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Abstract—In the olfactory system, the endocannabinoid system (ECS) regulates sensory perception and memory.
A major structure involved in these processes is the anterior piriform cortex (aPC), but the impact of ECS signal-
ing in aPC circuitry is still scantly characterized. Using ex vivo patch clamp experiments in mice and neu-
roanatomical approaches, we show that the two major forms of ECS-dependent synaptic plasticity, namely
depolarization-dependent suppression of inhibition (DSI) and long-term depression of inhibitory transmission
(iLTD) are present in the aPC. Interestingly, iLTD expression depends on layer localization of the inhibitory neu-
rons associated with the expression of the neuropeptide cholecystokinin. Conversely, the decrease of inhibitory
transmission induced by exogenous cannabinoid agonists or DSI do not seem to be impacted by these factors.
Altogether, these results indicate that CB1 receptors exert an anatomically specific and differential control of inhi-
bitory plasticity in the aPC, likely involved in spatiotemporal regulation of olfactory processes. © 2020 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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INTRODUCTION gic and GABAergic neurons as well as glial cells—and in
. . . different cellular compartments (Marsicano and Kuner,
Neuromodulators play crucial roles in shaping neuronal 2008; Kano et al., 2009; Bénard et al., 2012; Araque

functions in the brain. The regulation of synaptic
transmission is provided by a variety of
neuromodulatory systems (Nadim and Bucher, 2014;
Avery and Krichmar, 2017). G protein-coupled receptors
(GPCRs) are the principal effectors of most of these
synaptic modulatory activities (Betke et al., 2012; Huang
and Thathiah, 2015). Cannabinoid type-1 (CB1) receptors
have been characterized as the most abundant GPCRs in
the brain (Herkenham et al., 1990; Howlett et al., 2002)
and they are expressed in various cell types—glutamater-

et al., 2017; Busquets-Garcia et al., 2018a; Zou and
Kumar, 2018). Together with their endogenous lipid
ligands (endocannabinoids) and the enzymatic machiner-
ies responsible for endocannabinoid synthesis and degra-
dation, CB1 receptors are the main components of the
endocannabinoid system (ECS) in the brain (Piomelli,
2003; Piazza et al., 2017). In neurons, activation of pre-
synaptic CB1 receptors results in the decrease of neuro-
transmitter release, inducing several forms of ECS-
dependent synaptic plasticity (Kano et al., 2009; Castillo
et al., 2012; Araque et al., 2017; Busquets-Garcia et al.,
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2009; Araque et al., 2017; Busquets-Garcia et al., 2018a).
For example, CB1 receptors control olfactory-related
behaviors by regulating glutamatergic neurotransmission
in the olfactory bulb (Soria-Gémez et al., 2014) and
GABAergic signaling in the anterior piriform cortex
(aPC; Terral et al., 2019). The aPC consists of three lay-
ers all harboring several types of interneurons (Suzuki
and Bekkers, 2007, 2010a, 2010b, 2012), which have
been proposed to play crucial roles in shaping olfactory
processes (Poo and Isaacson, 2009; Zhan and Luo,
2010; Franks et al., 2011; Suzuki and Bekkers, 2012;
Bolding and Franks, 2018).

Recently, the regulation of neurotransmission and
plasticity by CB1 receptors in the olfactory bulb has
been the center of large attention (Wang et al., 2012,
2019; Soria-Gomez et al., 2014; Pouille and Schoppa,
2018). However, little is known about the synaptic neuro-
modulation exerted by CB1 receptors in higher olfactory
structures, such as the aPC (Terral et al., 2019). ECS-
dependent plasticity and pharmacological effects of
cannabinoid ligands on synaptic transmission have been
widely investigated in the hippocampus, where anatomi-
cal and functional constraints were observed to regulate
these phenomena. However, nothing is currently known
if analogous properties exist in cortical olfactory struc-
tures such as the aPC.

In this study, we characterized the pharmacological
and physiological impact of (endo)cannabinoid signaling
on the regulation of inhibitory synapses in the aPC. The
results show that the anatomical distribution and the
neurochemical features of local interneurons expressing
CB1 receptors is linked to a differential regulation of
synaptic functions by ECS. Whereas DSI and the
inhibitory effect of exogenous agonists are present when
inhibitory fibers from all layers are stimulated, iLTD is
restricted to inhibitory synapses activated in layers Il
and lll. Interestingly, local interneurons containing CB1
receptors in layer | lack cholecystokinin (CCK)
expression, which is present in the other layers,
suggesting that this neurochemical feature is necessary
for long-term control of synaptic plasticity by the ECS.

EXPERIMENTAL PROCEDURES
Animals

All experimental procedures were approved by the local
Committee on Animal Health and Care of Bordeaux
(authorization number A33063098). Animals were
housed under a 12-12 h light—-dark cycle with food and
water ad libitum. 8 to 12 weeks male CB1-flox mice
(mice carrying the “floxed” CB1 gene Cnr1) were used
(Marsicano et al., 2002, 2003; Monory et al., 2006). Con-
ditional knockout mice lacking CB1 receptors in forebrain
GABAergic DIx5/6 positive neurons (GABA-CB7-KO)
were obtained as described before (Monory et al., 2006;
Bellocchio et al., 2010). Briefly, DIx5/6-Cre mice were
crossed with CB1-flox mice, allowing the deletion of
CB1 receptors specifically in GABAergic neurons, named
as GABA-CB71-KO mouse line.

Ex vivo electrophysiology

Brain slices were taken from the aPC as previously
described (Terral et al., 2019). Slices were continuously
oxygenated with 95% 02/5% CO2 in ACSF containing
in mM: 123 NaCl, 26 NaHCO3;, 11 Glucose, 2.5 KCL,
25 CaCl2, 1.3 MgCl,, 1.25 NaH,PO, (Sigma)~
305 mOsm at 32 °C during recordings. Whole-cell patch
clamp experiments were performed in semilunar neurons,
identified by their location, morphology and electrical
properties (Suzuki and Bekkers, 2006, 2011; Terral
et al., 2019). These neurons were clamped at —70 mV
(Molecular Devices, UK) with glass pipettes (3—5 MQ).
Evoked inhibitory post-synaptic currents (elPSCs) were
recorded with an internal solution containing in mM: 130
KCI, 10 HEPES, 1 EGTA, 2 MgCl,, 0.3 CaCl2, 7 Phos-
phocreatin, 3 Mg-ATP, 0.3Na-GTP (Sigma); pH = 7.2;
290 mOsm, in presence of NMDA and AMPA/Kainate
receptor antagonists (50 uM D-APV and 10 uM NBQX,
Abcam). Monopolar stimulating patch pipettes filled with
ACSF were placed in layer Ib, 1l or Il to evoked inhibitory
post-synaptic currents (layer I, layer Il and layer Il
elPSCs).

For WIN 55212-2 (WIN) experiments, elPSCs were
obtained every 20s using paired stimulation with
175ms apart and the ratio between the mean
amplitudes of the second elPSC over the first elPSC
(paired-pulse ratio, PPR) was measured. The effect of
WIN was assessed by comparing the mean of the
10 min baseline with the average responses between 20
and 25 min after drug application.

DSI experiments were performed by evoking IPSCs
every 3s and depolarizing semilunar neurons from
—70mV to 0 mV for 5s. DSI magnitude was measured
as the average of three trials with 2 min apart and
represented as the percentage of change by comparing
the first three elPSCs following the depolarization with the
five consecutives elPSCs preceding the depolarization.

Only cells in which DSI was obtain (only one trial to
evaluate the presence of DSI) were used for iLTD
experiments. iLTD was induced by evoking IPSCs every
20s and two trains of High-Frequency-Stimulation
(HFS) of 100 pulses at 100 Hz were delivered with 20 s
apart after a minimum of 10 min of stable baseline. iLTD
magnitude was represented by the percentage of
change between the mean of the 10 min baseline with
the percentage of responses averaged between 20 and
25 min after HFS.

WIN (5 uM; Sigma) and AM251 (4 uM; Tocris
Bioscience) were prepared in DMSO (Sigma) and
applied in the slices a minimum 15 min prior DSI or
iLTD experiments.

Signals were filtered at 4 kHz by a Digidata 1440A
(Molecular Devices, UK) and analyzed using Clampfit
software (pClamp10).

Fluorescent in situ hybridization

The procedure was adapted from previous studies
(Marsicano and Lutz, 1999; Soria-Gomez et al., 2014;
Terral et al., 2019). Mice were anesthetized with pento-
barbital (Exagon, 400 mg/kg body weigh), transcardially
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perfused with phosphate-buffered solution (PBS 0.1 M,
pH 7.4) before being fixed with 4% paraformaldehyde
and quickly frozen by immersion in isopentane then
stored at —80 °C. Serial coronal free-floating sections
were cut at 30 um in a cryostat (Microm HM 500 M,
Microm Microtech). Fluorescein (FITC)-labeled ribo-
probes against mouse CB1 receptor and Digoxigenin
(DIG)-labeled riboprobes against mouse GAD65/67 and
CCK were prepared as described (Marsicano and Lutz,
1999). The slices were incubated with the hybridization
buffer containing the mixture of probes overnight at
62 °C. After hybridization, the sections were washed with
different stringency wash buffers at 67 °C and blocked
with a blocking buffer prepared according to the manufac-
turer's protocol. Anti-FITC or anti-DIG antibodies conju-
gated to horseradish peroxidase (HRP) (Roche; 1:2000)
were applied 2h at room temperature or overnight at
4 °C to detect respectively CB1-FITC or GAD65/67-DIG
and CCK-DIG probes. Probes hybridization was revealed
by a tyramide signal amplification (TSA) reaction using
FITC-labeled tyramide (Perkin Elmer; 1:80 for 12 min) to
detect CB1 signal or Cyanine 3-conjugated tyramide (Per-
kin Elmer; 1:100 for 10 min) to amplify the signal of
GADG65/67 or CCK. The slices were incubated in 4',6-dia
midino-2-phenylindole (DAPI; 1:20,000; FISHER Scien-
tific, NH, USA) before being washed, mounted, cover-
slipped and visualized with an epifluorescence Leica
DM6000 microscope (Leica, Germany).

Quantitative co-expression data were obtained using
Imaged, by counting CB1 (green) and GADG65/67 or
CCK (red) and co-expressing neurons. According to the
different level of CB1-expressing cells, High- and Low-
CB1 cells were distinguished as previously defined
(Marsicano and Lutz, 1999; Terral et al., 2019). The
numerical evaluation was performed at X10 magnification
in 20 sections from three different mice.

Statistical analysis

Data were analyzed with Prism Software (GraphPad). For
each group difference from baseline was analyzed using
one sample Student’'s t-test. Comparisons between
groups were obtained with unpaired Student’s f-test or
one-way ANOVA. When ANOVA provided significant
main factor effects or significant interactions, Tukey or
Dunnett post-hoc analyses were performed as
appropriate. Types of statistical tests are presented in
figure legends. Significance was set at p < 0.05 and
data are expressed as mean + SEM and represented
as mean = SEM or median + quartiles in Figures. For
statistical details, see Table1.

RESULTS

Exogenous activation of CB1 receptors reduces
evoked inhibitory transmission in the aPC

We have previously shown that the CB1 receptor agonist
WIN 55212-2 (WIN) decreases the frequency of miniature
inhibitory post-synaptic currents in principal cells of the
aPC (Terral et al., 2019). However, this method does
not allow evaluating the anatomical distribution of inhibi-

tory inputs depressed by CB1 receptor activation. Thus,
we tested the impact of WIN on evoked inhibitory post-
synaptic currents (elPSCs) recorded in principal neurons,
by placing the stimulating electrode in the different layers
of the aPC, to generate “layer |, layer Il and layer lll
elPSCs”, respectively (see methods, Fig. 1A). We found
that WIN application induced a significant reduction of
elPSCs as compared to baseline in all layers (layer |,
—64.1 £ 4.5%; layer Il, —42.4 + 5.4%; layer Ill, —61.1
+ 6.4%; Fig. 1B, C). Interestingly, the effect of WIN was
stronger in layer | and layer Il than in layer Il (Fig. 1B,
C). Supporting a presynaptic mechanism of action, these
effects were accompanied by a significant increase of the
paired-pulse ratio as compared to baseline (PPR; layer I,
54.2 + 18.7%; layer II, 33.8 = 12.8%; layer Ill, 110
+ 15.7%; Fig. 1D), which was stronger in layer Ill than
in the other layers (Fig. 1D). In contrast, the agonist
was not able to affect evoked layer Il IPSCs amplitude
(04 £6 %; Fig. 1B,C) nor the PPR (1.6 = 7%;
Fig. 1D) in conditional mutant mice carrying a specific
deletion of the CB17 receptor gene in forebrain GABAergic
cells (GABA-CB71-KO mice) (Monory et al.,, 2006;
Bellocchio et al., 2010). These results indicate that phar-
macological activation of CB1 receptors in GABAergic
interneurons of all layers reduces evoked inhibitory
synaptic transmission onto principal cells of the aPC.
Interestingly, the intensity of this effect and the associated
changes in PPR appear to be modulated by the anatom-
ical location of the interneurons involved.

DSl is present in all three layers of aPC

Endocannabinoid signaling mediates several forms of
plasticity of inhibitory transmission, which are best
characterized in the hippocampus (Kano et al., 2009;
Castillo et al, 2012; Araque et al, 2017).
Depolarization-induced suppression of inhibition (DSI) is
a classic form of ECS-dependent retrograde short-term
synaptic plasticity induced by depolarization steps of the
postsynaptic neuron eventually triggering activation of
presynaptic CB1 receptors (Wilson and Nicoll, 2001;
Kano et al., 2009; Castillo et al., 2012; Araque et al.,
2017). Independently of the stimulation site, transient
depolarization (5 s from —70 mV to 0 mV) of the postsy-
naptic principal cells induced reliable DSI in the aPC,
which consisted in an approximate 30% reduction of
elPSCs amplitudes (Fig. 2A-C). Next, we assessed
whether aPC DSI depends on activation of CB1 recep-
tors. A specific feature defining ECS-dependent DSI is
that its expression is blocked or occluded by application
of CB1 receptor antagonists or agonists, respectively
(Wilson and Nicoll, 2001; Kano et al., 2009). Importantly,
the CB1 receptor antagonist AM251 (4 uM) significantly
blunted DSI in all layers (layer I, from —30.6 + 2.1% to
—12.2 + 4.6%; layer Il, from —27.3 + 2.6% to —2.3
+ 3.7%; layer lll, from —26 + 2.9% to —4.5 + 3.4%;
Fig. 2C). Similarly, the application of the CB1 receptor
agonist WIN (5 pM) occluded DSI in both layers (layer I,

1.24 + 3.5%; layer Ill, —1.22 + 2.8%; Fig. 2C). More-
over, DSI| was also blunted in GABA-CB71-KO mice after
stimulation of layer | or lll (layer I: —11.8 + 3.5%; layer

Ill: 1.79 £+ 8.5%; Fig. 2C). Altogether, these results indi-
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Table 1.
Figure Variable Mean SEM n  Statistical test — main P values Post hoc analysis — P
values
1C Layer | —-64.1 4.5 11 One sample t-test One-way Tukey
t=14.2;df = 10 ANOVA Layer | vs Layer Il
p < 0.0001 F(3,33) = 37.2 p=0.007
Layer Il —424 54 8 t=109;df =7 p < 0.0001 Layer | vs Layer llI
p < 0.0001 p = 0.96
Layer Il —61.1 6.4 12 t=9.5;df = 11 Layer Il vs Layer llI
p < 0.0001 p = 0.002
GABA-CB1-KO 0.4 6 6 t=0.06;df =5
p = 0.96
1D Layer | 54.2 18.7 11 One sample t-test One-way Tukey
t=29;df =10 ANOVA Layer | vs Layer Il
p = 0.02 F(3,33) =79 p = 0.82
Layer Il 33.8 128 8 t=26;df=7 p = 0.0005 Layer | vs Layer IlI
p = 0.04 p = 0.051
Layer Il 110 157 12 t=7.0;df =11 Layer Il vs Layer llI
p < 0.0001 p = 0.011
GABA-CB1-KO 1.6 7 6 t=02;df=5
p = 0.83
2C Layer |, Control -30.6 21 40 One-way ANOVA Dunnett
Layer I, AM251 —12.3 46 10 F(3,74) = 17.9 Control vs AM251
Layer I, WIN 1.2 3.6 8 p < 0.0001 p = 0.0009
Layer I, GABA-CB1-KO —-11.8 3.5 20 Control vs WIN
p < 0.0001
Control vs GABA-CB1-KO
p < 0.0001
Layer II, Control —273 26 31 Unpaired t-test
Layer II, AM251 -23 37 16 t=5.5;df =45
p < 0.0001
Layer Ill, Control —26 2.9 22 One-way ANOVA Dunnett
Layer Illl, AM251 —45 34 10 F(3,43) = 14.1 Control vs AM251
Layer Illl, WIN -12 28 10 p < 0.0001 p = 0.0002
Layer llll, GABA-CB1- 1.8 8.5 5 Control vs WIN
KO p < 0.0001
Control vs GABA-CB1-KO
p = 0.0002
3D Layer I, Control 14.9 7.9 5  One sample t-test One-way Tukey
t=19;df =4 ANOVA Layer | vs Layer Il
p=0.13 F (4,29) = 4.6 p = 0.03
Layer II, Control —415 126 6 t=33;df =5 Unpaired t-test p = 0.006 Layer | vs Layer Il
p = 0.02 t = 3.06; p = 0.045
Layer II, AM251 0.13 5.3 6 t=0.02 df =10 Layer Il vs Layer llI
df =5 p = 0.012 p = 0.99
p = 0.98
Layer Ill, Control -34.7 122 8 t=28;df =7 Unpaired t-test
p = 0.03 t =222
Layer Ill, AM251 3.1 118 9 t=03;df =8 df=15
p = 0.80 p = 0.04

cate that aPC DSl is a bona fide CB1 receptor-dependent
form of synaptic plasticity that is due to the endogenous
activation of CB1 receptors at GABAergic terminals
impinging onto principal neurons. Thus, CB1 receptor-
dependent pharmacological reduction of elPSCs and
DSI are present in all layers of aPC.

The expression of iLTD is limited to layers Il and Il of
aPC

Whereas short post-synaptic depolarization induces
transient short-term DSI, repeated high frequency

stimulation (HFS) of afferent fibers results in a long-term
form of ECS-dependent synaptic plasticity of elPSCs in
the hippocampus and other brain regions, generally
called inhibitory  long-term  depression (iLTD)
(Chevaleyre and Castillo, 2003; Crosby et al., 2011).
Thus, we applied two HFS trains to afferent fibers in layer
I, I or 1, respectively, while recording elPSCs in layer I
principal neurons. As described in the hippocampus
(Chevaleyre and Castillo, 2004; Younts et al., 2016), only
cells displaying reliable DSI were used for these experi-
ments (see methods). However, HFS surprisingly failed
to produce a significant long-term decrease of elPSCs
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Fig. 1. (A) Representative images showing the position of the stimulating electrodes in the different layers while recording evoked inhibitory post-
synaptic currents (elPSCs) in principal neurons of the aPC, producing “layer I, layer 1l and layer Il eIPSCs”. (B, D) Effect of the CB1 receptor
agonist WIN 55212-2 (5 pM) on elPSCs in the different layers of wild-type or in layer Ill of GABA-CB7-KO mice. (B) Left, average time course of
elPSCs recorded before and after WIN application. Right, representative elPSC paired stimulation traces before (black) and after (grey) WIN
application. (C) Percentage reduction of elPSCs and (D) PPR after WIN application. Layer | (n = 11), Layer Il (n = 9), Layer lll (n = 12), GABA-
CB1-KO (Layer Ill, n = 6). One sample t-test and one-way ANOVA (p < 0.001), Tukey post hoc. ****p < 0.0001; **p < 0.01; *p < 0.05; ns, not
significant. Values are represented mean + SEM (B) and median + quartiles (C,D). For statistical details, see Table 1.

when the stimulation was applied to layer | (14.9 £+ 7.9%; layer Il (—41.5 £ 12.6%; Fig. 3B, D) or in layer IIl (—34.
Fig. 3A, D). Conversely, significant iLTD was obtained 7 £12.2% SEM; Fig. 3C, D). Importantly, iLTD was
when the stimulating electrodes were placed either in blocked by the application of AM251 in both layer Il
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Fig. 2. (A) Temporal effect of 5s depolarization from —70mV to 0 mV on elPSCs obtained in the three layers of wild-type animals. (B)
Representative traces for a DSI expressed in layer Ill. Traces were average with the last five sweeps preceding the depolarization (Pre-DS]), the
first three sweeps post depolarization (DSI) and five sweeps from 45 to 60 s post depolarization (Post-DSI). (C) Percentage of elPSCs reduction
after depolarization. Control (Layer I, n = 40; Layer Il, n = 31 and Layer Ill, n = 22), AM251 (Layer |, n = 10; Layer Il, n = 16 and Layer llI,
n = 10), WIN (Layer I, n = 8 and Layer lll, n = 10), GABA-CB1-KO (Layer I, n = 20 and Layer lll, n = 5). Unpaired t-test and one-way ANOVA
(p < 0.0001), Dunnett post hoc. ****p < 0.0001; ***p < 0.001. Values are represented mean = SEM (A) and median + quartiles (C). For statistical

details, see Table 1.

(0.1 £ 5.3% SEM; Fig. 3B, D) and layer lll (3.1 £ 11.7%
SEM; Fig. 3C, D), indicating that this form of synaptic
plasticity depends on the endogenous activation of CB1
receptors. Thus, ECS-dependent iLTD depends on
anatomical constraints, being absent when layer | inhibi-
tory synapses are stimulated.

Layer-dependent neurochemical signatures of CB1-
positive interneurons in the aPC

In order to further investigate the reasons of such layer-
dependency of aPC iLTD, we next asked whether CB1-
positive GABAergic neurons in the different layers
display different neurochemical signatures. Based on
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Fig. 3. Effect of HFS on elPSCs in Layer | (A), Layer Il (B) and in Layer Ill (C). Top, representative traces average during the last 5 min before High-
Frequency Stimulation (HFS) (1) and 20-25 min after (2). Bottom, elPSCs time course. (D) Average elPSCs recorded 20-25 min after HFS
application normalized to baseline. Layer | (control, n = 5), Layer Il (control and AM251, n = 6), Layer Ill (control, n = 8; AM251, n = 9). One-
sample t-test, unpaired t-test and one way-ANOVA (p < 0.01), Tukey post hoc. *p < 0.05; ns, not significant. Values are represented mean

+ SEM (A-C) and median + quartiles (D). For statistical details, see Table 1.

electrophysiological  properties, laminar
morphology and expression of molecular
several

location,
markers,
distinct classes of interneurons have been
pointed out in the aPC (Suzuki and Bekkers, 2007,

2010a,b, 2012). Fluorescent in situ hybridization (FISH)
revealed that, similarly to other brain regions (Marsicano
and Lutz, 1999), CB1-positive cells in the aPC contain
variable amounts of receptor transcript, ranging from very
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high to low-to-moderate levels (Terral et al., 2019). As
revealed by double FISH (D-FISH), all high CB1-
expressing cells in the aPC are GABAergic interneurons
because they co-express mRNAs coding for glutamic acid
decarboxylase 65KDa and 67KDa (GAD65/67, 157/157
cells; see methods), whereas cells containing low-to-
moderate levels of the CB1 receptor belong only in part
to this cellular subpopulation [Fig. 4A; (Terral et al,,
2019)]. Moreover, independently of the levels of CB1
receptor transcript, CB1-expressing cells in layer | are vir-
tually all co-expressing GADG65/67 indicating their
GABAergic nature [Fig. 4A; (Terral et al., 2019)]. How-
ever, in layers Il and Ill, the majority of cells containing
low-to-moderate amounts of CB1 mRNA are not GABAer-
gic [Fig. 4A; (Terral et al., 2019)]. In the hippocampus,
expression of iLTD characterizes GABAergic interneu-
rons belonging to the family of basket cells containing
the neuropeptide cholecystokinin (CCK; Basu et al.
2013; Chevaleyre and Piskorowski 2014). Importantly,
anatomical data showed that layer | interneurons in the
aPC lack typical markers of GABAergic cells, including
CCK (Cummings, 1997; Suzuki and Bekkers, 2007,
2010b). D-FISH experiments with CB1 and CCK mRNA
(Fig. 4B) confirmed that, independently of the levels of
expression, only 1.7% of CB1-positive neurons in the
layer | of the aPC contain CCK mRNA (Fig. 4B, C;
6/359 cells). Consistently, although all high CB1-
expressing GABAergic cells do express CCK mRNA, they
are abundantly present in layers Il and Il and are virtually
absent from layer | (Fig. 4B, D). Therefore, independently
of the levels of expression, the majority of GABAergic
CB1-positive interneurons in layer Il/lll appear to contain
CCK, whereas this co-localization is absent in layer I.
Thus, CB1-positive GABAergic interneurons in the aPC
are characterized by distinct neurochemical signatures
that depend on the anatomical layer location.

DISCUSSION

In this study, we characterized the effect of CB1 receptor
modulation on inhibitory aPC synapses. We evaluated the
impact of exogenous activation of CB1 receptors and the
presence of different forms of ECS-dependent synaptic
plasticity in relation to the anatomical origin of the
inhibitory inputs. We found that anatomical constraints
determine the presence and/or properties of CB1
receptor-dependent effects. Moreover, we identified
potential neurochemical signatures of local GABAergic
interneurons that might be responsible for the
expression of long-term forms of CB1 receptor-
dependent plasticity of inhibitory synaptic transmission.
WIN-induced decrease of inhibitory transmission and
DSI are present when the stimulating electrode is
placed in all aPC layers of wild-type mice. Although the
amplitude of elPSCs reached about 90% of baseline
values 60-100s after DSI, the signal did not fully
recover. This could be due to specific features of DSI in
aPC. However, such lack of complete recovery is also
observed in other brain regions (unpublished
observations). While the mechanisms involved are not
clear, they appear to be linked to the stimulation

frequency required to observe DSI, likely inducing
synaptic fatigue or habituation processes (Kandel et al.,
2012).

Differently from WIN and DSI experiments, iLTD is
obtained by stimulating layers Il and Il inhibitory fibers,
whereas the same stimulation protocol does not induce
this form of plasticity when applied to layer |I.
Surprisingly, the intensities and properties of exogenous
(WIN) and endogenous effects (iLTD) of CB1 receptor
activation appear to be independent of each other. By
comparing these effects in the different layers, it
appears that the engaged synapses are equally
sensitive to exogenous application of WIN in layers |
and lll, but less in layer Il. Conversely, iLTD is equally
expressed in layers Il and lll, but it is absent in layer I.
These results suggest that different mechanisms and
functions underlie the activity of CB1 receptors at
inhibitory synapses in specific aPC layers. For instance,
the fact that layer | interneurons respond to WIN (even
more strongly than layer Il ones) and express DSI, but
do not respond to iLTD-inducing stimuli clearly indicate
that different machineries are involved in these CB1-
dependent effects. Such layer-dependent differences
between DSI and iLTD have also been described in the
hippocampus, where DSI can be induced both when
IPSCs are evoked in stratum radiatum and in stratum
pyramidalis, whereas iLTD occurs only in stratum
radiatum (Chevaleyre and Castillo, 2003). Frequency of
firing and levels of activity of the interneurons have been
proposed to play a key role in the modulation of CB1
receptor activity at their synaptic terminals in the hip-
pocampus (Foldy et al., 2006; Heifets et al., 2008;
Younts et al., 2016). It will be very interesting to assess
if similar phenomena apply to the aPC. Another possibility
for iLTD expression could be explained by the presence of
high levels of CB1 receptors in interneurons. Considering
that layer | contains virtually no high CB1-expressing
GABAergic cells, lack of high levels of CB1 receptors in
this layer might prevent this form of plasticity.

Our data show that virtually none of the CB1-positive
GABAergic interneurons in the layer | of aPC (where
WIN has an effect, DSI is present, but no iLTD is
observed) express the neuropeptide CCK. This results
are surprising as the large majority of GABAergic CB1-
positive interneurons throughout the brain are reported
to be CCK-positive. However, Marsicano and Lutz
(1999) described in the anterior olfactory nucleus that
among CB1-positive and CCK-negative neurons, at least
4% are interneurons (containing parvalbumin). Therefore,
few, but significant amounts of CCK-negative CB1-
positive GABAergic interneurons are likely to exist, espe-
cially in olfactory areas. This suggests that, besides the
expression of CB1 receptors, neurochemical features of
the interneurons might be a key element for iLTD, but
not for DSI nor for the pharmacological activation of
CB1 receptors in the aPC. Indeed, CCK-positive basket
cells have been proposed to be responsible for iLTD in
the hippocampus (Basu et al. 2013; Chevaleyre and
Piskorowski 2014), possibly explaining why this form of
synaptic plasticity in the aPC is restricted to layers Il
and lll, where interneurons expressing both CCK and
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Fig. 4. (A) Representatives images of double Fluorescent In Situ Hybridization (D-FISH) against CB1mRNA and GAD65/67mRNA or (B) with CCK
mRNA. (C) Distribution of total cells co-localizing CB1 receptor mRNA (CB1+) with CCK mRNA (CCK+) in layer | (CB1+/CCK+, 1.7%). Scale
bar, 100 um; scale bar inserts, 20 um. (D) Distribution of cells co-expressing high CB1-levels with CCK marker (Layer |, 3.2%; Layer I, 49.7%; Layer

I, 47.1%).

CB1 are abundantly present. Thus, together with the
results obtained in the hippocampus, our data strengthen
the idea that a sort of CCK-dependency exists for iLTD
but not for DSI or for exogenous cannabinoid agonist

effects. As in other brain regions (Marsicano and Lutz,
1999), CCK is present in both GABAergic and glutamater-
gic neurons of aPC layers Il and Il (Cummings, 1997;
Fig. 4), making the specific targeting of GABAergic-
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CCK-positive cells very challenging (Dimidschstein et al.,
2016; Busquets-Garcia et al., 2018b). Thus, one can
speculate that the presence of CCK in interneurons might
functionally participate in iLTD induction in the aPC.
Future technological advances such as intersectional
strategies (Taniguchi et al., 2011) will hopefully help
addressing these interesting questions.

Besides specific neurochemical features of the
interneurons, several other hypotheses might explain
the lack of iLTD in layer I. For instance, intrinsic
molecular mechanisms could explain the different layer
sensitivity of interneurons to CB1 receptor-dependent
forms of synaptic plasticity. For instance, Younts et al.,
(2016) demonstrated that iLTD induction (but not DSI)
requires pre-synaptic protein synthesis. Thus, it could
be possible that the machinery necessary for the expres-
sion or the activation of protein synthesis might differ
between layer | and layer Il/Ill inhibitory inputs. Moreover,
most forms of iLTD have been shown to depend on the
activation of metabotropic glutamate receptors (mGluRs)
in different brain regions (Kano et al., 2009). Thus, the
iLTD layer-dependence could result from the presence
or not of these postsynaptic receptors. However, data
indicate that stimulation of layer | fibers evokes postsy-
naptic mGIuR receptor-dependent effects in aPC principal
neurons (Sugitani et al., 2002, 2004), suggesting that the
lack of iLTD in this location is unlikely to be ascribed to
lack of recruitment of metabotropic glutamate signaling.
Specific anatomical constraints might also explain the
lack of layer | iLTD. Data from Suzuki and Bekkers
(2010a) suggest that, differently from layers Il and I,
layer | aPC interneurons do not seem to form perisomatic
terminals around principal cells. Therefore, the stimulation
of perisomatic innervation might represent a required fea-
ture for iLTD in the aPC. It is however possible that stim-
ulation in layer | might activate collaterals of perisomatic
basket cells located in layer Il. In this case, the lack of
layer | iLTD might be due to the physical distance of layer
| excitatory synapses potentially undergoing glutamater-
gic spillover from iLTD-prone GABAergic synapses
(Castillo et al., 2012). Future studies will address the
detailed mechanisms underlying the layer-dependent
expression of iLTD in the aPC.

In conclusion, this study shows that, inhibitory
synapses in the aPC are under a layer-dependent
differential control by CB1 receptors. These data
suggest that CB1 receptors play an important role in the
selective  control of excitatoryfinhibitory  balance
potentially regulating brain odor responses. As the
retrieval of appetitive olfactory memory has been
recently associated with a general CB1 receptor-
dependent control of inhibitory transmission (Terral
et al., 2019), these data indicate that layer-specific DSI
and/or iLTD in the aPC might directly participate in the
regulation of olfactory-dependent behaviors.
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