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Developmentally Transient CB1Rs on Cerebellar Afferents
Suppress Afferent Input, Downstream Synaptic Excitation,
and Signaling to Migrating Neurons

Jesse L. Barnes, Claudia Mohr, Caitlin R. Ritchey, Chloe M. Erikson,* Hiroko Shiina,* and David J. Rossi
Washington State University, Integrative Physiology and Neuroscience, Pullman, Washington 99164

The endocannabinoid system plays important roles in brain development, but mechanistic studies have focused on neuronal
differentiation, migration, and synaptogenesis, with less attention to transcellular interactions that coordinate neurodevelop-
mental processes across developing neural networks. We determined that, in the developing rodent cerebellar cortex (of both
sexes), there is a transient window when the dominant brain cannabinoid receptor, CB1R, is expressed on afferent terminals
instead of output neuron Purkinje cell synapses that dominate the adult cerebellum. Activation of these afferent CB1Rs sup-
presses synaptic transmission onto developing granule cells, and consequently also suppresses excitation of downstream neu-
rons in the developing cortical network, including nonsynaptic, migrating neurons. Application of a CB1R antagonist during
afferent stimulation trains and depolarizing voltage steps caused a significant, sustained potentiation of synaptic amplitude.
Our data demonstrate that transiently expressed afferent CB1Rs regulate afferent synaptic strength during synaptogenesis,
which enables coordinated dampening of transcortical developmental signals.
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Significance Statement

The endogenous cannabinoid system plays diverse roles in brain development, which, combined with the rapidly changing
legal and medical status of cannabis-related compounds, makes understanding how exogenous cannabinoids affect brain de-
velopment an important biomedical objective. The cerebellum is a key brain region in a variety of neurodevelopmental disor-
ders, and the adult cerebellum has one of the highest expression levels of CB1R, but little is known about CB1R in the
developing cerebellum. Here we report a developmentally distinct expression and function of CB1R in the cerebellum, in
which endogenous or exogenous activation of CB1Rs modifies afferent synaptic strength and coordinated downstream net-
work signaling. These findings have implications for recreational and medical use of exogenous cannabinoids by pregnant
and breastfeeding women.

Introduction
Laws and societal attitudes about cannabinoids (including can-
nabis and plant-derived and related synthetic psychoactive com-
pounds) are evolving more rapidly than our understanding of

the potential adverse or beneficial effects of cannabinoids on
human health. This disparity is particularly stark with respect to
the developing brain, wherein the role of the endocannabinoid
system and modulation by exogenous cannabinoids has only
been examined in a few brain subregions. Moreover, those few
studies have focused primarily on cell-autonomous processes or
direct interactions between cells, such as neuronal proliferation
and differentiation, neuronal migration, axonal migration, and
synaptogenesis, all of which are influenced by the endocannabi-
noid system (Trazzi et al., 2010; Díaz-Alonso et al., 2012a,b; Duff
et al., 2013; Sonego et al., 2013; Maccarrone et al., 2014; Saez
et al., 2014). Accordingly, where examined, application of exoge-
nous cannabinoids disrupts these fundamental developmental
processes, and presumably collectively contributes to the range
of neurobehavioral impacts of in utero exposure to exogenous
cannabinoids. However, one aspect of brain development that
has not been widely examined is the role of the endocannabinoid
system in shaping the longer-range, transcellular signaling
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cascades that coordinate neurodevelopmental processes across
cells within a developing neural network (Feller, 1999; Hashimoto
and Kano, 2013; Kirkby et al., 2013).

The disparity between understanding of the endocannabinoid
system in brain development relative to adult function is exem-
plified by the cerebellum, which in the adult has one of the high-
est levels of expression of the dominant cannabinoid receptor
CB1R (Herkenham et al., 1991; Matsuda et al., 1993; Tsou et al.,
1998). Accordingly, many of the early studies that established the
adult endocannabinoid system as an on-demand retrograde
synaptic dampener, mediated by postsynaptic production of
endocannabinoids that act on presynaptic CB1Rs to suppress ve-
sicular transmitter release and/or induce longer-lasting forms of
plasticity, were conducted at excitatory and inhibitory synapses
onto cerebellar Purkinje cells (PCs) (Diana et al., 2002; Yoshida
et al., 2002; Brown et al., 2003; Safo et al., 2006). Subsequent
studies established that the cerebellar endocannabinoid system is
crucial for motor learning (Kishimoto and Kano, 2006), and that
the motor impairing effects of exogenous cannabinoid consump-
tion are mediated by disruption of the cerebellar endocannabi-
noid system (DeSanty and Dar, 2001; Ramaekers et al., 2006). In
contrast to our deep understanding of the subcellular distribu-
tion and mechanistic and behavioral functions of the endocanna-
binoid system in the adult cerebellum, very little is known about
the role of this system in the developing cerebellum. This lack of
information is troubling given that one of the most well-estab-
lished adverse impacts of prenatal and perinatal exposure to ex-
ogenous cannabinoids in humans is impaired motor function in
the offspring (Astley and Little, 1990; Willford et al., 2010;
Campolongo et al., 2011). Moreover, it is now appreciated that
the cerebellum also contributes to cognitive, emotional, and
reward processing (Bodranghien et al., 2016), which are also
affected by perinatal exposure to cannabinoids (Higuera-Matas
et al., 2015), and that cerebellar malfunction is a key factor in
several neurodevelopmental cognitive disorders, including atten-
tion deficit and hyperactivity disorder, autism spectrum disorder,
schizophrenia, and predilection to drug/alcohol abuse (Kaplan et
al., 2013; Stoodley, 2016; Hariri, 2019). Thus, improving our
understanding of the role of the cerebellar endocannabinoid sys-
tem during brain development, and modulation by exogenous
cannabinoids is crucial to our ability to establish rational expo-
sure guidelines for pregnant and nursing women, and to con-
sider potential adverse interactions with or treatment options for
cerebellar-related neurodevelopmental disorders that have both
genetic and environmental risk factors. Here we used immuno-
histochemistry and brain slice patch-clamp recording to examine
the expression and function of CB1R in the cerebellum of new-
born rodents (postnatal day [PND] 3-12), which are neurodeve-
lopmentally equivalent to the third trimester of gestation and
early postnatal period (up to;6months, a key breastfeeding pe-
riod) in humans (Zecevic and Rakic, 1976; Abraham et al., 2001).

Materials and Methods
Animals. All animals were bred and housed within a Washington

State University vivarium, and all procedures conformed to regulations
approved by the Washington State University Institutional Animal Care
and Use Committee and guidelines for ethical protocols and care of ex-
perimental animals established by the National Institutes of Health.
Either Sprague Dawley rats (Simonsen) or C57BL/6J transgenic mice
(bred within the Washington State University vivarium; originally from
Rockefeller University) were used for experiments. The C57BL/J6 CB1
KO mice were originally designed as described by Zimmer et al. (1999),
in which the CB1 gene was mutated by replacing its coding sequence

with PGK-neor through homologous recombination in embryonic stem
cells, which completely blocks expression of the CB1 exon. All CB1 KO
mice used for experiments were bred from heterozygous CB11/� parents
and were either homozygous CB11/1 (for controls) or CB1�/�.

Histology tissue sectioning. Rodent cerebelli were extracted in ice-
cold (1°C) aCSF bubbled with 95% O2/5% CO2 gas, and immediately
placed into 4% PFA in PBS solution, and allowed to fix for 24 h. Tissue
subsequently underwent an antifreeze preparation in which it was placed
in 20% sucrose solution until sinking, followed by 30% sucrose solution
(;24 h process per solution). Cerebellar vermis tissue was then sec-
tioned in the sagittal plane using a CM1950 cryostat (Leica Micro-
systems) at 40mm with a �18°C chamber temperature. Sections were
placed in a cryoprotectant solution (containing 0.1 M sodium azide) and
stored in a�20°C freezer until staining.

Immunohistochemistry. Cerebellar vermal sections were taken from
cryoprotectant solution and underwent a series of free-floating 1� PBS
washes before a 45min blocking step in 5% BSA in 0.5% Triton X-100/
PBS solution. Following a series of PBS washes, tissue was subjected to a
20min incubation in solution containing nuclear stain Hoechst 33342
(8.12 mM; Invitrogen, H1399) before another series of PBS washes and
finally into a 24 h primary antibody incubation. The tissue was then
washed and placed into a 2 h secondary antibody incubation before a
final series of PBS washes and mounted on microscope slides. The slides
were then coverslipped using Permount Gold and allowed to dry until
confocal imaging. All images are of slices cut in the sagittal plane.

Confocal microscopy. Fluorescence images were acquired using an
SPX-8 white light point-scanning confocal microscope (Leica Micro-
systems) with imaging software (Leica Microsystems). Images were
acquired using one of three objectives: HC PL APO 20�/0.7NA, HC PL
APO CS2 40�/1.3NA (oil immersion), or an HC PL APO CS2 63�/
1.4NA (oil immersion). For all images, laser excitation wavelengths were
488 (4% laser), 567 (5% laser), and 647nm (2% laser); fluorescence emis-
sion was filtered at 522–572nm for AlexaFluor-488, 602–650 nm for
AlexaFluor-568, and 672–730nm for AlexaFluor-647. Hoechst 33342
nuclear stain was excited using an ultraviolet laser, and fluorescence
emission was collected at 450–500nm. Collection of AlexaFluor-568
images was done independently from the other scans, to reduce potential
autofluorescence emission contamination from the ultraviolet laser.
Digital gain and photon emission light gating (the time delay set to
detect fluorescence emission only between light pulses) were identical
for all species and conditions.

Acute preparation of brain slices. Rodent ages were between either
PND 3–12 for third-trimester equivalent rodents or PND 30–40 for ado-
lescent/adult (mature) rodents. Pups (PND 3–12) were housed with their
dams, while mature rats (PND 30-40) were individually housed sepa-
rately. All animals were kept on a standard light/dark cycle with lights
on at 07:00. Cerebellar slices of randomly selected male or female
rodents were prepared each day of experimentation. Rodents were anes-
thetized with isoflurane, and killed by decapitation. Brains were rapidly
extracted into ice-cold aCSF (1°C) containing the following (in mM): 124
NaCl, 26 NaHCO3, 1 NaH2PO4, 2.5 KCl, 2.5 CaCl2, 2 MgCl2, and 10 D-
glucose. All aCSF was bubbled with 95% O2/5% CO2 and contained 1
mM kynurenic acid (a glutamate receptor antagonist used to prevent
potential excitotoxicity within the tissue). The cerebellum was microdis-
sected out, and parasagittal slices (225mm) of the cerebellar vermis were
made using a VT1200S vibratome (Leica Microsystems) in a slicing
chamber filled with bubbling 1°C aCSF. Slices were then incubated in
aCSF containing 1 mM kynurenic acid at near physiological temperature
(34°C–35°C) for 1 h, then in room temperature aCSF until electrophysi-
ological recordings were conducted.

Slice electrophysiology. Slices were secured with a platinum harp in a
submersion chamber mounted on an Olympus BX51WI microscope,
and visualized with a 60� (0.90 NA) water-immersion objective. Slices
were perfused at a rate of 5–7 ml/min with aCSF, maintained at a tem-
perature between 32°C and 36°C, and bubbled with a 95% O2/5% CO2

gas. Granule cells (GCs), Golgi cells, stellate/basket cells, and PCs were
visually identified and voltage-clamped (Vh = –30 mV, except for PND
30–40 PCs, which were clamped at –60 mV) with patch electrodes made
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from borosilicate glass capillary pipettes, containing the following (in
mM): 130 Cs-Gluconate, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 4
MgATP, 0.5 Na2GTP, and 5 QX-314. Internal solution was pH-adjusted
to 7.2–7.3 with CsOH. Electrode resistance was 4-8 MX for GCs and stel-
late/basket cells, and 1–4 MX for Golgi and PCs. Cells were excluded if
access resistance changed by .20% across the duration of an experi-
ment. Given the extracellular and intracellular [Cl–], ECl– was;–60 mV,
so voltage-clamping at –30 mV resulted in IPSCs being outward and
EPSCs being inward. All recordings were filtered at 10 kHz and acquired
at 20 kHz. In recordings from mature PCs, PCs were voltage-clamped at
the Cl– reversal potential (Vh = –60 mV) to isolate EPSCs, without
attempting to clamp PCs at –30 mV. A glass capillary stimulating elec-
trode was used to evoke action potentials in local afferents, with a stimu-
lation range of 25mA to 1.5mA, determined by an easily detectable and
consistent amplitude evoked synaptic response. Drugs were dissolved in
aCSF bubbled with 95% O2/5% CO2 gas before being administered. All
experimental conditions were conducted for 5min each, with the base-
line condition being conducted for at least 5min, or until a stable base-
line was reached.

Migrating GC (mGCs) whole-cell single channel electrophysiology.
mGCs in the molecular layer (ML) were selected visually based on their
small size and teardrop shape. Highly electrically compact characteristics
of mGCs (i.e., small somata, no dendrites, and few channels) enabled
single-channel voltage-clamp (Vh = –60 mV) recordings in whole-cell
configuration (Rossi and Slater, 1993). To enable recording of single
NMDAR channels at –60 mV (required to get large enough single-chan-
nel currents to resolve in whole-cell mode), recordings were done in
Mg21-free ACSF, to relieve voltage-dependent Mg21 block at such
hyperpolarized potentials. Otherwise, all solutions were the same as used
for other recordings described above. To determine whether afferent activ-
ity affected mGCNMDA channel activity, a glass capillary stimulating elec-
trode was placed in the white matter (location of the mossy fibers [MFs]),
and stimulated (paired-pulse, 20ms interpulse interval) every 20 s at inten-
sities ranging from 30 to 500mA. Whole-cell voltage-clamp recordings
were acquired and filtered as described above, and signals were further fil-
tered at 1 kHz for visualization and analysis of single-channel activity.

Analysis of spontaneous and evoked EPSC/IPSC currents. Spontaneous
synaptic events (sIPSCs and sEPSCs) from the final 2 min of recording
in each experimental condition were analyzed using Mini Analysis 6.0.7
(Synaptosoft). Automatic detection of sIPSCs and sEPSCs was executed,
using an amplitude threshold of 2 times the peak-to-peak amplitude of
the noise, and then events were individually inspected with a further
inclusion criterion of having a rise time at least 3 times faster than the
decay time. Average frequency was determined, including temporally
overlapping events, then all nonoverlapping events were averaged to cal-
culate mean amplitude. All cells with ,0.1Hz spontaneous baseline fre-
quency were excluded from analysis. Because the CB1R agonist WIN
55212-2 (WIN) fails to wash out within a reasonable amount of time, the
wash condition is excluded in the following results unless noted other-
wise. Electrically evoked (1 stim/20 s; 10 stim/2min, or 1 stim/s) synaptic
currents were quantified using pClamp 10.4 (Clampfit; Molecular
Devices). The final 10 evoked responses in every condition were averaged,
and the mean peak amplitude and paired-pulse ratio was calculated.

mGC NMDAR-mediated single-channel activity analysis. The mea-
surement of NMDAR-mediated single-channel activity in whole-cell
voltage-clamped mGCs was done as previously described (Rossi and
Slater, 1993) using PClamp software. Briefly, single-channel events were
autodetected using a threshold of 2 times the peak-to-peak amplitude of
the noise; then 100 clear “square-wave” events were selected for genera-
tion of a Gaussian to calculate the mean amplitude of these clearly
resolved single-channel events. Then, because the level of NMDAR chan-
nel activity in various experiments could range from clearly resolved
single channels, through harder to distinguish flurries of channel open-
ing events, to macroscopic currents, the total current was divided by
the previously determined mean single-channel amplitude, to give an
estimate of the number of channels (n) and the open probability (p)
during the last 120 s of a given experimental condition. Importantly, all
detectable channel activity was abolished by bath application of the
broad-spectrum NMDAR antagonist, D-AP5 (50 mM), confirming that

all forms of channel activity observed in mGCs are mediated by
NMDARs.

Evoked NMDAR single-channel current analysis. To determine the
total current induced by MF stimulation, first, a 1 s baseline region with
no events was selected within a 5 s period immediately before the electri-
cal stimulation. The holding current during this baseline quiescent pe-
riod was subtracted from the entire trace. Then, the area of the trace 3 s
immediately following stimulation was calculated, which provided the
total evoked current (ms*pA) induced by stimulation. This response is
measured as the current (pA) over this 3 s period, divided by single-
channel amplitude, and reported as the product of the number of chan-
nels (n) and the open probability (p), as described above.

Statistics. Data are expressed as the mean6 SEM for each condition.
As per Journal of Neuroscience guidelines, all figures displaying mean 6
SE also have overlaid (or displayed in parallel, if overlaying obscured
easy viewing of mean values) dot plots of actual individual raw data
points, and, when appropriate, have connector lines making clear the
before and after outcome of a given experimental manipulation for each
cell. In all experiments, statistics were performed on the number of cells
used (or images used for immunocytochemistry), not the number of ani-
mals, although in every case, the number of animals from which the cells
(or images) came from are indicated in the relevant figure legends.
Animals of both sexes were used and were blindly distributed across
experiments. For all electrophysiological experiments, each cell came
from a unique slice, to avoid potential residual effects from prior drug
applications. Within-cell spontaneous PSC frequencies, evoked PSC
amplitudes, and mGC NMDAR channel activity before and after drug
treatments were compared using paired t tests. For such electrophysio-
logical experiments, when more than one drug concentration or multiple
drug or genotype conditions were compared across such conditions,
ANOVA was used, with the specific type of ANOVA stated in the rele-
vant figure legend. Nonparametric Kruskal-Wallis one-way ANOVA on
Ranks were used for data groups failing a normality test (Shapiro-Wilk
test). For temporally dynamic electrophysiological experiments (see Fig.
8), a two-way (see Fig. 8C) or one-way (see Fig. 8E,G) repeated-measures
ANOVA with follow-up pairwise analysis (Holm-Sidak method) was
used to determine overall differences, interactions, and specific data
points mediating overall differences. For immunocytochemistry quanti-
fication across multiple ages (see Figs. 1F, 2F), a Kruskal-Wallis one-way
ANOVA on ranks was used. In all cases, significance was set at p, 0.05,
but exact p values are provided in the legends and, when significant, on
the figures as well (except when the limit of resolution was passed,
p, 0.0001: see Figs. 1F, 2F, 4L, 8E,G). For statistical analysis that is not
shown in figure format, the details of the statistics and exact p value are
in Results. A priori power analysis was not used to determine sample
size, but all n values are well within the range of similar types of experi-
ments in the broader field. For all statistical tests, normality was tested
with a Shapiro-Wilk test, again with p value for rejection= 0.05. All sta-
tistical measures were made using SigmaPlot 11.0 software (Systat
Software) or Prism 8.0 software (GraphPad). Specific controls used
throughout include using stable baseline recordings for comparison with
drug responses, ensuring that drug effects are blocked by relevant antag-
onists or gene KO, and replicating prior published data to ensure that
novel outcomes are not because of artifactual variation across research
groups (e.g., see Fig. 1B). For immunohistochemical quantification,
methods were used to ensure that the person analyzing the data was
blinded to the condition being analyzed (e.g., see Fig. 2D–F).

Reagents. Kynurenic acid (1 mM; Abcam, ab120064) was added to
aCSF solution during brain extraction. We used 50 mM AP5, 25 mM

NBQX, and 10 mM GABAzine (Abcam, ab120003, ab120046, and
ab120042 respectively) to block NMDA, AMPA/kainate, and GABAA

receptors respectively. The CB1 agonist (1)-WIN was purchased from
Cayman Chemical (catalog #10009023), and CB1 inverse agonist
SR141716A (Rimonabant) was purchased from Tocris Bioscience (cata-
log #0923). Primary antibodies were (host/supplier and catalog number/
dilution) as follows: CB1 (rabbit, Synaptic Systems, 258003/1:1000),
Calbindin (goat, Santa Cruz Biotechnology, SC7691/1:500), and VGLUT
1/2 (chicken, Synaptic Systems, 297104/1:1000).
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Results
In the adult cerebellum, CB1R is densely
expressed in the ML neuropil, in par
ticular on the glutamatergic and
GABAergic afferents to the sole out-
put neuron of the cerebellar cortex,
PCs (Fig. 1A,E) (Suarez et al., 2008).
Activation of these CB1Rs by endoge-
nous or exogenous agonists, includ-
ing WIN, reduces vesicular release
probability at these afferent terminals,
which is reflected by a reduction in
the frequency of miniature GABAergic
and glutamatergic postsynaptic currents
(Takahashi and Linden, 2000; Yamasaki
et al., 2006) and the amplitude of electri-
cally evoked eIPSCs and eEPSCs (Fig.
1B; eEPSC amplitude reduction by 5mM

WIN=40.86 9.2%) (Takahashi and
Linden, 2000; Diana et al., 2002; Yoshida
et al., 2002; Brown et al., 2003).

In contrast to the well-established
role of CB1R in the adult cerebellum,
little is known about CB1R expression
and function during cerebellar cortical
development, which is a highly coordi-
nated process of neuronal prolifera-
tion, differentiation, migration, and
synaptogenesis that occurs during a
brief time window in the early post-
natal period in rodents (Fig. 1C)
(Mugnaini, 1970; Okazawa et al., 2009;
Leto et al., 2016; Galas et al., 2017;
Kano et al., 2018). This transformation
takes ;3weeks in newborn rodents
and occurs in humans from the third
trimester of gestation through the early
postnatal period (up to ;11months)
(Zecevic and Rakic, 1976; Abraham et
al., 2001). To address this lack of infor-
mation, we used confocal fluorescence
imaging to map the expression pattern
of CB1R in the newborn rodent cerebel-
lum (PND 3–12; Fig. 1D–F). Similar to
the adult cerebellum, immunostaining
for CB1R is densely expressed in the
expanding ML neuropil (Fig. 1D–F).
However, in contrast to the adult
cerebellum, there is also a dense, but
punctate, expression of CB1R in the
developing internal GC layer (GCL; Fig.
1D–F). To quantify this apparent devel-
opmental shift, we examined three key
developmental time points in mice
(PND 3, 9, and 22) and rats (PND 3 and
9); and to partially control for differences in antibody and/or laser
light penetration through cerebellar tissue of different developmen-
tal stages, we normalized the broad CB1R staining signal intensity
to the signal intensity of nuclear staining by Hoechst in the two
main cellular layers (ML and GCL; Fig. 1F). In support of the raw
images (Fig. 1A,D,E), such quantification revealed a significant
progressive reduction in CB1R staining in the GCL at each

developmental stage (Fig. 1F, bottom). This developmental reduc-
tion in the GCL was paralleled by a significant increase in expres-
sion levels in the ML from PND 3 to PND 9, after which
expression levels were stable (Fig. 1F, top). The observed immu-
nostaining pattern and changes across development are specific
to CB1R expression because staining is absent in developing and
adult brain tissue from mice with germline deletion of CB1R
(Fig. 1E).

Figure 1. Developmentally transient expression of CB1Rs in the developing GCL. A, Confocally acquired images of immunohis-
tochemistry of fully developed (PND 35) rat cerebellar cortex, showing heavy CB1R expression in the ML and on basket cell-PC
synapses (*). Fluorescence emission for CB1R, Calbindin (a calcium buffering protein expressed primarily by PCs), and Hoechst (a
nuclear stain) are color-coded green, cyan, and magenta, respectively. B, Representative traces (left), showing that local electrical
stimulation of parallel fibers evokes eEPSCs in voltage-clamped (Vh = –60 mV) PCs in cerebellar slices from PND 35-40 rats. CB1R
agonist WIN (5 mM) significantly reduces eEPSC amplitude (right; paired Student’s t test, t(16) = �3.05, p= 0.004, n= 16 [6
rats]). C, Schematic and confocally acquired fluorescent images represent the development of the cerebellar cortex in the early
postnatal period, showing immature GCs migrating from the external granule layer (EGL) to the GCL concurrently with the prolif-
eration of PC dendritic arborization, with both processes being completed by;22 PND (same color coding as in A, but without
CB1R staining). D, Confocally acquired images of immunohistochemistry showing spatial expression of CB1Rs in PND 3 rat cerebel-
lar cortex (same color coding as in A). The main difference from adult tissue is prominent expression in the developing GCL. E, A
similar CB1R staining pattern in PND 9 and PND 35 WT mouse cerebellum, but absence of signal in cerebellum from CB1R KO
mice of each age confirms specificity of CB1R antibody (same color coding as in A). F, Bar graphs represent ratio of mean CB1R
signal intensity over mean Hoechst signal intensity in the ML (top) and GCL (bottom) in cerebellar slices from mice (black) and
rats (gray) of different postnatal ages. Top, Kruskal-Wallis one-way ANOVA on ranks (H(4) = 177.8, p, 0.0001), with significant
differences between pairwise comparisons by Dunn’s test, with the following z scores and p values: rat ML PND 3 versus 9,
z= 8.4, p, 0.0001; mouse ML PND 3 versus 9, z= 7.0, p, 0.0001; mouse ML PND 3 versus 22, z= 5.3, p, 0.0001; mouse
ML PND 9 versus 22, z= 0.23, p= 1.0. Bottom, Kruskal-Wallis one-way ANOVA on ranks (H(4) = 154.1, p, 0.0001), with signifi-
cant differences between pairwise comparisons by Dunn’s test, with the following z scores and p values: rat GCL PND 3 versus 9,
z= 6.8, p, 0.0001; mouse GCL PND 3 versus 9, z= 2.9, p= 0.04; mouse GCL PND 3 versus 22, z = 5.6, p, 0.0001; mouse GCL
PND 9 versus 22, z= 4.1, p= 0.0005. Values are derived from n= 29-111 images, from at least 4 animals at each age/species).
PL, PC layer.
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To gain insight into the subcellular localization of the devel-
opmentally transient expression of CB1R within the GCL,
we conducted higher-magnification confocal studies of CB1R
expression, combined with immunostaining for a marker of
afferent MF terminals, the vesicular glutamate transporters,
vGluT1 and 2 (Fig. 2). Notably, although expressed throughout
the GCL, CB1R staining appeared to be concentrated in regions
lacking nuclei and with high levels of signal for vGluT (Fig. 2A–
C). Importantly, as seems evident from 2D images (Fig. 2A,B),
3D projections confirmed that this consistent colocalization of
CB1R and vGluT in nuclear-free regions is not at a molecular
level (i.e., there is not much color overlap), but rather the two
epitopes co-occupy 3D nuclear-free volumes with diameters on
the order of 2-5 mm (Fig. 2C). MF afferent terminals are the only
known subcellular structure within the GCL with those dimen-
sions, which are both nucleus-free and have clear expression of
vGluT. To quantify this apparent expression of CB1R in MF
afferent terminals, we identified subcellular compartments with
the analyst blinded to the expression of CB1R (Fig. 2D–F). In
particular, we subjectively identified three subregions (Fig. 2D):
(1) those lacking nuclei, but with high vGluT expression

(presumed MF afferent terminals); (2) those with nuclei, which
always had low vGluT expression (presumed to be GC, Golgi
cell, or astrocyte cell bodies); and (3) those lacking nuclei but
also having low expression of vGluT (presumed to be axons, den-
drites, or astrocyte processes). Quantification of mean vGluT
expression intensity within the blindly identified subcellular
compartments confirmed significantly disparate expression
levels of vGluT in respective compartments (Fig. 2F, top).
Subsequent quantification of CB1R expression within the respec-
tive subcellular compartments confirmed that CB1R is concen-
trated in presumed MF afferents, with significantly higher levels
of CB1R expression in high vGluT, nucleus-free subregions com-
pared with the nonafferent compartments (Fig. 2F, bottom).
Collectively, our immunohistochemical studies indicate that the
developmentally transient expression of CB1R within the GCL is
concentrated in MF afferents.

To determine the function of CB1Rs in the respective locations,
we conducted voltage-clamp recordings of synaptic currents in
PCs (Fig. 3), ML and GCL interneurons (Fig. 4), and GCs
(Fig. 5) in acutely prepared slices of cerebellum. Voltage-clamped
(Vh = –30 mV) PCs exhibited sEPSCs and sIPSCs (mean

Figure 2. Developmentally transient expression of CB1Rs in developing GCL is concentrated on afferent MF terminals. A, B, Confocally acquired fluorescent images of immunohistochemistry
of developing (PND 3) rat cerebellar cortex, showing subcellular distribution of CB1R expression in the developing GCL. Fluorescence emission for CB1R, vGluT1 and vGlut2 (the vesicular gluta-
mate transporters located in glutamatergic MF terminals), and Hoechst (a nuclear stain) are color-coded green, red, and magenta, respectively. B, Magnified view of the boxed region in A. C,
3D projection (10mm� 10 mm� 10 mm) of the image stack shown in 2D in B shows colocalization of vGluT and CB1R in nuclear-free volumes of;15-25 mm3. D, Example of Hoechst and
vGluT only images that were used to define subcellular compartments: (1) high vGluT and no Hoechst [presumed glutamatergic MF terminals], (2) low vGluT with Hoechst [presumed neuronal
and astrocytic somas], and (3) low vGluT, no Hoechst [presumed neuronal and astrocytic processes]. Circles overlaid on image are examples of so defined ROIs (representative examples shown
at higher magnification in bottom panels). E, The CB1R channel from the same image in D, showing CB1R expression in the blindly defined subcellular regions (circles). F, Quantification of
mean vGluT (top) and CB1R (bottom) fluorescence intensity in the three subcellular compartments. CB1R expression (bottom) is significantly concentrated in presumed afferent MF terminals,
defined as nucleus lacking compartments with high vGluT expression (as subjectively identified in D and quantitatively defined in F, top). Top, Kruskal-Wallis one-way ANOVA on ranks (H(2) =
213.9, p, 0.0001), and significant differences between pairwise comparisons by Dunn’s test with the following z scores and p values: vGluT in vGluT high versus vGluT low circles, z= 7.7,
p, 0.0001; vGluT in vGluT high versus Hoechst circles, z= 14.6, p, 0.0001; vGluT in vGluT low versus Hoechst circles, z= 6.9, p, 0.0001. Bottom, Kruskal-Wallis one-way ANOVA on ranks
(H(2) = 160.6, p, 0.0001), and significant differences between pairwise comparisons by Dunn’s test with the following z scores and p values: CB1R in vGluT high versus vGluT low circles,
z= 5.4, p ,0.0001; CB1R in vGluT high versus Hoechst circles, z= 12.6, p, 0.0001; CB1R in vGluT low versus Hoechst circles, z= 7.2, p, 0.0001. Values are derived from n= 84 images,
from 5 rats.
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frequency=0.726 0.16 and 1.28 6
0.29Hz, respectively; Fig. 3B). Surpri-
singly, bath application of WIN (5 mM)
did not significantly affect the fre-
quency or amplitude of PC sEPSCs or
sIPSCs (Fig. 3B; frequency % change =
11.06 17.3 and �15.76 8.1, respec-
tively; amplitude % change=2.96 4.3
and �6.66 3.5, respectively). WIN
also failed to significantly affect the am-
plitude of eEPSCs and eIPSCs elicited
by local electrical stimulation of the
neuropil (Fig. 3A,C,D; % change =
19.06 10.6 and �3.56 13.1, respec-
tively). Similarly, WIN did not affect
eEPSC or eIPSC decay kinetics (data
not shown; WIN-induced % change in
10%-90% decay time for eEPSC and
IPSCs, respectively= 9.016 0.98, n =
11, Wilcoxon Signed Rank test, z =
�0.087, p=0.27 and 8.196 10.19,
n=4, paired Student’s t test, t(3) =
�0.72, p=0.52), arguing against a
potential presynaptic action that was
simply not detected by saturated post-
synaptic receptors. Thus, despite simi-
lar gross localization within the ML,
activation of CB1Rs does not affect syn-
aptic transmission from parallel fibers
or interneurons to PCs.

Given the lack of effect of WIN on
synaptic currents onto PCs (Fig. 3) de-
spite dense CB1R expression in the
developing ML (Fig. 1D–F), we con-
ducted voltage-clamp recordings from
ML interneurons (stellate and basket
cells) and GCL Golgi cells, all of which
also have their dendritic trees in the
ML neuropil (Fig. 4). Stellate and bas-
ket cells were identified by their loca-
tion and process arborization within
the ML (Fig. 4A,B). Although some
ML interneurons exhibited classic stel-
late or basket cell location and mor-
phology (Fig. 4B), given the difficulty
of definitively discriminating between
the two subtypes of interneuron, especially at this developmental
age, electrophysiological data obtained from the respective cell
types were pooled. Golgi cells were identified by the location of
their soma within the GCL, combined with a larger soma size,
far more extensive process arborization (Fig. 4E,F) and their
associated larger capacitance compared with GCs (mean area of
capacitive transient = 413.26 53.7 and 75.06 9.6 pA*ms for
Golgi and GCs, respectively; Fig. 4F). In voltage-clamp record-
ings (Vh = –30 mV), all three cell types exhibited sIPSCs and
sEPSCs (mean sIPSC and sEPSC frequency, respectively =
0.966 0.31 and 0.926 0.20 for stellate/basket cells, Fig. 4C,D;
and 0.396 0.16 and 0.586 0.23 for Golgi cells; Fig. 4G,H), which
were abolished by bath application of respective GABAA and
glutamate receptor antagonists, GABAzine (10 mM) and AP5
(50 mM) 1 NBQX (25 mM) (Fig. 4C,D and 4G,H, respectively).
Bath application of WIN significantly suppressed the frequency
of sIPSCs in all three cell types (% reduction for stellate/basket

cells = 28.36 10.3, Fig. 4I,J; and for Golgi cells = 45.146 7.71,
Fig. 4K,L). In contrast, WIN suppressed the frequency of sEPSCs
only in Golgi cells (% reduction= 36.976 6.54; Fig. 4I–L). These
data indicate that the dense expression of CB1R in the ML neu-
ropil reflects functional presynaptic CB1Rs on inhibitory inter-
neuron collaterals onto all subtypes of inhibitory interneuron
and on parallel fibers, but restricted to sites that affect synapses
with Golgi cells, but not PCs, stellate cells, or basket cells.

To ascertain the function of the punctate expression of
CB1Rs in the developing GCL, and its apparent expression on
MF terminals (Fig. 2), we next examined excitatory synaptic cur-
rents in GCs (Fig. 5). Voltage-clamped (Vh = �30mV) GCs
exhibited sEPSCs (mean frequency= 0.596 0.21Hz; Fig. 5A,B)
and robust eEPSCs elicited by electrical stimulation of the white
matter MFs (amplitude = 61.36 11.0 pA; Fig. 5E). GCs also
exhibited sIPSCs, which were not analyzed for this study. In con-
trast to the lack of action in PCs, WIN significantly reduced the

Figure 3. Activation of CB1Rs does not affect spontaneous or evoked EPSCs or IPSCs in PCs of newborn rats. A, Circuit diagram
showing whole-cell patch recording of PCs and location of stimulating electrode at either glutamatergic parallel fibers or
GABAergic stellate/basket cell PC afferents. B, Representative traces (top), and quantification of sEPSC and sIPSC frequency (mid-
dle) and amplitude (bottom) in voltage-clamped PCs (Vh = –60 mV) in slices of cerebellum from newborn rats (PND 4-14). WIN
(5 mM) does not significantly affect PC sEPSC or sIPSC frequencies (Wilcoxon signed rank test, z= 0.0, p= 0.99 and paired
Student’s t test, t(16) = 1.14, p= 0.27, respectively) or amplitudes (paired Student’s t test, t(19) = �0.98, p= 0.31 and paired
Student’s t test, t(19) = 1.38, p= 0.19, respectively), n= 29 [8 rats]. C, D, WIN (5mM) does not significantly affect PC eEPSC am-
plitude (C; Wilcoxon Signed Rank test, z = �1.5, p= 0.15, n= 13 [4 rats]) or eIPSC amplitude (D; paired Student’s t test, t(3) =
0.06, p= 0.95, n= 4 [1 rat]). PC EPSCs and IPSCs were evoked by local stimulation of glutamatergic parallel fibers and GABAergic
stellate and basket cells, respectively (as depicted in A).
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frequency of GC sEPSCs (% reduction= 63.86 7.7; Fig. 5B) and
the amplitude of eEPSCs (% reduction= 38.76 7.8; Fig. 5E),
effects that did not readily recover on return to control aCSF
(data not shown). Both effects were prevented by the CB1R an-
tagonist SR14716A (SR; Fig. 5C,G). SR did not significantly affect
basal sEPSC frequency (paired Student’s t test, t(8) = 1.14,
p=0.29 and t(7) = 1.07, p=0.30 for 1 and 2 mM respectively, and
Wilcoxon Signed Rank, z = �0.67, p= 0.63 for 8 mM) or eEPSC
amplitude (paired Student’s t test, t(9) = �0.51, p=0.62) before
application of WIN (data not shown). Actions of WIN were also
abolished by germline genetic deletion of CB1R (Fig. 5D), con-
firming mediation by CB1Rs. Suppression of eEPSC amplitude
was associated with an increase in the paired-pulse ratio (%
increase = 49.16 16.14; Fig. 5F), supporting a presynaptic locus
of action compatible with immunostaining for CB1R on MF ter-
minals (Fig. 2). To determine whether the observed CB1R
expression and function at MF to GC synapses were simply a
hitherto unnoticed general process across all ages versus a tran-
sient developmental process, we made voltage-clamp (Vh =
�30mV) recordings from GCs in slices of cerebellum from adult
rats (PND 35-40). In such recordings, WIN did not affect GC
sEPSC frequency (Fig. 5H), demonstrating that both expression
and function at MF to GC synapses are temporally restricted to
the growth spurt of cerebellar development.

Collectively, the data indicate that CB1Rs in the developing
cerebellum function similarly to what has been reported in adult
brain (i.e., they reduce vesicular release probability); thus, the
strength of synaptic transmission. However, CB1Rs exhibit a
developmentally unique expression pattern, such that CB1R-
induced suppression of synaptic transmission occurs at afferent
inputs to GCs and at local inhibitory neuron synapses, instead of
at synapses onto efferent output PCs that dominate in the adult
cerebellum.

While the transient expression of CB1Rs on cerebellar affer-
ents could simply serve a local synaptic developmental function
(Okazawa et al., 2009; Dhar et al., 2018), their suppression of GC
synaptic excitation could also affect downstream transmission,
which plays important roles in coordinating the diverse and spa-
tially dispersed cerebellar developmental processes (Fig. 1C) that
must be temporally orchestrated if appropriate network connec-
tivity is to be achieved (Kano et al., 2018; Schilling, 2018). One
well-established trans-network, developmentally coordinated
process is PC climbing fiber pruning, which, despite being a sep-
arate afferent system, is dependent on appropriate GC activity
during critical developmental periods (Kano et al., 2018). Since
CB1Rs do not affect monosynaptic transmission to PCs (Fig. 3),
we tested whether actions at the MF to GC synapse affect down-
stream PC excitation. To do this, we made voltage-clamp

Figure 4. CB1Rs exhibit a developmentally unique pattern of synaptic suppression at ML interneuron synapses in newborn rats. A, B, Circuit diagram (A) and DIC/fluorescence images (B) of
location and morphology used to identify stellate/basket cell recordings (for orientation, *’s in B mark individual Purkinje cells in the PC layer). C, D, Representative traces (C) and quantification
of sEPSCs and sIPSCs (D) in voltage-clamped (Vh = –30 mV) stellate/basket cells showing that they are, respectively, blocked by the glutamate receptor antagonists (50 mM AP5 and 25 mM

NBQX) and GABAAR antagonists, GABAzine (10mM). Wilcoxon Signed Rank Test, z =�2.4, p= 0.02 and z =�0.89, p= 0.43 for GABAzine effects on sIPSC and sEPSC frequencies, respectively,
and Student’s t test, t(8) = 3.6, p= 0.007, for AP5/NBQX effects on sEPSC frequency. E, F, Circuit diagram (E) and DIC/fluorescence images of location and morphology (F, left) with representa-
tive capacitive transients for Golgi cell (black trace) and GCs (gray trace; F, right) used to identify Golgi cells within the GCL. G, H, Representative traces (G) and quantification of sEPSCs and
sIPSCs (H) in voltage-clamped (Vh = –30 mV) Golgi cells, showing that they are, respectively, blocked by the glutamate receptor antagonists (50mM AP5 and 25mM NBQX) and GABAAR antag-
onists, GABAzine (10 mM). Wilcoxon Signed Rank Test, z = �2.52, p= 0.008 and Student’s t test, t(4) = �0.71, p= 0.52 for GABAzine effects on sIPSC and sEPSC frequencies, respectively,
and Student’s t test, t(4) = 3.6, p= 0.04, for AP5/NBQX effects on sEPSC frequency. I, J, WIN (5 mM) significantly reduces the frequency of stellate/basket cell sIPSCs (Wilcoxon Signed Rank
test, z = �2.6, p= 0.008, n= 14 [6 rats]) without affecting the frequency of sEPSCs (Wilcoxon Signed Rank test, z = �0.4, p= 0.43, n= 24 [7 rats]) in slices from PND 5-10 rats. K, L, WIN
(5mM) significantly reduces the frequency of both sEPSCs (Wilcoxon Signed Rank test, z =�3.8, p, 0.0001, n= 22 [6 rats]) and sIPSCs (Wilcoxon Signed Rank test, z = �3.2, p, 0.0001,
n= 15 [5 rats]) in Golgi cells in slices from PND 8-10 rats.
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recordings (Vh = �30mV) of PC polysynaptic EPSCs evoked by
electrical stimulation of GC afferent MFs (Fig. 6). MF stimula-
tion (75mA to 1 mA) reliably elicited polysynaptic EPSCs (mean
amplitude= 280.26 69.9 pA; Fig. 6A,B). Bath application of
WIN (5 mM) significantly suppressed the magnitude of the poly-
synaptic EPSC (% reduction= 45.56 6.5; Fig. 6B,C). Such sup-
pression of MF-evoked PC polysynaptic EPSCs was abolished by
the CB1R antagonist SR14716A (SR; 2 mM; Fig. 6D). Thus, while
CB1Rs do not affect synaptic transmission at monosynaptic syn-
apses onto PCs, activation of CB1Rs on MF to GC synapses sup-
presses transmission of afferent synaptic signals through GCs to
downstream PCs.

Another key cerebellar developmental process during the
postnatal period is the terminal differentiation of GCs in the
external GCL, followed by their migration across the developing
ML to their adult location in the mature GCL (Fig. 1C). In
rodents, the success of this process requires that ;100 million
GCs terminally differentiate, migrate ;200-300mm, and form
appropriate excitatory and inhibitory synapses with incoming
MFs and Golgi afferents, respectively, all within a 3 week period.
While the mechanistic details of this enormous task are not fully
understood, it is well established that GCmigration rate is driven
by Ca21 influx through single, nonsynaptic glutamate receptor-

gated channels of the NMDAR subtype (Komuro and Rakic,
1993; Rossi and Slater, 1993). The level of NMDAR channel ac-
tivity increases during development, in part via increased
NMDAR channel expression density (Rossi and Slater, 1993),
potentially to enable more rapid migration rate across an increas-
ingly greater migrational distance. In addition to adjusting
migration rate to match distance needed to be traversed, it is
likely, albeit untested, that migration rate should be adjusted
such that GC arrival coincides with the arrival and maturation of
their eventual synaptic afferents. If such coordination exists, then
changes in GC afferent excitation should affect the NMDAR
channel activity that drives GC migration rate. To test this hy-
pothesis, we made patch-clamp recordings from mGCs in the
ML, identified by their location, size, and morphology (Fig. 7).
As we reported previously, in zero Mg21 aCSF (to eliminate volt-
age-dependent Mg21 block of NMDAR channels) (Mayer et al.,
1984) at the hyperpolarized potentials required to resolve single-
channel events in whole-cell mode (Rossi and Slater, 1993;
Ebralidze et al., 1996), voltage-clamped (Vh = �60mV) mGCs
exhibit spontaneous NMDAR channel openings (mean single-
channel current = �5.1 6 0.1 pA; Fig. 7C,D) that are abolished
by the NMDAR receptor antagonist, AP5 (50 mM; Fig. 7C,D).
Although such spontaneous NMDAR channel activity is caused

Figure 5. Activation of CB1Rs suppresses MF afferent excitation of GCs in newborn rats but not adult rats. A, Circuit diagram showing whole-cell patch recording of GCs and location of stim-
ulating electrode at glutamatergic MF afferents. B, Representative traces (top) and quantification of sEPSCs (bottom) in voltage-clamped (Vh = –30 mV) GCs, showing that WIN (5mM) signifi-
cantly reduces the frequency of sEPSCs (paired Student’s t test, t(9) = 4.3, p= 0.002, n= 10 [5 rats]) in slices from PND 2-9 rats. C, Bar chart showing that the CB1R antagonist, SR141716A,
dose-dependently blocks the WIN-induced suppression of sEPSC frequency (one-way ANOVA, F(3,31) = 7.89, p= 0.0005, Holm-Sidak multiple comparisons to WIN alone: 1 mM SR, t(31) = 1.40,
p= 0.17, 2 mM SR, t(31) = 2.93, p= 0.01, 8 mM SR, t(31) = 4.59, p= 0.0002). D, Representative traces (top panels) and quantification of sEPSC frequency (bottom panels) in voltage-clamped
(Vh = –30 mV) GCs, showing that WIN (5 mM) significantly reduces the frequency of sEPSCs in PND 6-9 WT mice but not in CB1R KO mice (2� 2 ANOVA, strain � treatment interaction,
F(1,29) = 7.23, p= 0.012, strain main effect, F(1,29) = 1.99, p= 0.17, treatment main effect, F(1,29) = 0.05, p= 0.831, Holm-Sidak pairwise comparisons Cont. versus WIN within WT, t(18) =
2.44, p= 0.02, Cont. versus WIN within KO, t(9) = 1.54, p= 0.13). E, Representative traces (left) and quantification of MF-evoked GC EPSC amplitudes (eEPSCs), showing that WIN (5mM) signif-
icantly reduces the amplitude of eEPSCs (Wilcoxon Signed Rank test, z= 3.05, p= 0.001, n= 16 [6 rats]). F, Representative traces (left panels) and quantification of MF-evoked paired-pulse
stimulation (ISI = 20ms) EPSC amplitudes, showing that WIN (5 mM) suppression of eEPSC amplitude is accompanied by a significant increase in paired-pulse ratio (paired Student’s t test, t(4)
= �3.8, p= 0.019, n= 5 [2 rats]). Scale bars are for isolated traces only; interstimulus recording has been removed for clarity. G, Representative traces (top) and quantification of MF-evoked
EPSC amplitudes, showing that WIN (5 mM) suppression of eEPSC amplitude is prevented by the CB1R antagonist, SR141716A (1 mM; paired Student’s t test, t(9) = 0.6, p= 0.55, n= 8 [4
rats]). H, Representative traces (top) and quantification of GC sEPSC frequency, showing that WIN (5mM) does not significantly affect sEPSC frequency in PND 35-40 rats (paired Student’s t test
t(26) = 1.9, p= 0.07, n= 27 [12 rats]).
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by nonsynaptically generated ambient extracellular glutamate
(Rossi and Slater, 1993), given that exogenous/experimental
modulation of mGC NMDAR activity levels controls migration
rate, it is often suggested/assumed that afferent activity would

modulate ambient glutamate concentrations, presumably to syn-
chronize mGC migration rate with upstream afferent synaptic
activity. However, to our knowledge, this has never been directly
tested. We found that electrical stimulation of MF afferents (via a

Figure 6. Activation of CB1Rs suppresses MF afferent-evoked polysynaptic excitation of PCs in newborn rats. A, Circuit diagram showing whole-cell patch recording of PCs and location of
stimulating electrode at glutamatergic MF afferents. B-D, Representative traces (B) and quantification of MF-evoked, polysynaptic EPSCs (C,D) in voltage-clamped (Vh = –30 mV) PND 5-8 PCs,
showing that WIN (5mM) significantly reduces the amplitude of MF-evoked polysynaptic PC EPSCs (C; Wilcoxon Signed Rank test, z= 2.8, p= 0.002, n= 10 [5 rats]), and (D) that the CB1R an-
tagonist SR (2 mM) does not affect basal MF-evoked polysynaptic PC EPSC amplitude but prevents subsequent suppression by WIN (5 mM; one-way repeated-measures ANOVA, F(2) = 0.2,
p= 0.839, n= 7 [4 rats]). MF-evoked polysynaptic responses were blocked by glutamate receptor antagonists AP5 (50mM) and NBQX (25mM). Far right bar, GluR block.

Figure 7. Activation of CB1Rs suppresses MF afferent-evoked stimulation of single NMDA receptor channels in nonsynaptically connected mGCs. A, B, Circuit diagram (A) and DIC image (B)
showing whole-cell patch recording of mGCs and location of stimulating electrode at glutamatergic MF afferents. C, Representative traces showing spontaneous and MF-evoked (Stim) single
NMDAR channel openings and block by NMDAR antagonist AP5 (50 mM), in voltage-clamped (Vh = �60mV) mGCs. D, Representative Gaussian fit of single-channel activity in an mGC. E,
Quantification of MF-evoked NMDAR channel activity (n*p) under control conditions and in the presence of AP5, showing that AP5 blocks MF-evoked NMDAR channel activity (paired Student’s
t test, t(3) = 4.6, p= 0.02, n= 4 [4 rats]). F-H, Representative traces (F) and quantification (G,H) of MF-evoked (Stim) NMDAR channel openings in mGCs, showing that WIN (5mM) significantly
reduces NMDAR response magnitude under control conditions (G; Wilcoxon Signed Rank test, z =�3.2, p, 0.0001, n= 13 [5 rats]), but not in the presence of SR (H; 2 mM; repeated-meas-
ures ANOVA, F(2) = 1.6, p= 0.245, n= 6 [4 rats]).
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glass electrode placed in the white matter track; mean
stimulus= 30-500 mA; Fig. 7A,B) caused a transient but significant
increase in mGC single NMDAR channel activity (% increase=
1� 109, paired Student’s t test, t(3) = �4.6, p=0.02; Fig. 7C), that
was blocked by AP5 (50 mM; Fig. 7E). Bath application of WIN
(5 mM) significantly reduced the magnitude of the MF-evoked
increase in NMDAR channel activity (% reduction=57.76 9.3;
Fig. 7F,G). Suppression of MF-evoked mGCNMDAR channel ac-
tivity by WIN was blocked by the CB1R antagonist, SR141716A
(SR; 2mM; Fig. 7H), confirming its mediation by CB1Rs. Thus, the
mGC NMDAR channel activity that drives their migration rate is
stimulated by MF afferent activity, both of which are reduced by
activation of CB1Rs on MF terminals.

Collectively, our data suggest that CB1Rs transiently exp-
ressed on MF afferent terminals enable coordinated modulation
of afferent activity with trans-network developmental signaling,
including MF excitation of GCs, and downstream GC excitation
of developing PCs and mGCs. Given the importance of these de-
velopmental processes for proper cerebellar development and
function, we next wanted to determine how the CB1R system is
activated physiologically, and how such activation manifests (Fig.
8). As a starting point for such assessment, we implemented a
common membrane depolarization protocol that has been
shown to recruit endocannabinoid generation and consequent
suppression of synaptic transmission known as depolarization-
induced suppression of inhibition/excitation (Yoshida et al.,
2002; Diana and Marty, 2004). More specifically, at many synap-
ses throughout the brain, including the adult cerebellum, depola-
rization of postsynaptic neurons raises intracellular [Ca21], and
the resultant stimulation of postsynaptic endocannabinoid pro-
duction, and diffusion to presynaptic terminal CB1Rs results in a
transient suppression of vesicular release, and thus synaptic cur-
rent magnitude (Yoshida et al., 2002). To determine whether a
similar process occurs at MF to GC synapses in the developing
cerebellum, we designed a protocol in which MF afferents were
stimulated at 1Hz; and after recording synaptic responses to 60
such stimuli, stimulation was paused for 10 s, and the postsynap-
tic GC was depolarized to 0mV for 100ms, 10 times (with
900ms intervals between depolarizations; Fig. 8A). After the
depolarization protocol, MF afferent stimulation at 1Hz was
reinitiated (for 60 stimulations), then paused for 10 s without
depolarization, whereupon the sequence was repeated continu-
ously under control conditions and then on bath application of
the CB1R antagonist, SR (2 mM; Fig. 8A–C). The relatively high
MF afferent stimulation frequency (1Hz) was used because we
needed better temporal resolution given high trial-to-trial vari-
ability in synaptic amplitude (Fig. 8B). In contrast to what has
been reported previously in various adult brain regions, the
depolarization protocol did not result in transient suppression of
eEPSC amplitude (Fig. 8B,C). Despite the lack of depolarization-
induced suppression of excitation, we nonetheless applied SR to
determine whether CB1Rs played any role in the observed tem-
poral dynamics of synaptic response amplitude at these develop-
ing GC synapses (Fig. 8B–E). Although application of SR did not
significantly affect temporal dynamics within a block of trials
(Fig. 8C), it did lead to a significant, progressive, and sustained
enhancement of eEPSC amplitude across all phases of our stimu-
lation protocol (Fig. 8D,E). Such potentiation did not occur
when the stimulation protocol was administered for the same
duration without applying SR (Fig. 8F,G), confirming that the
potentiation is specifically triggered by our stimulation protocol,
but is normally suppressed, by concomitant CB1R activation.
Thus, in developing neonatal cerebellar GCs, when CB1Rs are

transiently expressed on afferent MF terminals, a typical depola-
rization-induced suppression of excitation protocol does activate
the endogenous endocannabinoid system, but the outcome is
atypical, resulting in an apparent suppression of progressive, sus-
tained potentiation of synaptic transmission, which is revealed
on blockade of CB1Rs.

Discussion
Our data provide previously unknown insight into five major
aspects of cerebellar development: (1) there is a transient period
in the newborn rodent, during the cerebellar “growth spurt,”
when functional CB1Rs are expressed on MF afferent terminals
and on inhibitory interneuron cross-connected synapses, but not
on the excitatory or inhibitory afferents to PCs that dominate in
the adult; (2) despite the premature state of the cerebellar cortical
network, adequate synaptic network connectivity exists, such
that MF afferent excitatory activity is faithfully transmitted to
downstream, cortical output PCs; (3) such MF-driven down-
stream synaptic activity releases enough glutamate to activate the
NMDARs on synaptically unconnected, mGCs; (4) both MF-
driven PC and mGC excitation is suppressed by activation of MF
CB1Rs; and (5) endogenous activation of MF CB1Rs during GC
excitation prevents progressive sustained synaptic potentiation.

To ensure that the lack of action of WIN on PC synapses in
newborn cerebellum is indeed a developmentally transient phe-
nomenon, we replicated past studies showing that WIN does
effectively suppress the magnitude of parallel fiber to PC synaptic
transmission in adult cerebellum (Fig. 1B) (Takahashi and
Linden, 2000). The developmentally transient lack of functional
CB1Rs on parallel fibers extends to synapses onto ML stellate
and basket cells, which like PCs have functional CB1Rs in adult
(Beierlein and Regehr, 2006) but not newborn cerebellum (Fig.
4I,J). Since we are not aware of any previous studies of WIN at
MF to GC synapses in the adult, we also tested WIN effects at
this synapse in adult, and found no significant effects (Fig. 5H),
confirming its developmentally transient nature. Although more
temporally detailed developmental studies will be required to
determine exactly when the respective functional expression sites
arrive and disappear, based on our studies and past literature, we
can conclude that exclusion/lack of functional CB1Rs on gluta-
matergic inputs to PCs, stellate cells, and basket cells, as well as
GABAergic inputs to PCs (Figs. 3, 4), occurs during a short de-
velopmental window from birth to about PND 10-15 in rodents
(Takahashi and Linden, 2000; Yoshida et al., 2002; Beierlein and
Regehr, 2006). Based on anatomic comparisons, this rodent time
frame is roughly equivalent to the third trimester of gestation
through ;8months after birth in humans (Zecevic and Rakic,
1976; Abraham et al., 2001). Conversely, although less tempo-
rally detailed, from data reported here, the transient expression
of functional CB1Rs on MF terminals is gone by PND 35 in
rodents (i.e., early adolescence) (Fig. 5H).

The implications of our study for the role of the endocannabi-
noid system in cerebellar development and modulation by exog-
enous cannabinoids pertain to numerous components, including
the following: (1) all phases of GC development, (2) PC dendri-
tic growth and synaptic pruning, and (3) stellate/basket cell
maturation.

First, it is known that glutamatergic synaptic excitation of
postmigratory GCs regulates survival/apoptosis, dendrite forma-
tion/pruning, and expression of critical GC-specific gene prod-
ucts crucial for normal GC synaptic signaling. In particular,
developmental activation of GC NMDARs results in GC
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production of BDNF, which in turn promotes GC survival (Hirai
and Launey, 2000). Similarly, release of WNT-7a from develop-
ing GCs, possibly dependent on Ca21 influx through activated
NMDARs (Wayman et al., 2006), promotes the growth and syn-
aptic maturation of both GC dendrites and incoming MFs
(Ahmad-Annuar et al., 2006). In this regard, it appears that en-
dogenous activation of MF CB1Rs during GC excitation retards
a form of progressive synaptic potentiation that would occur in
their absence (Fig. 8D–G), suggesting a key role in regulating
synaptic maturation. Moreover, like most neurons, GCs exhibit

developmental shifts in their expression of molecular subtypes of
transmitter-gated ion channels (Nakanishi and Okazawa, 2006;
Okazawa et al., 2009; Ding et al., 2013), including GC-specific
subtypes of GABAAR subunits (e.g., a6) that are critical for GC
function in the adult (Hamann et al., 2002). Importantly, such
transitions are regulated by GC excitation. Thus, activation of
MF CB1Rs, which suppresses glutamatergic synaptic excitation
of postmigratory GCs by incoming MFs (Figs. 5, 8), is likely to
disrupt normal afferent-driven GC survival, synaptogenesis, and
differentiation into an appropriate adult molecular phenotype.

Figure 8. CB1R activation during synaptic trains and depolarization prevents progressive sustained potentiation. A, Graphical depiction of the synaptic stimulation and depolarization protocol
designed to elicit endocannabinoid signaling. MF afferents were stimulated at 1 Hz for 60 s (60 total stimuli), followed by a depolarization protocol (to 0 mV for 100 ms, 10 times with 900 ms
intervals) without synaptic stimulation (total 10 depolarization steps over 10 s). Subsequently, MF afferent stimulation was renewed for another 60 stimuli, followed by a pause in stimulation
without depolarization steps (for 10 s). This protocol was repeated 10 times while varying pharmacological conditions. B, Top, Raw data traces (top) showing the EPSC evoked by the first and
60th stimulation (average over 4 trials for the predepolarization stimulations under control conditions (left gray traces) and after application of SR (2mM; right black traces). B, Bottom, Plot for
a single cell (from which raw data traces were shown above) of mean eEPSC amplitude across 4 blocks of protocol under control conditions (gray dots) and 5 blocks of protocol in SR (black
dots). C, Plot of mean eEPSC amplitude across cells (n= 12 cells from 5 rats, PND 3-6) showing overall pattern of synaptic transmission during 1 Hz stimulation, and lack of effect of SR (2� 2
repeated-measures ANOVA, condition � trial number interaction, F(59,1298) = 1.01, p= 0.45; condition main effect, F(1,22) = 0.46, p= 0.51; trial number main effect, F(2.99,65.72) = 2.09,
p= 0.11). D, E, Plots of eEPSC amplitude across repetitions of the stimulation and depolarization protocol for representative cells (D,F) and means across cells (E,G) under control conditions
throughout (F,G; n= 8 cells from 5 rats, PND 3-5) or on transition to SR (D, E; n= 12 cells from 5 rats PND 3-6). *p, 0.01, pairwise comparisons for each block of trials in WIN, relative to
the average of all trial blocks under control conditions (one-way repeated-measures ANOVA, F(11,131) = 14.53, p, 0.0001, and follow-up Holm-Sidak, pairwise analysis indicated that all means
for block 6-9, and the postdepolarization branch of block 5 were significantly different from the mean of the control blocks. Sequential t scores and p values are as follows: t(9) = 2.4,
p= 0.009; t(9) = 3.7, p= 0.003; t(9) = 4.2, p= 0.003; t(9) = 4.2, p= 0.001; t(9) = 4.6, p= 0.002; t(9) = 4.4, p= 0.003; t(9) = 4.3, p= 0.003; t(9) = 4.2, p= 0.003; t(9) = 4.2, p= 0.002; and t(9)
= 4.4, p, 0.0001 for blockers, NBQX1 AP5. When SR was not applied (G), there was no significant effect of time (one-way repeated-measures ANOVA, F(10,84) = 1.10, p= 0.37), but the trial
in the presence of blockers (NBQX1 AP5) was significantly reduced compared with the preceding block (t(5) = 8.84, p, 0.0001). Each block of 1 Hz stimulation from before (D, F, black dots;
E,G, bars) and after the depolarization protocol (D, F, gray dots; E, G, bars) is overlaid on one another for each block. There is a 10 s gap between repetitions of each block. D-G, The last block
of protocol execution (block 10) was conducted in glutamate receptor antagonists, NBQX and AP5 (25 and 50 mM, respectively), which, in all cases eliminated synaptic responses, confirming
that all eEPSCs were mediated by glutamate receptors.
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Second, previous work has shown that GC activity drives PC
dendritic growth (Hirai and Launey, 2000) and is necessary for
appropriate pruning of supernumerary climbing fiber inputs to
PCs (Hashimoto et al., 2009). Our data demonstrate that CB1R
suppression of MF to GC synaptic transmission also dampens
MF-evoked downstream polysynaptic excitation of PCs (Fig. 6).
Thus, despite the lack of functional CB1Rs on parallel fiber to PC
synapses (Fig. 3), activation of MF-GC CB1Rs will likely alter
afferent-driven polysynaptic excitation of PCs, which could
therefore also hamper appropriate PC dendritic growth and syn-
aptic maturation. Furthermore, our data demonstrate that affer-
ent MF excitation of postmigratory GCs increases the ambient
concentration of glutamate in the developing ML enough to sub-
stantially increase the nonsynaptic NMDAR channel activity in
mGCs that is known to drive their migration rate (Fig. 7)
(Komuro and Rakic, 1993). Thus, CB1R-induced suppression of
MF afferent to GC transmission is also likely to reduce mGC
migration rate.

Finally, although less well studied, analysis of mutant lines
and x-ray-irradiated rodents that result in GC loss suggest that
normal stellate and basket cell dendritic growth is dependent on
innervation from GCs, either directly or via GC driven crosstalk
among interneurons (Rakic and Sidman, 1973; Altman, 1976).
Thus, it is reasonable to consider that CB1R suppression of MF
to GC excitation (Fig. 5) and/or interneuron crosstalk (Fig. 4I,J)
will adversely affect ML interneuronal dendritic development.
Future research will be required to determine which of all these
likely impacts occurs, to what degree they occur under various
conditions, and how they relate to the long-lasting effect of peri-
natal exposure to cannabinoids on motor learning.

Collectively, our data demonstrate that numerous cerebellar
cortical developmental signals are modified in a coordinated
fashion by MF fiber afferent excitation of GCs, and that activa-
tion of CB1Rs on MF terminals consequently dampens all of the
respective coordinated signal cascades. While we have used a sat-
urating concentration of the CB1R agonist to study such proc-
esses (WIN, 5 mM), and maximal CB1R activation is not likely
common during recreational use of cannabis, our data nonethe-
less suggest that cannabinoid use by women during the third tri-
mester of pregnancy and first year of breastfeeding have great
potential for disrupting cerebellar development in the exposed
offspring. Such exposure may account for established impacts of
marijuana use by pregnant women on motor skills in their
offspring (Astley and Little, 1990; Willford et al., 2010;
Campolongo et al., 2011), but may also either directly induce
nonmotor, cognitive symptoms that are known to occur in cere-
bellar-associated neurodevelopmental cognitive disorders (atten-
tion deficit and hyperactivity disorder, schizophrenia, autism
spectrum disorder, and predilection to drug/alcohol abuse)
(Kaplan et al., 2013; Stoodley, 2016; Hariri, 2019), or synergize
with respective genetic risks for such conditions. Alternatively,
our increasing understanding of the genetics that drive such de-
velopmental disorders may reveal potential developmental thera-
peutic applications of CB1R activation during the cerebellar
growth spurt.
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