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ABSTRACT

Several forms of endocannabinoid (eCB) signaling have been described in the dorsal lateral striatum (DLS),
however most experimental protocols used to generate eCBs do not recapitulate the firing patterns of striatal-
projecting pyramidal neurons in the cortex or firing patterns of striatal medium spiny neurons. Therefore, it is
unclear if current models of eCB signaling in the DLS provide a reliable description of mechanisms engaged under
physiological conditions. To address this uncertainty, we investigated mechanisms of eCB mobilization following
brief synaptic stimulation that mimics in vivo patterns of neural activity in the DLS. To monitor eCB mobilization,
the novel genetically encoded fluorescent eCB biosensor, GRABecp2.0, Was expressed presynaptically in corti-
costriatal afferents of C57BL6J mice and evoked eCB transients were measured in the DLS using a brain slice
photometry technique. We found that brief bouts of synaptic stimulation induce long lasting eCB transients that
were generated predominantly by 2-arachidonoylglycerol (2-AG) mobilization. Efficient 2-AG mobilization
required coactivation of AMPA and NMDA ionotropic glutamate receptors and muscarinic M1 receptors.
Dopamine D2 receptors expressed on cholinergic interneurons inhibited 2-AG mobilization by inhibiting
acetylcholine release. Collectively, these data uncover unrecognized mechanisms underlying 2-AG mobilization

in the DLS.

1. Introduction

The endocannabinoids (eCBs) are lipid-derived signaling molecules
that play a major role in synaptic modulation in the central nervous
system (CNS). Unlike traditional neurotransmitters that are released
from presynaptic vesicles, the eCBs are produced via enzymatic catalysis
of precursor phospholipids in the plasma membrane (Ueda et al., 2013).
In the most common scenario, lipid metabolism occurs in the post-
synaptic membrane and the eCBs traverse the synaptic cleft to stimulate
CB1 receptors (CB1R) on presynaptic terminals, leading to inhibition of
neurotransmitter release (Kano, 2014; Kreitzer and Regehr, 2001;
Lovinger, 2008; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001).
The predominant mobilization mechanism for the two main eCBs,
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2-arachidonoylglycerol (2-AG) and arachidonoylethanolamide (Anan-
damide, AEA), is production and release in response to membrane de-
polarization and subsequent Ca* influx, and/or activation of Gag,/11 by
g-protein coupled receptors (GPCRs).

The kinetics of eCB signaling have not been measured directly on
time scales supporting synaptic modulation, but estimates have been
proposed based on the onset and decay of eCB-dependent short term
depression (STD) (Heinbockel et al., 2005). This measure involves not
only the kinetics of extracellular eCB increases, but also the timing of
receptor activation and presynaptic effector changes. Furthermore,
although these estimates may be accurate for depolarization-induced
suppression of inhibition (DSI) and other types of STD, the timing and
magnitude of eCB signaling may not be universal for all forms of

open access article under the CC BY-NC-ND IGO license


mailto:lovindav@mail.nih.gov
www.sciencedirect.com/science/journal/00283908
https://www.elsevier.com/locate/neuropharm
https://doi.org/10.1016/j.neuropharm.2021.108916
https://doi.org/10.1016/j.neuropharm.2021.108916
https://doi.org/10.1016/j.neuropharm.2021.108916
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2021.108916&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/3.0/igo/

D.J. Liput et al.

eCB-dependent plasticity and may not be the same for 2-AG and AEA.
Additionally, the kinetics of eCB signaling and the physiological con-
sequences do not always correlate. For example, long term depression
(LTD) at corticostriatal and hippocampal synapses lasts for more than an
hour but becomes resistant to CB1R antagonists minutes after induction
(Chevaleyre and Castillo, 2003; Ronesi et al., 2004; Yin et al., 2006).
Therefore, strategies other than measuring plasticity kinetics are
required to accurately measure eCB mobilization underlying physio-
logical phenomena of interest.

CB1Rs and the appropriate eCB synthesis and degradation enzymes
are abundantly expressed in the dorsal lateral striatum (DLS), and
indeed multiple forms of eCB-dependent depression have been described
in this brain region (Calabresi et al., 2007; Mathur and Lovinger, 2012).
Perhaps the most well characterized form, LTD at corticostriatal syn-
apses, can be induced by high frequency stimulation (HFS, Calabresi
et al., 1992; Gerdeman et al., 2002) or low frequency stimulation (LFS,
Ronesi and Lovinger, 2005). Interestingly, these two stimulation pro-
tocols may induce LTD by differentially mobilizing AEA or 2-AG, sug-
gesting that different modes of eCB signaling can be engaged depending
on the amount of neural activity (Lerner and Kreitzer, 2012). Although
HFS or long bouts of LFS result in eCB-LTD in the DLS, these stimulation
patterns do not accurately recapitulate the in vivo firing patterns of
striatal-projecting pyramidal neurons in the cortex or firing patterns of
medium spiny neurons (MSNs) in the striatum (Costa et al., 2004). In
other brain regions, eCB-dependent plasticity can be induced by brief
bouts of synaptic stimulation (Brown et al., 2003; Galante and Diana,
2004; Maejima et al., 2001, 2005), and eCBs should also be mobilized by
physiologic patterns of afferent stimulation in the DLS. Indeed, brief
cortical stimulation paired with post-synaptic depolarization induces a
form of striatal long-term potentiation (LTP) that is dependent on eCB
mobilization (Cui et al., 2015, 2016).

Optical techniques are rapidly emerging for the study of neuro-
modulation in ex vivo and in vivo models. In particular, intensity-based
genetically encoded biosensors, based on the GPCR scaffold, are being
implemented to uncover unrecognized physiological mechanisms across
neurotransmitter systems (Liang et al., 2015; Mizuno et al., 2019; Rav-
otto et al., 2020; Wang et al., 2018). These new generation sensors have
several desirable characteristics including inherent ligand specificity
and affinity, rapid reporting dynamics, high spatial resolution, cellular
targeting capability, and disabled effector coupling. A novel biosensor
engineered on the GPCR platform, called GRABecp2,0, Was recently
developed for detection of 2-AG and AEA (Dong et al., 2021). We used
this sensor in an ex vivo brain slice photometry technique to study eCB
mobilization kinetics, neural activity rules supporting eCB generation,
and neurochemical pathways underlying eCB synthesis and degradation
in the striatum.

2. Materials and methods
2.1. Animals

All animal studies were conducted in accordance with the National
Institutes of Health’s Guidelines for Animal Care and Use and all experi-
mental protocols were approved by the National Institute on Alcohol
Abuse and Alcoholism Animal Care and Use Committee. Male and fe-
male mice were used in this study. C57BL/6J and ChAT-IRES-Cre
(B6.129S-Chat™(Lowl /N yar), Stock No: 031661) mice (8-10
weeks) were ordered from The Jackson Laboratory (Bar Harbor, ME,
USA). Drd2LoxP/LoxP(prqomIMiub g o a1, 2011) mice (Bello et al.,
2011) were maintained in house on a C57BL/6J background. To
generate mice lacking D2Rs in cholinergic interneurons, mice hetero-
zygous for the ChAT-IRES-Cre allele and homozygous for the Drd2LoxP
allele (Drd2Lo*P/LoXPCHATIRES~Cre/WTy yyere bred with mice homozygous
for the Drd2LoxP allele (Drd2"**/%*"). RGS9cre (Dang et al., 2006) and
DAGLaflox (Shonesy et al., 2018) mice were maintained in house on a
C57BL/6J background. To generate mice lacking DAGLa in MSNs, male
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mice heterozygous for the RGS9cre allele and homozygous for the
DAGLaflox allele were bred with female mice homozygous for the
DAGLaflox allele. The RGS9cre allele was maintained only on male mice
to avoid high rates of germline recombination observed when the allele
is inherited from female mice (Liput, 2018). Genotypes were determined
by polymerase chain reaction (PCR) using genomic DNA from ear
biopsies.

2.2. Viral vectors

AAV?2/9.hSyn.GRABecp2.0.WPRE.hGHpolyA (Titer: 1.0 x 10'3 GC/
mL) and AAV2/9.hSyn.GRAB.cgmuT-WPRE.hGHpolyA (Titer: 1.0 x
10'3 GC/mL) were purchased from Vigene Biosciences (Rockville, MD,
USA). AAV2/9.hSyn.GRABycp3 0. WPRE.hGHpolyA (Titer: 2.4 x 10'3
GC/mL) was packaged in house as described below. All viruses were
aliquoted and stored at —80 °C.

2.3. Viral production

AAV vectors were produced using a helper free triple transfection
procedure similar to that previously described (Xiao et al., 1998).
293AAV cells (Cell Biolabs, Inc) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with GlutaMAX (ThermoFisher, Waltham, MA,
USA) and supplemented with non-essential amino acids (NEAA,
Gibco™), 10% FBS (Gibco™) and antibiotics (100 pg/mL penicillin and
pg/mL streptomycin, Gibco™). Cells were seeded at a density of ~80%
in T175 tissue culture flasks and transfected with 0.165 pg pDNA/cm? in
a 1:1:1 M ratio of pAAV2.hSyn.GRABAch3.0.WPRE.hGHpolyA shuttle
vector, pR/C9 and pHelper vectors (Cell Biolabs, San Diego, CA) com-
plexed to polyethylenimine (PEI) (N/P ratio = 5). After 72 h cells were
harvested, resuspended in FBS-free DMEM and lysed by repeated
freeze/thaw cycles. The lysate was centrifuged at 10,000g for 20 min
and the cleared supernatant was collected and incubated with benzo-
nase (50U/mL, Sigma-Aldrich, St Louis, MO, USA) for 1 h at 37 °C. The
cleared supernatant was then subject to ultracentrifugation through an
iodixanol density gradient similar to previously described techniques
(Strobel et al., 2015). Iodixanol gradients were layered in 13.2 mL thin
wall tubes (14 x 89 mm, Beckman Coulter, Indianapolis, IN, USA). The
iodixanol steps were layered in the following order: 1 mL 60% iodixanol,
1.8 mL 40% iodixanol, 2.2 mL 25% iodixanol, 3 mL 15% iodixanol
w/1M NaCl. The cleared supernatant containing the AAV particles was
layered on top of the gradient and centrifuged in a SW41 rotor (Beckman
Coulter) at 41,000 RPM for 4.5 h at 10 °C. After ultracentrifugation, the
40% iodixanol layer containing purified AAV particles was collected and
the iodixanol was exchanged for dPBS and concentrated to 100 pL. The
AAV sample was passed through a 0.22 pm filter and analyzed by silver
stain and quantitative PCR (qPCR).

An aliquot of purified virus was serial diluted, denatured in 1 M DDT
and 1x lane marker for 5 min at 90 °C, and electrophoresed on a poly-
acrylamide gel. Gels were stained using a Pierce™ silver stain kit ac-
cording to the manufacturer’s instructions (ThermoFisher) and imaged
using a FluorChem E system (ProteinSimple, San Jose, CA, USA). The
presence of AAV particles was confirmed by visualization of the VP1,
VP2 and VP3 capsid proteins and purity by the lack of other contami-
nating bands.

AAV titer, defined as genome copies (GC)/mL was determined by
qPCR. 1 pL of AAV sample was diluted into 16 pL H»0, 1 pL DNase I and
2 pL 10x DNase buffer (New England Biolabs, Ipswich, MA, USA), and
incubated for 30 min at 37 °C. The DNase I treated sample was serial
diluted (1:5, 1:20, 1:100, 1:500 and 1:2500) and stored on ice for qPCR.
A standard curve, using a pAAV shuttle vector containing AAV2 ITRs,
ranging from 2 x 10° to 2 x 10° plasmid copies was constructed for
calculating the AAV titer. Three 5 pL replicates of each sample dilution
and standard curve concentration were added to 15 pL of SYBR™ Green
PCR master mix (ThermoFisher) containing 0.67 pM FWD and REV
primers targeting the AAV2 ITRs. qPCR was performed on a
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StepOnePlus™ system (ThermoFisher) using the following protocol: 3
min at 98 °C, (melt at 98 °C for 15 s, anneal/extend at 60 °C for 30 s) x 39
cycles. Melt curves were performed to verify a single amplification
product. The Cr value was defined as the cycle number at which the
amplification curve reached a ARn (Rn — baseline, where Rn is the
fluorescence of the reporter dye divided by the fluorescence of a passive
reference dye) threshold set at 0.1. A standard curve from the AAV2
plasmid standards (concentration by Cr) was plotted, fit with a line and
the concentration of each AAV sample dilution was determined.

2.4. Surgery

Mice were anesthetized with isoflurane and stereotaxically injected
with AAV vectors into motor cortex (100 nL, coordinates relative to
bregma in mm: A/P: + 1.1; M/L: + 1.7; D/V: 1.6) or DLS (300 nL, co-
ordinates relative to bregma in mm: A/P: + 0.75; M/L: + 2.5; D/V: 3.5)
at a rate of 25-50 nL/min, using a 7000 series 0.5 pL Hamilton syringe
(Hamilton Company, Reno, NV, USA) and Pump 11 Elite Nanomite
(Harvard Apparatus, Holliston, MA, USA) syringe pump. Following
surgery, mice were given an injection of Ketoprofen (5 mg/kg, s.c.) and
postoperative care was provided for at least two days and until mice
regained their preoperative weight.

2.5. Slice photometry

Mice, 4-6 weeks after viral infusion, were deeply anesthetized with
isoflurane, decapitated and the brains extracted and placed in ice cold
sucrose cutting solution (in mM): 194 sucrose, 30 NaCl, 4.5 KCl, 26
NaHCOs, 1.2 NaH3POy4, 10 p-glucose, 1 MgCl, saturated with 5% COy/
95% O,. Coronal brain slices (250 pm) were prepared with a Leica
VT1200S Vibratome (Leica Microsystems, Buffalo Grove, IL) and slices
were incubated at 32 °C for 40-60 min in aCSF (in mM): 124 NacCl, 4.5
KCl, 26 NaHCOs, 1.2 NaHPOy4, 10 p-glucose, 1 MgCly, 2 CaCly. After
incubation at 32 °C, slices were held at room temperature until transfer
to a recording chamber.

Photometry recordings were acquired using a Zeiss Axioscope or
Olympus BX41 upright epifluorescence microscope equipped with a 40
x 0.8 NA water emersion objective. Slices were placed in a recording
chamber and superfused at ~2 mL min~! with aCSF warmed to
29-31 °C. This temperature was chosen based on preliminary experi-
ments to improve the stability of evoked eCB transients over the course
of a 60-90 min pharmacological experiment. A twisted bipolar
polyimide-coated stainless-steel stimulating electrode (~200 pm tip
separation) was placed in the DLS just medial to the corpus callosum and
slightly below the tissue surface in a region with visible fluorescence.
Placing the stimulating electrode in the DLS, rather than the corpus
callosum or sensorimotor cortex, resulted in reliable evoked eCB tran-
sients. Importantly, this placement is not expected to influence eCB
mobilization mechanisms as optogenetic stimulation of extrinsic gluta-
mate afferents leads to release of acetylcholine, dopamine and gluta-
mate (Kosillo et al., 2016; Mateo et al., 2017), similar to local electical
stimulation.

Using the 40x objective, focus was adjusted to just below the tissue
surface, at a similar height as the electrode tips. GRAB sensors were
excited using either a mercury HBO 100 lamp equipped with a Zeiss
FluoArc variable intensity lamp controller (Carl Zeiss Microcopy GmbH,
Jena, Germany) and gated with a uniblitz shutter (Vincent Associates,
Rochester, NY, USA), or a 470 nm light emitting diode (LED, ThorLabs,
Newton, NJ, USA). The Zeiss axiovert system was equipped with a Zeiss
38 HE filter set (Ex. 470/40, FT 495, Em. 525/50), and the Olympus
BX41 was equipped with a FITC filter set (Ex. 475/28, FT 495, Em. 520/
35). Excitation power was measured at the sample plane using a mi-
croscope slide photodiode power sensor (ThorLabs) and was 3.8 mW for
the mercury HBO lamp and <1.0 mW for the 470 nm LED. A 180 pm?>
aperture located in the light path between the microscope and photo-
multiplier tube (PMT) was used so photons were collected from a region
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of interest just medial to the stimulation electrode tips. Photons passing
through the aperture were directed to a PMT (Model D-104, Photon
Technology International, Edison, NJ, USA) with the cathode voltage set
to 300-400 V. The PMT output was amplified (gain: 0.1 pA/V; time
constant: 5 msec), filtered at 50 Hz and digitized at 250 Hz using a
Digidata 1322A or a 1550B and Clampex software (Axon Instruments,
Molecular Devices LLC, Sunnyvale, CA, USA). For all experiments,
electrical stimulation and GRAB sensor measurements were acquired as
discrete trials repeated every 3 min. For each trial, the light exposure
period was 35-45 s to minimize sensor photobleaching, while capturing
peak responses and most of the decay phase (Fig. 1D). To evoke an eCB
or ACh transient, a burst of electrical pulses (1.0-1.5 mA, 200-500 ps)
was delivered 5 s after initiating fluorophore excitation. Transients were
calculated as AF/F by averaging the PMT voltage (V) for a period of 1 s
just prior to electrical stimulation (F) and then calculating V/F-1 for
each digitized data sample.

2.6. Immunohistochemistry

Mice were anesthetized with isofluorane and transcardially perfused
with 20 mL of 0.1 M phosphate buffered saline (PBS, pH 7.4) followed by
20 mL of 4% formaldehyde in PBS. Following perfusion, brains were
extracted and post-fixed in 4% formaldehyde overnight at 4 °C. Brains
were serial sectioned (1:6) at 40 pm on the coronal plane and stored in
cryoprotectant (30% glycerol and 30% ethylene glycol in 0.1 M phos-
phate buffer, pH = 7.4) at —20 °C until further processing. Sections were
removed from cryoprotectant and rinsed 3 x 5 min in PBS. Next, sec-
tions were permeabilized and blocked for 1 h at RT using a blocking
solution consisting of 5% bovine serum albumin (BSA) and 0.2% Triton-
X 100 in PBS. Following blocking, sections were incubated in chicken
anti-GFP primary antibodies (Abcam Cat# ab92456; 500 pg/mL IgY
polyclonal diluted at 1:3000 in blocking solution) for approximately 24
h at 4 °C. After primary antibody incubation, sections were rinsed 3 x
10 min in PBS and transferred to Alexa Fluor®-488 donkey anti-Chicken
(1:1000) secondary antibodies for 1 h at RT. Finally, sections were
rinsed 4 x 10 min in PBS (first rinse contained DAPI stain). Following
IHC, sections were mounted and coverslipped with No. 1.5 cover glass
and Fluoromount G (RI = 1.40, Electron Microscopy Sciences). Low
magnification epifluorescence images were acquired with a Zeiss Axio-
zoom microscope (Carl Zeiss, Oberkochen, German) equipped with a
Zeiss Axiocam MR monochrome CCD camera. For confocal imaging, a
Zeiss LSM 880 confocal microscope equipped with 405-30 diode and
argon ion lasers for 405 nm and 488 nm excitation, respectively and a
Zeiss Plan-Apochromat 63 x oil immersion objective (1.4 NA) was used.
Images were acquired with the pinhole adjusted to 1.0 AU. ImageJ
software (v.1.48) was used to adjust contrast of images for presentation
in figures.

2.7. Drugs

Drugs were dissolved in DMSO or dHO at stock concentrations,
aliquoted and stored at —20 °C. Just prior to use, drugs were diluted to
working concentrations in aCSF. The final concentration of DMSO was
<0.02%, a concentration that did not affect evoked eCB transients.
B-Cyclodextrin (3.0 mg/50 mL, MilliporeSigma, Burlington, MA, USA)
was included as a carrier for AM251 and DO34 solutions. The com-
pounds AM251, URB597, JZL184, (—)-Quinpirole hydrochloride, VU
0255035, (RS)-3,5-Dihyroxyphenylglycine (DHPG), 6,7-Dinitroqui-
noxaline-2,3-dione (DNQX) disodium salt, DL-2-Amino-5-
phosphonopentanoic acid (DL-AP5), JNJ16259685 and 2-Methyl-6-
(phenylethynyl)pyridine (MPEP) hydrochloride were purchased from
Tocris (Minneapolis MN, USA). (£)-Sulpiride was purchased from Mil-
liporeSigma. DO34 was purchased from Aobious (Gloucester, MA, USA).
VU 0486846 was generously provided by Dr. Jeffery Conn (Vanderbilt
University, Nashville, TN, USA).
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Fig. 1. GRABcp2.0 detects eCB tran-
sients in brain slice. A) AAV vectors
encoding GRABecp2,o were infused into
motor cortex (M1/M2) and fluorescence
from corticostriatal afferents was
measured in the DLS. B) Representative
fluorescent micrographs of GRABecp2.0
expression at the injection site in M1/
M2 and in corticostriatal afferents in the
DLS. White boxes indicate approximate
recording sites. C) Confocal micrograph
of GRABecp2o (green) expression in
corticostriatal afferents in the DLS (blue,
DAPL; scale bar = 10 pm). D) Raw
photometric recording labeled to indi-
cate F and AF measurements, epifluor-
escence exposure time (shutter open/
close) and timing of electrical stimula-
tion. E) Normalized eCB transient

0.02% DMSO evoked by a train of electrical stimuli. F)

20 Hz

—@— 0.02% DMSO ——  30Hz GRABecp20  fluorescent  transients
+0.5 0.4, W 10uMAM251 —— 50Hz evoked by 1s train stimulation at vary-
’ s 100 Hz ing frequencies in slices preincubated in
D Raw photometic record E 0.3 ** « either the CB1R antagonist, AM251, or
< vehicle. esults of 1 s train
0.2 & DMSO vehicle. G) Results of 1 i
§ ’ © 5s stimulation in slices expressing the
AF a 0.1 10 uM AM251 GRABecpmur control sensor that does
) » _ 0.0 \ not bind eCBs. **, p < 0.01, ***p <
>
FI J A elcctrical stimulation = S P &S - oo0n.
b=~ Frequency (Hz)
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E L 03 —  20Hz
- . " " ot o
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2.8. Data analysis 3. Results

Slice photometry raw data were collected and analyzed using the
pClamp™ software suit (v9.2 and v10; Molecular Devices, San Jose, CA,
USA). Photometry sweeps were exported to Microsoft Excel (v16.3;
Redmond, WA, USA) to calculate normalized AF/F traces, peak AF/F
values, eCB mobilization time and % baseline timecourse data. Rise t; /2
was calculated in Graphpad Prism (v8.3; San Diego, CA, USA) by fitting
the rising phase of the eCB transient with an asymmetrical logistic curve.
Statistical analysis and graph rendering were performed using Graphpad
Prism. Baseline normalized timecourse data were analyzed using one
sample t-tests, 1-way rmANOVAs followed by Tukey’s multiple com-
parisons test, 2-way rmANOVAs followed by Sidak’s multiple compari-
sons test or mixed-effects ANOVA followed by Sidak’s multiple
comparisons test. For t-tests and 1-way rmANOVA analysis, baseline was
the average peak AF/F of 5 predrug sweeps (for 1-way ANOVA only),
drug condition was the average peak AF/F of the last two data points of
the drug application period (except for (RS)-DHPG experiments where
only the sweep with the highest peak AF/F was used) and washout/
antagonist wash (for 1-way ANOVA only) was the average of the last two
data points during that period. For all experiments, n represents the
number of brain slices. Data are plotted as mean + standard error of the
mean.

The novel genetically encoded biosensor, GRABecp2.0, detects eCB
transients evoked by electrical stimulation in the DLS.

To study eCB mobilization in the DLS, we used an ex vivo brain slice
photometry technique similar to published reports using GCaMP cal-
cium sensors (Kupferschmidt and Lovinger, 2015; Sgobio et al., 2014).
AAV2/9.hSyn.GRABcp2.0 and AAV2/9.hSyn.GRABecpyuTt vectors were
infused into motor cortex (M1/M2) of wildtype C57BL/6J mice and ~
4-6 weeks later, eCB transients were measured at corticostriatal affer-
ents in the DLS (Fig. 1A-E).

Fluorescent transients from GRABecp2 o Were evoked by 1s train
stimulation and the amplitude of these transients increased with higher
stimulation frequencies up to 100 Hz (n = 3, Fig. 1F). To confirm the
specificity of the fluorescent transients, slices were preincubated in
AM251 (10 pM) for ~1 h before performing photometry experiments. In
these slices, fluorescent transients were not detected in response to train
stimulation up to 100Hz (n = 3 slices/group, 2-way RM ANOVA, Drug:
F1,8) = 113.8, p < 0.0001; Frequency: F3g) = 5.9, p < 0.020; Interac-
tion: F(3g) = 2.6, p > 0.05). Additionally, evoked eCB transients could
not be measured with the GRAB.cgmur Sensor (n = 6, Fig. 1G), which
contains the mutation F177A that greatly reduces 2-AG and AEA affin-
ity, demonstrating that the fluorescent transients measured with GRA-
Becp2.0 are dependent on agonist occupancy of the orthosteric binding
site of CB1R contained within the sensor.

In the cerebellum, brief stimulation of parallel fibers (i.e. 5 or 10
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pulses at 50 Hz) triggers eCB mobilization and short-term depression
(Brown et al., 2003; Maejima et al., 2001). We tested whether similar
stimulation protocols are sufficient to activate eCB production in the
DLS. Indeed, eCB transients could be measured in response to brief trains
of electrical stimulation (Fig. 2). Paired-pulse stimulation evoked small,
but measurable, eCB transients that increased slightly in amplitude at
higher frequencies. Trains of 5 or 10 pulses evoked larger transients that
were augmented by increasing the stimulation frequency up to 100 Hz
(Fig. 2A&B). The eCB transients developed over several seconds
measured from the start of train stimulation, with a mean t; s, rise time
of 1.4 + 0.03 s regardless of stimulation frequency (Fig. 2C). The eCB
decay phase was well described by a single exponential function and was
similar across all stimulation pulse numbers and frequencies with a
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mean tau of 13.7 + 0.3 s (Fig. 2D).

There was a notable delay between the start of synaptic stimulation
and any measurable increase in GRABcp2 o fluorescence, which we refer
to as the eCB mobilization time or tecg (Fig. 2E and F). The tecp repre-
sents the cumulative time from the start of synaptic stimulation and
recruitment of postsynaptic eCB production machinery, to retrograde
eCB transit and binding to the GRABcp2. ¢ sensor. Thus, this measure-
ment may correlate with the minimum time required for eCB-dependent
presynaptic inhibition (Heinbockel et al., 2005). The tecp was measured
from the start of train stimulation to the time at which the presynaptic
GRABcp2.o fluorescence reached a threshold set at 3x rms of the base-
line fluorescence and was 0.301 + 0.01 s regardless of stimulation fre-
quency (Fig. 2F).

A B Fig. 2. Evoked eCB transients are modulated
— 5Hz by stimulation pulse number and frequency.
A) Representative traces of eCB transients evoked
2 pUISe 10Hz 10 pulse Dby brief trains of synaptic stimulation. B-D)
— 20Hz P
w Quantification of peak amplitude, rise time
- B0 Hz "'q- (defined as the time to reach 50% of the peak
100 Hz x 5pulse  amplitude) and decay kinetics as a function of
M & stimulation pulse number and frequency. E)
Schematic illustrating the calculation of eCB
2pulse  mobilization time (tecs). Representative eCB
transient evoked by a 5 pulse train at 20 Hz. F)
5 10 20 50 100 Quantification of tecp as a function of stimulation
5 pU'Se Frequency (Hz) pulse number and frequency.
C
3.
Z 5]
Q
3
=
10 pulse o+ . e
5 10 20 50 100
Frequency (Hz)
D
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i
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3.1. 2-AG is the predominant eCB mobilized by brief synaptic stimulation
in the DLS

Previous studies have shown that both 2-AG and AEA can be
generated by synaptic stimulation in the striatum, but which eCB pre-
dominates depends on the specific experimental induction protocol used
(Lerner and Kreitzer, 2012). To investigate whether 2-AG and/or AEA
are mobilized by brief synaptic stimulation, we measured the effect of
monoacylglycerol lipase (MAGL) or fatty acid amide hydrolase (FAAH)
inhibition on eCB transients evoked by a 5-pulse burst at 20Hz (Fig. 3).
Over the course of 75 min, JZL184 (2 pM, Fig. 3A-C), prolonged the eCB
transient decay rate (321 + 69.9% of baseline, n = 5 slices, 1 sample
t-test, ty = 3.164, p < 0.034), consistent with inhibition of 2-AG
degradation. Additionally, the basal fluorescence, F, tended to in-
crease (155.3 & 21.8% of baseline, n = 6 slices, 1 sample t-test, t5) =
2.535, p = 0.052), indicating that MAGL inhibition generates a 2-AG
tone in the DLS. In contrast, bath application of URB597 (1 uM,
Fig. 3D-F) did not significantly prolong the decay rate of the evoked eCB
transient (134.6 + 14.8% of baseline, n = 5 slices, p > 0.05), or change
the basal fluorescence (108.1 + 4.4% of baseline, n = 5 slices, p > 0.05).
To confirm that the eCB transients evoked by brief synaptic stimulation
were primarly 2-AG, we tested whether diacylglycerol lipase (DAGL)
inhibition would inhibit the transients evoked by 5 pulse bursts at 20 Hz
(Fig. 3G and H). Indeed, preincubating slices in the DAGL inhibitor,
D034 (1 pM), for ~1 h significantly reduced the peak amplitude of the
eCB transient over a range of stimulation intensities (n = 5/6 slices,
2-way RM-ANOVA, Drug: Fn 9 = 48.31, p < 0.0001; Stimulation
amplitude: Fg 54y = 76.11, p < 0.0001; Interaction: F 54) = 34.23, p <
0.0001). DO34 did not completely abolish evoked eCB transients, which
could be due to incomplete inhibition of DAGL or indicate some AEA
production. Additionally, the source of 2-AG production cannot be
determined with pharmacological inhibition of DAGL. To address these
questions, we bred DAGLaflox mice with RGS9cre mice to conditionally
knockout DAGL«x from striatal MSNs (MSN-DAGLaKO). In slices from
MSN-DAGLaKO mice, 2-AG transients could not be evoked over a range
of stimulation intensities, while 2-AG transients were evoked in slices
from DAGLaWT mice in a intensity dependent fashion, similar to ob-
servations with slices from C57BL6J wildtype mice (Fig. 3I-J, n = 5/6
slices, mixed-effects ANOVA, Genotype: Fug = 13.8, p < 0.01;
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Stimulation amplitude: F(7 54) = 22.28, p < 0.0001; Interaction: F(7 54y =
19.95, p < 0.0001).

3.2. Metabotropic and ionotropic glutamate receptors contribute to 2-AG
mobilization following brief synaptic stimulation

Group I mGluRs induce eCB-dependent plasticity at many synapses
in the brain, including the corticostriatal synapse (Calabresi et al., 1992;
Gubellini et al., 2001; Kreitzer and Malenka, 2005; Sung et al., 2001). In
the DLS, mGlul and mGlu5 are implicated in HFS-LTD and exogenous
activation mGlul/5 induces eCB-LTD (Kreitzer and Malenka, 2005).
Therefore, we tested whether 2-AG production evoked by brief synaptic
stimulation (5p 20Hz) involved recruitment of mGlul and/or mGlu5
(Fig. 4). Bath application of the mGlul negative allosteric modulator
(NAM), JNJ16259685 (JNJ'685, 1 pM), reduced the amplitude of the
2-AG transient to 83.9 + 6.1% of baseline (Fig. 4A-C, n = 5 slices, 1-way
RM ANOVA, Drug: F(3 8y = 5.531, p < 0.031) and bath application of the
mGlu5 NAM, MPEP (10 pM), reduced the amplitude of the 2-AG tran-
sient to 79.8 + 6.0% of baseline (Fig. 4D-F, n = 5 slices, 1-way RM
ANOVA, Drug: F,8y = 12.14, p < 0.004). Given the role of mGlul and
mGlu5 in evoked 2-AG transients, we tested whether activation of
mGlul/5 with an exogenous agonist could enhance the 2-AG transient.
Bath application of (RS)-DHPG (100 uM) caused a biphasic change in the
amplitude of the evoked 2-AG transient (Fig. 4G-I, n = 5 slices, 1-way
RM ANOVA, Drug: Fppg = 97.33, p < 0.0001). The maximum
augmentation was 173.3 =+ 7.4% of baseline, which occurred during the
first evoked transient following (RS)-DHPG application (n = 5, p <
0.0001). This modulation subsequently decayed over time with the 2-AG
amplitude plateauing at 75.3 + 4.1% of baseline (n = 5, p < 0.023). The
baseline fluorescence intensity (F, as defined in Fig. 1¢) was not changed
by (RS)-DHPG (data not shown). Collectively, these results show that
group I mGluRs can couple to 2-AG generation mechanisms as previ-
ously demonstrated in the DLS using electrophysiology approaches, and
that mGlul and mGlu5 activation contributes to 2-AG generation
following brief synaptic stimulation.

Postsynaptic depolarization and activation of voltage gated calcium
channels is required for many forms of eCB dependent STD and LTD.
One presumed source of depolarization for synaptically-driven eCB
generation is ionotropic AMPA receptors (AMPARs) (Brown et al.,
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Fig. 3. 2-AG is the main eCB mobilized by brief synaptic stimulation. A) Timecourse of MAGL inhibitor, JZL184, on basal fluorescence (F), evoked peak AF and
transient decay (Tgecay)- B) Effect of JZL184 after 75 min of bath application. C) Representative traces of unnormalized GRABeCB2.0 fluorescence before and after
JZ1184 with baseline PMT voltage (V) indicated. D) Same as in panel A but with the FAAH inhibitor, URB597. E) Effect of URB597 after 75 min of bath application.
F) Representative traces of unnormalized GRABeCB2.0 fluorescence before and after URB597. G) Peak amplitude of eCB transients evoked in slices preincubated in
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Fig. 4. Synaptically evoked 2-AG transients are
dependent on metabotropic and ionotropic gluta-
mate receptors. A) Timecourse of the mGlul NAM,
JNJ16259685 (JNJ'685), on the amplitude of 2-AG
transients evoked by a 5 pulse train at 20Hz (5p
20Hz). Gray shading indicates drug application period.
B) Effect of JNJ'685 at the end of the drug application
period and a washout period. C) Representative 2-AG
transients at baseline and following JNJ'685 bath
application or washout. The effect of the mGlu5 NAM,
MPEP (D-F), mGlul/5 agonist, (RS)-DHPG (G-I),
AMPA receptor antagonist (J-L) and NMDA receptor
antagonist aluated. *, p < 0.05; **,
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2003). However, few reports directly demonstrate the involvement of
AMPARs in eCB production because AMPAR mediated EPSC/EPSP
amplitude is a primary measurement for studying eCB physiology at
excitatory synapses. With the ability to measure eCB generation directly
using GRABcp2.0, We tested the hypothesis that AMPARs are a primary
voltage source for synaptically driven 2-AG production in the DLS
(Fig. 4J-L). Bath application of the AMPAR antagonist, DNQX (10 uM),
rapidly decreased the amplitude of evoked (5p 20Hz) 2-AG transients to
33.1 £ 8.1% of the baseline amplitude (n = 5 slices, 1-way RM ANOVA,
Drug: F2,8) = 56.91, p < 0.0001; p < 0.0001 compared to baseline),
which reversed back towards baseline over a 30 min washout period
(81.1 + 3.4% baseline, p < 0.0002 compared to DNXQ). We next tested
if AMPAR-dependent depolarization engaged L-type calcium channels
(LTCC) leading to 2-AG generation. Bath application of the LTCC
blocker, nifedipine (10 pM), did not reduce the amplitude of the evoked
2-AG transient (Supplementry Figs. 1, 94.6 + 5.5% of baseline, n = 5
slices, 1 sample t-test, t) = 0.9772, p > 0.05), suggesting another
voltage sensitive calcium channel/receptor may be responsible for
triggering 2-AG generation. One possibility is the NMDA receptor
(NMDAR). Indeed, bath application of the NMDAR antagonist, DL-AP5
(50 pM), resulted in a rapid reduction in the evoked 2-AG transient to
22.23 + 8.1% of baseline (Fig. 4M-O, n = 5 slices, 1-way RM ANOVA,
Drug: Fo,8) = 73.02, p < 0.0001; p < 0.0001 compared to baseline),
which reversed back towards baseline over a 30 min washout period
(67.48 + 7.9% baseline, p = 0.0003 compared to DL-APV).

3.3. Muscarinic M1 receptors contribute to synaptically driven 2-AG
mobilization

In the dorsal striatum, muscarinic M1 receptors (M1Rs) enhance
eCB-dependent DSI (Narushima et al., 2007) and are required for eCB
mediated spike timing-dependent plasticity (Fino et al., 2010). On the
other hand, M1Rs inhibit HFS-LTD by inhibiting L-type calcium chan-
nels (Wang et al., 2006). Given these opposing roles in modulating eCB
short-term and long-term plasticity, we investigated the role of M1Rs on
2-AG generation following brief synaptic stimulation (5p 20Hz, Fig. 5).
Bath application of the M1R antagonist VU 0255035 (VU'035, 1 pM)
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reduced the amplitude of the evoked 2-AG transient to 41.42 + 7.1% of
the baseline (n = 5 slices, 1-way RM ANOVA, Drug: F5g) = 66.37, p <
0.0001; p = 0.0001 compared to baseline), which did not washout
(Fig. 5A-C, p = 0.0001 compared to baseline). To further investigate the
role of M1Rs on 2-AG production, we bath applied the M1R positive
allosteric modulator (PAM), VU 0486846 (VU’'846, 10 uM), which
increased the 2-AG peak amplitude to 274.4 + 40.6% of baseline
(Fig. 5D-F, n = 5 slices, 1-way RM ANOVA, Drug: Fz8) = 13.36, p =
0.003; p = 0.003 compared to baseline). The baseline fluorescence in-
tensity (F) was not changed by VU035 or VU'846 (data not shown),
suggesting that tonic acetylcholine (ACh) release from cholinergic in-
terneurons (CINs) does not generate an eCB tone through MI1R
stimulation.

3.3.1. MIR and group I mGluRs facilitate 2-AG production by distinct
mechanisms

Both M1R and AMPAR antagonists robustly inhibited (>60%) 2-AG
production, suggesting these receptors converge on a common signaling
mechanism. To investigate this possibility, we measured the effect of the
MI1R PAM, VU’846, on 2-AG generation while blocking AMPA receptors
(Fig. 6A-C). First, DNQX (10 pM) was bath applied, which reduced the
2-AG transient to 38.2 + 3.0% of baseline (n = 5 slices, 1-way RM
ANOVA, Drug: Fog) = 64.54, p < 0.0001; p < 0.0001 compared to
baseline), a similar magnitude of inhibition as observed in the previous
experiment with this antagonist. After the inhibitory effect of DNQX
plateaued, VU’846 (10 pM) was co-applied with DNQX. DNQX
completely occluded the effect of VU'846 on 2-AG production (p > 0.05
compared to DNQX alone), suggesting that M1Rs and AMPARs share a
common signaling pathway leading to 2-AG production. It is possible
that AMPARs located on CINs are required for driving ACh release rather
than directly involved in eCB production in MSNs. To test this hypoth-
esis, we expressed the genetically encoded ACh sensor, GRABach3.o (Jing
et al., 2020) in the DLS and measured ACh transients evoked by train
stimulation (5 pulses at 20 Hz). Bath application of DNQX (10 pM), did
not change the amplitude of the evoked ACh transients (Supplementry
Figs. 2, 100.8 &+ 2.7% of baseline, n = 3 slices, 1 sample t-test, tg) =
0.2875, p > 0.05), demonstrating that the role of AMPA receptors in

Fig. 5. Muscarinic M1Rs are required for 2-AG
generation evoked by brief synaptic stimula-
tion. A) Effect of the M1R antagonist, VU0255035
(VU'035), on the amplitude of 2-AG transients
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2-AG production is not related to ACh release. Another possibility is that
AMPA receptors depolarize the postsynaptic cell allowing NMDA re-
ceptor activation and subsequent Ca®" influx that feeds into M1R
signaling mechanisms. If this hypothesis is correct, then inhibition of
NMDA receptors should also occlude the effect of VU846 on 2-AG
production. Bath application of DL-AP5 (50 pM) reduced the ampli-
tude of the 2-AG transient to 28.6% =+ 2.3% of baseline (Fig. 6D-F, n = 4
slices, 1-way RM ANOVA, Drug: F(36) = 402.3, p < 0.0001; p < 0.0001
compared to baseline), similar to the previous experiment with this
antagonist. Subsequent coapplication of VU’'846 increased the ampli-
tude of the 2-AG transient to 40.7% =+ 2.4% (p = 0.01 compared to
DL-APS5 alone), however this effect was greatly attenuated compared to
the previous experiment with VU'846 application alone. Normalizing
the 2-AG transient to the amplitude measured at DL-AP5 equilibrium,
showed that VU’846 enhanced peak 2-AG production to 144.1 + 16.2%
compared to 274.4 + 40.6% with VU846 application alone.

Given that M1R and mGlul/5 both couple to Gag,11 heterotrimeric g-
proteins, we investigated whether (RS)-DHPG enhancement of 2-AG
production was also dependent of AMPAR activation. Again, bath
application of DNQX (10 pM) reduced the 2-AG transient to 34.2 + 6.6%
of baseline (n = 5 slices, 1-way RM ANOVA, Drug: Fog) = 56.0, p <
0.0001, p < 0.0001 compared to baseline), however co-application of
DNQX did not block (RS)-DHPG enhancement of 2-AG production (p =
0.028 compared to DNQX, Fig. 6G-I). Normalizing the 2-AG transient to
the amplitude measured at DNXQ equilibrium, showed that (RS)-DHPG
enhanced peak 2-AG production to 193.9 + 51.9% of the DNXQ
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Fig. 6. M1Rs and mGlul/5s trigger 2-AG
mobilization through distinct mechanisms
that differentially require ionotropic gluta-
mate receptors. A) Timecourse of the M1R PAM,
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+10 pM VU'846 the presence of the AMPAR antagonist, DNQX. 2-
5 AG transients were evoked by a 5 pulse train at
- 20Hz (5p 20Hz). Gray shading indicates drug
o

application periods. B) Effect of DNQX and
DNQX + VU’846 at the end of each drug appli-
cation period. C) Representative 2-AG transients
at baseline, after DNQX and after DNQX -+
VU’846. D-F) Same as above except VU'846 was
bath applied in the presence of the NMDA re-
ceptor antagonist, DL-AP5. G-I) Same as A-C
except the mGlul/5 agonist, DHPG, was bath
applied in the presence of DNQX. *, p < 0.05; **,
p < 0.01; ***, p < 0.001; **** p < 0.0001.
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baseline, a similar magnitude observed with (RS)-DHPG application
alone.

3.4. Dopamine D2 receptors on cholinergic interneurons inhibit 2-AG
release

Activation of dopamine D2Rs is required for the expression of HFS-
LTD in the dorsal striatum. The mechanism by which D2Rs participate
in HFS-LTD has been debated in the literature, however it’s clear that
D2Rs on cholinergic interneurons are required for inhibiting ACh release
and M1R activation (Augustin et al., 2018; Wang et al., 2006). In
contrast to HFS-LTD, we found that brief synaptic stimulation requires
MIR activation for 2-AG generation. Thus, we hypothesized that D2Rs
would inhibit, rather than promote, 2-AG generation following brief
synaptic stimulation (5p 20Hz, Fig. 7A-C). Indeed, bath application of
the D2R agonist quinpirole (1 pM), reduced the amplitude of evoked
2-AG transients to 61.1 + 4.2% of baseline (n = 5 slices, 1-way RM
ANOVA, Drug: Fg) = 29.59, p = 0.0002; p = 0.007 compared to
baseline). The specificity of this action of quinpirole for D2Rs was
confirmed by co-application of the D2R antagonist, sulpiride (10 pM),
which reversed the effect of quinpirole and subsequently increased the
amplitude of the evoke 2-AG transient to 131.4 + 11.5% of the initial
baseline amplitude (p < 0.022 compared to baseline). The rebound ef-
fect of sulpiride suggests that 20 Hz electrical stimulation elicits dopa-
mine release from midbrain dopamine (DA) fibers to limit 2-AG
generation by acting on D2Rs.
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Our results showing that M1R inhibition or D2R activation sup-
presses 2-AG generation is consistent with the hypothesis that D2Rs on
CINs are the target of quinpirole and endogenously released DA. To
support of this hypothesis, we expressed the ACh sensor, GRABach3.0, in
the DLS to examine the effect of D2R activation of ACh release
(Fig. 7D-F). ACh release evoked by 5 pulse 20 Hz train stimulation was
inhibited by bath application of quinpirole (1 pM, 43.3 + 6.6% of
baseline, n = 4 slices, 1-way RM ANOVA, Drug: Fp6) = 21.75, p =
0.0018; p = 0.0102 compared to baseline), which was reversed by the
addition of sulpiride (10 pM, 125.2 + 15.8% of baseline, p > 0.05
compared to baseline).

To further confirm the role of CIN D2Rs on 2-AG production, we bred
D2R-flox mice with ChAT-IRES-Cre mice to conditionally knockout
D2Rs from CINs (CIN-Drd2KO) and measured the effect of quinpirole
and sulpiride on 2-AG production (Fig. 7G-I). Qualitatively, the 2-AG
transients evoked in slices from CIN-Drd2KO mice were indistinguish-
able from 2-AG transients evoked in slices from wildtype C57BL/6J or
D2R¥/9% mice, The inhibitory effect of quinpirole (1 pM) on 2-AG
production was lost in slices from CIN-Drd2KO mice (n = 4/5 slices/
group, 2-way RM ANOVA, Drug: F(14,08) = 10.23, p < 0.0001; Genotype:
Fa,7) = 0.7338, p > 0.05; Interaction: F(14,98) = 15.14, p < 0.0001).
Additionally, sulpiride (10 pM) did not enhance 2-AG production in
slices from CIN-Drd2KO mice. These results confirm that stimulation of

10

D2Rs on cholinergic interneurons, by either exogenous agonist appli-
cation or endogenously release DA, inhibit 2-AG generation induced by
brief synaptic stimulation.

4. Discussion

In this report, we used the novel fluorescent biosensor, GRABcp2.0,
in combination with brain slice photometry to study eCB signaling dy-
namics in the DLS. This approach offers several advantages over tradi-
tional electrophysiological techniques to studying eCB physiology. For
example, we were able to make direct measurements of eCB mobiliza-
tion at corticostriatal afferents, the primary site of action for eCBs, and
were able study eCB mobilization mechanisms without perturbing the
postsynaptic neurons. In addition, we examine the roles of ionotropic
receptors more thoroughly than in past studies that relied on the func-
tion of these receptors as the readout for eCB actions. We show that brief
bouts of synaptic stimulation induce long lasting 2-AG transients, which
are dependent on convergent signals from ionotropic glutamate re-
ceptors and Gog,11 coupled GPCRs. Our data indicate that mGlul/5 and
M1Rs trigger 2-AG mobilization though distinct mechanisms with
divergent dependence on AMPAR activation. Furthermore, D2Rs located
on CINs inhibit 2-AG transients by limiting ACh release and M1R stim-
ulation. Collectively, this study provides new insights on circuit and
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cellular mechanisms controlling 2-AG mobilization in the DLS.

We measured eCB mobilization kinetics following brief, physiologi-
cally relevant, synaptic stimulation. Small eCB transients were evoked
by paired-pulse stimulation, and increasing the number of stimuli to 5 or
10 pulses produced progressively larger transients that were sensitive to
stimulation frequency up to 100 Hz. This dependence on stimulus
number and frequency parallels the stimulation dependence of eCB-
mediated inhibition of presynaptic Ca?" transients and STD induced
by synaptic stimulation in the cerebellum (Brown et al., 2003; Maejima
et al., 2001), and spike timing dependent plasticity in striatum, (Cui
et al., 2015, 2016), suggesting that the neural activity rules supporting
eCB mobilization may be generalized across brain regions.
Synaptically-evoked eCB transients were slow compared to the dy-
namics of many other neurotransmitter systems. The transients took
several seconds to reach peak amplitudes and decayed over the course of
tens of seconds; kinetics consistent with reported durations of
eCB-dependent STD. In contrast, transients evoked by single or multiple
stimuli and measured with GPCR-based ACh and DA sensors peak within
less than a second and persist for only a few seconds after stimulus
cessation (Jing et al., 2020; Patriarchi et al., 2018; Sun et al., 2018). The
minimum time from the onset of synaptic stimulation to detecting eCBs
at corticostriatal afferents, defined as tecp, was ~300 ms regardless of
stimulation protocol. In our experiments, tecg represents the cumulative
time for glutamate and ACh release, postsynaptic eCB generation,
retrograde transit to corticostriatal membranes, and finally activation of
GRABcp2.0- Thus, this measurement likely indicates the minimum time
required for eCB-dependent presynaptic inhibition following synaptic
stimulation. Consistent with this notion, our measurements of tecg are
similar to estimates of the minimum time required for DSI expression
(tpsp in CA1 pyramidal cells (Heinbockel et al., 2005).

eCB transients evoked by brief synaptic stimulation were sensitive to
MAGL inhibition, indicating that 2-AG is mobilized under these condi-
tions. Specifically, when GRABecp20 Was expressed in corticostriatal
afferents, MAGL inhibition prolonged the decay component of the eCB
transient and increased basal fluorescence, consistent with the genera-
tion of a 2-AG tone. Furthermore, DAGL inhibition decreased the peak
amplitude of the of eCB transient by 75-80%, confirming that 2-AG is
the primary eCB evoked by our stimulation protocol. On the other hand,
FAAH inhibition, did not significantly affect eCB transients evoked using
the same stimulation protocol, suggesting that AEA is not efficiently
mobilized.

2-AG transients were dependent on ionotropic and metabotropic
glutamate receptors. Inhibition of mGlu5 or mGlul decreased the 2-AG
transient by 15-20%, while the mGlul/5 agonist, DHPG, increased the
2-AG transient by 175%. The effect of DHPG was bi-phasic as the initial
potentiation of 2-AG generation declined and eventually lead to
depression. It is possible that prolonged application of DHPG leads to
receptor desensitization effectively reducing mGluR signaling. Sup-
porting this interpretation, the delayed DHPG depression of 2-AG pro-
duction was similar in magnitude to the inhibition observed with mGluR
antagonism. Blocking AMPA receptors decreased the 2-AG transient by
67% indicating that these receptors are indispensable for robust 2-AG
generation. A previous study was able to show the involvement of
AMPARSs in synaptically generated eCB-STD in the cerebellum by optical
measurements of presynaptic Ca%* transients, however, AMPARs were
only a minor component (Brown et al., 2003). Our experiments suggest
that AMPAR activation depolarizes the postsynaptic membrane allowing
NMDAR activation and a subsequent rise in intracellular Ca*, as inhi-
bition of NMDARs decreased the 2-AG transient by 74%.

Muscarinic M1Rs modulate eCB signaling in several brain regions. In
the DLS, M1Rs are required for LTD induced by spike timing dependent
plasticity protocols (Fino et al., 2010), but suppress LTD induced by HFS
(Wang et al., 2006). Furthermore, M1Rs enhance DSI in MSNs and can
promote DSE through synergistic actions with mGlu5 (Narushima et al.,
2007; Uchigashima et al., 2007). Thus, depending on the eCB induction
protocol, M1Rs can either promote or suppress eCB-dependent
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plasticity. In the current study, 2-AG transients were robustly inhibited
by M1R antagonists and augmented by a M1R PAM, indicating that ACh
released from CINs provides a major contribution to 2-AG production
induced by brief trains of synaptic stimulation. Our data show that
blocking M1Rs, AMPARs or NMDARs inhibited the eCB transient by
60-75%, suggesting these receptors converge on a common signaling
pathway leading to eCB production. Indeed, inhibiting AMPARs or
NMDARs blocked 2-AG enhancement by the M1R PAM. Our data
showing that AMPAR antagonists don’t inhibit evoked ACh release,
measured with GRABach3,0, argue against a role for ionotropic gluta-
mate receptors on CINs in the ACh release that drives M1R activation.
Alternatively, activation of AMPARs and NMDARs on MSNs can lead to
rises in intracellular Ca?* that may converge with Gag 11 signaling
mechanisms, leading to 2-AG generation.

Production of 2-AG is thought to involve several Ca>"- and GPCR-
dependent mechanisms. These include Ca?* increases independent of
GPCRs, Ca*-independent receptor driven eCB release (Ca®*-indepen-
dent RER), and Ca?*-assisted receptor-driven eCB release (Ca2+-assisted
RER) (Kano, 2014). Previous studies in striatum provide evidence that
all three of these mechanisms are in play in striatum. Increased Ca%*
induces 2-AG-dependent DSI and DSE in striatum, while the RER and
Ca?*-assisted RER mechanisms are implicated in STD and LTD induced
by synaptic stimulation and GPCR activation (Hashimotodani et al.,
2013; Lerner and Kreitzer, 2012; Narushima et al., 2007; Uchigashima
et al., 2007). In the present experiments M1Rs appear to generate 2-AG
though a Ca®*-assisted receptor-driven eGB release (Ca®*-assisted RER)
mechanism based on the involvement of iGlus. In contrast, the effect of
mGlul/5 stimulation is independent of AMPAR activation as DHPG still
enhanced the eCB transient in the presence of AMPAR antagonists,
implicating Ca®*-independent RER in the actions of this GPCR. Our
findings suggesting that mGlul/5 signals though a Ca**-independent
RER mechanism is consistent with reports in the hippocampus and
cerebellum (Chevaleyre and Castillo, 2003; Kim et al., 2002; Maejima
et al., 2001). In the DLS, however, DHPG-induced LTD is dependent on
postsynaptic depolarization and L-type calcium channels (Kreitzer and
Malenka, 2005). Although these results are in contrast to our observa-
tions, in the striatum, mGlul/5 can trigger eCB-LTD through
Ca?*-dependent and Ca®*-independent mechanisms (Lerner and Kreit-
zer, 2012). The study by Lerner and Kreitzer showed LTD requiring 2-AG
mobilization is Ca®" independent, consistent with our findings, while
LTD requiring AEA mobilization is Ca?" dependent. Thus, the Ca?*
dependence of mGlul/5 induced eCB mobilization appears to depend on
the mechanisms through which postsynaptic cells and receptors are
activated, and whether the cellular context favors 2-AG or AEA
production.

Activation of D2Rs, by quinpirole application or endogenous DA
release, suppressed the amplitude of evoked 2-AG transients. This result
was somewhat surprising because D2R activation is required for eCB-
dependent LTD in the DLS (Calabresi et al., 1992) and quinpirole in-
hibits evoked EPSCs in MSNs in a frequency and CB1R-dependent
manner (Wang et al., 2012; Yin and Lovinger, 2006). In the context of
HFS-LTD, D2Rs expressed on CINs promote eCB signaling by limiting
ACh release and subsequent activation of M1Rs located on MSNs
(Augustin et al., 2018; Wang et al., 2006), which is opposite to the
mechanism uncovered in our study. These independent findings, suggest
that M1Rs can either inhibit or augment eCB production, depending on
the level of neural activity, and D2Rs regulate the magnitude of eCB
modulation by M1Rs regardless of the sign. Importantly, 2-AG is the
predominate eCB mobilized following brief synaptic stimulation in our
study, while evidence suggests that AEA is the predominate eCB un-
derlying HFS-LTD (Ade and Lovinger, 2007; Lerner and Kreitzer, 2012).
Thus, it is conceivable that the D2R-ACh-MIR signaling mechanism
differently regulates 2-AG and AEA production. In support of this hy-
pothesis, activation of D2-like DA receptors increases AEA levels in the
dorsal striatum and limbic forebrain, while D2R inhibition increases
2-AG content in limbic forebrain (Giuffrida et al., 1999; Patel et al.,
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2003). At the molecular level, M1Rs couple to Gag/11 so 2-AG produc-
tion may well occur through the canonical PLC and DAGL pathway. On
the other hand, M1Rs can inhibit LTCCs (Howe and Surmeier, 1995;
Perez-Burgos et al., 2008), which is the mechanism responsible for
suppressing eCB-LTD and presumably AEA production. Interestingly, in
our study, 2-AG production required NMDARSs, rather than LTCCs, thus
different sources of Ca®* influx may contribute to differential regulation
of eCBs by M1Rs.

In conclusion, we implemented the novel genetically encoded
biosensor, GRABecp2.0, to uncover unrecognized signaling mechanisms
underlying 2-AG production in the DLS. In addition, we made direct
measurements of eCB production on physiological time scales, which
has not been possible previously. Undoubtably, GRAB.cp2.¢o will prove
useful in future studies, in vivo and in reduced preparations, to gain
further insight into eCB signaling under physiological and pathological
conditions (Dong et al., 2021).
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