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CB1-Dependent Long-Term Depression in Ventral Tegmental
Area GABA Neurons: A Novel Target for Marijuana
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The VTA is necessary for reward behavior with dopamine cells critically involved in reward signaling. Dopamine cells in turn are
innervated and regulated by neighboring inhibitory GABA cells. Using whole-cell electrophysiology in juvenile-adolescent GAD67-GFP
male mice, we examined excitatory plasticity in fluorescent VTA GABA cells. A novel CB1-dependent LTD was induced in GABA cells that
was dependent on metabotropic glutamate receptor 5, and cannabinoid receptor 1 (CB1). LTD was absent in CB1 knock-out mice but
preserved in heterozygous littermates. Bath applied �9-tetrahydrocannabinol depressed GABA cell activity, therefore downstream
dopamine cells will be disinhibited; and thus, this could potentially result in increased reward. Chronic injections of �9-
tetrahydrocannabinol occluded LTD compared with vehicle injections; however, a single exposure was insufficient to do so. As synaptic
modifications by drugs of abuse are often tied to addiction, these data suggest a possible mechanism for the addictive effects of �9-
tetrahydrocannabinol in juvenile-adolescents, by potentially altering reward behavioral outcomes.
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Introduction
Drug addiction represents a significant health and economic is-
sue around the world. The United States alone spends �$193
billion dollars annually on costs related to illicit drug abuse. Al-
though there is variation in the physiological mechanism of each

drug of abuse, the common theme is that they alter VTA circuitry
and function, usually to enhance DA release (Berridge and
Robinson, 1998; Wise, 2008; Lüscher and Malenka, 2011).
Dopaminergic cells are involved in motivation and learned
reward behavior. Drugs of abuse enhance DA levels more than
normal rewarding behaviors (McBride et al., 1999), and cause
synaptic modifications leading to addiction (Lüscher and Malenka,
2011). Subsequent to the acute actions of drugs of abuse, synaptic
and physiological changes to the reward circuit can persist long after
clearance of these drugs. These synaptic changes in the VTA, or its
projections, mediate some of the addictive components of drugs of
abuse. All addictive psychoactive substances examined to date in-
duce long-term changes of excitatory synapses of VTA DA neurons,
whereas nonaddictive psychoactive substances do not (Mameli and
Lüscher, 2011). For example, one exposure to cocaine induces LTP
of excitatory input to VTA DA cells (Ungless et al., 2001). These
synaptic changes are likely why addiction involves the compulsive
drive to self-administer drugs even after mitigation of acute DA
enhancements.
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Significance Statement

The present study identifies a novel form of glutamatergic synaptic plasticity in VTA GABA neurons, a currently understudied cell
type that is critical for the brain’s reward circuit, and how �9-tetrahydrocannabinol occludes this plasticity. This study specifically
addresses a potential unifying mechanism whereby marijuana could exert rewarding and addictive/withdrawal effects. Marijuana
use and legalization are a pressing issue for many states in the United States. Although marijuana is the most commonly abused
illicit drug, the implications of legalized, widespread, or continued usage are speculative. This study in juvenile-adolescent aged
mice identifies a novel form of synaptic plasticity in VTA GABA cells, and the synaptic remodeling that can occur after �9-
tetrahydrocannabinol use.
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Endocannabinoids (eCBs) mediate many forms of plasticity,
in particular LTD (Castillo et al., 2012). The eCBs are more recently
characterized lipid-based signaling molecules that induce plasticity
throughout the brain (Cristino et al., 2008), including the VTA (Má-
tyás et al., 2008). The eCBs include 2-arachidonylglycerol (2-AG)
and anandamide that retrogradely activate receptors, such as canna-
binoid receptor 1 (CB1) and transient receptor potential vanilloid 1
(TRPV1) (Di Marzo et al., 1994; Tanimura et al., 2010). These recep-
tors have both been correlated to reward and addiction in the VTA
(Marinelli et al., 2005; Rodriguez et al., 2011). The regulation of eCB
production shares common mechanisms throughout the nervous
system (Heifets and Castillo, 2009). Synthesis of eCBs 2-AG and
anandamide often occurs in the postsynaptic cell, usually in response
to Type I metabotropic glutamate receptor (mGluR) activation
(Jung et al., 2005). When produced, these hydrophobic molecules
escape from the postsynaptic cell and can bind to receptors on pre-
synaptic neurons or adjacent cells. CB1 is particularly relevant to
reward and addiction due to its ability to bind to the psychoactive
ingredient in marijuana, �9-tetrahydrocannabinol (THC) (Gaoni
and Mechoulam, 1964). Marijuana/THC use is especially negative
for adolescents where it causes decreased cognition, abnormalities in
the reward pathway, and increased probability of substance abuse
(Quinn et al., 2008; Gilman et al., 2014; Hurd et al., 2014; Volkow et
al., 2014). Indeed, a pathologic addiction state known as cannabis
use disorder is on the rise and can lead to memory deficits (Smith et
al., 2015). Cannabis use disorder, as defined in the DSM-V, is the
most prevalent drug use disorder in the United States (Wu et al.,
2016). The recent legalization of marijuana for medical and recre-
ational use in several states will only increase the public issues asso-
ciated with it and thus the demand for studies regarding its effects on
reward, addiction, and cognition.

Last, as mentioned previously, while illicit drugs are known to
cause synaptic modifications onto DA cells, data regarding drug
modification of excitatory synapses onto VTA GABA neurons is
conspicuously absent. Therefore, studies examining VTA
GABA neurons are necessary, as drugs of abuse targeting these
neurons, altering their activity and excitatory synaptic plasticity,
could cause addictive behaviors as well. This is because decreas-
ing GABA cell activity reduces inhibition to DA cells, thus en-
hancing DA release (Lassen et al., 2007). Our goal was to identify
the mechanism of plasticity of excitatory inputs onto VTA GABA
neurons and determine the influence of THC on this plasticity.

Materials and Methods
All experiments were performed in accordance with Institutional Animal
Care and Use Committee protocols and followed National Institutes of
Health Guide for the care and use of laboratory animals. Institutional
Animal Care and Use Committee protocols for all experiments were
approved by the Brigham Young University Institutional Animal Care
and Use Committee, Animal Welfare Assurance Number A3783-01.

Animals. Male juvenile/adolescent aged CD1 GAD67-GFP knock-in
mice (P15–P40) produced by the Tamamaki laboratory were used so that
GABA cells in the VTA could be positively identified using fluorescence
(Tamamaki et al., 2003). Juvenile age in mice begins at �P14 –P15 and
adolescence begins at �P28 –P35 (Iñiguez et al., 2016; Rovira and Geijo-
Barrientos, 2016; Liu et al., 2017; Yohn and Blendy, 2017). In a prior
report, we confirmed that extracted GFP-positive cells do indeed express
GAD67 by PCR and performed immunohistochemistry experiments
that confirm TH and GFP-positive cells are separate populations in
the VTA (Merrill et al., 2015). All experiments and controls were
interleaved among this age range. No differences in LTD were noted
within this age range. Male CB1 knock-out mice (Dr. Ken Mackie’s Lab-
oratory, Department of Psychological and Brain Sciences, Indiana
University, Bloomington, Indiana) were bred to female GAD67-GFP-
positive/CB1 heterozygous mice to obtain knock-out and heterozygous

littermates that also had positive GAD67-GFP labeling. GFP-positive
mice were identified initially in screening using UV goggles, whereas CB1
knock-out, heterozygote, and littermate controls were identified by
genotyping using PCR. Primer sequences for wild-type CB1 gene were as
follows: forward, TACCACCATTTCACTGATTGTCT; and reverse, TG
GCAAGAAAAGTCAGAGTGTAA. Sequences for knock-out were as fol-
lows: forward, AGGTCGGTCTTGACAAAAAGA; and reverse, GCCA
TTGAACAAGATGGATT.

Slice preparation. Mice were anesthetized with isoflurane and decapi-
tated with a rodent guillotine. Brains were rapidly removed and sectioned
horizontally on a vibratome at 300 �m using an ice-cold, sucrose-based
cutting solution composed of 220 mM sucrose, 0.2 mM CaCl2, 3 mM KCl,
1.25 mM NaH2PO4, 25 mM NaHCO3, 12 mM MgSO4, and 10 mM glucose.
After sectioning, the slices were placed in oxygenated ACSF composed of
119 mM NaCl, 26 mM NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 2.5 mM

CaCl2, 1.3 mM MgSO4, and 11 mM glucose in an incubator at 37°Celsius,
where they remained until recording.

Recording protocol experimental design and statistical analyses. Record-
ings began at least 1 h after cutting. Slices were placed in the recording
chamber and bathed with oxygenated (95% O2, and 5% CO2) high diva-
lent ACSF (4 mM CaCl2 and 4 mM MgCl2, replacing MgSO4), along with
100 �M picrotoxin to block GABAA currents. The VTA was visualized
using an Olympus BX51W1 microscope with a 40� water-immersion
objective. GAD67-GFP-positive cells were selected for recording from
the same location in the VTA as our previous study (Merrill et al., 2015)
at approximately the following coordinates from adult mouse bregma;
anteroposterior �3.2 to 3.3, mediolateral �0.6 to 0.7, dorsoventral �4.5
to 4.3. Patch pipette resistance was 2.5–5.5 M�. Cells were held at
�65 mV and patched with a glass pipette filled with internal solution
composed of 117 mM cesium gluconate, 2.8 mM NaCl, 20 mM HEPES, 5
mM MgCl2, and 1 mM QX-314 (Tocris Bioscience), pH 7.28 (275–285
mOsm). Current traces were recorded using Multiclamp 700B amplifier
(Molecular Devices). Signals were filtered at 4 kHz and digitized with an
Axon 1440A or 1550A digitizer (Molecular Devices) connected to a Dell
personal computer with pClamp 10.2/10.5 Clampex software (Molecular
Devices). The peak amplitude of the induced EPSC was calculated using
Clampfit 10.5 software (Molecular Devices) and graphed using Origin
7.5. Within individual experiments, current amplitudes were averaged by
minute (6 sweeps/min). Plasticity was induced using two stimulations at
100 Hz for 1 s, 20 s apart or 5 Hz for 3 min. Additional experiments
include vehicle controls for ethanol and DMSO, or with AMPA and
NMDA receptor antagonists to demonstrate that currents recorded from
were glutamatergic (Fig. 1). Cells used for depolarization-induced sup-
pression of excitation (DSE) experiments were initially held at �65 mV,
then raised to 0 mV for 10 s before being returned to �65 mV. Wilcoxon
matched pairs analysis was used to obtain p values for the paired-pulse
ratios (PPRs) and coefficient of variance. All other p values were obtained
using a two-way unequal variance t test and/or ANOVA comparing the
5 min before conditioning to a 5 min period at multiple time points after
conditioning or after drug application, including 10 –15, 15–20, and
20 –25 min intervals, with 15–20 min being the norm. N values signify the
number of cells used in each experiment, where 1–2 cells were acquired
per animal. Statistics included two-way Student’s t test to compare
between two groups or ANOVA to compare within an individual exper-
iment. Differences were considered significant at p 	 0.05.

Immunohistochemistry. Mouse GAD67-GFP brains were transcardi-
ally perfused with 0.1 M PBS followed by 4% PFA in 0.1 M PBS, pH 7.4.
Brains were cryoprotected in 30% sucrose solution, frozen in OCT, sliced
into 30 �m sections, and collected into 0.1 M PBS for a free-floating
staining procedure. Slices were permeabilized with 0.2% Triton-X (Fisher
Bioreagents) for 30 min, washed with 1% BSA in 0.1 M PBS for 2 h, and
treated with primary antibody for sheep anti-TH (1:500, Novus Biolog-
icals) in 5% normal goat serum and 1% BSA in PBS overnight at 4°C.
Slices were then washed twice with 0.1 M PBS, followed by one wash of
0.2% Triton-X (Fisher Bioreagents) in 0.1 M PBS for 30 min, one wash of
1% BSA and 5% normal goat serum in 0.1 M PBS for 2 h, and a final
application of anti-sheep (1:500, AlexaFluor546, Invitrogen) secondary
antibody in 5% normal goat serum, 1% BSA in PBS for 2 h at room
temperature. Slices were washed three times with Tris-buffered saline
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Figure 1. Presynaptic LTD in VTA GABA cells. A, Glutamate currents recorded from GAD67-GFP-positive VTA GABA cells. The 100 Hz HFS induces LTD as EPSC responses were reduced by 21 � 5.5%
at 10 –15 min after HFS compared with baseline (n 
 14, p 		 0.05, baseline compared with postconditioning at 10 –15, 15–20, and 20 –25 min) and eventually reached �30% depression. All
plots are normalized EPSC amplitude means with standard error of the mean (SEM). Arrow indicates 100 Hz HFS conditioning induction. Insets, Here and throughout, Representative averaged EPSC
traces (10 –12 traces) taken from before (black) and 10 –15 min after conditioning or drug application (gray). Calibration: Scale bars here and throughout are 100 pA, 10 ms. B, No treatment controls
showed no change in EPSC amplitude, which demonstrates that HFS-LTD is not due to rundown effect (n 
 8). C–E, Following HFS, the 1/CV 2 decreased (n 
 13 p 	 0.05), PPR increased (n 
 15,
p 	 0.05), and failure rates increased (n 
 6, p 	 0.05), suggesting a presynaptic mechanism for HFS-LTD. Connected open circles represent individual experiments before and 5–10 min after HFS.
Connected closed circles represent averages from all experiments. F–H, Vehicle controls and glutamate transmission confirmation. F, Solvent DMSO (Figure legend continues.)
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and mounted onto Superfrost Plus microscope slides (VWR). After dry-
ing overnight, slides were coverslipped with Fluoromount G (Southern
Biotechnology) and imaged on an Olympus FluoView FV1000 laser
scanning confocal microscope. Image capture was performed by sequen-
tial excitation of each fluorophore.

Solutions and pharmacological agents. Picrotoxin (100 �M), and cap-
sazepine (10 �M) were purchased from Abcam. APV (50 �M), AM-251
(2 �M), 2-AG (50 �M), R(�)methanandamide (50 �M), GDP�S (500 �M),
DHPG (100 �M), Win55,212-2 (10 �M), THL (10 �M), 2-methyl-
6(phenylethynyl)pyridine (MPEP), and RHC80267 (10 �M) were pur-
chased from Tocris Bioscience. CNQX (10 �M) was purchased from
Alomone Labs. THC was purchased from Sigma-Aldrich or provided by
the National Institute on Drug Abuse Drug Supply Program. THC dis-
solved in ethanol was administered via intraperitoneal injection at 10
mg/kg, with a final injection of volume of 50 �l. Recordings began 24 h
following the final injection. Vehicle controls included 0.1% EtOH and
0.1% DMSO. AM-251, 2-AG, and MPEP were diluted into DMSO in stock

solutions of 20 mM, 125 �M, and 100 �M, respectively. All stock solutions were
frozen at �20 C; the final concentration was attained by dilution in ACSF.

Results
Critical to the success of this study was to positively identify VTA
GABA neurons for experiments. This was done by using a
GAD67-GFP mouse model where GAD67-expressing GABA cells
fluoresce green (Tamamaki et al., 2003). This was necessary as
electrophysiological methods, such as Ih and sag potential that
many prior studies used to discriminate the relatively fewer VTA
GABA cells, are now considered fallible in their ability to dis-
criminate GABA cells from DA cells (Margolis et al., 2006, 2012;
Chieng et al., 2011). Therefore, this study is one of the few un-
equivocal examinations of VTA GABA cell plasticity. To deter-
mine the ability of VTA GABA cells to exhibit synaptic plasticity
of their excitatory inputs, we applied either a 5 Hz or 100 Hz
high-frequency stimulus (HFS) to voltage-clamped GAD67-GFP-
positive GABA neurons in the mouse VTA. Whereas 5 Hz stimu-
lation produced LTD of EPSC amplitude in �30% of cells (n 
 7;
data not shown), we observed a more consistent LTD following
HFS in �85% of GABA cells (Fig. 1A). Therefore, HFS was used
throughout these studies. As LTD had a slow onset, we performed
a set of rundown experiments to ensure that LTD was not simply
the result of depressed currents due to an experimental variable
of whole-cell configuration that occurred in the absence of HFS.
Control rundown experiments did not exhibit depression, and
proved significantly different from HFS-LTD (Fig. 1B), suggest-
ing that LTD was not an artifact of our experimental setup. As a
note, a few cells slightly potentiated for 1–5 min before depress-

4

(Figure legend continued.) vehicle controls demonstrate that DMSO does not alter basal neu-
rotransmission of VTA GABA cells (n 
 6, p � 0.5, post-DMSO application compared with
pre-DMSO). G, EtOH vehicle controls also demonstrate no change in EPSCs compared with
baseline (n 
 7, p � 0.5). H, An individual experiment denotes that recorded EPSCs are indeed
glutamatergic as they are blocked by a combination of AMPA receptor antagonist CNQX and
NMDA receptor antagonist APV (n 
 5). Washout occurs and recovers some of the glutamate
response. I, Immunohistochemical image of the VTA. GAD67-GFP-positive mice were counter-
stained with TH antibody to label dopaminergic neurons. Anti-TH antibodies label cytosol of
dopaminergic neurons as noted in the red channel, whereas GAD67-GFP-positive neurons are
labeled in the green channel. In the merged image, no individual neuron is double-labeled,
indicating that the inhibitory cells we recorded from are not dopaminergic, but that both are
separate cell populations. Scale bar, 100 �m.

Figure 2. eCB and mGluR5 involvement in VTA GABA cell plasticity. The eCBs are signaling molecules often involved in presynaptic plasticity mechanisms. A, A nonhydrolysable form of an eCB,
R(�)methanandamide, induces depression of glutamatergic neurotransmission (n 
 6, p 		 0.05). B, The Type 1 mGluR agonist DHPG also induced depression, similar to HFS-LTD (n 
 7, p 		
0.05). C, The specific mGluR5 antagonist MPEP blocked HFS-LTD (n 
 6; p 	 0.05; compared to control LTD). D, To further test for the necessity of a postsynaptic GPCR (such as an mGluR)
involvement in LTD, the GDP analog GDP�S, which inhibits G-proteins, was added to the internal solution and resulted in blocked HFS-LTD (n 
 7; p � 0.05; compared to its baseline).
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ing, thus contributing to the slow onset appearance. To deter-
mine whether this plasticity was presynaptic or postsynaptic,
coefficient of variance (1/CV 2), PPRs, and failure rates were an-
alyzed (Fig. 1C–E). 1/CV 2 and PPRs are an analytical means to
examine data comparing evoked EPSCs during baseline with
those after HFS. 1/CV 2 examines variation around the mean,
which is decreased when LTD is presynaptic. PPRs examine the
ratio of the second pulse divided by the first. As presynaptic LTD
depresses the first pulse more than the second pulse, an increased
PPR is indicative of presynaptic plasticity. Increased failure rates also
suggest a presynaptic site of action, as it is more difficult to induce
transmitter release after HFS. Whereas individually these results
are suggestive of presynaptic LTD, collectively, these data
strongly indicate a presynaptic mechanism for the observed plas-
ticity. Additional controls demonstrate no effect of vehicle
exposure on baseline and that currents recorded from are gluta-
matergic (Fig. 1F–H). EtOH (Fig. 1F) is a control of THC bath
application and DMSO (Fig. 1G) for 2-AG, AM-251, and MPEP.
Last, to confirm that VTA GFP cells are not dopaminergic, we
performed immunohistochemistry on mouse VTA and note in-
dependent labeling of GFP (GAD67) and TH (Fig. 1I).

Presynaptic plasticity is often mediated by eCBs. Therefore,
we examined the application of a nonhydrolysable form of the
eCB anandamide, R(�)methanandamide, to see whether it would
also induce depression of EPSCs, similar to that seen by HFS-
induced LTD. Indeed similar to HFS, R(�)methanandamide
induced significant depression (Fig. 2A). The usual mediator of
eCB production is Type I mGluR activation. To test this, we
applied the Type I mGluR agonist DHPG and once again ob-
served significant depression (Fig. 2B). In the presence of the
mGluR5 antagonist MPEP, HFS-LTD was blocked, suggesting
that mGluR5 is required and sufficient for this plasticity (Fig. 2C). To
further confirm that a postsynaptic GPCR such as mGluR was in-
volved, a GDP analog, GDP�S, was added to the internal solution
to block postsynaptic g-protein activation (Fig. 2D). After wait-
ing at least 10 min for GDP�S to dialyze into the cell, HFS was
applied. In the presence of GDP�S, HFS-LTD was inhibited, sug-
gesting that postsynaptic GPCRs are necessary to initiate LTD
and that the g-protein signal cascade involved is directly medi-
ated by GABA cells. Collectively, these data support an eCB/
mGluR5 pathway of LTD induction.

Among the candidate receptors known to bind eCBs and
induce plasticity are TRPV1 and CB1. The TRPV1 antagonist
capsazepine did not block HFS-induced LTD, suggesting that
TRPV1 is not involved (Fig. 3A). However, application of the
CB1 antagonist AM-251 effectively blocked LTD (Fig. 3B), sug-
gesting that CB1 is required for HFS-LTD.

To verify CB1 involvement, we applied CB1 agonists without
HFS to see whether agonist could induce a depression mimicking
LTD. Win 55,212-5, an exogenous CB1 agonist, induced depres-
sion of ESPCs (Fig. 4A). To further confirm the involvement of
eCBs and CB1 in HFS-LTD, occlusion experiments were done in
which the cells were treated with Win55,212-2, then HFS was
applied. Further depression by HFS was occluded, suggesting a
single, common pathway of CB1 activation and HFS-induced
LTD (Fig. 4A). The specificity of Win 55,212-2 for CB1 is noted as
AM-251 blocked Win 55,212-2-induced depression (Fig. 4B).
The endogenous agonist of CB1, 2-AG, also induced similar de-
pression of EPSCs (Fig. 4C).

To determine whether 2-AG was the endogenous eCB medi-
ating LTD itself, and whether its production is postsynaptic, RHC
80267, a confirmed diacylglycerol lipase (DAGL) antagonist (Ed-
wards et al., 2006) was applied to the intracellular solution to

block this enzyme, which produces 2-AG. After whole-cell acqui-
sition, RHC 80267 was allowed to dialyze into the cell for at least
10 min. When postsynaptic DAGL was blocked, no significant de-
pression was seen following HFS (Fig. 4D). To confirm for drug
specificity, an additional DAGL antagonist THL was applied. Bath
application of THL (10 �M) for at least 30–60 min also resulted in a
significant (p 	 0.05) inhibition of LTD (Fig. 4E). Next, to tie Type
I mGluR activation to CB1-induced LTD, we applied DHPG in the
presence of CB1 antagonist AM-251. AM-251 blocks most of the
DHPG-induced depression, which is significantly (p 	 0.05) differ-
ent from DHPG alone (Fig. 4F; DHPG-induced depression was
16.5% with AM-251 present and 47.1% in its absence at 10–15 min
after DHPG application). Blocking HFS-LTD by postsynaptically
inhibiting 2-AG synthesis (Fig. 4D) suggests that the 2-AG involved
in HFS-LTD is made directly by the GABA cell. To further confirm
that eCBs are being produced postsynaptically in GABA cells, we
examined an additional type of plasticity unique to CB1: DSE. We
observed a significant depression following a 10 s depolarization to 0
mV, which was surprisingly persistent throughout the duration of
the recording (Fig. 4G). AM-251 blocked this depression (Fig. 4H),
suggesting that VTA GABA cells can produce the eCBs that can bind
to CB1 in this type of plasticity.

To further verify CB1 involvement using a genetic method, we
used CB1 knock-out mice and heterozygous littermates. HFS

Figure 3. CB1 mediates HFS-LTD. Two candidate receptors that could act as a presynaptic
target for eCBs include TRPV1 and CB1. A, The TRPV1 antagonist capsazepine failed to block
LTD, suggesting that TRPV1 is not involved in this HFS-LTD (n 
 9; p � 0.05 compared with
control LTD). B, The CB1 antagonist AM-251 significantly blocked LTD (n 
 9, p 	 0.05 com-
pared with control LTD).
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Figure 4. Postsynaptically produced 2-AG mediates LTD of VTA GABA cells. A, Application of the CB1 agonist Win55,212-2 depresses glutamate transmission at this synapse (n 
 8). There is a
significant depression between baseline and drug application ( p 	 0.05), but further HFS-induced depression was occluded (arrow; p � 0.5; WIN55,212-2 depression compared with post-HFS,
ANOVA). B, When the CB1 antagonist AM-251 was present, Win55,212-2 caused no significant depression, demonstrating the specificity of Win 55,212-2 for CB1 (n 
 5, p 	 0.05 compared with
Win 55,212-2 alone). C, Application of endogenous CB1 ligand 2-AG also induced significant depression (n 
 9; p 	 0.05 at both 15–20 and (Figure legend continues.)
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continued to produce a significant depression in CB1�/� mice
(Fig. 5A); however, LTD was not observed in CB1�/� (Fig. 5B).
Collectively, our data strongly suggest that CB1 is required for
HFS-LTD.

As CB1 can be activated by THC, this novel form of plasticity
may have relevance to THC-induced reward or addictive phe-
nomena, such as cannabis use disorder. Therefore, we next inves-
tigated whether the observed eCB-dependent HFS-LTD could be
modified by drug exposure. Extracellular bath application of
THC produced a significant depression of VTA GABA EPSCs
(Fig. 6A), and this effect was blocked in the presence of AM-251
(Fig. 6B), demonstrating THC specificity for CB1. In CB1�/�

mice, extracellular THC also produced depression (Fig. 6C), but
not in CB1�/� mice (Fig. 6D), again confirming CB1 specificity

for THC. We then determined whether acute THC bath applica-
tion could occlude or alter HFS-LTD. Indeed, bath application
with THC for at least 10 min occluded HFS-LTD (Fig. 6E). There-
fore, THC acutely depresses GABA cell excitability, as well as
occludes LTD induction.

As drugs of abuse often cause long-term synaptic modifica-
tions, we examined the role of acute and chronic THC injections
on this LTD. To do this, juvenile-adolescent aged mice received
either a single or chronic (7–10 consecutive days) THC intraperi-
toneal injections to study its effect on synaptic modification. We
anticipated that a single THC injection might not have a long-
term effect on plasticity, although chronic injections might, as
long-term marijuana users are prone to THC-induced health is-
sues. Indeed, a single injection failed to occlude LTD (Fig. 7A).
However, chronic injections occluded LTD in slices (Fig. 7B), and
in a few cells even tended to enhance EPSCs or reverse plasticity
direction. Experiments from chronic vehicle ethanol control in-
jections continued to exhibit LTD (Fig. 7C). This suggests that
persistent, long-term THC exposure can modify plasticity at the
glutamatergic inputs to VTA GABA cells of juvenile-adolescent
age mice that may contribute to some of the long-term conse-
quences of marijuana use.

Discussion
This study demonstrates a novel CB1-dependent LTD of ex-
citatory inputs to VTA GABA cells, as summarized in Figure 8,
which can be modified by intraperitoneally injected THC. HFS-
LTD is induced by CB1 activation that is mediated by postsynap-
tically produced 2-AG, formed by DAGL via mGluR5 activation.
THC induces synaptic depression of excitatory synapses onto
VTA GABA cells when applied acutely and occludes it when in-
jected chronically. Therefore, this novel form of plasticity has the
potential to influence acute reward and long-term potential ad-
dictiveness following THC exposure.

CB1/mGluR-dependent GABA cell plasticity
To date, no one has fully studied excitatory plasticity of VTA
GABA cells, despite the fact that GABA cells are involved in re-
ward consumption (van Zessen et al., 2012), associative learning
of reward (Brown et al., 2012), conditioned place preference
(Bocklisch et al., 2013), and conditioned place aversion (Tan et
al., 2012). The fact that GABA cells are critical to reward illus-
trates the importance of this study, which is the first to identify
synaptic plasticity of excitatory inputs to VTA GABA cells that
reduces GABA cell activity. Although one prior study examined
plasticity of excitatory inputs to GABA cells, they used a pairing
protocol (10 mV, 200 stimuli at 1 Hz) that failed to induce either
LTP or LTD (Bonci and Malenka, 1999). However, this pairing
protocol is normally used to examine NMDA-dependent plastic-
ity. The plasticity we observed is mGluR-dependent, which ac-
counts for the noted difference. We report that using a HFS
protocol (2 trains of 100 Hz) depresses EPSCs of VTA GABA
neurons in a CB1-dependent manner. This plasticity was presyn-
aptic as 1/CV 2 decreased (Del Castillo and Katz, 1954), PPR in-
creased, and failure rate increased (Malinow and Tsien, 1990),
which collectively strongly suggest presynaptic expression. Using
failure rates examines changes specifically to evoked release ver-
sus spontaneous release. In addition, CB1-dependent plasticity is
usually presynaptic (Castillo et al., 2012). As an important note,
the slow LTD onset is real as control experiments in the absence
of HFS were stable. Indeed, slow-onset LTD has been noted in
mouse hippocampal GABAergic cells previously (Gibson et al.,
2008) and may be a feature of inhibitory cells. The data also

4

(Figure legend continued.) 20 –25 min). D, When the DAGL� inhibitor RHC 80267 was applied to
block postsynaptic production of 2-AG, HFS failed to produce a significant depression, suggest-
ing that 2-AG is produced postsynaptically in the GABA neuron (n
6, p�0.5). E, To control for
drug specificity, we applied a second DAGL antagonist, THL (10 –20 �M) to the bath for at least
30 – 60 min before HFS. THL significantly blocked HFS-induced LTD ( p 	 0.05 compared with
control LTD, n 
 7). F, To further tie mGluR activation to CB1-induced LTD, we applied DHPG in
the presence of CB1 antagonist AM-251 (2 �M). AM-251 significantly blocked DHPG-induced
depression (n 
 8; p 	 0.05, DHPG-induced depression compared with DHPG-induced depres-
sion in the presence of AM-251 at 15–20 and 20 –25 min after DHPG application; compare with
Fig. 2B). G, H, DSE was used to further test for postsynaptic eCB production. VTA GABA neurons
were depolarized to 0 mV for 10 s (arrowhead) to induce DSE. We observed a persistent depres-
sion following the DSE protocol (n 
 7, p 	 0.05), which was CB1-dependent, as it was blocked
by AM-251 (n 
 7; p 	 0.05, DSE compared with DSE with AM-251).

Figure 5. HFS-LTD is blocked in CB1 knock-out mice. A, HFS induced a significant LTD in
heterozygous mice compared with baseline (n 
 7, p 	 0.05). B, In CB1 �/�, HFS failed to
produce LTD, further demonstrating the importance of CB1 in this plasticity (n 
 9, p 	 0.05
compared with CB1 �/�).
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highlight that there are likely more eCB receptors at this synapse
than just CB1 as R-(�) methanandamide and DHPG produce a
larger effect than CB1 agonists alone, although CB1 is necessary
for HFS-induced LTD. The former point was confirmed by the
fact that AM-251 only partially blocked DHPG-induced depres-
sion, also suggesting that mGluR activation is indeed tied to CB1-
induced depression. Forms of mGluR-dependent LTD are also a
feature of VTA DA neurons. The mGluR1 induces LTD at
excitatory synapses onto DA neurons, which reverses cocaine-
induced strengthening of excitatory synapses (Bellone and
Lüscher, 2006) mediated by exchanging GluR2-lacking AMPA
receptors for those containing GluR2 (Mameli et al., 2007). How-

ever, the plasticity we examined is mGluR5 dependent. Whereas
mGluR1 could still be involved in a postsynaptic or another plas-
ticity form in VTA GABA cells, due to the large DPHG-induced
depression noted, mGluR5 is required for presynaptic CB1-
dependent LTD. DHPG-inducible eCB/CB1-dependent LTD at
inhibitory inputs to DA neurons was demonstrated where co-
caine enables a normally ineffective stimulus to evoke LTD of
IPSCs (Pan et al., 2008, 2011; Yu et al., 2013). Therefore, whereas
in VTA DA cells, CB1 induces IPSC-LTD; in VTA GABA cells,
CB1 induces EPSC-LTD. Therefore, our data demonstrate that
mGluR/CB1-dependent plasticity is a feature shared by both
VTA GABA and DA cells.

Figure 6. THC induces CB1-dependent depression. A, THC is the psychoactive component in marijuana, and a known CB1 agonist. When THC is applied to the extracellular bath, it produced a
lasting depression (n 
 6, p 	 0.05). B, The CB1 antagonist AM-251 significantly blocked THC-induced depression (n 
 6, p 	 0.05, compared with THC without AM251). C, CB1 knock-out and
heterozygous mice were also used to confirm CB1 involvement, where THC induced depression in heterozygous mice (n 
 7, p 	 0.05 compared with baseline). D, In CB1 KO mice, THC failed to
produce significant depression (n 
 9, p 	 0.05; compared with THC in heterozygote mice). E, THC occluded HFS-LTD, suggesting that THC and HFS-LTD use the same pathway ( p 	 0.05 compared
with control LTD).
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A good cellular correlate to compare VTA GABA cells is the
striatum (Lovinger and Mathur, 2012), where plasticity is strik-
ingly similar. For example, LTD occurs at glutamatergic inputs
onto striatal GABAergic medium spiny neurons, which is depen-
dent on presynaptic CB1 and postsynaptic mGluR activation and
eCB synthesis (Adermark et al., 2009; Lovinger, 2010), providing
support for our findings. Finally, VTA DA cells exhibit CB1-
dependent DSE where EPSCs are reduced for �1 min following
depolarization to 0 mV (Melis et al., 2004). VTA GABA cells also
exhibit DSE, which indicate that GABA cells can modulate their
own activity by producing eCBs rather than relying on DA cells
for their production. This DSE was surprisingly long-lasting; al-
though we have no current rationale, it is not due to input resis-
tance changes following a return in holding potential to �65 mV.

The importance of GABA cell involvement in reward, either
directly through axonal projects to regions outside the VTA or
indirectly with local GABA cells regulating VTA DA cell activity,
highlights the critical nature in understanding GABA cell modi-
fication by synaptic plasticity, a necessary element in understand-
ing VTA reward mechanisms. Directly, GABA cells in the VTA
project to the NAc where they enhance associated reward learn-
ing (Brown et al., 2012) and to the tegmental pedunculopontine
nucleus where they mediate the DA-independent reinforcing
properties of opioids (Ting-A-Kee and van der Kooy, 2012). In-
directly, decreased local GABA cell activity results in increased
VTA DA cell activity via disinhibition (Bocklisch et al., 2013), and
conversely increased GABA cell activity inhibits DA cell activity
and DA release (Tan et al., 2012; van Zessen et al., 2012), altering
reward behavior. These prior studies demonstrate that local VTA
GABA cells do indeed innervate and regulate VTA DA neuron
activity. Therefore, local GABA neurons can regulate DA cell
activity; thus, our studies could directly correlate to changes in
DA levels. It is also important to note that other GABAergic
sources, including rostromedial tegmental nucleus (Matsui and
Williams, 2011) and NAc (Brown et al., 2012; Edwards et al.,
2017) innervate and regulate DA cell activity and should be con-
sidered. Collectively, this study fills a missing piece of our under-
standing of reward physiology and suggests that this novel LTD
could potentially modulate reward behavior. Further confirming
this possibility is that VTA DA cells are under tonic inhibition
from VTA GABAergic cells, including inputs from the recently
identified rostromedial tegmental nucleus (Barrot et al., 2012),
making any change in GABA function pertinent to DA cell func-
tion, as only phasic, or brief inhibition or excitation of DA cells
mimics negative reward (Chang et al., 2016) or positive behav-
ioral reward conditioning (Tsai et al., 2009), respectively. Clearly,
GABA cells projecting outside the VTA or within the VTA play
crucial roles in mesolimbic circuitry, similar to direct excitatory
inputs to DA neurons.

Figure 7. Chronic THC occludes HFS-LTD. We examined the effects of administering THC via
intraperitoneal injections. A, A single THC injection failed to occlude LTD (n 
 9 from 7 mice;
p 	 0.05 compared with baseline at 10 –15 and 15–20 min). B, Chronic injections (7–10
consecutive days) of THC occluded LTD following HFS (n 
 6 from 5 mice, p 	 0.05, compared
with vehicle only injections). C, Chronic injections of EtOH vehicle as a control demonstrate
continued LTD (n 
 6 from 5 mice, p 	 0.05, compared with chronic THC).

Figure 8. Current working model. HFS-LTD is induced by CB1 activation that is mediated by
postsynaptically produced 2-AG, which is formed by DAGL and mGluR5 activation to reduce
presynaptic neurotransmitter release.
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Reward
Regarding THC-induced reward, acute exposure directly modi-
fies dopaminergic cells by increasing firing rate. This occurs via
presynaptic CB1 receptors on GABA inputs to DA cells, which
disinhibit DA cells (Johnson et al., 1992; Tan et al., 2012). Our
current study proposes a novel mechanism, one synapse up-
stream in the circuit, namely, that THC reduces excitatory input
to GABA cells and thus decreases inhibition of VTA GABA cells
to VTA DA cells. Therefore, exogenous THC could simultane-
ously alter both synapses synergistically, resulting in increased
DA release and reward.

Addiction
To date, all addictive psychoactive substances examined induce
long-term changes of excitatory synapses onto VTA DA neurons,
whereas nonaddictive psychoactive substances do not (Mameli
and Lüscher, 2011). This finding portends the importance of
understanding forms of glutamatergic VTA GABA plasticity and
their potential role in addiction. Drug-evoked or drug-inhibited
plasticity alters VTA circuits leading to drug addiction by creating
drug-adaptive behaviors (Lüscher and Malenka, 2011). Although
the addictive nature of THC is debatable, alterations in the
mesolimbic pathway following chronic THC exposure are partic-
ularly relevant for adolescents. Indeed, human adolescent mari-
juana use correlates to decreased IQ and cognitive impairment
(Meier et al., 2012), cortex development issues, schizophrenia
(Volkow et al., 2014), alterations in NAc (Gilman et al., 2014),
and increased probability for long-term substance abuse (Hurd
et al., 2014; Verweij et al., 2016). Therefore, studies examining
THC impact on adolescent brain are critical. The mice age range
used here correlates to juvenile-adolescent ages, making this
study of potential importance as to THC effects on immature
brain, which could have implications in adolescent-related in-
creases in substance abuse.

Regarding acute and chronic THC use, while a single THC injec-
tion was sufficient to alter plasticity in the NAc (Mato et al., 2004), we
noted that a single THC injection had no effect on CB1-dependent
LTD of VTA GABA cells. However, chronic THC did occlude LTD,
suggesting this occlusion mechanism responds to chronic or re-
peated usage. As during cannabis withdrawal, where there is a
decrease in mesolimbic DA (Oleson and Cheer, 2012), it is pos-
sible that THC-occluded LTD prevents GABA cells from reduc-
ing their activity, potentially contributing to some of decreased
DA levels in withdrawal. Chronic THC use outcomes were also
recently reviewed (Colizzi et al., 2016). The plasticity described
here is a similar mechanism to previously reported acute/chronic
synaptic modifications; however, ours is the first study to identify
this in VTA GABA neurons.

Significance
Marijuana use and legalization is a current “hot button” issue.
Although marijuana is the most commonly used illicit drug, the
implications of legalized, widespread, or continued usage are
speculative. After alcohol and opiate-related substance abuse,
marijuana surprisingly ranks third for those entering sub-
stance abuse treatment programs (SAMHSA survey; Substance
Abuse and Mental Health Services Administration, 2010), por-
tending the importance of understanding THC’s effect on the
brain’s reward system. In addition, it appears that THC has a
more aversive impact on adolescents than adults, and marijuana
use is becoming increasingly prevalent among adolescents in the
United States. Therefore, an understanding of how THC effects
the adolescent immature brain is essential. Current state

trends of marijuana legalization may increase usage and associ-
ated sequelae (Cerdá et al., 2012), thus increasing demand for
studies regarding its effects on reward, addiction, and cognition.
Even THC use for medical purposes is important to understand,
particularly when prescribed for adolescents. This study in
juvenile-adolescent aged mice emphasizes the vital role VTA
GABA cells play in reward circuitry, and the synaptic remodeling
that can occur after THC use.

In conclusion, the present study demonstrates a novel form of
plasticity on VTA GABA neurons, an understudied cell popula-
tion in the brain’s reward circuit. This study examines a novel and
unifying mechanism whereby marijuana could exert some of its
rewarding or addictive/withdrawal effects. This is important as,
although marijuana abuse has a high use prevalence among
illicit drugs (Compton and Baler, 2016), conditions, such as can-
nabis use disorder, remain difficult to treat partly because its
cognitive altering mechanisms are poorly understood (Elkashef
et al., 2008). Therefore, as those attempting to overcome addic-
tion often relapse, novel targets to treat addiction are essential.
Indeed, GABA neurons make for promising targets for novel
addiction treatments (Bocklisch et al., 2013), as their excitatory
transmission can be remodeled, similar to DA neurons.

Note Added in Proof: The last author’s name was accidentally
incorrectly listed in the Early Release version published October
16, 2017. The author’s name has now been corrected.
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Iñiguez SD, Aubry A, Riggs LM, Alipio JB, Zanca RM, Flores-Ramirez FJ,
Hernandez MA, Nieto SJ, Musheyev D, Serrano PA (2016) Social defeat
stress induces depression-like behavior and alters spine morphology in
the hippocampus of adolescent male C57BL/6 mice. Neurobiol Stress
5:54 – 64. CrossRef Medline

Johnson SW, Mercuri NB, North RA (1992) 5-Hydroxytryptamine1B re-
ceptors block the GABAB synaptic potential in rat dopamine neurons.
J Neurosci 12:2000 –2006. Medline

Jung KM, Mangieri R, Stapleton C, Kim J, Fegley D, Wallace M, Mackie K,
Piomelli D (2005) Stimulation of endocannabinoid formation in brain
slice cultures through activation of group I metabotropic glutamate re-
ceptors. Mol Pharmacol 68:1196 –1202. CrossRef Medline

Lassen MB, Brown JE, Stobbs SH, Gunderson SH, Maes L, Valenzuela CF, Ray
AP, Henriksen SJ, Steffensen SC (2007) Brain stimulation reward is in-
tegrated by a network of electrically coupled GABA neurons. Brain Res
1156:46 –58. CrossRef Medline

Liu J, Zhao Y, Yang J, Zhang X, Zhang W, Wang P (2017) Neonatal repeated
exposure to isoflurane not sevoflurane in mice reversibly impaired spatial
cognition at juvenile-age. Neurochem Res 42:595– 605. CrossRef Medline

Lovinger DM (2010) Neurotransmitter roles in synaptic modulation, plas-
ticity and learning in the dorsal striatum. Neuropharmacology 58:951–
961. CrossRef Medline

Lovinger DM, Mathur BN (2012) Endocannabinoids in striatal plasticity.
Parkinsonism Relat Disord 18 [Suppl 1]:S132–S134.
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