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Abstract  43 

 The ventral tegmental area (VTA) is necessary for reward behavior with dopamine cells 44 

critically involved in reward signaling. Dopamine cells in turn are innervated and regulated 45 

by neighboring inhibitory GABA cells. Using whole cell electrophysiology in juvenile-46 

adolescent GAD67-GFP male mice we examined excitatory plasticity in fluorescent VTA 47 

GABA cells. A novel CB1-dependent long-term depression (LTD) was induced in GABA cells 48 

that was dependent on metabotropic glutamate receptor 5, and cannabinoid receptor 1 49 

(CB1). LTD was absent in CB1 knock-out mice, but preserved in heterozygous littermates. 50 

Chronic injections of Δ9-tetrahydrocannabinol occluded LTD compared to vehicle 51 

injections, however, a single exposure was insufficient to do so.  Because Δ9-52 

tetrahydrocannabinol depresses GABA cell activity, downstream dopamine cells will be 53 

disinhibited and thus this could potentially result in increased reward. As synaptic 54 

modifications by drug of abuse are often tied to addiction, this data suggest a possible 55 

mechanism for the addictive effects of Δ9-tetrahydrocannabinol in juvenile-adolescents, by 56 

potentially altering reward behavioral outcomes.  57 

 58 

Significance Statement:  59 

The present study identifies a novel form of glutamatergic synaptic plasticity in VTA GABA 60 

neurons, a currently understudied cell type that is critical for the brain’s reward circuit, 61 

and how THC occludes this plasticity. This study specifically addresses a potential unifying 62 

mechanism whereby marijuana could exert rewarding and addictive/withdrawal effects. 63 

Marijuana use and legalization is a pressing issue for many states. Although marijuana is 64 

the most commonly abused illicit drug, the implications of legalized, widespread or 65 
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continued usage are speculative. This study in juvenile-adolescent aged mice identifies a 66 

novel form of synaptic plasticity in VTA GABA cells, and the synaptic remodeling that can 67 

occur after THC use. 68 

 69 

 70 

 71 

  72 
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Introduction 73 

Drug addiction represents a significant health and economic issue around the world. 74 

The United States alone spends over $193 billion dollars annually on costs related to illicit 75 

drug abuse. While there is variation in the physiological mechanism of each drug of abuse, 76 

the common theme is that they alter ventral tegmental area (VTA) circuitry and function, 77 

usually to enhance dopamine (DA) release (Luescher and Malenka 2011; Berridge and 78 

Robinson 1998; Wise 2008). Dopaminergic cells are involved in motivation and learned 79 

reward behavior. Drugs of abuse enhance DA levels more than normal rewarding behaviors 80 

(McBride, Murphy, and Ikemoto 1999), and cause synaptic modifications leading to 81 

addiction (Luscher and Malenka 2011). Subsequent to the acute actions of drugs of abuse, 82 

synaptic and physiological changes to the reward circuit can persist long after clearance of 83 

these drugs. These synaptic changes in the VTA, or its projections, mediate some of the 84 

addictive components of drugs of abuse. All addictive psychoactive substances examined to 85 

date induce long-term changes of excitatory synapses of VTA DA neurons, while non-86 

addictive psychoactive substances do not (Mameli and Luscher 2011). For example, one 87 

exposure to cocaine induces LTP of excitatory input to VTA dopamine cells (Ungless et al. 88 

2001). These synaptic changes are likely why addiction involves the compulsive drive to 89 

self-administer drugs even after mitigation of acute DA enhancements. 90 

 91 

Endocannabinoids (eCBs) mediate many forms of plasticity, in particular long-term 92 

depression (LTD) (Castillo et al. 2012). The eCBs are more recently characterized lipid-93 

based signaling molecules that induce plasticity throughout the brain (Cristino et al. 2008), 94 

including the VTA (Matyas et al. 2008). The eCBs include 2-arachidonylglycerol (2-AG) and 95 
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anandamide that retrogradely activate receptors such as cannabinoid receptor 1 (CB1) and 96 

transient receptor potential vanilloid 1 (TRPV1) (Tanimura et al. 2010; Di Marzo et al. 97 

1994). These receptors have both been correlated to reward and addiction in the VTA 98 

(Marinelli et al. 2005; Rodriguez et al. 2011). The regulation of eCB production share 99 

common mechanisms throughout the nervous system (Heifets and Castillo 2009). 100 

Synthesis of eCBs 2-AG and anandamide often occur in the postsynaptic cell, usually in 101 

response to type I metabotropic glutamate receptor (mGluR) activation (Jung et al. 2005). 102 

When produced, these hydrophobic molecules escape from the postsynaptic cell and can 103 

bind to receptors on presynaptic neurons or adjacent cells. CB1 is particularly relevant to 104 

reward and addiction due to its ability to bind to the psychoactive ingredient in marijuana, 105 

∆9- tetrahydrocannabinol (Gaoni and Mechoulam 1964). Marijuana/THC use is especially 106 

negative for adolescents where it causes decreased cognition, abnormalities in the reward 107 

pathway and increased probability of substance abuse (Quinn et al. 2008; Volkow et al. 108 

2014; Hurd et al. 2014; Gilman et al. 2014). Indeed, an addiction state known as Cannabis 109 

Use Disorder is on the rise and can lead to memory deficits (Smith et al. 2015). Cannabis 110 

Use Disorder, as defined in the DSM-V, is the most prevalent drug use disorder in the 111 

United States (Wu, Zhu, and Swartz 2016). The recent legalization of marijuana for medical 112 

and recreational use in several states will only increase the public issues associated with it 113 

and thus the demand for studies regarding its effects on reward, addiction and cognition.  114 

 115 

Lastly, as mentioned previously, while illicit drugs cause synaptic modifications onto 116 

DA cells, data regarding drug modification of excitatory synapses onto VTA GABA neurons 117 

is conspicuously absent.  Therefore studies examining VTA GABA neurons are necessary, as 118 
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drugs of abuse targeting these neurons, altering their activity and excitatory synaptic 119 

plasticity, could cause addictive behaviors as well. This is because decreasing GABA cell 120 

activity reduces inhibition to DA cells, thus enhancing DA release (Lassen et al. 2007). Our 121 

goal was to identify the mechanism of plasticity of excitatory inputs onto VTA GABA 122 

neurons and determine the influence of THC on this plasticity.  123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 

 140 

  141 
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Methods 142 

All experiments were performed in accordance with Institutional Animal Care and Use 143 

Committee protocols and followed NIH guidelines for the care and use of laboratory 144 

animals. IACUC protocols for all experiments were approved by the Brigham Young 145 

University Institutional Animal Care and Use Committee, Animal Welfare Assurance 146 

Number A3783-01.  147 

 148 

Animals 149 

Male juvenile/adolescent aged CD1 GAD67-GFP knock-in mice (P15-P40) produced by the 150 

Tamamaki lab were used so that GABA cells in the VTA could be positively identified using 151 

fluorescence (Tamamaki et al. 2003). Juvenile age in mice begins at ~P14-15 and 152 

adolescence begins ~P28-35 (Yohn and Blendy 2017; Rovira and Geijo-Barrientos 2016; 153 

Liu et al. 2017; Iniguez et al. 2016). In a prior report we confirmed that extracted GFP-154 

positive cells do indeed express GAD67 by PCR and performed immunohistochemistry 155 

experiments that confirm TH and GFP-positive cells are separate populations in the VTA 156 

(Merrill et al. 2015). All experiments and controls were interleaved among this age range. 157 

No differences in LTD were noted within this age range. Male CB1 knock-out mice (Dr. Ken 158 

Mackie’s Lab; Department of Psychological and Brain Sciences; Indiana University; 159 

Bloomington, Indiana) were bred to female GAD67-GFP positive/CB1 heterozygous mice to 160 

obtain knock-out and heterozygous littermates that also had positive GAD67-GFP labeling. 161 

GFP positive mice were identified initially in screening using UV goggles, while CB1 knock-162 

out, heterozygote, and littermate controls were identified by genotyping using PCR. Primer 163 

sequences for wild-type CB1 gene were forward, TACCACCATTTCACTGATTGTCT, reverse, 164 
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TGGCAAGAAAAGTCAGAGTGTAA. While sequences for knock-out were forward 165 

AGGTCGGTCTTGACAAAAAGA, reverse GCCATTGAACAAGATGGATT.  166 

 167 

Slice preparation 168 

Mice were anesthetized with isoflurane and decapitated with a rodent guillotine. Brains 169 

were rapidly removed and sectioned horizontally on a vibratome at 300μm using an ice 170 

cold, sucrose-based cutting solution composed of 220 mM sucrose, 0.2mM CaCl2, 3 mM KCl, 171 

1.25 mM NaH2PO4, 25 mM NaHCO3, 12 mM MgSO4, and 10 mM glucose. After sectioning the 172 

slices were placed in oxygenated artificial cerebral spinal fluid composed of 119 mM NaCl, 173 

26 mM NaHCO3, 2.5mM KCl, 1 mM NaH2PO4, 2.5mM CaCl2, 1.3mM MgSO4, and 11mM 174 

glucose in an incubator at 37 degrees Celsius, where they remained until recording.  175 

 176 

Recording Protocol Experimental Design and Statistical Analyses 177 

Recordings began at least one hour after cutting. Slices were placed in the recording 178 

chamber and bathed with oxygenated (95% O2, and 5% CO2) high divalent ACSF (4 mM 179 

CaCl2 and 4 mM MgCl2, replacing MgSO4), along with 100μM picrotoxin to block GABAA 180 

currents.  The ventral tegmental area was visualized using an Olympus, BX51W1 181 

microscope with a 40x water immersion objective.  GAD67-GFP positive cells were selected 182 

for recording from the same location in the VTA as our previous study (Merrill et al. 2015) 183 

at approximately the following coordinates from adult mouse bregma; AP -3.2 – 3.3, ML 184 

±0.6 – 0.7, DV -4.5 – 4.3. Patch pipette resistance was 2.5–5.5 MΩ. Cells were held at −65 mV 185 

and patched with a glass pipette filled with internal solution composed of 117mM cesium 186 

gluconate, 2.8mM NaCl, 20mM HEPES, 5mM MgCl2, and QX-314 (Tocris) (pH 7.28, 275–285 187 
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mOsm).  Current traces were recorded using Multiclamp 700B amplifier (Molecular 188 

Devices, Sunnyvale, CA, USA). Signals were filtered at 4 kHz and digitized with an Axon 189 

1440A or 1550 digitizer (Molecular Devices) connected to a Dell Personal Computer with 190 

pClamp 10.2/10.5 Clampex software (Molecular Devices). The peak amplitude of the 191 

induced excitatory post-synaptic current (EPSC) was calculated using Clampfit 10.5 192 

software (Molecular Devices) and graphed using Origin 7.5 Within individual experiments, 193 

current amplitude were averaged by minute (6 sweeps/minute). Plasticity was induced 194 

using two stimulations at 100Hz for 1 second, 20 seconds apart or 5Hz for 3 minutes. 195 

Additional experiments include vehicle controls for ethanol and DMSO, or with AMPA and 196 

NMDA receptor antagonists to demonstrate that currents recorded from were 197 

glutamatergic (See Figure 1). Cells used for depolarization-induced suppression of 198 

excitation (DSE) experiments were initially held at -65mV, then raised to 0mV for 10 199 

seconds before being returned to -65 mV. Wilcoxon matched pairs analysis was used to 200 

obtain p-values for the paired-pulse ratios and coefficient of variance. All other p-values 201 

were obtained using a two-way unequal variance t-test and/or ANOVA comparing the 5 202 

minutes before conditioning to a 5-minute period at multiple time points post-conditioning 203 

or post-drug application, including 10-15, 15-20 and 20-25 minute intervals with 15-20 204 

minutes being the norm. N values signify the number of cells used in each experiment, 205 

where 1-2 cells were acquired per animal. Statistics included two-way student T test to 206 

compare between two groups or ANOVA to compare within an individual experiment. 207 

Differences were considered significant at p < 0.05.  208 

 209 

 210 
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Immunohistochemistry 211 

Mouse GAD67-GFP brains were transcardially perfused with 0.1 M phosphate-buffered 212 

saline (PBS) followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Brains were 213 

cryoprotected in 30% sucrose solution, frozen in OCT, sliced into 30 μm sections and 214 

collected into 0.1 M PBS for a free-floating staining procedure. Slices were permeabilized 215 

with 0.2% Triton-X (Fisher Bioreagents) for 30 minutes, washed with 1% bovine serum 216 

albumin in 0.1 M PBS for 2 hours, and treated with primary antibody for sheep anti-TH 217 

(1:500, Novus Biologicals) in 5% normal goat serum and 1% bovine serum albumin in PBS 218 

overnight at 4 °C. Slices were then washed twice with 0.1 M PBS, followed by one wash of 219 

0.2% Triton-X (Fisher Bioreagents) in 0.1 M PBS for 30 minutes, one wash of 1% bovine 220 

serum albumin and 5% normal goat serum in 0.1 M PBS for 2 hours, and a final was of anti-221 

sheep (1:500, AlexaFluor 546, Invitrogen) secondary antibody in 5% normal goat serum, 222 

1% bovine serum albumin in PBS for 2 hours at room temperature. Slices were washed 223 

three times with tris-buffered saline and mounted onto Superfrost Plus microscope slides 224 

(VWR). After drying overnight, slides were coverslipped with Fluoromount G (Southern 225 

Biotech) and imaged on an Olympus FluoView FV1000 laser scanning confocal microscope. 226 

Image capture was performed by sequential excitation of each fluorophore. 227 

 228 

Solutions and Pharmacological agents 229 

Picrotoxin (100μM), and Capsazepine (10μM) were purchased from Abcam. APV (50μM), 230 

AM-251 (2μM), 2-AG (50μM), R(+)methanandamide (50μM), GDPβS (500μM), DHPG 231 

(100μM), Win55,212-2 (10μM), THL (10μM), and RHC80267 (10μM) were purchased from 232 

Tocris. CNQX (10μM) was purchased from Alomone Labs. Δ9-tetrahydrocannabinol was 233 
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purchased from Sigma-Aldrich, or provided by the NIDA Drug Supply Program. THC 234 

dissolved in ethanol was administered via intraperitoneal injection at 10mg/kg, with a final 235 

injection of volume of 50μL. Recordings began 24 hours following the final injection. 236 

Vehicle controls included 0.1% EtOH and 0.1% DMSO.  AM-251, 2-AG and MPEP were 237 

diluted into DMSO in stock solutions of 20 mM, 125 μM, and 100 μM respectively. All stock 238 

solutions were frozen at -20 C, the final concentrations was attained by dilution in ACSF.  239 

  240 
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Results  241 
 242 

Critical to the success of this study was to positively identify VTA GABA neurons for 243 

experiments. This was done by using a GAD67-GFP mouse model where GAD67-expressing 244 

GABA cells fluoresce green (Tamamaki et al. 2003). This was necessary as 245 

electrophysiological methods such as Ih and sag potential that many prior studies used to 246 

discriminate the relatively fewer VTA GABA cells are now considered fallible in their ability 247 

to discriminate GABA cells from DA cells (Chieng et al. 2011; Margolis et al. 2006; Margolis 248 

et al. 2012). Therefore, this study is one of the few unequivocal examinations of VTA GABA 249 

cell plasticity.  To determine the ability of VTA GABA cells to exhibit synaptic plasticity of 250 

their excitatory inputs we applied either a 5 Hz or 100Hz high frequency stimulus (HFS) to 251 

voltage-clamped GAD67-GFP positive GABA neurons in the mouse VTA. While 5 Hz 252 

stimulation produced long-term depression (LTD) of EPSC amplitude in ~30% of cells (n= 253 

7; data not shown), we observed a more consistent LTD following HFS in ~85% of GABA 254 

cells (Figure 1A). Therefore, HFS was used throughout these studies. As LTD had a slow 255 

onset, we performed a set of rundown experiments to ensure LTD was not simply the 256 

result of depressed currents due to an experimental variable of whole cell configuration 257 

that occurred in the absence of HFS. Control rundown experiments did not exhibit 258 

depression, and proved significantly different than HFS-LTD (Figure 1B), suggesting LTD 259 

was not an artifact of our experimental set up. As a note, a few cells slightly potentiated for 260 

1-5 minutes before depressing, thus contributing to the slow onset appearance.  In order to 261 

determine whether this plasticity was pre- or postsynaptic, 1/CV2, paired pulse ratios 262 

(PPRs) and failure rates were analyzed (Figure 1C-E). 1/CV2 and PPRs are an analytical 263 

means to examine data comparing evoked EPSCs during baseline to those post-HFS. 1/CV2 264 
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examines variation around the mean, which is decreased when LTD is presynaptic. PPRs 265 

examine the ratio of the second pulse divided by the first. As presynaptic LTD normally 266 

depresses the first pulse more than the second pulse, an increased PPR is indicative of 267 

presynaptic plasticity.  Increased failure rates also suggest a presynaptic site of action, as it 268 

is more difficult to induce transmitter release. While individually these results are 269 

suggestive of presynaptic LTD, collectively, these data strongly indicate a presynaptic 270 

mechanism for the observed plasticity. Additional controls demonstrate no effect of vehicle 271 

exposure on baseline and that currents recorded from are glutamatergic (Figure 1F-H). 272 

EtOH (Figure 1F) is a control of THC bath application and DMSO (Figure 1G) for 2-AG, AM-273 

251 and MPEP. Lastly, to confirm VTA GFP cells are not dopaminergic, we performed 274 

immunohistochemistry on mouse VTA and note independent labeling of GFP (GAD67) and 275 

tyrosine hydroxylase (TH).  276 

Presynaptic plasticity is often mediated by endocannabinoids (eCBs). Therefore, we 277 

examined the application of a non-hydrolysable form of the eCB anandamide, 278 

R(+)methanandamide, to see if it would also induce depression of EPSCs, similar to that 279 

seen by HFS-induced LTD. Indeed similar to HFS, R(+)methanandamide induced significant 280 

depression (Figure 2A). The usual mediator of eCB production is type I mGluR activation. 281 

To test this we applied the type I mGluR agonist DHPG and once again observed significant 282 

depression (Figure 2B). In the presence of the mGluR5 antagonist MPEP, HFS-LTD was 283 

blocked, suggesting that mGluR5 is required and sufficient for this plasticity (Figure 2.C). 284 

To further confirm that a postsynaptic G-protein coupled receptor such as mGluR was 285 

involved, a GDP analogue, GDPβS, was added to the internal solution to block post-synaptic 286 

g-protein activation (Figure 2D). After waiting at least 10 minutes for GDPβS to dialyze into 287 
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the cell, HFS was applied. In the presence of GDPβS, HFS-LTD was inhibited, suggesting that 288 

a postsynaptic G-protein coupled receptors are necessary to initiate LTD and that the g-289 

protein signal cascade involved is directly mediated by GABA cells. Collectively, these data 290 

support an eCB/mGluR5 pathway of LTD induction. 291 

Among the candidate receptors known to bind eCBs and induce plasticity are TRPV1 292 

and CB1. The TRPV1 antagonist capsazepine did not block HFS-induced LTD, suggesting 293 

that TRPV1 is not involved (Figure 3A). However, application of the CB1 antagonist AM-251 294 

effectively blocked LTD (Figure 3B); suggesting CB1 is required for HFS-LTD.  295 

To verify CB1 involvement, we applied CB1 agonists without HFS to see if agonist 296 

could induce a depression mimicking LTD. Win 55,212-5, an exogenous CB1 agonist, 297 

induced depression of ESPCs (Figures 4A). To further confirm the involvement of eCBs and 298 

CB1 in HFS-LTD, occlusion experiments were done in which the cells were treated with 299 

Win55,212-2, then HFS was applied. Further depression by HFS was occluded, suggesting a 300 

single, common pathway of CB1 activation and HFS-induced LTD (Figure 4A). The 301 

specificity of Win 55,212-2 for CB1 is noted as AM-251 blocked Win 55,212-2-induced 302 

depression (Figure 4B). The endogenous agonist of CB1, 2-AG, also induced similar 303 

depression of EPSCs (Figure 4C).  304 

To determine whether 2-AG was the endogenous eCB mediating LTD itself, and 305 

whether its production is post-synaptic, RHC 80267, a confirmed diacylglycerol lipase 306 

(DAGL) antagonist (Edwards, Kim, and Alger 2006) was applied to the intracellular 307 

solution to block this enzyme, which produces 2-AG. After whole-cell acquisition, RHC 308 

80267 was allowed to dialyze into the cell for at least 10 minutes. When post-synaptic 309 

DAGL was blocked, no significant depression was seen following HFS (Figure 4D).  To 310 
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confirm for drug specificity, an additional DAGL antagonist THL was applied. Bath 311 

application of THL (10 μM) for at least 30-60 minutes also resulted in a significant (p < 312 

0.05) inhibition of LTD (Figure 4E). Next, to tie type I mGluR activation to CB1-induced LTD 313 

we applied DHPG in the presence of CB1 antagonist AM-251. AM-251 blocks most of the 314 

DHPG-induced depression, which is significantly (p < 0.05) different from DHPG alone 315 

(Figure 4F; DHPG-induced depression was 16.5% with AM-251 present and 47.1% in its 316 

absence at 10-15 minutes post-DHPG application). Blocking HFS-LTD by postsynaptically 317 

inhibiting 2-AG synthesis (see Figure 4D-E) suggests that the 2-AG involved in HFS-LTD is 318 

made directly by the GABA cell. To further confirm that eCBs are being produced 319 

postsynaptically in GABA cells, we examined an additional type of plasticity unique to CB1: 320 

depolarization-induced suppression of excitation (DSE). We observed a significant 321 

depression following a 10 second depolarization to 0mV, which was surprisingly persistent 322 

throughout the duration of the recording (Figure 4G). AM-251 blocked this depression 323 

(Figure 4H), suggesting VTA GABA cells can produce the eCBs that can bind to CB1 in this 324 

type of plasticity.  325 

To further verify CB1 involvement using a genetic method, we utilized CB1 knock-326 

out mice and heterozygous littermates. HFS continued to produce a significant depression 327 

in CB1+/- mice (Figure 5A); however, LTD was not observed in CB1-/- (Figure 5B). 328 

Collectively our data suggests CB1 is required for HFS-LTD.  329 

As CB1 can be activated by THC, this novel form of plasticity may have relevance to 330 

THC-induced reward or addictive phenomena such as Cannabis-use disorder. Therefore, 331 

we next investigated whether the observed eCB-dependent HFS-LTD could be modified by 332 

drug exposure. Extracellular bath application of THC produced a significant depression of 333 
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VTA GABA EPSCs (Figure 6A), and this effect was blocked in the presence of AM-251 334 

(Figure 6B), demonstrating THC specificity for CB1. In CB1+/- mice, extracellular THC also 335 

produced depression (Figure 6C), but not in CB1-/- mice (Figure 6D), again confirming CB1 336 

specificity for THC. We then determined whether acute THC bath application could occlude 337 

or alter HFS-LTD. Indeed, bath application with THC for 10 minutes occluded HFS-LTD 338 

(Figure 6F). Therefore, THC acutely depresses GABA cell excitability, as well as occludes 339 

LTD induction.  340 

As drugs of abuse often cause long-term synaptic modifications, we examined the 341 

role of acute and chronic THC injections on this LTD. To do this, juvenile-adolescent aged 342 

mice received either a single or chronic (7-10 consecutive days) THC intraperitoneal 343 

injections in order to study its effect on synaptic modification. We anticipated that a single 344 

THC injection might not have a long-term effect on plasticity, though chronic injections 345 

might, as long-term marijuana users are prone to THC-induced health issues.  Indeed, a 346 

single injection failed to occlude LTD (Figure 7A). However, chronic injections occluded 347 

LTD in slices (Figure 7B), and in a few cells even tended to enhance EPSCs or reverse 348 

plasticity direction. Experiments from chronic vehicle ethanol control injections continued 349 

to exhibit LTD (Figure 7C). This suggests that persistent, long-term THC exposure can 350 

modify plasticity at the glutamatergic inputs to VTA GABA cells of juvenile-adolescent age 351 

mice that may contribute to some of the long-term consequences of marijuana use.  352 



17 
 

 17 

Discussion 353 

This study demonstrates a novel CB1-dependent LTD of excitatory inputs to VTA 354 

GABA cells, as summarized in Figure 8, which can be modified by IP injected THC. HFS-LTD, 355 

is induced by CB1 activation that is mediated by postsynaptically produced 2-AG, formed 356 

by DAGL via mGluR5 activation. THC induces synaptic depression of excitatory synapses 357 

onto VTA GABA cells when applied acutely, and occludes it when injected chronically. 358 

Therefore, this novel form of plasticity has the potential to influence acute reward and 359 

long-term potential addictiveness following THC exposure.  360 

 361 

CB1/mGluR-dependent GABA cells plasticity 362 

To date no one has fully studied excitatory plasticity of VTA GABA cells, despite the 363 

fact that GABA cells mediate reward consumption (van Zessen et al. 2012), associative learning 364 

of reward (Brown et al. 2012), conditioned place preference (Bocklisch et al. 2013), and 365 

conditioned place aversion (Tan et al. 2012). As GABA cells are critical to reward, it illustrates 366 

the importance of this study, the first to identify synaptic plasticity of excitatory inputs to VTA 367 

GABA cells, reducing GABA cell activity. While one prior study examined plasticity of 368 

excitatory inputs to GABA cells, they employed a pairing protocol (+10 mV, 200 stimuli at 1 369 

Hz) that failed to induce either LTP or LTD (Bonci and Malenka 1999). However, this pairing 370 

protocol is normally employed to examine NMDA-dependent plasticity. The plasticity we 371 

observed is mGluR-dependent, which accounts for the noted difference. We report that using a 372 

HFS protocol (2 trains of 100 Hz) depresses EPSCs of VTA GABA neurons in a CB1-dependent 373 

manner. This plasticity was presynaptic as 1/CV2 decreased (Del Castillo and Katz 1954), PPR 374 

increased, and failure rate increased (Malinow and Tsien 1990), which collectively strongly 375 
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suggest presynaptic expression. Using failure rates examines changes specifically to evoked 376 

release versus spontaneous release. In addition, CB1-dependent plasticity is usually presynaptic 377 

(Castillo et al. 2012). As an important note, the slow LTD onset is real as control experiments in 378 

the absence of HFS were stable. Indeed, slow onset LTD has been noted in mouse hippocampal 379 

GABAergic cells previously (Gibson et al. 2008) and may be a feature of inhibitory cells. The 380 

data also highlight there are likely more eCB receptors at this synapse than just CB1 as R-(+) 381 

methanandamide and DHPG produce a larger effect than CB1 agonists alone, though CB1 is 382 

necessary for HFS-induced LTD. The former point was confirmed by the fact that AM-251 only 383 

partially blocked DHPG-induced depression, suggesting mGluR activation is indeed tied to CB1-384 

induced depression. Forms of mGluR-dependent LTD are also a feature of VTA DA neurons. 385 

The mGluR1 induces LTD at excitatory synapses onto DA neurons, which reverses cocaine 386 

induce strengthening of excitatory synapses (Bellone and Luscher 2006) mediated by exchanging 387 

GluR2-lacking AMPA receptors for those containing GluR2 (Mameli et al. 2007). However, the 388 

plasticity we examined is mGluR5 dependent. While mGluR1 could still be involved in a 389 

postsynaptic or another plasticity form in VTA GABA cells, due to the large DPHG-induced 390 

depression noted, mGluR5 is required for presynaptic CB1-dependent LTD. DHPG-inducible 391 

eCB/CB1-dependent LTD at inhibitory inputs to DA neurons was demonstrated where cocaine 392 

enables a normally ineffective stimulus to evoke LTD of IPSCs (Pan, Hillard, and Liu 2008; Pan 393 

et al. 2011; Yu et al. 2013). Therefore, while in VTA DA cells CB1 induces IPSC-LTD, in VTA 394 

GABA cells CB1 induces EPSC-LTD. Therefore, our data demonstrates mGluR/CB1-dependent 395 

plasticity is a feature shared by both VTA GABA and DA cells.  396 

A good cellular correlate to compare VTA GABA cells is the striatum (Lovinger and 397 

Mathur 2012), where plasticity is strikingly similar. For example, LTD occurs at glutamatergic 398 
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inputs onto striatal GABAergic medium spiny neurons, which is dependent on presynaptic CB1 399 

and post-synaptic mGluR activation and eCB synthesis (Lovinger 2010; Adermark, Talani, and 400 

Lovinger 2009), providing support for our findings. Finally, VTA DA cells exhibit CB1-401 

dependent depolarized-induced suppression of excitation (DSE) where EPSCs are reduced for 402 

~one minute following depolarization to 0 mV (Melis et al. 2004). VTA GABA cells also exhibit 403 

DSE, which indicate that GABA cells can modulate their own activity by producing eCBs rather 404 

than relying on DA cells for their production. This DSE was surprisingly long lasting, which 405 

while we have no current rationale for, note is not due to input resistance changes following a 406 

return in holding potential to -65 mV.  407 

The importance of GABA cell involvement in reward either directly through axonal 408 

projects to regions outside the VTA or indirectly with local GABA cells regulating VTA DA cell 409 

activity, highlight the critical nature in understanding GABA cell modification by synaptic 410 

plasticity, a necessary element in understanding VTA reward mechanisms. Directly, GABA cells 411 

in the VTA project to the nucleus accumbens (NAc) where they enhance associate reward 412 

learning (Brown et al. 2012) and to the tegmental pedunculopontine nucleus where they mediate 413 

the dopamine-independent reinforcing properties of opioids (Ting and van der Kooy 2012). 414 

Indirectly, decreased local GABA cell activity results in increased VTA DA cell activity via by 415 

disinhibition (Bocklisch et al. 2013), and conversely increased GABA cell activity inhibits DA 416 

cell activity and DA release (van Zessen et al. 2012; Tan et al. 2012), altering reward behavior. 417 

These prior studies demonstrate that local VTA GABA cells do indeed innervate and regulate 418 

VTA DA neuron activity. Therefore, local GABA neurons can regulate DA cell activity and thus 419 

our studies could directly correlate to changes in DA levels. It is also important to note that other 420 

GABAergic sources including rostromedial tegmental nucleus (RMTg) (Matsui and Williams 421 
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2011) and NAc (Brown et al. 2012; Edwards et al. 2017) innervate and regulate DA cell activity 422 

and should be considered. Collectively, this study fills a missing piece of our understanding of 423 

reward physiology and suggests this novel LTD could potentially modulate reward behavior. 424 

Further confirming this possibility is that VTA DA cells are under tonic inhibition from VTA 425 

GABAergic cells, including inputs from the recently identified RMTg (Barrot et al. 2012), 426 

making any change in GABA function pertinent to DA cell function, as only phasic, or brief 427 

inhibition or excitation of DA cells mimic negative reward (Chang et al. 2016) or positive 428 

behavioral reward conditioning (Tsai et al. 2009), respectively. Clearly, GABA cells projecting 429 

outside the VTA or within the VTA play crucial roles in mesolimbic circuitry, similar to direct 430 

excitatory inputs to DA neurons. 431 

 432 

Reward 433 

Regarding THC-induced reward, acute exposure directly modifies dopaminergic cells 434 

by increasing firing rate. This occurs via presynaptic CB1 receptors on GABA inputs to 435 

dopamine cells, which disinhibit DA cells (Tan et al. 2012; Johnson, Mercuri, and North 436 

1992). Our current study proposes a novel mechanism, one synapse upstream in the 437 

circuit, namely that THC reduces excitatory input to GABA cells and thus decreases 438 

inhibition of VTA GABA cells to VTA DA cells. Therefore, exogenous THC could 439 

simultaneously alter both synapses synergistically resulting in increased DA release and 440 

reward.  441 

 442 

Addiction  443 
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To date, all addictive psychoactive substances examined induce long-term changes 444 

of excitatory synapses onto VTA DA neurons, while non-addictive psychoactive substances 445 

do not (Mameli and Luscher 2011). This finding portends the importance of understanding 446 

forms of glutamatergic VTA GABA plasticity and their potential role in addiction. Drug-447 

evoked or drug-inhibited plasticity alters VTA circuits leading to drug addiction by creating 448 

drug-adaptive behaviors (Luscher and Malenka 2011). While the addictive nature of THC is 449 

debatable, alterations in the mesolimbic pathway following chronic THC exposure is 450 

particularly relevant for adolescents. Indeed, human adolescent marijuana use correlates to 451 

decreased IQ and cognitive impairment (Meier et al. 2012), cortex development issues, 452 

schizophrenia (Volkow et al. 2014), alterations in nucleus accumbens (Gilman et al. 2014), 453 

and increased probability for long-term substance abuse (Verweij et al. 2016; Hurd et al. 454 

2014).  Therefore, studies examining THC impact on adolescent brain are important.  The 455 

mice age range employed here correlate to juvenile-adolescent ages, making this study of 456 

potential importance as to THC effects on immature brain, which could have implications in 457 

adolescent-related increases in substance abuse.  458 

Regarding acute and chronic THC use, while a single THC injection was sufficient to 459 

alter plasticity in the NAc (Mato et al. 2004), we noted that a single THC injection had no 460 

effect on CB1-dependent LTD of VTA GABA cells. However, chronic THC did occlude LTD, 461 

suggesting this occlusion mechanism responds to chronic or repeated usage.  As during 462 

cannabis withdrawal where there is a decrease in mesolimbic dopamine (Oleson and Cheer 463 

2012), it is possible that THC-occluded LTD prevents GABA cells from reducing their 464 

activity, potentially contributing to some of decreased DA levels in withdrawal. Chronic 465 

THC use outcomes were also recently reviewed (Colizzi et al. 2016). The plasticity 466 
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described here is a similar mechanism to previously reported acute/chronic synaptic 467 

modifications, however ours is the first study to identify this in VTA GABA neurons.   468 

  469 

Significance 470 

Marijuana use and legalization is a current ‘hot button’ issue. Although marijuana is 471 

the most commonly used illicit drug, the implications of legalized, widespread or continued 472 

usage are speculative.  After alcohol-related substance abuse, marijuana surprisingly ranks 473 

second for those entering substance abuse treatment programs (National Institute on Drug 474 

Abuse statistics), portending the importance of understanding THC’s effect on the brain’s 475 

reward system. In addition, it appears THC has a more aversive impact on adolescents than 476 

adults, and marijuana use is becoming increasingly prevalent among adolescents in the US. 477 

Therefore, an understanding of THC effect on the adolescent immature brain is essential. 478 

Current state trends of marijuana legalization may increase usage and associated sequelae 479 

(Cerda et al. 2012), thus increasing demand for studies regarding its effects on reward, 480 

addiction and cognition. Even THC use for medical purposes is important to understand, 481 

particularly when prescribed for adolescents. This study in juvenile-adolescent aged mice 482 

emphasizes the vital role VTA GABA cells play in reward circuitry, and the synaptic 483 

remodeling that can occur after THC use.   484 

 485 

Conclusion 486 

 The present study demonstrates a novel form of plasticity on VTA GABA neurons, an 487 

understudied cell in the brain’s reward circuit. This study examines a novel and unifying 488 

mechanism whereby marijuana could exert some of its rewarding or addictive/withdrawal 489 
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effects. This is important as although marijuana abuse has a high use prevalence among 490 

illicit drugs (Compton and Baler 2016), conditions such as cannabis use disorder remain 491 

difficult to treat partly because its cognitive altering mechanisms are poorly understood 492 

(Elkashef et al. 2008).  In conclusion, as those attempting to overcome addiction often 493 

relapse, novel targets to treat addiction are essential. Indeed, GABA neurons make for 494 

promising targets for novel addiction treatments (Bocklisch et al. 2013), as their excitatory 495 

transmission can be remodeled, similar to DA neurons.  496 

  497 
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Figure 1 – Presynaptic long-term depression (LTD) in VTA GABA cells.  A. Glutamate 680 

currents recorded from GAD67-GFP positive VTA GABA cells. 100Hz high-frequency 681 

stimulus (HFS) induces LTD as excitatory postsynaptic current (EPSC) responses were 682 

reduced by 21±5.5% at 10-15 minutes post-HFS compared to baseline (n=14, p<<0.05, 683 

comparing baseline to post conditioning at 10-15, 15-20 and 20-25 minutes) and 684 

eventually reached >30% depression. Plots are normalized EPSC amplitude means with 685 

s.e.m. The arrow indicates 100Hz HFS conditioning induction. Insets: here and throughout 686 

representative averaged EPSP traces (10-12 traces) taken from before (black) and 10-15 687 

minutes after conditioning or drug application (gray); scale bar: 100 pA, 10 ms. B. No 688 

treatment controls showed no change in EPSC amplitude, which demonstrates HFS-LTD is 689 

not due to rundown effect (n=8). C-E. Following HFS, the coefficient of variance (1/CV2) 690 

decreased (n=13 p<0.05), paired-pulse ratio increased (n=15, p<0.05), and failure rates 691 

increased, (n=6, p<0.05), suggesting a presynaptic mechanism for HFS-LTD. Connected 692 

open circles represent individual experiments before and 5-10 minutes after HFS. 693 

Connected closed circles represent averages from all experiments. F-H. Vehicle controls 694 

and glutamate transmission confirmation. F. Solvent DMSO vehicle controls demonstrate 695 

that DMSO does not alter basal neurotransmission of VTA GABA cells (n=6, p>0.5, post-696 

DMSO application compared to pre-DMSO). G. EtOH vehicle controls also demonstrate no 697 

change in EPSCs compared to baseline (n=7, p>0.5). H. An individual experiment denotes 698 

recorded EPSCs are indeed glutamatergic as they are blocked by a combination of AMPA 699 

receptor antagonist CNQX and NMDA receptor antagonist APV (n=5). Note that washout 700 

occurs and recovers some of the glutamate response. I. Immunohistochemical image of the 701 

VTA. GAD67-GFP-positive mice were counterstained with tyrosine hydroxylase antibody to 702 
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label dopaminergic neurons. Anti-tyrosine hydroxylase antibodies label cytosol of 703 

dopaminergic neurons as noted in the red channel, while GAD67-GFP-positive neurons are 704 

labeled in the green channel. Note that in the merged image; no individual neuron is 705 

double-labeled, indicating that the inhibitory cells we recorded from are not dopaminergic, 706 

but that both are separate cell populations. Scale bar is 100μm. 707 

 708 

Figure 2 – Endocannabinoid (eCB) and metabotropic glutamate receptor 5 (mGluR5) 709 

involvement in VTA GABA cell plasticity. The eCBs are signaling molecules often involved in 710 

presynaptic plasticity mechanisms. A. A non-hydrolysable form of an eCB, 711 

R(+)methanandamide, induces depression of glutamatergic neurotransmission (n=6, 712 

p<<0.05). B. The Type 1 mGluR agonist DHPG also induced depression, similar to HFS-LTD 713 

(n=7, p<<0.05). C. The specific mGluR5 antagonist MPEP blocked HFS-LTD (n=6; p <0.05). 714 

D. To further test for the necessity of a postsynaptic G-protein coupled receptor (such as an 715 

mGluR) involvement in LTD, the GDP analogue GDPβS that inhibits G-proteins was added 716 

to the internal solution, and resulted in blocked HFS-LTD (n=7; p >0.05).  717 

 718 

Figure 3 – CB1 mediates HFS-LTD.  Two candidate receptors that could act as a pre-719 

synaptic target for eCBs include TRPV1 and CB1. A. The TRPV1 antagonist capsazepine 720 

failed to block LTD, suggesting TRPV1 is not involved in this HFS-LTD (n=9; p>0.05 721 

compared to control LTD). B. The   CB1 antagonist AM-251 significantly blocked LTD (n=9, 722 

p<0.05 compared to control LTD).  723 

 724 
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Figure 4 – Postsynaptically produced 2-arachidonylglycerol (2-AG) mediates LTD of VTA 725 

GABA cells.  A. Application of the CB1 agonist Win55,212-2 depresses glutamate 726 

transmission at this synapse (n=8). There is a significant depression between baseline and 727 

drug application (p<0.05), but further HFS-induced depression was occluded (p>0.5; 728 

comparing WIN depression to post-HFS, ANOVA). B. When the CB1 antagonist AM-251 was 729 

present Win55,212-2 caused no significant depression, demonstrating the specificity of 730 

Win 55,212-2 for CB1 (n=5, p<0.05 compared to Win 55,212-2 alone). C. Application of 731 

endogenous CB1 ligand 2-AG also induced significant depression (n=9; p<0.05 at both 15-732 

20 and 20-25 minutes). D. When the DAGLα inhibitor RHC 80267 was applied to block 733 

postsynaptic production of 2-AG, HFS failed to produce a significant depression, suggesting 734 

that 2-AG is produced postsynaptically in the GABA neuron (n=6, p>0.5). E. To control for 735 

drug specificity we applied a second diacylglycerol lipase (DAGL) antagonist, THL (10-20 736 

μM) to the bath for at least 30-60 minutes before HFS. THL significantly blocked HFS-737 

induced LTD (p < 0.05 compared to control LTD, n= 7).  F. To further tie mGluR activation 738 

to CB1-induced LTD, we applied DHPG in the presence of CB1 antagonist AM-251 (2 μM). 739 

AM-251 significantly blocked DHPG-induced depression (n= 8; p < 0.05, comparing DHPG 740 

LTD to DHPG LTD in the presence of AM-251 at 15-20 and 20-25 minutes post DHPG 741 

application; compare to Figure 2B). G-H. To further test for post-synaptic eCB production, 742 

depolarization-induced suppression of excitation (DSE) was employed. VTA GABA neurons 743 

were depolarized to 0mV for 10 seconds (arrowhead) to induce DSE. We observed a 744 

persistent depression following the DSE protocol (n=7, p<0.05), which was CB1-dependent, 745 

as it was blocked by AM-251 (n=7; p<0.05, comparing DSE to DSE with AM-251). 746 

 747 
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 748 

 749 

 750 

Figure 5 – HFS-LTD is blocked in CB1 knock-out mice.  A. HFS induced a significant LTD in 751 

heterozygous mice compared to baseline (n=7, p<0.05). B. In CB1-/-, HFS failed to produce 752 

LTD, further demonstrating the importance of CB1 in this plasticity (n=9, p<0.05 compared 753 

to CB1+/-). 754 

 755 

Figure 6 – ∆9- tetrahydrocannabinol (THC) induces CB1-dependent depression.  A. THC is 756 

the psychoactive component in marijuana, and a known CB1 agonist. When THC is applied 757 

to the extracellular bath it produced a lasting depression (n=6, p<0.05). B. The CB1 758 

antagonist AM-251 significantly blocked THC-induced depression (n=6, p<0.05, compared 759 

to THC without AM251). C. CB1 knock-out and heterozygous mice were also used to 760 

confirm CB1 involvement, where THC induced depression in heterozygous mice (n=7, 761 

p<0.05 compared to baseline). D. In CB1 KO mice, THC failed to produce significant 762 

depression (n=9, p<.05; compared to THC in heterozygote mice). E. THC occluded HFS-LTD, 763 

suggesting THC and HFS-LTD use the same pathway (p<0.05 compared to control LTD). 764 

 765 

Figure 7 – Chronic THC occludes HFS-LTD.  We examined the effects of administering THC 766 

via intraperitoneal injections. A. A single THC injection failed to occlude LTD (n=9 from 7 767 

mice; p<0.05 compared to baseline at 10-15 and 15-20 minutes). B. Chronic injections (7-768 

10 consecutive days) of THC occluded LTD following HFS (n=6 from 5 mice, p<0.05, 769 
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compared to vehicle only injections). C. Chronic injections of EtOH vehicle as a control 770 

demonstrate continued LTD (n=6 from 5 mice, p<0.05, compared to chronic THC).   771 

 772 

Figure 8 – Current working model.  HFS-LTD is induced by CB1 activation that is mediated 773 

by postsynaptically produced 2-AG, which is formed by DAGL and mGluR5 activation to 774 

reduce presynaptic neurotransmitter release. 775 


















