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Abstract (217 words) 39 

The ventral pallidum (VP) is a central node in the reward system strongly implicated in reward 40 

and addiction. While the majority of VP neurons is GABAergic and encodes reward, recent 41 

studies revealed a novel glutamatergic neuronal population in the VP (VP vGluT2), whose activation 42 

generates aversion. Withdrawal from drugs has been shown to induce drastic synaptic changes 43 

in neuronal populations associated with reward, such as the ventral tegmental area (VTA) or 44 

nucleus accumbens neurons, but less is known about cocaine-induced synaptic changes in 45 

neurons classically linked with aversion. Here we demonstrate that VPvGluT2 neurons contact 46 

different targets with different intensities and that cocaine conditioned-place preference (CPP) 47 

training followed by abstinence selectively potentiates their synapses on targets that encode 48 

aversion. Using whole-cell patch clamp recordings combined with optogenetics in male and 49 

female transgenic mice we show that VPvGluT2 neurons preferentially contact aversion-related 50 

neurons, such as lateral habenula neurons and VTA GABAergic neurons, with minor input to 51 

reward-related neurons like VTA dopamine and VP GABA neurons. Moreover, after cocaine CPP 52 

and abstinence the VPvGluT2 input to the aversion-related structures is potentiated while the 53 

input to the reward-related structures is depressed. Thus, cocaine CPP followed by abstinence 54 

may allow VPvGluT2 neurons to recruit aversion-related targets more readily and therefore be part 55 

of the mechanism underlying the aversive symptoms seen after withdrawal.   56 

 57 

Significance statement (111 words) 58 

The biggest problem in drug addiction is the high propensity to relapse. One central driver for 59 

relapse events is the negative aversive symptoms experienced by addicts during withdrawal. In 60 

this work we propose a possible mechanism for the intensification of aversive feelings after 61 
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withdrawal that involves the glutamatergic neurons of the ventral pallidum. We show that not 62 

only these neurons are most strongly connected to aversive targets such as the lateral habenula, 63 

but that after abstinence their synapses on aversive targets are strengthened while the synapses 64 

on other, rewarding, targets are weakened. These data illustrate how after abstinence from 65 

cocaine aversive pathways change in a manner that may contribute to relapse.   66 
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Introduction (466 words, 3101 characters) 67 

The ventral pallidum (VP) is a central structure of the reward system that consists mainly of 68 

GABAergic neurons (Gritti et al., 1993; Root et al., 2015). In addition to GABAergic neurons, 69 

some VP neurons express the vesicular glutamate transporter 2 (vGluT2) (Geisler and Zahm, 70 

2005; Hur and Zaborszky, 2005; Geisler et al., 2007), indicating these neurons release glutamate 71 

(Faget et al., 2018; Tooley et al., 2018). Recent anatomical studies have identified the inputs and 72 

targets of these VPvGluT2 neurons. As VPGABA neurons, they receive major inputs from the nucleus 73 

accumbens (NAc), amygdala, the midbrain and more (Tooley et al., 2018). Their projections 74 

cover a wide array of brain regions, with particular emphasis on the lateral habenula (LHb) and 75 

the ventral tegmental area (VTA) (Faget et al., 2018). Thus, VPvGluT2 neurons seem to be involved 76 

in networks similar to those of VPGABA neurons.  77 

Despite their similar connectivity, VPvGluT2 and VPGABA neurons were recently suggested to have 78 

opposing behavioral roles in the context of reward seeking (Heinsbroek et al., 2017a; 79 

Stephenson-Jones et al., 2017; Faget et al., 2018; Tooley et al., 2018). Thus, activation of VPvGluT2 80 

neurons in a real-time conditioned place preference (CPP) task induces place aversion while 81 

VPGABA activation induces reward seeking (Faget et al., 2018). Likewise, in vivo recordings from 82 

both populations revealed that VPvGluT2 neurons increase their firing rate during aversive 83 

experiences while VPGABA neurons fire when seeking or receiving reward (Richard et al., 2016; 84 

Stephenson-Jones et al., 2017). Therefore, although the GABAergic VP as a whole encodes 85 

hedonic values of reward (Smith and Berridge, 2005; Tindell et al., 2006; Tachibana and 86 

Hikosaka, 2012; Richard et al., 2016, 2018; Ahrens et al., 2018) and the VPvGluT2 neurons 87 

participate in similar networks as VPGABA neurons, VPvGluT2 neurons are considered to encode 88 

aversive feelings.   89 
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Withdrawal from drugs of abuse present the most difficult challenge drug addicts face when 90 

trying to quit drugs. This difficulty is partly attributed to the aversive withdrawal symptoms that 91 

develop during withdrawal. In addition, the genetic and synaptic changes that underlie addictive 92 

behavior are considered to achieve their full, steady-state, manifestation only after withdrawal 93 

from drug use (Kalivas and Volkow, 2005). Many synaptic changes had been described in the 94 

reward system after withdrawal, including in the VP (Kupchik et al., 2014; Creed et al., 2016; 95 

Heinsbroek et al., 2017b). However, it is not known whether VPvGluT2 neurons, given their 96 

potential role in aversive withdrawal, undergo plasticity after quitting drugs. Here, we use patch 97 

clamp electrophysiology with optogenetics and transgenic mice to examine how well VPvGluT2 98 

neurons connect with neurons in the main targets of the VP (VTA, LHb, mediodorsal thalamus 99 

(MDT)) and in the VP itself (with other VPvGluT2 neurons or with VPGABA neurons), and whether the 100 

different connections of VPvGluT2 neurons undergo synaptic plasticity with cocaine CPP followed 101 

by prolonged abstinence.  102 

 103 

 104 

 105 

  106 
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Materials and Methods (1069 words, 6881 characters) 107 

Animals: Male and female vGluT2-IRES-Cre transgenic mice (The Jackson Laboratory, strain 108 

#007905), that express Cre recombinase in cells expressing the vesicular glutamate transporter 109 

2 (vGluT2) under internal ribosome entry site (IRES), were crossed in-house with Ai9 Cre-110 

dependent fluorescent reporter mice (The Jackson Laboratory, strain #007909). The crossed 111 

vGluT2-IRES-Cre x Ai9 mice expressed the red fluorescent protein tdTomato in all vGluT2 112 

glutamatergic neurons. Mice were group-housed under a 12-hour reverse light cycle (lights off 113 

at 8:00 AM). All mice had a C57bl6/J background and were bred in house. 114 

Viral injections: 10-week old mice were anesthetized with isoflurane (SomnoSuite, Kent 115 

Scientific, CT, USA) and fixed in a stereotaxic frame (Kopf, Model 940). Bilateral holes were 116 

drilled in the skull and the viral constructs (AAV2-EF1a-DIO-hChR2(H134R)-EYFP, University of 117 

North Carolina Viral Core or AAV9-EF1-DIO-ArchT-YFP, ELSC Vector Core Facility) were 118 

microinjected through a 30 G NanoFil syringe (World Precision Instruments, FL, USA) (300 nL per 119 

hemisphere, 100 nL/min, needle retracted 5 minutes after injection terminated) into the sub-120 

commissural ventral pallidum (injection coordinates were in mm relative to Bregma: 121 

Anterior/Posterior +0.4; Medial/Lateral 1.1; Dorsal/Ventral -5) of vGluT2-IRES-Cre x Ai9 mice. 122 

Behavioral procedure: Behavioral procedures started after two weeks of acclimation to the 123 

reverse light cycle, when the mice were ~12 weeks old. All mice were trained in the unbiased 124 

cocaine conditioned place preference (CPP) paradigm – a 30 cm X 30 cm arena was divided in 125 

two, each side with different wall patterns and floor texture (Fig. 5A). On the first day all mice 126 

were allowed to explore the arena freely. Then, experimental mice received one daily injection 127 

of either cocaine (in the paired side, 15 mg/kg, i.p.) or saline (in the unpaired side). Control mice 128 

received saline injections on both sides. Each side of the box served as a cocaine-paired side for 129 
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half of the mice. Cocaine/saline injections alternated daily until each mouse received 4 130 

injections of each. Then, mice were left in their cages for 14 days before electrophysiological 131 

recordings began or the CPP test was performed. In the CPP test, mice were positioned in the 132 

center of the box and let to move freely for 15 minutes. Movement was recorded using a 133 

camera and MediaRecorder software (Noldus, The Netherlands) and later analyzed with 134 

Ethovision X (Noldus). CPP score was calculated as the ratio between the difference in time 135 

spent between the cocaine-paired and unpaired sides and the total time (  =136              ). All procedures were approved by the Research Animal 137 

Care Committee of the Hebrew University. 138 

Slice preparation: As described before (Kupchik et al., 2015). Mice were anesthetized (150 139 

mg/kg Ketamine HCl), decapitated and sagittal or coronal slices (200 m) of the VP were prepared 140 

(VT1200S Leica vibratome). Slices were transferred to a vial containing aCSF (in mM: 126 NaCl, 141 

1.4 NaH 2 PO 4 , 25 NaHCO 3 , 11 glucose, 1.2 MgCl 2 , 2.4 CaCl 2 , 2.5 KCl, 2.0 Na-Pyruvate, 0.4 142 

ascorbic acid, bubbled with 95% O2 and 5% CO2) and a mixture of 5 mM kynurenic acid and 143 

100M D-AP5. Slices were stored at room temperature (22-24 ̊ C) until recording. 144 

In vitro whole cell recording: All recordings were collected at 32˚C (TC-344B, Warner Instrument 145 

Corporation). The VP, MDT, VTA and LHb were identified using a mouse atlas (Paxinos and 146 

Franklin, 2001). Neurons were visualized with an Olympus BX51WI microscope. Inhibitory 147 

synaptic transmission was blocked with picrotoxin (0.1 mM). Multiclamp 700B (Axon 148 

Instruments, Union City, CA) was used to record Excitatory postsynaptic currents (EPSCs) in 149 

whole cell configuration. Glass microelectrodes (1.3-2 MΩ) were filled with internal solution (in 150 

mM: 128 cesium methanesulfonate, 10 HEPES potassium, 1 EGTA, 1 MgCl2, 10 NaCl, 2.0 Mg-151 

ATP, and 0.3 Na-GTP, 1 QX-314, pH 7.2–7.3, ~280 mOsm). In the ventral pallidum we identified 152 
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glutamatergic neurons by the fluorescence of tdTomato. Non-fluorescent neurons in the VP 153 

were considered to be the classical GABAergic pallidal cells, based on their physiological (more 154 

depolarized) and morphological (smaller soma) difference from cholinergic neurons (Bengtson 155 

and Osborne, 2000; Kupchik and Kalivas, 2013) and the fact that they comprise about 90% of the 156 

non-glutamatergic neurons in the VP (Gritti et al., 1993; Root et al., 2015). Recordings started no 157 

earlier than 10 min after the cell membrane was ruptured. Data were acquired at 10 kHz and 158 

filtered at 2 kHz using AxoGraph X software (AxoGraph Scientific, Sydney). To evoke 159 

neurotransmitter release from VPvGluT2 neurons we used a 470 nm LED light source (Mightex 160 

Systems, CA) (0.1-1 ms in duration) directed to the slice through the objective. The stimulation 161 

pulse (1 ms) intensity chosen evoked a 50% of maximal EPSC at -70 mV. Recordings were 162 

collected every 20 sec. To inactivate VPvGluT2 terminals (via ArchT activation) we used a 560 nm 163 

LED light source (Mightex Systems, CA) through the objective. Series resistance (Rs),  membrane 164 

input resistance (Ri), and membrane capacitance (Cm), measured using a -2 mV depolarizing 165 

step (10 ms) given with each stimulus, were always monitored online. Recordings with unstable 166 

Rs, or when Rs exceeded 20 MΩ were aborted. 167 

Measuring the AMPA/NMDA ratio: AMPA currents were first measured at -70 mV to ensure 168 

stability of response. The membrane potential was then gradually increased to +40 mV. 169 

Recording of currents resumed 5 min after reaching +40 mV to allow stabilization of cell 170 

parameters. First, we obtained the total current composed of both AMPA and NMDA 171 

components. Then, the NMDA receptor blocker D-AP5 (Abcam, Cat# ab120003) was bath-172 

applied (50 M) to block NMDA currents and recording of AMPA currents at +40 mV was started 173 

after 2 min. NMDA currents were obtained by subtracting the AMPA currents from the total 174 

current at +40 mV. 175 
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Experimental design and data analysis – Experiments in Figs. 1,2,3A-C and F-J, 5 were 176 

conducted in a between-subjects design and were evaluated using unpaired student’s t-test or 177 

one-way ANOVA. Experiments in Figs. 3D-E and 4 were conducted in a within-subject design and 178 

were analyzed using the paired student’s t-test. Statistics were performed using GraphPad Prism 179 

8.0 (GraphPad Software Inc, San Diego, CA). 180 

  181 
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Results (2,579 words, 16,749 characters) 182 

The functional connectivity of VPvGluT2 neurons 183 

VP neurons send projections to various brain regions, some linked to reward (e.g. dopaminergic 184 

VTA neurons) and some to aversion (e.g. the lateral habenula (LHb)). The subpopulation of 185 

VPvGluT2 neurons was recently shown to induce aversion (Faget et al., 2018; Tooley et al., 2018) 186 

but it is not known whether these neurons indeed participate in all major VP connections. To 187 

examine this, we first tested whether VPvGluT2 neurons contact six of the major targets of the VP 188 

– local VPvGluT2 and VPGABA neurons (VPGABA neurons were non-vGluT2 neurons that showed basic 189 

physiological parameters typical to VPGABA but not cholinergic neurons, see Methods), VTA 190 

GABA-like (VTAGABA, identified by lack of Ih current) and dopamine-like (VTADA, identified by 191 

presence of Ih current) neurons, mediodorsal thalamic (MDT) neurons and LHb neurons (Fig. 1A-192 

C). We injected vGluT2-Cre mice with AAV-DIO-ChR2-eYFP in the VP and recorded from each of 193 

the targets to examine the proportion of cells receiving input. A cell was considered to receive 194 

input from VPvGluT2 neurons if stimulation of the terminals generated EPSCs of at least 30 pA in at 195 

least 50% of the trials (50 pA in the VPvGluT2 neurons due to ChR2-mediated currents, see below). 196 

Within the VP, we found that VPvGluT2 neurons maintain a strong local network with both VPvGluT2 197 

and VPGABA neurons, as 94% (17 of 18) and 82% (18 of 22) of these neurons, respectively, 198 

showed VPvGluT2 input (Fig. 1D). Note that in VPvGluT2 neurons part of the current is expected to be 199 

mediated by the ChR2 itself, but in separate experiments we found that the amplitude of ChR2-200 

mediated currents at -70 mV was less than 10 pA (Fig. 1D inset), negligible compared to the 201 

synaptic current measured. When examining outside of the VP, the LHb showed the highest 202 

proportion of cells with VPvGluT2 input (64%) while only 30% of VTA neurons, independent of 203 

their subtype, showed VPvGluT2 input (Fig. 1D). In the MDT, half of the cells showed VPvGluT2 input.  204 
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Recordings were performed in the presence of the GABAA receptor blocker picrotoxin to prevent 205 

possible GABA currents (Tooley et al., 2018).  206 

VPvGluT2 neurons may make the strongest synapses on each other and on LHb neurons 207 

We next examined whether the synaptic features of VPvGluT2 terminals are similar between the 208 

different targets. To evaluate the postsynaptic characteristics of each synapse we measured the 209 

ratio between AMPA and NMDA current amplitudes. This ratio is used widely as a surrogate to 210 

estimate changes or differences in synaptic efficacy, with the rule of thumb being that higher 211 

ratios indicate stronger synapses (Kauer and Malenka, 2007; Kourrich et al., 2007; Counotte et 212 

al., 2014; Neumann et al., 2016; Pascoli et al., 2018) (although this interpretation is 213 

controversial, as is discussed below). Our data show that different VPvGluT2 projections show 214 

different A/N ratios (Fig. 2A, Table 1; One-way ANOVA, main group (projection) effect, 215 

F(5,25)=9.63, p<0.0001). The highest ratios were seen in VPvGluT2 terminals on each other (A/N = 216 

1.94 ± 0.8; Tukey’s multiple comparisons tests, VPvGluT2 compared to VPGABA – q25=5.24, p<0.0001; 217 

to VTAGABA – q25=5.75, p<0.0001; to VTADA – q25=4.36, p=0.0002; to MDT – q25=2.99, p=0.006; to 218 

LHb – q25=1.64, p=0.11) and on LHb neurons (A/N = 1.55 ± 0.3; Tukey’s multiple comparisons 219 

tests, LHb compared to VPGABA – q25=3.53, p=0.002; to VTAGABA – q25=4.04, p=0.0005; to VTADA – 220 

q25=2.71, p=0.01; to MDT – q25=1.45, p=0.16) (ChR2-mediated currents are negligible at +40 221 

mV). In contrast, VPGABA neurons (0.76 ± 0.10, n=6), GABA-like (0.64 ± 0.24, n=6) and dopamine-222 

like (0.91 ± 0.29, n=5) VTA neurons all showed a low A/N and were not different from each other 223 

(Fig. 2A). MDT neurons showed intermediate A/N (1.19 ± 0.12, n=4), higher than in VTA and 224 

VPGABA neurons but lower than VPvGluT2 and LHb neurons. Thus, VPvGluT2 neurons seem to have 225 

similar connections with the aversion-related VPvGluT2 and LHb neurons, presumably making 226 

stronger excitatory synapses on these specific regions compared to the other targets tested 227 

here.  228 
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As pointed above, we interpret the high A/N ratios in the LHb and VPvGluT2 synapses as indicating 229 

that these synapses are stronger than the others (i.e. have more postsynaptic AMPA receptors). 230 

However, the A/N measure may be affected by other factors that should be considered when 231 

interpreting the results. For example, differences in the size of the dendritic arbor or the passive 232 

membrane properties between the different neurons could affect the A/N (Bar-Yehuda and 233 

Korngreen, 2008; Williams and Mitchell, 2008). Such differences would change both the quality 234 

of the voltage clamp in distant synapses (i.e. the space clamp) and the recovery of dendritic 235 

currents in the soma. Moreover, these factors affect differently AMPA and NMDA currents 236 

measured at the soma due to their different kinetics and voltage dependence. Therefore, the 237 

sensitivity of the A/N to the basic parameters of the different neurons should be considered 238 

when interpreting the data.  239 

It is also possible that the differences in A/N stem from differences in NMDA receptor function 240 

rather than AMPA receptor function. One possible difference may be the proportion of NMDA 241 

receptors expressing the GluN2B subunit. This should be reflected as slower current decays and 242 

may indicate an increase in the proportion of extrasynaptic NMDA receptors, as GluN2B-243 

expressing NMDA receptors tend to localize outside of the synapse (Hardingham and Bading, 244 

2010; Gladding and Raymond, 2011; Paoletti et al., 2013; Naassila and Pierrefiche, 2019) . 245 

Indeed, our data reveals that the VPvGluT2 VPvGluT2 synapse shows the slowest NMDA decay time 246 

constants (359 ± 82 ms) compared to all other targets (Fig. 2B; One-way ANOVA, main group 247 

(projection) effect, F(5,25)=9.40, p<0.0001; Tukey’s multiple comparisons tests, VPvGluT2 compared 248 

to VPGABA – q25=5.98, p=0.004; to VTAGABA – q25=6.52, p=0.002; to VTADA – q25=6.12, p=0.003; to 249 

MDT – q25=8.06, p=0.001; to LHb – q25=8.25, p<0.0001). The LHb, in contrast, showed the fastest 250 

NMDA decay (33.6 ± 11.2 ms) that was an order of magnitude slower than that seen in 251 

VPvGluT2 VPvGluT2 synapses (Fig. 3A-C).  252 
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A possible interpretation, as discussed above, is a higher proportion of GluN2B-expressing 253 

NMDA receptors in VPvGluiT2 neurons compared to LHb. However, differences in current decay 254 

time courses could also reflect differences in the properties of the membrane or in the location 255 

of the synapse (distance from the soma). To further examine the cause for the difference in 256 

NMDA decay between the VPvGluT2 VPvGlu|T2 and VPvGluT2 LHb synapses (Fig. 3A; unpaired t-257 

test, t8=7.76, p=0.0001), we first examined the effect of the specific inhibitor of GluN2B-258 

expressing NMDA receptors Ro-256981 (1 M) on NMDA currents in VPvGluT2 and LHb neurons. 259 

We found that Ro-256981 decreased the NMDA decay time constant in both synapses (Fig. 3D-260 

E; paired t-tests; VPvGluT2 – t7=2.74, p=0.029; LHb – t6=3.92, p=0.008). When examining the rise 261 

time of NMDA currents (Fig. 3B) and the kinetics of AMPA currents (Fig. 3F-H), all of which are 262 

not sensitive to the expression of GluN2B, we found that the NMDA rise time and AMPA decay 263 

were significantly slower in VPvGluT2 neurons (NMDA rise times – VPvGluT2 – 6.35 ± 3.1 ms, LHb – 264 

2.86 ± 1.92 ms, unpaired t-test – t7=1.95, p=0.046; AMPA decay times - VPvGluT2 – 16.75 ± 10.04 265 

ms, LHb – 3.774 ± 1.59 ms, unpaired t-test – t7=2.86, p=0.01). These data imply that the 266 

difference in the NMDA current decay time constant between VPvGluT2 VPvGluT2 and 267 

VPvGluT2 LHb synapses is not due to difference in GluN2B expression but because of differences 268 

in membrane properties. This hypothesis is supported by the fact that the membrane 269 

capacitance (but not input resistance) was different between VPvGluT2 and LHb neurons (Fig. 3I-J; 270 

unpaired t-test – t22=2.75, p=0.006). 271 

The postsynaptic analysis gives only one aspect of the synapse. Do the VP vGluT2 terminals in the 272 

different targets differ in the probability of presynaptic neurotransmitter release? To examine 273 

this, we applied (at -70 mV) two consecutive stimulations (50 ms interval) and measured the 274 

ratio between the amplitudes of the second and the first pulse (paired-pulse ratio, PPR) and the 275 

coefficient of variation (CV) of the current amplitudes in the first stimulation. Differences in 276 
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these two measures (under certain assumptions (Faber and Korn, 1991)) are considered to 277 

reflect a presynaptic mechanism, with stronger synapses correlating with decreased PPR and CV 278 

(Berninger et al., 1999; Schinder et al., 2000). Our data demonstrate that there was no 279 

significant difference between the 6 examined synapses in the PPR or CV  (Fig. 2C-D; One-way 280 

ANOVA tests; PPR - main group (projection) effect, F(5,25)=1.84, p=0.13; CV - main group 281 

(projection) effect, F(5,25)=0.38, p=0.86). Therefore, we conclude that in drug-naïve animals 282 

VPvGluT2 neurons may be more strongly connected with each other and the LHb than with other 283 

regions and that this is driven by postsynaptic and not presynaptic mechanisms. 284 

LHb and VPvGluT2 neurons have the largest proportion of VPvGluT2 input 285 

The experiments so far show that the strongest synapses the VPvGluT2 neurons make may be on 286 

VPvGluT2 and LHb neurons. However, this experimental design does not tell how dominant is the 287 

VPvGluT2 input (out of the total glutamatergic input) to the LHb or to the other targets examined 288 

here. To tackle this question, we used spontaneous EPSCs (sEPSCs) as a reporter of the total 289 

glutamatergic synaptic inputs on a specific neuron. We hypothesized that in regi ons in which the 290 

VPvGluT2 input makes a substantial proportion of the total glutamatergic input, selective 291 

optogenetic inhibition of the VPvGluT2 terminals should result in a decrease in the frequency of 292 

sEPSCs. We infected VPvGluT2 neurons with the inhibitory opsin ArchT in a Cre-dependent manner 293 

and recorded sEPSCs from the 6 targets depicted in Fig. 1. In each neuron, we turned on [4 294 

seconds; not long enough to cause changes in pH (Mahn et al., 2016)] and off (8 seconds) the 295 

LED alternately and measured the amplitude and frequency of sEPSCs in each episode (Fig. 4). 296 

Our recordings revealed that the only targets that showed a decrease in sEPSC frequency when 297 

inhibiting the VPvGluT2 terminals were the same that showed the highest A/N ratios - the LHb and 298 

VPvGluT2 neurons (Fig. 4A,C,H,I; paired t-tests, VPvGluT2 – t7=2.55, p=0.038, LHb – t10=4.32, 299 

p=0.002). Interestingly, inhibiting VPvGluT2 terminals also affected sEPSC amplitude, decreasing it 300 
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in VTAGABA neurons (paired t-test, t9=3.11, p=0.013) and in the LHb (paired t-test, t10=2.39, 301 

p=0.038) (Fig. 4D,H). This may mean that in these two cell populations, the VPvGluT2 currents are 302 

larger than the average glutamatergic current, possibly indicating they are closer to the soma 303 

than other glutamatergic synapses. Note that in VTAGABA neurons the decrease in sEPSC 304 

amplitude was not accompanied by a decrease in the average frequency. A possible explanation 305 

is that while in most VTAGABA neurons the VPvGluT2 input is among the biggest in amplitude, the 306 

effect of this input on the frequency of the total spontaneous excitatory events was not 307 

consistent between cells. Also note that, although not significant (paired t-test, t5=2.51, 308 

p=0.054), most VTADA neurons showed an increase in sEPSC amplitude, exactly opposite to the 309 

effect seen in VTAGABA neurons. This may relate to the opposite behavioral roles of VTA GABA and 310 

VTADA neurons in drug seeking.  Overall, the data suggest that not only VPvGluT2 neurons activate 311 

predominantly LHb and VPvGluT2 neurons, but that these two targets, possibly together with 312 

VTAGABA neurons, respond predominantly to VPvGluT2 input among all other inputs (compared 313 

with the other cell types examined here). This is particularly interesting given that these targets, 314 

and not the others we examined, are known to encode aversion. 315 

VPvGluT2 synapses specifically on LHb and VTAGABA neurons are strengthened after cocaine CPP 316 

and abstinence 317 

Withdrawal is classically accompanied by increased craving for the drug (Lu et al., 2004) and 318 

negative feelings (that may drive the craving for the drug) (Breese et al., 2005; Chavkin and 319 

Koob, 2016). VPvGluT2 neurons have recently been shown to induce avoidance when activated, 320 

and specifically their projection to the LHb (Faget et al., 2018; Tooley et al., 2018). Therefore, we 321 

examined whether cocaine CPP followed by abstinence alters the aversive VPvGluT2 LHb 322 

pathway as well as all other pathways depicted in Fig. 1. Mice were trained on a cocaine CPP 323 

task for two weeks, followed by two weeks of abstinence (control mice were given only saline) 324 
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(Fig. 5A). After the last day of abstinence mice were either tested on the CPP task to ensure 325 

motivation for cocaine (CPP score was 0.40 ± 0.26 for cocaine mice and -0.07 ± 0.25 for saline 326 

mice; one sample t-test comparing to a CPP score of 0, t9=4.88, p=0.0009 and t6=0.78, p=0.47 for 327 

cocaine and saline mice, respectively) or sacrificed for slice recordings. Examination of the A/N 328 

ratio showed a striking difference between the VPvGluT2 LHb projection and all other 329 

projections. Most of the VPvGluT2 synapses were depressed after CPP and abstinence. This 330 

includes the projections to VPvGluT2 (unpaired t-test, t12=2.35, p=0.037), VPGABA (unpaired t-test, 331 

t10=2.98, p=0.014) and VTADA neurons (unpaired t-test, t7=2.51, p=0.04) (MDT neurons showed a 332 

non-significant decrease in A/N, unpaired t-test, t7=2.14, p=0.07). Thus, it seems that abstinence 333 

from cocaine depresses in general the output of VPvGluT2 neurons and therefore their ability to 334 

recruit their postsynaptic targets. In contrast, the VPvGluT2 LHb synapse, despite already being 335 

the strongest output of VPvGluiT2 neurons,  was further strengthened after abstinence (A/N 336 

increased from 1.55±0.3 to 3.72±1.3, unpaired t-test, t9=3.29, p=0.009) (Fig. 5, Table 1). 337 

Therefore, the coupling between VPvGluT2 neurons and the LHb seems to become tighter after 338 

cocaine CPP and abstinence. The decays of the NMDA currents in all  synapses but the 339 

VPvGluT2 VPvGluT2 synapse did not change after abstinence from cocaine, suggesting that the 340 

changes in A/N are likely due to changes in AMPA receptor function. Collectively, these data 341 

show that after cocaine CPP and abstinence synaptic plasticity occurs not only in the reward-342 

related VPGABA neurons (Creed et al., 2016; Heinsbroek et al., 2017b) but also in the avoidance-343 

related VPvGluT2 neurons. 344 

Examination of the effect of cocaine CPP and abstinence on presynaptic parameters of VPvGluT2 345 

synapses in the different targets revealed a somewhat similar pattern of changes, but with an 346 

intriguing difference. As with A/N, the VPvGluT2 LHb synapse was strengthened also 347 

presynaptically after cocaine CPP and abstinence, indicated by the decrease in both the CV and 348 
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PPR of the evoked EPSCs (Fig. 5K-L; paired t-tests, CV – t14=2.29, p=0.038, PPR – t14=2.23, 349 

p=0.042). Unlike the A/N measurements, abstinence from cocaine strengthened the presynaptic 350 

probability of transmitter release also in the VPvGluT2 VTAGABA synapse, as indicated by the 351 

decrease in both CV and PPR (Fig. 5H-J; paired t-tests, CV – t8=2.39, p=0.047, PPR – t8=2.46, 352 

p=0.039). This is intriguing as from all targets examined here, the LHb and VTAGABA are the ones 353 

that, like the VPvGluT2 neurons themselves, are classically linked to aversion (Tan et al., 2012; van 354 

Zessen et al., 2012; Baker et al., 2016; Meye et al., 2016; Morales and Margolis, 2017) . All other 355 

targets of the VPvGluT2 neurons did not show any change in the probability of presynaptic release. 356 

When comparing the changes specifically in the VTA, contrasting effects emerge between the 357 

excitatory input from the VP to the GABAergic and dopaminergic neurons - while the excitatory 358 

drive to the dopaminergic neurons is depressed postsynaptically (Fig. 5E), the input to the 359 

GABAergic neurons, who themselves inhibit dopaminergic neurons, is potentiated 360 

presynaptically (Fig. 5H,I). This would lead to stronger suppression of dopamine release when 361 

the VPvGluT2 VTA pathway is activated. Moreover, this local action of VPvGluT2 inputs in the VTA 362 

to suppress dopamine release would be supplemented by the enhanced recruitment of LHb 363 

neurons [who suppress dopamine release (Graziane et al., 2018)] and decreased recruitment of 364 

VPGABA neurons [who disinhibit dopamine neurons in the VTA (Hjelmstad et al., 2013; Leung and 365 

Balleine, 2015)]. Overall, our data show that cocaine CPP and abstinence changes VPvGluT2 366 

outputs such that synapses on targets that are known to decrease dopamine release are 367 

strengthened while other pathways to targets that enhance dopamine release are weakened.     368 

  369 
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Discussion (1312 words, 8370 characters) 370 

Our work describes for the first time the nature of the connectivity of VPvGluT2 neurons with 371 

multiple targets and how these projections are affected differentially after cocaine CPP and 372 

abstinence. We first show that VPvGluT2 neurons may make different synapses on different 373 

targets, with preference for aversion-related targets - the LHb and VPvGluT2 neurons receive the 374 

strongest inputs. These differences between targets are driven by postsynaptic, and not 375 

presynaptic, mechanisms (Fig. 2). Moreover, from the perspective  of the receiving target region, 376 

we found that the LHb, VPvGluT2 and VTAGABA neurons, all aversion-related, seem to be the regions 377 

with the highest sensitivity to VPvGluT2 input and changes therein (Fig. 4). Finally, cocaine CPP and 378 

abstinence has specifically strengthened the projections of VPvGluT2 neurons to LHb and VTAGABA 379 

neurons, both major players in the emerging network that encodes aversion. This is in stark 380 

contrast to the general weakening of the synapses that VPvGluT2 neurons make on all other 381 

targets tested here – VPvGluT2, VPGABA, VTADA and MDT. Overall, our data demonstrate the diverse 382 

connections VPvGluT2 neurons make with different targets and the target-dependent changes 383 

occurring after cocaine CPP and abstinence, with preferred  potentiation of synapses onto 384 

aversion-related neurons. 385 

 386 

The local connectivity of VPvGluT2 neurons 387 

The VPvGluT2 neurons are scarcely distributed in the VP (only 29 cells per 107 μm3 tissue) (Hur and 388 

Zaborszky, 2005) and thus represent a minority of the neurons in the VP. Their difference from 389 

the GABAergic majority is reflected not only by the neurotransmitter they release but also in 390 

their behavioral role, as they induce aversion while VPGABA neurons encode reward (Faget et al., 391 

2018; Richard et al., 2018). This dissimilarity between the two cell populations raises the 392 
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question how well they are interconnected. For example, vGluT2-expressing neurons in the VTA, 393 

who themselves are a minority in the VTA, were shown to make connections both on each other 394 

and on other non-vGluT2 neurons (Dobi et al., 2010). Our data show that as in the VTA, VPvGluT2 395 

neurons make synaptic connections both on each other and on VP GABA neurons. However, the 396 

features of these two inputs are different. The parameters of the VP vGluT2 input to VPGABA 397 

neurons are more similar to those of the input to VTA or MDT neurons than to VPvGluT2  VPvGluT2 398 

synapses. This is evident from the A/N, NMDA decay time constant (Fig. 2), proportion of 399 

excitatory input (Fig. 4) and effect of cocaine CPP and abstinence (Fig. 5). Such robust difference 400 

suggests that VPvGluT2 neurons may form an independent network in the VP and that for them, 401 

VPGABA neurons may represent a ”different region”. In fact, as will be discussed below, VP vGluT2 402 

neurons may be functionally better described as part of an aversive network of the brain even 403 

though anatomically they reside within the “rewarding” VP. To make a stronger statement in 404 

this direction further characterization of the VPGABA input to VPvGluT2 neurons needs to be 405 

established to examine whether this VPvGluT2 internal network is modulated by VPGABA neurons or 406 

is really independent of the general VP activity.  407 

VPvGluT2 neurons and addiction to cocaine 408 

The VP is known to be involved in addiction to cocaine (Smith et al., 2009; Root et al., 2015) and 409 

to show synaptic plasticity after withdrawal (Kupchik et al., 2014; Creed et al., 2016). Here we 410 

show that specifically the VPvGluT2 neurons show substantial changes in their synaptic activity 411 

after cocaine CPP and abstinence. These changes include strengthening of their synapses on LHb 412 

and VTAGABA neurons while depressing the synapses on VP and VTADA neurons. This is predicted 413 

to result in decreased probability of dopamine release (as discussed below) and increased 414 

activation of the aversion-related LHb and VTAGABA neurons. Importantly, while these results 415 

clearly indicate that VPvGluT2 neurons are affected by our behavioral protocol, whether the 416 
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observed changes were induced by the mere exposure to cocaine, the learning of the CPP task, 417 

the abstinence from cocaine, or a combination of these options remains to be explored.  418 

It is also important to note that while this study focuses on the outputs of VPvGluT2 neurons, the 419 

inputs to these neurons may be as important. VPvGluT2 neurons receive both glutamatergic and 420 

GABAergic inputs from, among others, the nucleus accumbens, medial prefrontal cortex and 421 

amygdala (Tooley et al., 2018). It is still unknown whether and how these inputs change after 422 

withdrawal from cocaine, but considering that the excitatory drive to the NAc is potentiated 423 

after withdrawal (Gipson et al., 2013), it is reasonable to predict that NAc GABA input to the VP, 424 

including to VPvGluT2 neurons, is enhanced. Therefore, VPvGluT2 neurons may be more strongly 425 

inhibited by the NAc after withdrawal from cocaine. This should be checked thoroughly in future 426 

studies.       427 

The “aversive connection” of VPvGluT2 neurons 428 

An overall look at the data reveals that the VPvGluT2 neurons are strategically connected to 429 

targets previously associated with aversion and that cocaine CPP followed by abstinence affects 430 

these aversive connections opposite to its effect on the connections to the other, rewarding, 431 

targets (Fig. 6). First, VPvGluT2 neurons show a strong link to the LHb, a region strongly implicated 432 

in aversion (Baker et al., 2016) and to each other (as discussed above). Moreover, after cocaine 433 

CPP and abstinence only the connections with LHb and VTAGABA neurons, themselves central to 434 

aversion (Tan et al., 2012; van Zessen et al., 2012; Baker et al., 2016; Meye et al., 2016; Morales 435 

and Margolis, 2017), are strengthened while all other connections are weakened or not changed 436 

(Figs. 5-6). Specifically note that while the input to VTAGABA is potentiated after abstinence (via a 437 

presynaptic mechanism, Fig. 5H-I), the input to the rewarding VTADA neurons is weakened (via a 438 

postsynaptic mechanism, Fig. 5E). It is also interesting to note that while the VPvGluT2 LHb 439 
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projection is strengthened both pre- and postsynaptically, the VPvGluT2  VTAGABA is strengthened 440 

only through a presynaptic mechanism. This indicates that the VP is responsible for the fine-441 

tuning of its own input to the VTA but the LHb can strengthen the aversive signal from VP vGluT2 442 

neurons independent of VPvGluT2 presynaptic changes. In other words, while VPvGluT2 neurons may 443 

be the exclusive tuners of their own input to VTAGABA neurons, their input to the LHb is 444 

controlled also by the postsynaptic LHb neurons that can strengthen the synapse by recruiting 445 

more AMPA receptors to the synapse. 446 

An overview of the aversive network, with its center in the LHb, places VPvGluT2 neurons in a 447 

strategic position, where they can manipulate the activity both in the LHb and in the VTA. A 448 

simplified view of the LHb asserts that it drives aversion by inhibiting dopamine release from 449 

VTADA neurons (Ji and Shepard, 2007; Matsumoto and Hikosaka, 2007; Graziane et al., 2018). 450 

This can be driven either by their excitatory drive on local VTA GABA neurons that inhibit VTADA 451 

neurons (Omelchenko et al., 2009; Beier et al., 2015) or by driving the rostromedial tegmental 452 

nucleus (RMTg) to inhibit VTADA neurons (Lammel et al., 2012; Graziane et al., 2018). Therefore, 453 

any glutamatergic drive on LHb neurons is expected to be aversive. Indeed, this was described 454 

for the excitatory input to the LHb from the entopeduncular nucleus (EPN) (Shabel et al., 2012; 455 

Meye et al., 2016) and the lateral hypothalamus (Lazaridis et al., 2019; Trusel et al., 2019), and 456 

VPvGluT2 input is no difference in this aspect – activation of VPvGluT2 input to LHb is aversive (Faget 457 

et al., 2018). However, the role of VPvGluT2 neurons in aversion may be more complex as they also 458 

target directly VTAGABA and VTADA neurons. Thus, VPvGluT2 neurons may drive aversion (after 459 

withdrawal) not only by activating the LHb, but also by increasing their excitatory input to 460 

VTAGABA neurons, decreasing their excitatory input to VTADA neurons, and decreasing their 461 

excitatory input to VPGABA neurons, that themselves inhibit mostly VTAGABA (Hjelmstad et al., 462 

2013; Leung and Balleine, 2015). Therefore, VPvGluT2 neurons may be a promising target for 463 
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future examination of mechanisms underlying aversive symptoms in various psychiatric 464 

disorders.  465 

 466 

 467 

 468 

 469 

 470 

  471 
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Figure legends 624 

Figure 1 – Projection patterns of VPvGluT2 neurons. (A) Schematic representation of the 625 

recording setup. An AAV expressing ChR2 in a Cre-dependent manner (AAV2-DIO-ChR2-EYFP) 626 

was injected into the VP of crossed vGluT2-IRES-Cre X Ai9 mice. Thus, VPvGluT2 neurons 627 

exclusively expressed ChR2 and tdTomato. Recordings were performed in each of the depicted 628 

targets while evoking transmitter release optogenetically. (B) Photomicrographs of injection site 629 

in the VP (top), VPvGluT2 axons in the MDT/LHb (middle) and VTA (bottom). Note the stronger 630 

fluorescence in LHb compared to adjacent MDT. ac – anterior commissure; LPO – lateral 631 

preoptic area; MHb – medial habenula; ml – medial lemniscus; PN – paranigral nucleus; SI – 632 

substantia innominate; sm – stria medularis of the thalamus. (C) Photomicrographs showing 633 

tdTomato expression in VPvGluT2 neurons (top), ChR2-eYFP expression (middle) and the merge 634 

(bottom). Only 2 cells out of 141 that expressed ChR2-eYFP did not co-express tdTomato, 635 

indicating ChR2 expression was restricted to VPvGluT neurons (right) (D) Proportion of recorded 636 

neurons that showed VPvGluT2 input (out of all recorded neurons in that region) in each 637 

region/cell-type. Grey – no response; color – showed response. Inset in VPvGluT2 neurons – 638 

Representative evoked postsynaptic glutamatergic currents (Glu, white) and presumed ChR2-639 

mediated currents (in the presence of 10 M CNQX and 50 M picrotoxin (green) recorded from 640 

VPvGluT2 neurons. ChR2-mediated currents were negligible in amplitude. 641 

 642 

Figure 2 – VPvGluT2 neurons make the strongest synapses on VPvGluT2 and LHb neurons based on 643 

postsynaptic, but not presynaptic, parameters. (A) The AMPA/NMDA (A/N) ratio of VPvGluT2 644 

synapses was the highest in other VPvGluT2 neurons and in LHb neurons [1-way ANOVA main 645 

effect of target, F(5,25)=9.63, p<0.0001; *, # - p<0.05 using post-hoc Tukey’s multiple comparisons 646 

test comparing to VPvGluT2 or LHb, respectively. Insets – representative AMPA (red) and NMDA 647 
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(blue) currents for each region. NMDA currents normalized between regions to ease 648 

comparison]. (B) The decay time-constant (τ) of the NMDA current was the slowest in VPvGluT2 649 

neurons (1-way ANOVA main effect of target, F(5,25)=9.40, p<0.0001; * - p<0.05 using post-hoc 650 

Tukey’s multiple comparisons test comparing to VPvGluT2 neurons). Inset – representative NMDA 651 

currents from each target (normalized to peak). (C) The coefficient of variation (CV) of the EPSCs 652 

recorded at -70 mV did not differ between targets (1-way ANOVA, p=0.86). (D) The paired-pulse 653 

ratio (PPR) recorded at -70 mV did not differ between targets (1-way ANOVA, p=0.13), although 654 

MDT shows a trend towards lower PPR values. Numbers in bars represent number of cells and 655 

number of mice in parentheses. 656 

Figure 3 – Difference in NMDA current kinetics between VPvGluT2 and LHb neurons stem from 657 

different membrane properties and not different NMDA receptor subunit composition. (A-B) 658 

Both the decay (A) and rise time (B) of the NMDA currents were slower in VP vGluT2 neurons 659 

compared to LHb. (C) Representative NMDA traces. (D-E) The selective GluN2B NMDA receptor 660 

subunit antagonist Ro-256981 (1 M) decreased the NMDA decay time constant in the synapse 661 

VPvGluT2 neurons make on both VPvGluT2 neurons (average decrease of 47.7 ± 17.4 ms, which 662 

represents ~17.8% decrease) and LHb neurons (average decrease of 6.0 ± 4 ms, which 663 

represents 14.6% decrease). (F-G) The decay (F) of the AMPA currents was slower in VPvGluT2 664 

neurons compared to LHb neurons. The rise time was not different between the two cell 665 

populations (G). (H) Representative AMPA traces. (I-J) The membrane input resistance (I) did not 666 

differ between VPvGluT2 and LHb neurons but the capacitance (J) was significantly higher in LHb 667 

neurons. Paired (D-E) or unpaired two-tailed student’s t-test were used.    668 

 669 
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Figure 4 – LHb, VPvGluT2 and VTAGABA neurons are the most sensitive to VPvGluT2 input. Recordings 670 

were performed as in Fig. 1 but VPvGluT2 neurons were infected with the inhibitory opsin ArchT. 671 

Recordings of sEPSCs were performed in the presence of picrotoxin (50 μM), before (4 s) and 672 

during (4 s) the activation of ArchT using a 560 nm LED. (A-C) Effect in the VP. Inhibiting the 673 

VPvGluT2 input significantly decreased the sEPSC frequency but not amplitude in VP vGluT2 neurons 674 

(A). No effect was seen in VPGABA neurons (B). (C) Representative traces (note the step in 675 

outward current in the VPvGluT2 neuron when ArchT is activated, indicating that the recorded cell 676 

was infected with ArchT). (D-F) Effect in the VTA. Inhibiting the VPvGluT2 input did not alter sEPSC 677 

frequency in either VTA cell type but significantly decreased the amplitude in VTA GABA neurons. 678 

(F) Representative traces. (G) Inhibiting VPvGluT2 input did not affect the frequency or amplitude 679 

of sEPSCs in MDT neurons. (H) Inhibiting the VPvGluT2 terminals in the LHb decreased both the 680 

frequency and amplitude of sEPSCs in the LHb. (I) Representative traces for MDT and LHb 681 

recordings. All statistical tests are paired student’s t-tests.  682 

Figure 5 – Cocaine CPP and abstinence strengthens VPvGluT2 input to the LHb and VTAGABA 683 

neurons but weakens input to all other targets. (A) Left - time line of the conditioned place 684 

preference (CPP) protocol (from left to right). Mice were habituated to the arena on the first day 685 

and then received 8 alternating i.p. injections of either cocaine (15 mg/kg) or saline, one 686 

injection per day. Control (cocaine-naive) mice received only saline injections. Cocaine was 687 

paired with one of the sides and saline was given on the other side. After conditioning, mice 688 

went through 14 days of abstinence from cocaine and then were either tested for preference or 689 

used for electrophysiological recordings. Right – preference for the cocaine-paired side in the 690 

cocaine group (C) was significantly higher than zero (one-sample t-test, CPP score 0.39 ± 0.26, 691 

p=0.0009) and different from the saline (S) group (p=0.0019). (B-G) Postsynaptic effects. A/N 692 

ratios in each target of VPvGluT2 neurons in saline (full bars) and cocaine-abstinent (open bars) 693 
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mice. Cocaine CPP and abstinence decreased the A/N in VPvGluT2 (B), VPGABA (C) and VTADA (E), 694 

generated a non-significant decrease in MDT neurons (F, p=0.07) and did not affect A/N in 695 

VTAGABA neurons (D). In contrast, cocaine CPP and abstinence significantly increased the A/N in 696 

the LHb by more than 2-fold, from 1.55 ± 0.3 to 3.84 ± 1.5 (G). Insets - representative AMPA 697 

(red) and NMDA (blue) currents for each region. NMDA currents normalized between regions to 698 

ease comparison. (H-L) Presynaptic effects. Cocaine CPP and abstinence decreased the 699 

coefficient of variation of evoked EPSCs (CV) and the paired-pulse ratio (PPR) in both VTAGABA (H-700 

J) and LHb (K-L) neurons. (J) Representative traces for the presynaptic effects of abstinence from 701 

cocaine on VPvGluT2 input to VTAGABA neurons. All statistical tests are unpaired student’s t-tests.     702 

Figure 6 – Changes in VPvGluT2 synapses after cocaine CPP and abstinence. (A) System level. 703 

Drawings arranged such that synapses on aversive targets are on top (VP vGluT2, LHb, VTAGABA) and 704 

synapses on rewarding (VPGABA, VTADA) or neutral (MDT) targets are at the bottom. Left – saline 705 

mice. VPvGluT2 neurons make the strongest synapses on each other and on LHb neurons. Right – 706 

after cocaine CPP and abstinence. The synapses of VPvGluT2 neurons on LHb and VTAGABA are 707 

strengthened while synapses on all rewarding targets are weakened. Synapse on MDT does not 708 

seem to change. (B) Hypothesized synaptic mechanisms. Top row – saline. Bottom row – after 709 

cocaine CPP and abstinence. Arrow width at its base and its end reflects the strength of the 710 

synapse in control and after abstinence, respectively. Saline mice - VPvGluT2 synapses on each 711 

other and on LHb neurons show the highest number of AMPA receptors (based on highest 712 

AMPA/NMDA ratios) compared to the inputs to the VTA, MDT and VP GABA neurons. Presynaptic 713 

parameters (represented in the drawing by the number of vesicles in the terminal) are similar 714 

between synapses. After abstinence – synapses on aversive targets (except VPvGluT2 neurons) are 715 

potentiated, either presynaptically (VTAGABA) or both pre- and postsynaptically (LHb). Synapses 716 
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on other VPvGluT2 neurons seem to weaken. All synapses on reward targets are depressed 717 

through a postsynaptic mechanism (less postsynaptic AMPA receptors).   718 

 719 

Table legends 720 

Table 1 – AMPA-to-NMDA ratios (A/N), NMDA current decay time constants ( ), coefficients of 721 
variation of EPSCs at -70 mV (CV), and paired-pulse ratios (PPR) in six targets of VPvGluT2 neurons in saline 722 
and cocaine-withdrawn mice. Numbers in parentheses represent number of cells/number of mice.  723 

 724 
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Table 1 

 
Table 1 – AMPA-to-NMDA ratios (A/N), NMDA current decay time constants ( ), coefficients of 
variation of EPSCs at -70 mV (CV), and paired-pulse ratios (PPR) in six targets of VPvGluT2 neurons in saline and 
cocaine-withdrawn mice. Numbers in parentheses represent number of cells/number of mice.  

 A/N NMDA  (ms) CV PPR 
 Saline Cocaine Saline Cocaine Saline Cocaine Saline Cocaine 
VPvGluT2 2.34±1.19 

(6/4) 
1.27±0.45 
(8/4) 

358.6±82 
(6/4) 

164.5±114 
(8/4) 

0.16±0.22 
(13/6) 

0.12±0.11 
(9/4) 

0.70±0.2 
(13/6) 

0.75±0.17 
(9/4) 

VPGABA 0.76±0.10 
(6/4) 

0.48±0.20 
(6/6) 

136.4±124 
(6/4) 

190.2±115 
(6/6) 

0.19±0.1 
(11/5) 

0.28±0.20 
(7/6) 

0.67±0.12 
(11/5) 

0.77±0.25 
(7/6) 

VTAGABA 0.64±0.24 
(6/3) 

0.63±0.27 
(4/3) 

126.7±115 
(6/3) 

134.7±41 
(4/3) 

0.16±0.07 
(6/3) 

0.09±0.02 
(4/3) 

0.77±0.16 
(6/3) 

0.55±0.08 
(4/3) 

VTADA 0.91±0.29 
(5/2) 

0.43±0.28 
(4/4) 

131.4±12 
(5/2) 

209.1±185 
(4/4) 

0.17±0.06 
(4/2) 

0.18±0.09 
(5/4) 

0.75±0.32 
(4/2) 

0.71±0.25 
(5/4) 

MDT 1.19±0.12 
(4/2) 

0.82±0.33 
(5/2) 

41.31±27.9 
(4/2) 

65.52±39.4 
(5/2) 

0.19±0.12 
(4/2) 

0.21±0.15 
(8/3) 

0.44±0.21 
(4/2) 

0.59±0.33 
(8/3) 

LHb 1.55±0.33 
(5/3) 

3.84±1.5 
(6/3) 

33.61±11.3 
(5/3) 

34.55±40.2 
(6/3) 

0.26±0.10 
(6/3) 

0.15±0.09 
(10/5) 

0.76±0.22 
(6/3) 

0.54±0.17 
(10/5) 


