H134R)-eYFP-WPRE-HGHpA, a gift from
Karl Deisseroth, Addgene #20298, RRID:
SCR_002037). Mice were given at least 14 d of
recovery before being killed. A fiber-optic cable
(150 wm diameter) was positioned 1-2 mm
above the slice and delivered light (2 ms, 3.0—
5.0 mW, 473 nm) through a fiber-coupled laser
(IKE-473-100-op, IkeCool) triggered via Digi-
data 1440A (Molecular Devices).

Data analysis and statistics. Signals were am-
plified (Multiclamp 700B, Molecular Devices),
low-pass filtered at 1 kHz, digitized at 10 kHz
(Digidata 1440A, Molecular Devices), and re-
corded (pClamp 10.4, Molecular Devices,
RRID:SCR_011323) for offline analysis (Prism
6, GraphPad, RRID:SCR_000306). oIPSC and
eIPSC amplitudes were measured by sub-
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tracting the peak synaptic current from
baseline. Spontaneous IPSC (sIPSC) event
amplitude and frequency were detected us-
ing automated search parameters and con-
firmed by eye (MiniAnalysis, Synaptosoft,
RRID:SCR_002184). Data were normalized
and expressed as a percentage of the baseline
values (—2 to 0 min before the initial DSI step)
in each cell, with baseline measurements taken
from the 30 s epoch before postsynaptic depo-
larization (gray graph regions). Peak DSI val-
ues (red graph regions) were obtained by
averaging evoked amplitude, sIPSC frequency,
or amplitude 30 s following the postsynaptic
depolarization for each individual DSI. LDSI
values (blue graph regions) were measured in
the 30 s epoch 3-3.5 min following a postsyn-
aptic depolarization for each individual DSI
except for the data shown in Figure 5, Band C,

DSI - %% %
LDSI -

O-—peecccsscscccccncsns

R

Time (min)

Figure3.

p-values are shown as follows: ***p << 0.001. Data are shown as mean %= SEM.

baseline were excluded from analysis. Firing during the initial 500 ms was
omitted due to frequency adaptation, which is characteristic of PNCs
(Tasker and Dudek, 1991). Firing frequency during the 1 s BNST}, acti-
vation was normalized to the preceding 500 ms of steady-state firing for
the percentage change in firing. Access resistance (R,) was monitored
throughout the experiment; cells were excluded from analysis if R, ex-
ceeded 20 M() or a 15% change.

Optogenetics. Surgeries were performed on 6-week-old mice anesthe-
tized with isoflurane via nose cone (induced at 5% v/v, maintained at
2%) and thermoregulated by heating pad. Mice were head-fixed on a
stereotaxic apparatus (Kopf Instruments) with bregma and lambda su-
tures forming a horizontal plane. Glass capillaries lowered through burr
holes targeted the BNSTy,, (AP: +1.2 mm; ML: =0.6 mm; DV: —4.5 mm

Group I mGluR activation quenches DSI. 4, Temporal schematic of experiment detailing timing of recordings and drug
application. B, Summary time course (left) and graphs (bottom) showing elPSCs of 11 cells from 9 mice (3 male, 6 female) undergo
DSI(F 3,10y = 19.59,p = 0.001). Top, Experimental setup. C, Following DHPG washoutin the same cells, DSI was absent in both the
summary time course (left) and graphs (bottom) (F, ;) = 2.21, p = 0.14). Top, Experimental setup. Post hoc versus baseline

in which it was measured at the 7.5-8 min ep-
och. Although no power analyses were per-
formed, sample sizes were determined based
on previously reported studies. Male and fe-
male mice were used, except for the optoge-
netic interrupt experiment, in which all mice
were male. The number of neurons recorded
from is indicated in the figures and the num-
ber of mice used is reported in the figure
legends. Unless otherwise noted, repeated-
measures one-way ANOVA with Geisser—
Greenhouse correction and Dunnett’s post hoc
correction were run to compare the 30 s averaged baseline before post-
synaptic depolarization with the subsequent DSI and LDSI values for
each individual postsynaptic depolarization or to compare repeated DSI
or LDSI epochs with the initial baseline. A paired two-tailed Student’s
t test was used to compare the effects of acute DHPG application on
sIPSC amplitude and frequency and a paired one-tailed Student’s r test
was used to compare the effects of GABAzine on oIPSC amplitude.

DSI -
LDSI

Results

Rapid, transient inhibition through retrograde transmission of
eCBs has been shown to affect GABAergic synapses in the PVN
(Wamsteeker et al., 2010; Wamsteeker Cusulin et al., 2014). Here,
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we investigated whether electrical stimu- A
lation of the neuropil may release both

glutamate and GABA to affect DSI (Fig. NS
1A, inset). In brain slices maintained at '
30°C, postsynaptic depolarization (—80
mV to +20 mV for 5 s; vertical dashed
line) resulted in the immediate depression
of eIPSCs (DSI1: 69.7 * 5.4% of baseline:
96.3 = 2.1%; p = 0.0013; n = 10), which

BNST=4-PVN
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recovered within 4 min (recovery 1:
96.0 £ 4.7% of baseline; p = 0.93; n = 10).
A second postsynaptic depolarization in-
duced a similar DSI and recovery (DSI2:
67.6 £ 5.3% of baseline; p = 0.0001; n =
10; recovery 2: 97.2 = 6.1% of baseline;
p = 0.96; n = 10) (Fig. 1A). sIPSC fre-

quency is manipulated by eCB-dependent
reductions in GABA release probability
(Diana and Marty, 2003; Wamsteeker et

al., 2010). Post hoc analysis revealed that
sIPSC frequency showed a similar de-

crease immediately following postsynap-
tic depolarization (DSI1: 67.2 = 6.1% of
baseline: 94.1 = 4.5%; p = 0.0066; n =
10), which also recovered (recovery 2:
84.9 = 7.1% of baseline; p = 0.34; n = 10)
(Fig. 1B). As anticipated, the amplitude of
sIPSCs was unaltered by postsynaptic de-
polarization (DSI1: 98.9 * 4.4% of base-
line: 99.0 = 1.2%; p = 0.91; n = 10;
recovery 2: 109.4 = 6.9% of baseline; p =
0.25; n = 10) (Fig. 1C).

Activation of group I mGluRs in sev-
eral regions (Zhou and Hablitz, 1997; La-
fourcade et al., 2009), including the PVN
(Schrader and Tasker, 1997), can modu-
late synaptic GABA release. Given the
proximity of glutamate and GABA termi-
nals in the PVN (Mikl6s and Kovics,
2012), we hypothesized that electrical
stimulation may depolarize adjacent af-
ferents and thereby release both glutamate
and GABA in close proximity. To deter-
mine the possible interactions between
endogenous glutamate and DSI, we inves-
tigated whether the mGluRs-specific antagonist MTEP would af-
fect DSI at GABA synapses (Fig. 1D, inset). There was a
depression of eIPSC amplitude following postsynaptic depolariza-
tion (DSI1: 64.4 = 7.8% of baseline: 101.2 % 2.4%; p = 0.0010;
n = 8; DSI2: 61.0 = 8.0% of baseline; p = 0.0009; n = 8); eIPSC
amplitude, however, failed to recover to baseline during the re-
cording period (4 min). This was termed LDSI (LDSI1: 79.3 =
5.2% of baseline; p = 0.0023; n = 8; LDSI2: 76.0 £ 7.1% of
baseline; p = 0.0088; n = 8) (Fig. 1D). These lasting effects on the
eIPSC were mirrored by persistent decreases in sIPSC frequency
(DSI1: 51.9 * 9% of baseline: 101.1 * 5.0%; p = 0.0012; n = 8)
and LDSI (LDSI2: 63.8 £ 9.5% of baseline; p = 0.0049; n = 8)
(Fig. 1E). The amplitude of sIPSCs in MTEP was unaltered (DSI1:
94.8 = 3.5% of baseline: 99.0 £ 1.0%; p = 0.49; n = 8; LDSI2:
92.0 * 4.5% of baseline; p = 0.23; n = 8) (Fig. 1F). We repeated
the experiment with JNJ 16259685, a specific mGluR, antagonist,
to test whether both group I mGluRs could curtail the duration of
eCB signaling at GABA synapses or if this temporal control over

Figure 4.

GABAzine

oPSC Amplitude (pA)
)
3
)
o
?ﬁ’

Time (min)

Optically evoked GABA release in the PVN of vGAT-ChR2 BNST,, mice. A, Left, Sagittal illustration denoting the
projection from the BNST, to the PVN, targeted for stereotaxic viral injection. Right, Coronal map through the level of the BNST,
indicating the location of the BNST,. Inset, Confocal image (10>} magnification) showing eYFP expression in the BNST, of a
VGAT-IRES-Cre mouse. B, Injection maps outlining BNST,,, targeting. C, eYFP-positive neurons from the BNST,,, were patched and
characterized by their membrane voltage response before being exposed to varying durations of 473 nm light (D). BNST;,, neurons
exhibited a characteristic steady-state current in response to a sustained exposure to blue light. E, Confocal image (20X magni-
fication) depicting ChR2-eYFP-positive BNST,, afferent fibers innervating the PVN. Inset, Representative trace showing a PNC
membrane voltage response. F, Synaptic currents evoked by 473 nm light of varying durations. A 2 ms pulse was found to elicit
synchronous release and was used for all other experiments. G, oPSCs were completely inhibited in a single cell by the application
of the selective GABA, antagonist GABAzine (100 wum). Scale bars: A, E, 100 pem; C~F, 50 mV/pA, 20 ms.

DSI was specific to mGluR;. In the presence of the mGluR, an-
tagonist, e[PSCs exhibited DSI (65.7 * 8.6% of baseline 100.4 =
2.3%; p = 0.024; n = 4), which recovered (LDSI2: 91.7 * 6.4% of
baseline; p = 0.35; n = 4), indicating that mGluR, does not
participate in curtailing DSI duration. Together, these data sug-
gest that glutamate, released coincidentally during electrical
stimulation of the neuropil, acts heterosynaptically at mGluR; on
GABA terminals to curtail the duration of DSI.

mGluRs that modulate the duration of eCB-mediated DSI
may be present in the postsynaptic neuron (van den Pol et al.,
1995; Li et al., 2014), neighboring astrocytes (van den Pol et al.,
1995), or presynaptic terminals. To determine the synaptic loca-
tion of the mGluR; in the findings reported above, we specifically
disrupted GPCR signaling in either the postsynaptic neuron or in
nearby astrocytes. First, we electrically stimulated afferents and
recorded from postsynaptic neurons loaded with GDPfBs. We
observed transient DSI (DSI1: 63.2 * 6.0% of baseline: 106.1 *
4.4%; p = 0.0012; n = 7), but not LDSI (LDSI2: 119.6 * 6.8% of
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baseline; p = 0.15; n = 7) (Fig. 2A). To test for the involvement of
astrocytic mGluR;, we patched and loaded astrocytes with a flu-
orescent reporter and an internal solution that clamped Ca*"
levels (Henneberger et al., 2010) and contained GDPBs. We ob-
tained whole-cell recordings from neurons within the fluorescent
astrocytic domain. Postsynaptic depolarization as above elicited
DSI (DSI1: 66.3 = 7.7% of baseline: 101.8 * 3.4%;p = 0.014;n =
6), but not LDSI (LDSI2: 104.1 = 9.2% of baseline; p = 0.94; n =
6) (Fig. 2B). Together, these data suggest that the mGluR,
responsible for curtailing the duration DS is not located in post-
synaptic neuron or in adjacent astrocytes.

Previous studies have provided functional evidence in sup-
port of mGluR; expression on afferents to hypothalamic nuclei
(Schrader and Tasker, 1997). To determine whether GABA syn-
apses in the PVN contain functional presynaptic mGluRs, we
bath applied the group I mGluR ligand DHPG and recorded
spontaneous IPSCs. DHPG increased the frequency of sIPSCs,
but had no effect on amplitude (frequency: 3.6 = 0.7 Hz vs base-
line: 2.3 = 0.5 Hz; p = 0.0046; n = 12 from 7 mice: 5 male, 2
female; paired t test; amplitude: 18.5 = 0.9 pA vs baseline: 19.2 =
1.0 pA; p = 0.063; n = 12 from 7 mice: 5 male, 2 female; paired ¢
test). Next, we investigated whether DSI was inhibited by prior
activation of these mGluRs. We have shown previously that acti-
vation of Gg-coupled GPCRs in the PVN causes a heterologous
desensitization of presynaptic G;-coupled GPCRs (Gordon and
Bains, 2003). Although the receptors in that study are different,
the downstream signaling cascades are the same as those being
investigated here. This raises the possibility that similar interac-
tion may occur between presynaptic G,-coupled mGluR; and
G;-coupled CB;R. In the same neuron, we depolarized the post-
synaptic membrane to elicit DSI and then applied DHPG; follow-
ing drug washout, we depolarized the postsynaptic cell again and
recorded the effect on eIPSCs (Fig. 3A). Before mGluR; activa-
tion, postsynaptic depolarization rapidly decreased eIPSC ampli-
tude (DSI: 82.2 £ 3.8% of baseline: 102.6 £ 2.8%; p = 0.0002;
n = 11) with no LDSI (LDSI: 106.2 £ 4.2 of baseline; p = 0.66;
n = 11) (Fig. 3B). Following DHPG washout, we failed to observe
any suppression of inhibition (DSI: 91.3 * 4.1% of baseline:
101.5 £ 1.3%; p = 0.13; n = 11; LDSI: 98.8 % 4.3% of baseline;
p = 0.85;n = 11) (Fig. 3C). These data suggest that activation of
presynaptic group I mGluRs causes a heterologous desensitiza-
tion of CB,Rs that impairs DSI.

The findings above indicate an interaction between mGluRs
recruited by synaptically released glutamate and presynaptic
CB,Rs. If activation of mGluRs inhibits CB,R signaling, then
experiments in which glutamate is not liberated from terminals
should enhance DSI. To elicit DSI in the absence of synaptic
glutamate release, we used a combined transgenic and optoge-
netic approach to drive bilateral viral expression of ChR2-eYFP
under a vGAT promoter. Previous work has shown that the fusi-
form nucleus of the fusiform nucleus of the BNST (BNSTy,)
provides dense GABAergic innervation to the PVN (Dong et al.,
2001). Following surgical recovery, postfixed coronal slices con-
taining the BNST},, were examined under confocal microscopy
for ChR2-eYFP expression (Fig. 4A, B). Epifluorescence identi-
fied eYFP-positive cell bodies from live BNST}, slices before
visualized-patch recordings were made. Depolarizing current
steps revealed firing characteristics (Fig. 4C) corresponding to
GADG67-positive anterolateral BNST neurons (Hammack et al.,
2007; Dabrowska et al., 2013). Brief (5 ms) flashes 0f 473 nm light
elicited membrane depolarizations and inward currents, whereas
prolonged (200 ms) light pulses resulted in firing activity and a
biphasic (peak and steady-state) photocurrent (Fig. 4D), consis-
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Figure 5.  oIPSCs exhibit LDSI. A, Experimental setup of optical fiber placement for BNST,,,
stimulation. B, Representative olPSC traces (top) and amplitude time course (bottom) from an
individual cell following a single postsynaptic depolarization. C, Summary time course showing
that LDSIin 9 cells from 7 mice (6 male, 1 female) persists for many minutes following a single
postsynaptic depolarization (F, 5y = 13.52, p = 0.0012). D, Top, Traces of 0lPSCs correspond-
ing to shaded regions below. Bottom, Summary time course showing that LDSI in 11 cells from
11 mice (2 male, 9 female) is not enhanced by repeated postsynaptic steps (PD1: F, ;p, =
18.60,p = 0.0001,PD2: F; 1 = 10.70, p = 0.0016). E, Summary graphs data corresponding
to shaded regions in Dshowing DSI (F 5 1) = 39.38,p = 0.0001) and LDSI (F 1) = 7.94,p =
0.0055) values compared with the initial baseline indicating that LDSI2 remains significantly
depressed compared with the initial baseline. Scale bars, 100 pA, 20 ms. Post hoc versus baseline
p-values are shown as follows: *p << 0.05, ***p << 0.001. Data are shown as mean == SEM.

tent with ChR2 expression within the cell. Confocal imaging re-
vealed eYFP-positive BNSTy, afferents to the lateral horn of the
PVN (Fig. 4E), a region densely populated by PNCs (Biag et al.,
2012). Light pulses were delivered through an optical fiber posi-
tioned 1-2 mm above the slice (Fig. 4F). The synaptic GABA,R
antagonist GABAzine (100 uM) abolished optically-evoked post-
synaptic currents (oPSC) amplitude (—136.9 *= 40.5 pA vs
—2.2 = 0.3 pA; p = 0.044; n = 4 from 4 mice: 2 male, 2 female;
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one-tailed ¢ test) (Fig. 4G), confirming A DO +DNQX 3 B150
that oPSCs represent a pure GABAergic % | —
afferent population. W* . V £100] = s
Next, we examined DSI and LDSI at 125~ --.--;-Ur- ----- S — — 8
these ChR2-expressing BNSTy, GABA 2 ®§® G a 50
synapses (Fig. 5A) following a single post- © : : ° 0
synaptic depolarization (Fig. 5B). We ob- 8 : (} : éc} T~
s}elrvfd an irrIl)mediate (DSI: ?3.2 + 4.3% of 3\1100'06'0@5 """ @ (P #@é@é@é ’ ZJ g
baseline: 103.5 = 2.3%; p = 0.0002; n = 9) P 00 Q Q 150
and persistent (LDSL: 84.8 = 5.5% of 2 : : .
baseline; p = 0.026; n = 9) depression of ‘_El 754 21004 = - I
optically-evoked inhibitory postsynaptic < : @)
current (oIPSC) amplitude (Fig. 5C). To 8 : (é) 50
characterize the persistent depression, we % : : n=10 °
examined the effects of repeated postsyn- 50_ 18 6 ) ;'1 T 3 N B
aptic depolarization. The first postsynap- Time (min) 2 @
tic depolarization elicited both DSI and C @ ) i
LDSI (DSI1: 71.2 * 4.7% of baseline 1: T Y # Y Y Ty Y
96.3 = 2.1%; p = 0.0004; n = 11; LDSI1: [’Lﬂ‘gﬂ m” WLTI T[w UVW (l i . ‘I[rr n !
83.7 = 4.2% of baseline 1; p = 0.015; n = -hmq-urrﬂ],—-yr[-mﬁ %r . ey il
11) (Fig. 5D), whereas the second elicited D E
DSI (64.5 = 5.0% vs baseline 2: 88.4 * 150
4.2%; p = 0.0005; n = 11), but did not _125- . . S
enhance LDSI (79.6 = 5.5% vs baseline 2; _qg’ ®§ : @ 100
p = 0.36; n = 11) (Fig. 5D). Together, 0 : éé : %é é L
these results show that GABAergic BN- 8100'©8'68"5"'§ ot é(}é% ) é g 509
STy, afferents in the PVN undergo a LDSI X .CP CP ‘é o i B
that persists at least 8 min and .is ? 75 @(?Q(} @ CP i 158:T
not enhanced by further postsynaptic o : é = [ éééé é B 2 @
depolarization. g O@ *o @ 2100
To confirm that LDST is CB,R dependent, L 50 E 'Q i
we elicited postsynaptic depolarization in the 2 o > on=10 %01
presence of the CB,R antagonist AM251 (5 % : : On=11 & o
pm) (Fig. 64, inset). AM251 alone did not %7 ) T ] T O
alter basal oIPSC amplitude (AM251: Time (min) g g)
- -

—258.9 = 47.8 pA vs control: —254.9 =
61.0 pA; p = 0.96; n = 10, 11 respectively),
sIPSC frequency (AM251:3.2 = 1.1 Hz vs
control: 4.2 * 0.7 Hz; p = 0.42; n = 10,
11 respectively), or sIPSC amplitude
(AM251:24.4 = 1.2 pA vs control: 28.9 *
2.2pA;p=0.091;n = 10, 11 respectively).
AM251 blocked both DSI (DSI1: 91.2 =
1.3% of baseline: 97.7 = 2.8%; p = 0.16;
n = 10) and LDSI (LDSI2: 102.4 * 6.4%
of baseline; p = 0.53; n = 10) following
repeated postsynaptic depolarization (Fig.
6A), confirming that both DSI and LDSI
are eCB dependent. Across all conditions tested, changes to
evoked IPSCs mirror changes to sIPSC frequency. Therefore, we
characterized the time course of changes to sIPSC frequency (Fig.
6C) to determine whether LDSI is a process specific to BNSTy,
synapses or if LDSI globally affected GABAergic inputs onto
PNCs. The amplitude of sIPSCs were unaltered by eCBs (DSI1:
92.7 £ 3.6% of baseline: 99.0 = 1.2%; p = 0.23; n = 11; LDSI2:
96.3 = 1.7% of baseline; p = 0.48; n = 11) (data not shown),
whereas sIPSC frequency underwent a rapid, repeatable, DSI
(DSI1: 61.3 * 4.4% of baseline 1: 100.9 = 1.6%; p = 0.0001; n =
11; DSI2: 53.2 = 4.4% vs baseline 2: 74.5 £ 5.2%; p = 0.0002; n =
11) (Fig. 6D) and persistent LDSI (LDSI1: 76.2 * 5.7% of base-
line 1; p = 0.0023; n = 11) that was not enhanced by repeated
postsynaptic depolarization (LDSI2: 76.2 & 7.7% vs baseline 2;
p = 0.95 n = 11) (Fig. 6D). AM251 blocked the effects of post-

Figure 6.

LDSlis an eCB-dependent process that affects GABA synapses globally. A, Top, Traces from recordings in the presence
of AM251 (5 m). Inset, Schematic describing experimental setup. Bottom, Summary time course of 10 cells from 7 mice (4 male,
3female) showing that olPSCs do not undergo DSI or LDSI with AM251 (PD1:F, o) = 1.89,p = 0.19,PD2:F, o) = 1.57,p = 0.24).
B, Summary graphs showing that repeated postsynaptic depolarization affects neither DSI (F, o) = 1.03, p = 0.35) nor LDSI
(Fi0) = 1.92,p = 0.19). C, Representative traces of control sIPSC events during the baseline (1) and LDSI (2) time points shown
in D. D, Time course summary of sIPSC frequency in control depresses following repeated postsynaptic depolarization (gray, PD1:
Fio10) = 33.59,p = 0.0001,PD2: F 5 1) = 11.44, p = 0.0025), butis unaltered in AM251 (orange, PD1: F, ) = 1.73,p = 0.21,
PD2: f, o = 0.54, p = 0.57). E, Summary graphs showing that, compared with the initial baseline, postsynaptic depolarization
causes phasic (F 5 1) = 72.66, p = 0.0001) and persistent (F, 1oy = 9.52, p = 0.0039) depression of sIPSC frequency in control.
Scale bars: A, 100 pA, 20 ms; C, 25 pA, 200 ms. Post hoc versus baseline p-values are shown as follows: *p << 0.05, **p << 0.01,
***p < 0.001. Data are shown as mean = SEM.

synaptic depolarization on sIPSC frequency (DSI1: 103.1 = 2.3%
of baseline: 96.4 = 3.1%; p = 0.23; n = 10; LDSI2: 105.2 * 6.9%
of baseline; p = 0.52; n = 10) (Fig. 6D), indicating that LDSI of
evoked and spontaneous GABA transmission in PNC afferents is
eCB dependent.

Given that eIPSCs undergo LDSI in the presence of an
mGluR; antagonist, we tested whether LDSI in oIPSCs could be
reversed to rapidly recovering DSI by exogenously activating
mGluR; with the group I mGluR agonist DHPG (Fig. 74, inset).
DHPG application did not alter DSI (DSI1: 61.4 * 7.8% of base-
line: 95.4 = 2.5%; p = 0.0064; n = 6; DSI2: 64.8 = 7.9% of
baseline; p = 0.015; n = 6); however, LDSI was absent (LDSI1:
95.4 * 5.2% of baseline; p = 0.99; n = 6; LDSI2: 100.5 * 5.7% of
baseline; p = 0.62; n = 6) (Fig. 7A). Similarly, sIPSC frequency
showed DSI (DSI1: 47.2 £ 8.8% of baseline: 93.9 * 5.2%; p =
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as follows: *p << 0.05, **p << 0.01. Data are shown as mean == SEM.

0.0019; n = 6), but not LDSI (LDSI2: 82.6 * 15.7% of baseline;
p = 0.61; n = 6) (Fig. 7B). The amplitude of sIPSC events were
unaltered (DSI1: 96.0 * 1.1% of baseline: 99.2 * 1.6%; p = 0.42;
n = 6; LDSI2: 98.3 * 5% of baseline; p = 0.98; n = 6) (Fig. 7C).
Therefore, activation of group I mGluRs (mGluRs specifically)
prevents LDSI, allowing rapid recovery from DSI.

Inhibition of GABAergic tone in the PVN results in HPA axis
activation (Hewitt et al., 2009). The BNST},, relays stressor infor-
mation from higher-order structures to the PVN (Dong et al.,
2001), suggesting that BNST}, synapses should have functional
control over CRH neuron firing. We found that a single oIPSC
could transiently impair firing activity in PNCs (Fig. 8A). Next,
we tested whether inhibition from repeated BNSTp, stimulation
(10 Hz, 1 s) could be ameliorated by LDSI (Fig. 8B). Before LDSI
induction, BNSTy, stimulation inhibited PNC firing (gray:
61.7 £ 9.3% of baseline; p = 0.0091; n = 6) (Fig. 8C,E). Following
LDSI induction, inhibition from BNST}, stimulation was
weaker, resulting in impaired control over PNC firing (blue:
86.0 * 8.4% of baseline; p = 0.16; n = 6; gray vs blue: 61.7 =
9.3% vs 86.0 = 8.4%; p = 0.045, n = 6) (Fig. 8D,E). These data
demonstrate that, in the absence of desensitization of CB,R by
mGluR,, eCBs exert control over the functional inhibition of
PNC activity for many minutes.

Discussion
Here, we demonstrate that eCB-mediated suppression of inhibitory
terminals in the PVN persists for up to 8 min, globally affecting
GABAergic afferents onto PNCs, and is curtailed by heterologous
desensitization through mGIuR coactivation. Specifically, mGluR;
activation is necessary to curtail LDSI, whereas activation of
group I mGluRs in the absence of coincident glutamate release is
sufficient to curtail LDSI. LDSI represents a novel form of plas-
ticity previously unattributed to the cannabinoid system. To-
gether, the data illustrate that using electrical stimulation to assay
DSI in the PVN and other brain regions may underestimate the
duration of eCB-mediated effects at inhibitory synapses follow-
ing postsynaptic depolarization.

By loading specific synaptic compartments with GDP s, we
selectively blocked GPCR function in postsynaptic and astrocytic

mGluRs coactivation curtails optically induced LDSI. A, Top, Representative traces during DHPG application (50 wum).
Inset, Experimental setup. Bottom, Summary time course of 6 cells from 6 mice (2 male, 4 female) showing postsynaptic depolar-
izations in DHPG repeatedly elicit DSI, but not LDSI (PD1: F, 5) = 19.59, p = 0.0010, PD2: F, 5) = 16.63, p = 0.0038). B, C,
Summary graphs of a phasic suppression of sIPSCfrequency (F, 5) = 10.30, p = 0.0037; B), whereas sIPSCamplitude is unaffected
by postsynaptic depolarization (F, 5) = 0.29, p = 0.67; C). Scale bars, 100 pA, 20 ms. Post hoc versus baseline p-values are shown
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sites. With this method, we thereby tested
whether mGluR; function in those spe-
cific sites was required to curtail LDSI by
looking at the speed of eIPSC recovery
from DSI. Rapid recovery from postsyn-
aptic depolarization with either astrocytic
or postsynaptic GPCR function blocked
suggests that the mGluR; responsible for
controlling the duration of LDSI is not lo-
cated at those sites. Our group has previ-
ously shown heterologous desensitization
within presynaptic terminals of the PVN,
where PKC activation by G, receptors im-
paired the function of downstream G; sig-
naling (Gordon and Bains, 2003). Here,
we show that, following a transient activa-
tion of G,-coupled mGluRs, G;-coupled
CB;R function is impaired. Although this
does not directly show that the mGluR; re-
sponsible for curtailing LDSI is presynaptic,
these data, when taken together with the ab-
sence of postsynaptic or astrocytic GPCR in-
volvement, support our hypothesis that
LDSI at inhibitory afferents to PNCs is cur-
tailed by presynaptic mGluRs.

Interestingly, following acute DHPG application and washout
(Fig. 3C), CB,R activity is impaired to the point that postsynaptic
depolarization no longer causes a significant DSI. However, when
DHPG is continuously applied to examine oIPSC recovery (Fig.
7), DSI remains intact. This discrepancy may be explained by
differences in the duration of DHPG application, where a longer
time course of mGluR; activation may be blunted by receptor
internalization or desensitization (Ribeiro et al., 2009), thereby
reducing the heterologous desensitization of CB,R. This may
represent a mechanism by which glutamate spillover and activa-
tion of presynaptic mGluR; could prevent GABA synapses from
undergoing DSI, but with persistent mGluR; activation, allow for
rapidly recovering DSI to occur.

GPCRs (Gyombolai et al., 2012) including mGluRs (Varma et
al., 2001) can recruit eCB signaling, which, under certain condi-
tions, impart long-term plasticity at glutamatergic and GABAer-
gic terminals (Gerdeman et al., 2002; Gerdeman and Lovinger,
2003). GPCR-mediated eCB signaling paired to patterned ac-
tivity can induce LTD at GABA synapses (Marsicano et al.,
2002; Heifets and Castillo, 2009). In contrast to DSI or LDSI,
this eCB-LTD requires persistent activation of presynaptic
terminals through high-frequency, theta burst, or spike-timing
dependent stimulation paired with prolonged postsynaptic depolar-
ization (Chevaleyre and Castillo, 2003; Crozier et al., 2007; Zhu
and Lovinger, 2007). Mechanistically, these eCB-LTD induction
methods require either presynaptic Ca** elevations, or afferent
activity coupled to GPCR-mediated eCB production (Chevaleyre
etal., 2006; Heifets and Castillo, 2009). However, the methods for
inducing eCB-LTD are distinct from LDSI; coordinated activity
in presynaptic terminals is not required for LDSI and the time-
frame of eCB production and release is much shorter for LDSI
than for eCB-LTD (Chevaleyre et al., 2006). We suggest that LDSI
is a novel form of fast eCB action distinct from short-acting DSI/
DSE and the prolonged actions of eCB-LTD, adding to the com-
plexity of eCB function at the synaptic level.

Itis unclear whether LDSI is specific to the neuron from which
eCBs were released or if neighboring neurons might also undergo
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Figure 8.  LDSI impairs afferent control of firing. 4, Spiking is reliably inhibited by a single
olPSCfrom BNST,, afferents (blue line), as shownin the current-clamp trace (top) and summary
graph (bottom). B, Temporal schematic of experiment detailing timing of recordings, optical
stimulation, and postsynaptic depolarization (square pulse). €, Action potentials in one cell are
inhibited by optical stimulation at 10 Hz (dashed blue lines) before LDSI. D, Inhibition is less
reliable following LDSI induction. E, Summary data of the mean changes in firing of 6 cells from
4mice (4 male) during the 15, 10 Hz stimulation for both conditions (F3.5)=9.89,p = 0.0048).
Scale bars: 4,50 mV, 20 ms; €, D, 50 mV, 200 ms. Post hoc versus baseline p-values are shown as
follows: *p << 0.05. Data are shown as mean == SEM.

a suppression of inhibitory inputs due to eCB diffusion (Kreitzer
et al., 2002). Due to the global afferent effects of LDSI within a
single neuron, as shown by the LDSI of sIPSC frequency, it is
possible that eCBs could impart LDSI to neighboring neurons
when released in an environment containing little free circulating
glutamate. This raises the possibility of a cluster of PNCs with
inhibitory constraint removed by a globally diminished GABAe-
rgic drive primed to fire in response to signals that were previ-
ously subthreshold. This scenario may represent a mechanism by
which the ensemble activity of PNCs could be coupled to recruit
a larger or more reliable hormonal release to the median emi-
nence and may be a site for dysregulation in stress disorders.

Colmers and Bains ® mGluRs Control DSI Duration

Selective activation of GABA synapses allows for careful ex-
amination of DSI in the absence of neurotransmitters coinciden-
tally released by electrical stimulation. Here, the data suggest that
DSI has remarkably different recovery kinetics when examined in
this manner. Enhancing the recovery from persistent eCB-
dependent depression is a mechanism by which glutamate can
effectively reset the strength of GABA terminals. Physiologically,
this may occur through several means: the coordinated recruit-
ment of glutamatergic afferents from one or more stress-
associated principal projection site; release of glutamate as a
gliotransmitter; or lateral diffusion of glutamate to heterosynap-
tic mGluRs, the likelihood of which could be increased through
state-dependent network remodeling of astrocytic coverage (Pa-
natier et al., 2006). LDSI may also act as a state-switching mech-
anism in which depressed GABAergic afferents can be brought
back to full strength after an excitatory afferent population
reached an activity threshold permissive for glutamate spillover.
Conversely, afferents undergoing DSI during periods of high glu-
tamatergic activity would be only transiently suppressed, allow-
ing the inhibitory tone to maintain a higher dynamic range.

eCB signaling can either rapidly and transiently inhibit GABA
transmission through DSI or, through activation of postsynaptic
metabotropic receptors, induce eCB-LTD at GABA synapses.
Here, we describe a novel action of eCBs in suppressing the ac-
tivity of synapses. We report a role for G,-coupled mGluRs in
curtailing the actions of G;-coupled CB,Rs at presynaptic GABA
terminals through heterologous desensitization. These findings
indicate that heterosynaptic signaling during coincident gluta-
mate and GABA release accelerates recovery from eCB-mediated
depression and that conditions favoring glutamate spillover may
limit the temporal window of eCB action at GABA synapses.
Therefore, presynaptic mGluRs-mediated quenching of DSI is a
third mechanism of control over the temporal window of eCBs.
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