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 37 

Abstract 38 

Cocaine-driven changes in the modulation of neurotransmission by neuromodulators are poorly 39 

understood. The ventral pallidum (VP) is a key structure in the reward system, in which GABA 40 

neurotransmission is regulated by opioid neuropeptides, including dynorphin. However, it is not 41 

known whether dynorphin acts differently on different cell types in the VP and whether its 42 

effects are altered by withdrawal from cocaine. Here, we trained wild-type, D1-Cre, A2A-Cre or 43 

vGluT2-Cre:Ai9 male and female mice in a cocaine conditioned place preference protocol 44 

followed by two weeks of abstinence, and then recorded GABAergic synaptic input evoked 45 

either electrically or optogenetically onto identified VP neurons before and after applying 46 

dynorphin. We found that after cocaine CPP and abstinence dynorphin attenuated inhibitory 47 

input to VPGABA neurons through a postsynaptic mechanism. This effect was absent in saline 48 

mice. Furthermore, this effect was seen specifically on the inputs from nucleus accumbens 49 

medium spiny neurons expressing either the D1 or the D2 dopamine receptor. Unlike its effect 50 

on VPGABA neurons, dynorphin surprisingly potentiated the inhibitory input on VPvGluT2 neurons, 51 

but this effect was abolished after cocaine CPP and abstinence. Thus, dynorphin has contrasting 52 

influences on GABA input to VPGABA and VPvGluT2 neurons and these influences are affected 53 

differentially by cocaine CPP and abstinence. Collectively, our data suggest a role for dynorphin 54 

in withdrawal through its actions in the VP. As VPGABA and VPvGluT2 neurons have contrasting 55 

effects on drug-seeking behavior, our data may indicate a complex role for dynorphin in 56 

withdrawal from cocaine.  57 

Significance statement 58 
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The ventral pallidum consists mainly of GABAergic reward-promoting neurons, but it also 59 

encloses a subgroup of aversion-promoting glutamatergic neurons. Dynorphin, an opioid 60 

neuropeptide abundant in the ventral pallidum, shows differential modulation of GABA input to 61 

GABAergic and glutamatergic pallidal neurons and may therefore affect both the rewarding and 62 

aversive aspects of withdrawal. Indeed, abstinence after repeated exposure to cocaine alters 63 

dynorphin actions in a cell-type-specific manner - after abstinence dynorphin suppresses the 64 

inhibitory drive on the “rewarding” GABAergic neurons but ceases to modulate the inhibitory 65 

drive on the “aversive” glutamatergic neurons. This reflects a complex role for dynorphin in 66 

cocaine reward and abstinence. 67 

  68 
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Introduction 69 

Failure to withdraw from chronic use of drugs is a major problem that underlies the high 70 

numbers of individuals suffering from drug addiction in the world. During withdrawal, many 71 

changes occur in the reward system that engrave the irresistible urge to use the drugs (Kalivas 72 

and Volkow, 2005; Lüscher, 2016; Scofield et al., 2016; Dong et al., 2017). These changes are 73 

thought to underlie the dysphoric and aversive symptoms people with drug addiction 74 

experience during withdrawal and encompass synaptic and genetic changes in many brain 75 

regions, and particularly in the nucleus accumbens (NAc) (Conrad et al., 2008; Gipson et al., 76 

2013; Barrientos et al., 2018). 77 

The main target of NAc projection neurons is the ventral pallidum (VP) (Zahm and Heimer, 1990; 78 

Heimer et al., 1991). The VP is part of the basal forebrain that is deeply involved in encoding of 79 

the hedonic features of reward (Smith and Berridge, 2005; Tindell et al., 2006; Tachibana and 80 

Hikosaka, 2012; Richard et al., 2018), and is important in mediating cue-induced relapse to 81 

cocaine and alcohol (Stefanik et al., 2013; Prasad and McNally, 2016; Heinsbroek et al., 2017). 82 

Neurotransmission in the VP is mostly GABAergic (Kupchik and Kalivas, 2013) and arises mainly 83 

from two populations of medium spiny neurons (MSNs) in the NAc – those expressing the D1 84 

(D1-MSNs) or the D2 (D2-MSNs) dopamine receptors (Zahm and Heimer, 1990; Bock et al., 2013; 85 

Kupchik et al., 2015; Creed et al., 2016; Matsui and Alvarez, 2018). Interestingly, these two 86 

inputs co-express two different opioid neuropeptides – dynorphin (in D1-MSNs) and enkephalin 87 

(in D2-MSNs). In a previous study we have described a potential role for enkephalin in 88 

withdrawal from cocaine (Kupchik et al., 2014), showing that enkephalin modulates GABA 89 

neurotransmission in the VP through a presynaptic mechanism and that this modulation is 90 

weakened after withdrawal from cocaine. However, the role of VP dynorphin in regulating 91 

neurotransmission in the VP and in withdrawal from cocaine is still not known. 92 
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Dynorphin is a selective agonist of the Kappa opioid receptor (KOR) (Chavkin et al., 1982) and 93 

had been repeatedly linked to dysphoria and anhedonia, particularly in the context of 94 

withdrawal from drugs (Shippenberg et al., 2007; Chavkin and Koob, 2016). Both dynorphin and 95 

the KOR are abundant in the VP. Interestingly, KORs seem to be primarily postsynaptic in the VP 96 

and in close proximity to the presynaptic dynorphin (Arvidsson et al., 1995; Allen Mouse Brain 97 

Atlas, 2004; Lein et al., 2007). This is in contrast to the Mu opioid receptors, the target of 98 

enkephalin, who are mainly presynaptic in the VP (Olive et al., 1997). Post mortem investigation 99 

revealed that dynorphin levels in the VP of individuals who suffered from addiction to cocaine 100 

are increased by more than 300% (Frankel et al., 2008). Also, dynorphin mRNA levels in NAc D1-101 

MSNs (which project to the VP) are increased after cocaine self-administration (Hurd et al., 102 

1992). This increase in dynorphin signaling may be related to the dysphoric symptoms of 103 

withdrawal rather than the hedonic effect of the drug since KOR phosphorylation levels in the 104 

VP increase also after injection of the stressful agent corticotropin-releasing factor (CRF) (Land 105 

et al., 2008). 106 

In this study, we use whole-cell patch clamp recordings combined with optogenetics and an 107 

animal model of withdrawal from cocaine to characterize the dynorphinergic modulation of 108 

GABA neurotransmission in the VP in health and determine if and how this modulation is altered 109 

after repeated cocaine exposure followed by abstinence. Moreover, we examine whether 110 

dynorphin affects differently D1-MSN and D2-MSN inputs to the VP and whether glutamate-111 

expressing cells in the VP (VPvGluT2) (Geisler et al., 2007), who were recently suggested to encode 112 

aversive behavior (Faget et al., 2018; Tooley et al., 2018), are affected differently by dynorphin.      113 

 114 

  115 
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Materials and Methods 116 

Animals and housing: Experimentally naïve C57bl6/J mice of both sexes (overall 41 males, 35 117 

females) aged 8-10 weeks were group-housed (4/cage) throughout the experiments (males 118 

separately from females). A 12-h light/dark cycle was maintained at all times, with lights off at 119 

8:00 a.m. Mice were either wildtype (Envigo, Israel) or transgenic – D1-Cre (MMRRC, stock 120 

number 029178-UCD, breeding hemizygous x wildtype), A2A-Cre (MMRRC stock number 121 

036158-UCD, breeding hemizygous x wildtype) and a cross between vGluT2-IRES-Cre (Jackson 122 

Laboratories strain #016963, breeding homozygous x homozygous) and Ai9 (Jackson 123 

Laboratories strain #007905, breeding homozygous x homozygous) named vGluT2-Cre:Ai9.  124 

Drugs: Cocaine hydrochloride (Tamar Marketing, Israel) was dissolved in sterile saline and 125 

filtered before use. Dynorphin A and NorBNI (Abcam, Cambridge, USA) were first dissolved in 126 

water and then added to aCSF solution containing also CNQX (Alomone Labs, Jerusalem, Israel).   127 

Behavioral procedures: Behavioral procedures started after two weeks of acclimation to the 128 

reverse light cycle, when the mice were ~10 weeks old. For cocaine CPP, all mice were trained in 129 

the unbiased cocaine conditioned place preference (CPP) paradigm – a 30 cm X 30 cm arena was 130 

divided in two, each side with different wall patterns and floor texture (Fig. 1). On the first day, 131 

all mice were allowed to explore the arena freely. Then, experimental mice received one daily 132 

injection of either cocaine (in the paired side, 15 mg/kg, i.p. (Mu et al., 2011; Turner et al., 133 

2018)) or saline (in the unpaired side). Each side of the box served as a cocaine-paired side for 134 

half of the mice. Cocaine/saline injections alternated daily until each mouse received 4 135 

injections of each. Then, mice were left in their cages for 14 days before being tested for 136 

preference of the cocaine-paired side or before electrophysiological recordings began. During 137 

the test (15 minutes), mice were placed in the CPP box with free access to both paired and 138 
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unpaired sides. Mouse movement was tracked (Ethovision XT 11.5, Noldus) and quantified 139 

offline. CPP score was calculated using the following equation - 140  =              . As shown (Fig. 1B-C), cocaine mice 141 

demonstrated a strong preference for the drug-paired side [Saline mice (n=8): CPP score – 0.09 142 

± 0.29; Cocaine mice (n=10): CPP score – 0.40 ± 0.25; unpaired t-test comparing cocaine to 143 

saline mice – t16=2.38, p=0.03]. For food CPP we used the same protocols as for the cocaine CPP, 144 

but mice received high-fat-high-sugar food pellets (D12451, 45% kcal fat, 4.73 kcal g-1, Research 145 

Diets Inc.) as the reward and allowed to stay in the box 30 minutes in each conditioning session. 146 

For the cocaine i.p. protocol, mice received daily injections of cocaine (15 mg/kg, i.p.) for 5 147 

consecutive days and returned to their home cage after every injection.  All procedures were 148 

approved by the Research Animal Care Committee of the Hebrew University.  149 

Viral injections: Mice were anesthetized with isoflurane and fixed in a stereotaxic frame (Kopf, 150 

Model 940). Bilateral holes were drilled in the skull and 300 nL of virus were microinjected 151 

through a 30 G NanoFil syringe (World Precision Instruments, FL, USA) (100 nL/min, needle 152 

retracted slowly 5 minutes after injection terminated). The viral construct (AAV2-EF1a-DIO-153 

hChR2(H134R)-EYFP, generated by Prof. Karl Deisseroth and sold by University of North Carolina 154 

Viral Core) was injected into the nucleus accumbens (injection coordinates in mm relative to 155 

Bregma: Anterior/Posterior +1.8; Medial/Lateral 1; Dorsal/Ventral -4.6) of D1-Cre or A2A-Cre 156 

mice.  157 

Slice preparation: As described before (Kupchik et al., 2015). Mice were anesthetized (150 158 

mg/kg Ketamine HCl), decapitated and sagittal or coronal slices (200 m) of the VP were 159 

prepared (VT1200S Leica vibratome). Slices were transferred to a vial containing aCSF (in mM: 160 

126 NaCl, 1.4 NaH2PO4, 25 NaHCO3, 11 glucose, 1.2 MgCl2, 2.4 CaCl2, 2.5 KCl, 2.0 NaPyruvate, 0.4 161 
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ascorbic acid, bubbled with 95% O2 and 5% CO2) and a mixture of 5 mM kynurenic acid and 100 162 

M MK-801. Slices were stored at room temperature (22-24 ˚C) until recording. 163 

Whole cell recordings: All recordings were collected at 32˚C (TC-344B, Warner Instrument 164 

Corporation). Ventral pallidal neurons were visualized with an Olympus BX51WI microscope. 165 

Excitatory synaptic transmission was blocked with CNQX (10 μM). Multiclamp 700B (Axon 166 

Instruments, Union City, CA) was used to record inhibitory postsynaptic currents (IPSCs) in 167 

whole cell configuration. Glass microelectrodes (1.3-2 MΩ) were filled with internal solution (in 168 

mM: 68 KCl, 65 D-gluconic acid potassium salt, 7.5 HEPES potassium, 1 EGTA, 1.25 MgCl2, 10 169 

NaCl, 2.0 MgATP, and 0.4 NaGTP, pH 7.2-7.3, 275mOsm). In most experiments (Figs. 2-6) we 170 

targeted “classic” GABAergic cells (Kupchik and Kalivas, 2013). Cholinergic and accumbens-like 171 

VP neurons were avoided based on their soma size and physiology (Bengtson and Osborne, 172 

2000; Kupchik and Kalivas, 2013). VPvGluT2 neurons were, if at all, patched in negligible numbers 173 

(except for Fig. 7, where they were specifically targeted) based on their 5-10% prevalence in the 174 

medio-caudal VP, where we performed our experiments (observed by others (Faget et al., 2018) 175 

and us (not shown)). Recordings started no earlier than 10 min after the cell membrane was 176 

ruptured. Data were acquired at 10kHz and filtered at 2kHz using AxoGraph X software 177 

(AxoGraph Scientific, Sydney). To evoke IPSCs electrically, a bipolar stimulating electrode was 178 

placed ~200-300 μm anterior of the cell to maximize chances of stimulating NAc afferents 179 

(although other GABAergic afferents were most likely activated as well). For the optogenetic 180 

experiments (Fig. 6), we used a 470 nm LED light source (Mightex Systems, CA) directed to the 181 

slice through the objective. The stimulation 1-ms-pulse intensity was set to evoke 50% of 182 

maximal IPSC. Recordings were collected every 20 sec. Series resistance (Rs), measured with a -2 183 

mV depolarizing step (10 ms) given with each stimulus, and holding current were monitored 184 

online. Recordings with unstable Rs, or when Rs exceeded 20 MΩ were aborted. 185 



 

9 
 

Data analysis: Statistics were performed using GraphPad Prism 8.0 (GraphPad Software Inc, San 186 

Diego, CA). Data on evoked neurotransmission (Figs. 2,4-7) are given as % change and not in raw 187 

numbers due to the high variability of the evoked IPSC amplitudes within groups. In graphs 188 

showing the time-dependent effect of dynorphin on GABA currents (Figs. 2C, 3A,D, 4C, 5A, 6C-D, 189 

7C,F,I) the two-way repeated measures ANOVA was performed on minutes 1-10 and 190 

accompanying average bar graphs were calculated from the same time points. Parametric 191 

statistics (student’s t-test, one-sample t-test, 1-way or 2-way repeated measures ANOVA) was 192 

used unless otherwise stated. Non-parametric statistics (Kolmogorov-Smirnov tests) were used 193 

in Figs. 3,5,7 to compare cumulative plots. The cumulative probability curve depicted in Fig. 194 

3,5,7 is a fitted sigmoidal curve running from 0 to 100, computed by Graphpad Prism 8.0. Data in 195 

Results and figure legends is presented as mean ± S.D.. Error bars in graphs represent s.e.m.. 196 

Results  197 

Cocaine CPP and abstinence causes strong dynorphin-induced suppression of GABA 198 

neurotransmission onto VPGABA neurons 199 

The current study aims to reveal a possible role for dynorphin in mediating long-lasting changes 200 

occurring in the VP after abstinence from cocaine. To achieve that, we first examined whether 201 

dynorphin regulates evoked GABA neurotransmission in the VP. We stimulated electrically the 202 

GABAergic input to the VP and recorded from unlabeled VP neurons (Fig. 2A). As the proportion 203 

of glutamatergic neurons in the VP is low (only 29 cells per 107 μm3 tissue (Hur and Zaborszky, 204 

2005); 7% of neurons in our hand (not shown)) and cholinergic neurons are scarce in the VP and 205 

can be identified by their morphological and physiological parameters (Bengtson and Osborne, 206 

2000), we assume that >95% of patched unlabeled neurons are in fact classical GABAergic 207 

ventral pallidal neurons (VPGABA, see Methods). In cocaine-naïve mice (injected with saline), 208 
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dynorphin did not affect the amplitude of the electrically-evoked inhibitory postsynaptic current 209 

(eIPSC) both at 200 nM and 1000 nM (Fig. 2B-D; average % change from baseline was 1.95 ± 210 

31.09 and -0.29 ± 27.92 for 200 nM and 1000 nM dynorphin, respectively; one-sample t-test 211 

comparing to 0% change from baseline – t9=0.20, p=0.85 and t7=0.03, p=0.98 for 200 nM and 212 

1000 nM dynorphin). In contrast, in mice that underwent cocaine CPP and abstinence dynorphin 213 

attenuated eIPSCs in the VP (Fig. 2B-D) – eIPSCs were decreased by 24.5 ± 6.5% and 34.6 ± 9.2% 214 

with 200 nM and 1000 nM dynorphin, respectively (two-way, repeated measures ANOVA, main 215 

group effects comparing cocaine and saline groups within each dynorphin concentration, 216 

F(1,25)=4.35, p=0.047 for 200 nM dynorphin and F(1,25)=5.08, p=0.038 for 1000 nM dynorphin; one-217 

sample t-tests comparing to baseline – t16=3.74, p=0.002 and t8=3.77, p=0.005 for 200 nM and 218 

1000 nM dynorphin, respectively). 219 

We have previously shown that enkephalin, an opioid neuropeptide that binds delta and mu 220 

opioid receptors, inhibits eIPSCs in the VP via a presynaptic mechanism (Kupchik et al., 2014). To 221 

examine whether this is the case also for dynorphin we used a dual approach – 1) examination 222 

of the characteristics of the evoked IPSCs, including the paired-pulse ratio (PPR) and the 223 

coefficient of variation (CV), both indicators of presynaptic changes, and the decay time 224 

constant, which reflects postsynaptic mechanisms; and 2) examination of the frequency and 225 

amplitude of the spontaneous IPSCs (sIPSCs). In contrast to enkephalin, our convergent 226 

approach suggests that the effect of dynorphin in the VP after cocaine CPP and abstinence is 227 

more likely to be mediated by a postsynaptic mechanism. First, dynorphin application did not 228 

change the PPR (Fig. 2E; paired t-test, t15=1.44, p=0.17 and t9=1.54, p=0.16 for 200 nM and 1000 229 

nM dynorphin, respectively). Lack of change in the PPR is often interpreted as lack of change in 230 

the probability of synaptic release, but this interpretation should be taken with caution, as G-231 

protein-coupled receptors (GPCRs), including the kappa opioid receptor (KOR, the target of 232 
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dynorphin), were shown to have a presynaptic site of action without changing the PPR (Li et al., 233 

2012). Second, application of dynorphin did not affect the CV of eIPSCs (Fig. 2F; paired t-test, 234 

t15=0.65, p=0.53 and t9=0.33, p=0.75 for 200 nM and 1000 nM dynorphin, respectively), again 235 

advocating against a presynaptic mechanism of action. In contrast, we found that dynorphin 236 

application on slices of cocaine-withdrawn mice increased the decay time constant of the eIPSCs 237 

(Fig. 2G,H; paired t-test, t15=2.57, p=0.02 and t9=2.39, p=0.04 for 200 nM and 1000 nM 238 

dynorphin, respectively), suggesting a postsynaptic site of action for dynorphin. Note that longer 239 

decay time constants allow for more charge to flow through the channels. Thus, the dynorphin-240 

induced prolongation of the eIPSC decay promotes, while the dynorphin-induced suppression of 241 

the eIPSC peak attenuates, charge flow. When examining whether dynorphin inhibited the total 242 

charge (calculated as the area under the eIPSC curve) despite the increase in the decay time 243 

constant, we found that only 1000 nM dynorphin was sufficient to decrease significantly the 244 

total charge in mice after cocaine CPP and abstinence (Fig. 2I; paired t-test, t15=0.39, p=0.35 and 245 

t9=1.89, p=0.04 for 200 nM and 1000 nM dynorphin, respectively).   246 

To supplement the observations on the eIPSCs, we also examined the effect of dynorphin on the 247 

amplitude and frequency of spontaneous IPSCs. To achieve this, we calculated the dynorphin-248 

induced change in each recorded cell and then compared the averages (Fig. 3A,D,G) and 249 

cumulative probabilities of these changes on sIPSC amplitude (Fig. 3B,C) and inter-event interval 250 

(IEI) (Fig. 3E,F) at a concentration of 200 nM. We found that 200 nM dynorphin caused a 251 

decrease in the average sIPSC amplitude (two-way, repeated measures ANOVA, main group 252 

effect comparing cocaine and saline groups, F(1,30)=4.26, p=0.047) and a leftward shift in the 253 

sIPSC amplitude plot towards negative values (Kolmogorov-Smirnov test, D=0.45, p=0.045), but 254 

only after cocaine CPP and abstinence. In contrast, dynorphin had no effect on the IEI (average 255 

sIPSC IEI - two-way, repeated measures ANOVA, no main group effect comparing cocaine and 256 
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saline groups, F(1,30)=0.32, p=0.57; IEI cumulative plots - Kolmogorov-Smirnov test, D=0.28, 257 

p=0.45). Since changes in sIPSC amplitude reflect postsynaptic mechanisms, these results, 258 

together with the analysis of eIPSCs (Fig. 2), support the hypothesis that after cocaine CPP and 259 

abstinence dynorphin inhibits the amplitude of the GABAergic input to VPGABA neurons through a 260 

postsynaptic mechanism.  261 

The effect of dynorphin on eIPSCs is strongest in a cocaine CPP and abstinence model 262 

We next wanted to examine whether the effects of dynorphin on the eIPSCs seen in mice after 263 

cocaine CPP and withdrawal are more likely to be generated by the mere exposure to cocaine or 264 

by the CPP training. We thus used two more groups of mice. The first group (Fig. 4A) received 5 265 

i.p. injections of cocaine, while another group (Fig. 4B) was trained on CPP using high-fat-high-266 

sugar food as the reward. In both groups, recordings were performed 14 days after the last 267 

exposure to reward. We found that dynorphin application (1000 nM) on slices from mice that 268 

underwent food CPP did not affect eIPSC amplitude or PPR (Fig. 4C-E; average 0.05 ± 18.2% of 269 

baseline; one-sample t-test compared to baseline, t13=0.01, p=0.99 and t13=0.08, p=0.94 for 270 

eIPSC amplitude and PPR, respectively). In contrast, in the mice that received the 5 i.p. cocaine 271 

injections dynorphin showed some non-significant suppression of the eIPSC (average -7.56 ± 272 

13.2% of baseline; one-sample t-test compared to baseline, t13=0.1.26, p=0.23), although this 273 

was much less pronounced than the effect of dynorphin in mice that underwent cocaine CPP 274 

and abstinence (average -34.6 ± 27.5% of baseline; one-sample t-test compared to baseline, 275 

t8=3.77, p=0.005). Thus, cocaine exposure and abstinence seems to be more central to the 276 

dynorphinergic changes in the VP than the CPP training itself, although CPP training may amplify 277 

the cocaine-induced effects on dynorphin action in the VP.   278 

The effects of dynorphin in the VP are mediated by kappa opioid receptors 279 
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Dynorphin is known as a selective agonist of kappa opioid receptors, but the VP expresses also 280 

delta and mu opioid receptors that may also be affected by dynorphin (Zhang et al., 1998). To 281 

examine this possibility, we repeated our experiments on cocaine-abstinent mice but in the 282 

presence of the selective and long-lasting kappa opioid receptor blocker Nor-binaltorphimine 283 

(NorBNI).  284 

Washing NorBNI alone on the slice did not have any effect on eIPSCs or sIPSCs both in saline and 285 

after cocaine CPP and abstinence (Fig. 5; eIPSCs – one-sample t-test compared to 0% change 286 

from baseline, t6=0.27, p=0.80 and t9=0.10, p=0.92 in saline and cocaine mice, respectively; for 287 

sIPSC amplitude - Kolmogorov-Smirnov test, D=0.44, p=0.35 and D=0.15, p=0.99 in saline and 288 

cocaine mice, respectively; for sIPSC IEI - Kolmogorov-Smirnov test, D=0.22, p=0.99 and D=0.31, 289 

p=0.57 in saline and cocaine mice, respectively). This indicates that, in contrast to the tonic 290 

activation of mu opioid receptors by enkephalin after abstinence (Kupchik et al., 2014; 291 

Heinsbroek et al., 2017), kappa opioid receptors maintain a normal basal level of activity after 292 

abstinence from cocaine. Moreover, NorBNI successfully prevented dynorphin from inhibiting 293 

the eIPSCs (Fig. 5A-C; one-sample t-test compared to 0% change from baseline, t9=0.25, p=0.81 294 

and t4=0.85, p=0.45 in 200 nM and 1000 nM dynorphin, respectively), changing their decay time 295 

constant (Fig. 5D-G; paired t-test, t7=0.79, p=0.46) and affecting the amplitude or frequency of 296 

sIPSCs (Fig. 5H-K; Kolmogorov-Smirnov test, D=0.25, p=0.85 and D=0.39, p=0.29 for sIPSC 297 

amplitude and frequency, respectively) in mice that underwent cocaine CPP and abstinence. 298 

This, together with our data so far, indicates that the effects of dynorphin on GABA transmission 299 

onto VPGABA neurons are mediated by postsynaptic kappa opioid receptors. 300 

Dynorphin suppresses GABA transmission from D1-MSNs and D2-MSNs in the VP in saline mice 301 

and after cocaine CPP and abstinence  302 
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The major portion of inhibitory input to the VP originates in the NAc (Zahm et al., 1985; Root et 303 

al., 2015). We and others recently showed that both populations of medium spiny neurons 304 

(MSNs) in the NAc – those expressing the D1 (D1-MSNs) or the D2 (D2-MSNs) dopamine 305 

receptor – provide input to the VP (Kupchik et al., 2015; Creed et al., 2016; Heinsbroek et al., 306 

2017; Pardo-Garcia et al., 2019). These two different inputs may have different roles in encoding 307 

drug-induced effects and therefore may be affected differently by dynorphin. To examine this, 308 

we activated selectively D1-MSN or D2-MSN terminals in the VP with optogenetics and recorded 309 

from VPGABA neurons (Fig. 6A). Our data show that 1000 nM dynorphin successfully suppressed 310 

GABA transmission from both D1-MSN and D2-MSN terminals, and that this suppression was 311 

seen both in saline mice and in mice that underwent cocaine CPP and abstinence (Fig. 6B-D; 312 

one-sample t-test compared to 0% change from baseline, D1-MSN input – -8.83 ± 13.8% 313 

suppression, t12=2.3, p=0.04 and -25.00 ± 17.2% suppression, t12=5.24, p=0.0002 for saline and 314 

cocaine mice, respectively; D2-MSN input – -16.9 ± 16.6% suppression, t9=3.22, p=0.01 and -19.8 315 

± 26.3% suppression, t9=2.38, p=0.04 for saline and cocaine mice, respectively). Interestingly, 316 

cocaine CPP and abstinence strengthened the dynorphin-induced suppression of D1-MSNs (Fig. 317 

6C inset; unpaired t-test, t24=2.64, p=0.014) but not of D2-MSNs (Fig. 6D inset; unpaired t-test, 318 

t18=0.29, p=0.78). There was no change in the PPR or CV in both inputs (data not shown). 319 

Dynorphin also did not change on average the eIPSC decay time-constant in D1-MSN and D2-320 

MSN inputs (Fig. 6E-F; paired t-test, t12=1.06, p=0.31 and t9=2.18, p=0.056 for D1-MSN and D2-321 

MSN inputs, respectively) although note that 8 out of 10 cells showed an increase in the decay 322 

time-constant of D2-MSN-induced eIPSCs. Overall, dynorphin inhibits both D1-MSN and D2-MSN 323 

inputs to the VP and cocaine CPP and abstinence seems to enhance this suppression selectively 324 

in D1-MSN input to the VP.      325 
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Dynorphin effect on VPvGluT2 neurons is cocaine-dependent and different from its effect on 326 

VPGABA neurons 327 

Dynorphin is usually linked to the expression of avoidance (Land et al., 2008; Chavkin and Koob, 328 

2016) while the activity of the VP is mostly linked to reward seeking (Hubner and Koob, 1990; 329 

Smith and Berridge, 2005; Tindell et al., 2005; Tachibana and Hikosaka, 2012; Richard et al., 330 

2016, 2018). Recent studies have identified a subgroup of neurons in the VP that, in contrast to 331 

the GABAergic majority, express the vesicular glutamate transporter 2 (vGluT2), thus making 332 

these cells glutamatergic (Geisler et al., 2007). Behavioral examinations revealed that VPvGluT2 333 

neurons, in contrast to VPGABA neurons, encode for aversive behavior (Faget et al., 2018; Tooley 334 

et al., 2018). As dynorphin and VPvGluT2 neurons both seem to encode aversion we examined 335 

whether dynorphin regulates GABA input to VPvGluT2 neurons differently than the general VPGABA 336 

population and whether this regulation is impaired after cocaine CPP and abstinence (Fig. 7A-B). 337 

Our data show that in contrast to its effect on VPGABA neurons (Fig. 2), dynorphin potentiated the 338 

evoked inhibitory input to VPvGluT2 neurons in drug-naïve mice by 74.86 ± 10.8% (Fig. 7C-E; two-339 

way, repeated measures ANOVA, main group effect comparing cocaine and saline groups, 340 

F(1,113)=49.47, p<0.0001; unpaired t-test comparing dynorphin effect between saline and cocaine 341 

mice – t9=8.93, p<0.0001). Moreover, while cocaine CPP and abstinence enhanced the effect of 342 

dynorphin in the VPGABA population (Fig. 2), it abolished the effect of dynorphin on VPvGlut2 343 

neurons. We were not able to see any effect of dynorphin on the PPR, CV or decay time-344 

constant of the eIPSC (data not shown), as well as effects on the amplitude or frequency of 345 

sIPSCs (Fig. 7F-K; Kolmogorov-Smirnov tests; saline mice - D=0.5, p=0.33 and D=0.29, p=0.96 for 346 

sIPSC amplitude and frequency, respectively; cocaine mice - D=0.3, p=0.67 and D=0.17, p=0.99 347 

for sIPSC amplitude and frequency, respectively). Thus, we cannot determine whether the effect 348 
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of dynorphin on the inhibitory input to VPvGluT2 neurons is based on a presynaptic or 349 

postsynaptic mechanism.   350 
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Discussion  351 

The VP receives accumbal input from both D1- and D2-MSNs (Kupchik et al., 2015; Creed et al., 352 

2016; Heinsbroek et al., 2017). The role of D2-MSN terminals in the VP in motivation and drug 353 

addiction has been studied to some extent (Bock et al., 2013; Creed et al., 2016; Soares-Cunha 354 

et al., 2016; Heinsbroek et al., 2017; Gallo et al., 2018) but the role of the newly found D1-MSN 355 

terminals in the VP in addiction to cocaine is not yet known. Here we investigated the long-term 356 

changes induced by cocaine CPP and abstinence in the action of dynorphin, an opioid 357 

neuropeptide released from NAc D1-MSN axons (among other potential sources like the lateral 358 

hypothalamus, substantia nigra and more (Khachaturian et al., 1982; Chou et al., 2001; Ho and 359 

Berridge, 2013; Thomas et al., 2018)) in the VP. We found that dynorphin had cell-type-specific 360 

effects in the VP, with contrasting effects on VPGABA and VPvGluT2 neurons in saline and cocaine 361 

mice (Fig. 7). In saline mice, dynorphin did not affect evoked GABA input to VPGABA neurons but 362 

potentiated eIPSC amplitude in VPvGluT2 neurons. In contrast, after cocaine CPP and abstinence 363 

dynorphin suppressed eIPSCs in VPGABA neurons while it lost its potentiating effect on the 364 

inhibitory input to VPvGluT2 neurons. Dynorphin-induced suppression of eIPSCs in VPGABA neurons 365 

was observed also when activating selectively the input from D1-MSNs and D2-MSNs with 366 

optogenetic tools, regardless of cocaine experience. Lastly, an examination of eIPSC parameters 367 

(PPR, CV and decay time-constant) and the amplitude and frequency of sIPSCs indicated that the 368 

effects of dynorphin are most likely mediated by postsynaptic kappa opioid receptors.  Overall, 369 

our data show that dynorphin regulates GABA input to the VP from different inputs and on 370 

different VP cell types, and that abstinence from cocaine causes drastic changes in the actions of 371 

dynorphin in the VP. These changes present a mechanism by which dynorphin in the VP may 372 

contribute to addictive behavior.   373 

Contrasting effects for dynorphin and enkephalin in the VP 374 
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The D1- and D2-MSN terminals in the VP release, in addition to GABA, also the opioid 375 

neuropeptides dynorphin and enkephalin, respectively (Zahm et al., 1985; Lu et al., 1998; Gerfen 376 

and Surmeier, 2011). Comparing our current data on dynorphin with our previous study on 377 

enkephalin in the VP (Kupchik et al., 2014), we find that these two neuropeptides act in different 378 

and complementary patterns. First, we show here that dynorphin modulates GABA 379 

neurotransmission in the VP through a postsynaptic mechanism while enkephalin acts 380 

presynaptically. Interestingly, this is in line with the pattern of expression of their respective 381 

receptors – dynorphin binds the kappa opioid receptor, which is expressed more robustly in the 382 

VP than in striatal neurons, while enkephalin acts on mu and delta opioid receptors, which are 383 

heavily expressed in striatal neurons (Mansour et al., 1994). Second, while withdrawal from 384 

cocaine blunts the effect of enkephalin on GABA transmission in the VP (Kupchik et al., 2014), 385 

cocaine CPP followed by abstinence potentiated the effect of dynorphin. Lastly, these two 386 

neuropeptides also differ in their regulation of GABA release from D1- and D2-MSN terminals in 387 

the VP after withdrawal from cocaine. In saline mice, both dynorphin and enkephalin depress 388 

GABA signaling from both D1 and D2-MSNs. However, after cocaine CPP and abstinence the 389 

effect of dynorphin on D1- and D2-MSN terminals persists (Fig. 6) while the enkephalinergic 390 

effect on D2-MSN terminals is abolished after withdrawal (Heinsbroek et al., 2017). Collectively, 391 

these findings draw an interesting picture, in which exposure to cocaine followed by a period of 392 

withdrawal preserves and even potentiates (for D1-MSNs) the postsynaptic effect of dynorphin 393 

on D1- and D2-MSN synapses on VPGABA neurons while it abolishes the presynaptic enkephalin-394 

induced regulation of GABA release specifically from D2-MSN but not D1-MSN terminals. This 395 

may imply an increase in the influence of the dynorphinergic system in the VP after cocaine CPP 396 

and abstinence. 397 

Dynorphin regulation of GABA neurotransmission in the VP 398 
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Our results show a clear link between the dynorphin activation of KORs in the VP and GABA 399 

neurotransmission. However, the underlying mechanisms are yet to be explored. Our data 400 

suggest that the modulation of IPSCs in the VP by dynorphin is mediated through a postsynaptic 401 

mechanism (Figs. 2-3). This is in line with previous anatomical studies showing robust expression 402 

of KORs in VP neurons (Allen Mouse Brain Atlas, 2004), but to the best of our knowledge this is 403 

the first report of a dynorphin-induced postsynaptic modulation of synaptic neurotransmission. 404 

An abundance of studies show that KORs modulate the release of various neurotransmitters in 405 

different brain regions (Ogura and Kita, 2000; Mu et al., 2011; Li et al., 2012; Gilpin et al., 2014; 406 

Brooks and O’Donnell, 2017; Tejeda et al., 2017; Kash and Li, 2018; Matzeu et al., 2018; Tejeda 407 

and Bonci, 2018). In all these studies the mechanism is presynaptic, even when the KORs show a 408 

postsynaptic effect on the passive electrical properties of the recorded neurons (Ogura and Kita, 409 

2000).  410 

Our data show that dynorphin has opposing effects on GABA neurotransmission in VPGABA and 411 

VPvGluT2 neurons. While the suppressive effect of dynorphin on GABA input to VPGABA neurons 412 

joins many other studies showing that dynorphin inhibits neurotransmitter release, the 413 

potentiating effect of dynorphin on GABA neurotransmission in VPvGluT2 neurons is surprising. 414 

How could dynorphin exert opposing effects on GABA neurotransmission in these two neuronal 415 

populations? The answer may lie in the diversity of intracellular cascades that can be activated 416 

by KORs (Bruchas and Chavkin, 2010), most of which can influence GABAA receptor function. 417 

Interestingly, while some cascades are expected to diminish synaptic GABAA receptor number or 418 

function, others may enhance the efficacy of synaptic inhibition. For example, activation of KORs 419 

reduces Ca2+ influx into the cells (Rusin et al., 1997). Ca2+ is known to promote the activation of 420 

gephyrin, which recruits GABAA receptors to the synapse (Zacchi et al., 2014; Choii and Ko, 421 

2015). Therefore, such cascade is expected to weaken the inhibitory synapse. In contrast, 422 
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binding to KORs activates the mitogen-activated protein kinases/extracellular signal-regulated 423 

kinases (MAPK/ERK) pathway (Bruchas and Chavkin, 2010). ERK, in turn, may inhibit GABAA 424 

receptor internalization (Jurd and Moss, 2010) and promote the recruitment of GABAA receptors 425 

to the synapse through clustering gephyrin (Battaglia et al., 2018). Therefore, this cascade would 426 

potentiate the GABAergic synapse. This diversity in the possible outcomes of KOR activation may 427 

underlie the different effects of dynorphin in VPGABA and VPvGluT2 neurons. At this point, the exact 428 

mechanisms governing either postsynaptic action of dynorphin in the VP is not known and 429 

clarifying the mechanisms in each cell type requires further investigation.  430 

It should be noted that in this study we did not mimic the physiological release of dynorphin. 431 

Indeed, dynorphin release in the VP may be dynamic, depend on the rate of cellular activity and 432 

differ between different conditions or cell types. Thus, while we propose here a cellular 433 

mechanism of action for dynorphin in the VP, its in vivo influence on behavior is likely more 434 

complex and cannot be inferred directly from our data. 435 

Potential influences of VP dynorphin on reward and aversion 436 

A possible interpretation of our data is that dynorphin release in the VP may influence the 437 

production of drug-seeking and aversive behavior through its differential effects on VPGABA and 438 

VPvGluT2 neurons (Figs. 2,7, summarized in Fig. 8). Moreover, this influence may be altered by 439 

exposure to cocaine. This interpretation relies on recent studies showing that VPGABA neurons 440 

promote reward-seeking behaviors while VPvGluT2 neurons encode aversive states (Faget et al., 441 

2018; Tooley et al., 2018; Wulff et al., 2019). In saline-treated mice, dynorphin did not affect the 442 

inhibitory input to VPGABA neurons (Fig. 2) but potentiated the inhibitory input to VPvGluT2 neurons 443 

(Fig. 7). This may imply that in control mice the release of dynorphin promotes inhibition of 444 

VPvGluT2 neurons, which would be expected to result in decreased aversive behavior (Fig. 8). After 445 
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cocaine CPP and abstinence, on the other hand, dynorphin acts in a completely different 446 

manner – its modulation of VPvGluT2 neurons is abolished but it now depresses the inhibitory 447 

input on VPGABA neurons. In other words, dynorphin ceases to modulate the presumed “aversive 448 

pathway” but now promotes the activation of VPGABA neurons, who drive reward seeking (Fig. 8). 449 

Note that both in control mice and after cocaine CPP and abstinence dynorphin seems to shift 450 

the ratio between VPGABA and VPvGluT2 activity in favor of the VPGABA neurons. In saline mice, this 451 

is a result of increasing the inhibition onto VPvGluT2 neurons. In mice that underwent cocaine CPP 452 

and abstinence this effect is attributed to the disinhibition of VPGABA neurons. Taking into 453 

account the opposing behavioral influences of VPGABA and VPvGluT2 neurons mentioned above, 454 

these data may imply that release of dynorphin in the VP may have an overall “rewarding” 455 

effect. As the majority of the dynorphin in the VP presumably originates in NAc D1-MSNs, 456 

dynorphin release may allow the D1-MSN input to the VP to shift the VPGABA/VPvGluT2 balance in 457 

favor of VPGABA, and thus possibly contribute to the promotion of drug-seeking behavior.  458 

 459 
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Figure legends 642 

Figure 1 – Conditioned place preference (CPP) paradigm. (A) Time line of the CPP experiments 643 

(from left to right). Mice were habituated to the arena on the first day and then received 8 644 

alternating i.p. injections of either cocaine (15 mg/kg) or saline, one injection per day. Control 645 

(cocaine-naive) mice received only saline injections. Cocaine was paired with one of the sides 646 

and saline was given on the other side. After conditioning mice went through 14 days of 647 

abstinence from cocaine and then were either used for electrophysiological recordings or tested 648 

for their preference of the cocaine-paired side. (B) Representative movement heatmaps of a 649 

control saline mouse (left) and a cocaine-abstinent mouse (right) in a CPP test. (C) Cocaine mice 650 

(n=10) showed a significant preference for the cocaine-paired side in the CPP test.  =651              . * - p<0.05 compared to saline mice (n=8), unpaired t-652 

test. 653 

 654 

Figure 2 – Dynorphin suppresses GABA neurotransmission to VPGABA neurons after abstinence 655 

from cocaine. Data presented as mean±s.e.m. (A) Schematic drawing of the recording setup. 656 

Stimulating electrode was placed rostral to the VP, along the presumed path of NAc and possibly 657 

other GABAergic projections, to evoke GABA neurotransmission in the VP. Synaptic events were 658 

recorded from neurons that were identified as GABA neurons based on their physiology (see 659 

Methods).  (B) Representative eIPSC traces from saline (grayscale) and cocaine (magenta scale) 660 

mice. (C-D) Time course (C) and average (D) of the effect of 200 nM and 1000 nM dynorphin on 661 

eIPSCs in saline (grey) and cocaine (magenta) mice. Dynorphin suppressed eIPSCs in both 662 

concentrations in cocaine, but not saline mice (time courses – Two-way, repeated measures 663 

ANOVA, group main effects, F(1,25)=4.35 for 200 nM dynorphin and F(1,25)=5.08 for 1000 nM 664 
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dynorphin; averages – one-sample t-test, comparing to 0 % change). (E) Dynorphin did not affect 665 

the PPR of the eIPSCs (paired t-test, t15=1.44, p=0.17 for 200 nM dynorphin, t9=1.54, p=0.16 for 666 

1000 nM dynorphin) after cocaine CPP and abstinence. (F) Dynorphin did not affect the CV of 667 

the eIPSCs (paired t-test, t15=0.65, p=0.53 for 200 nM dynorphin, t9=0.33, p=0.75 for 1000 nM 668 

dynorphin) after cocaine CPP and abstinence. (G) Dynorphin significantly increased the decay 669 

time-constant of the eIPSCs (paired t-test, t15=2.57, p=0.02 for 200 nM dynorphin, t9=2.39, 670 

p=0.04 for 1000 nM dynorphin) after cocaine CPP and abstinence. (H) Representative traces 671 

showing the effect of 200 nM and 1000 nM dynorphin on the decay of the eIPSC. (I) Dynorphin 672 

(only at 1000 nM) significantly decreased the total charge of the eIPSCs (paired one-tailed t-test, 673 

t15=0.39, p=0.35 for 200 nM dynorphin, t9=1.89, p=0.04 for 1000 nM dynorphin). Number of cells 674 

was between 9-22 from 4-11 mice for all conditions. 675 

 676 

Figure 3 – Dynorphin reduces the amplitude of spontaneous GABA currents in VPGABA neurons 677 

of cocaine-withdrawn mice. (A-C) Dynorphin (200 nM) decreased the amplitude of sIPSCs in 678 

VPGABA neurons after cocaine CPP and abstinence (magenta) but not in saline mice (grey). This is 679 

seen both in the time course of the effect of dynorphin (A) (main group effect, two-way 680 

repeated measures ANOVA, F(1,30)=4.26, p=0.04) and in the cumulative probability plots 681 

(Kolmogorov-Smirnov test). Lines are fitted sigmoidal curves running from 0 to 100. (D-F) 682 

Dynorphin (200 nM) did not affect the frequency of sIPSCs, measured as inter-event interval 683 

(IEI). (G) Representative traces, depicting the increased suppressive effect of dynorphin on sIPSC 684 

amplitude after withdrawal from cocaine. Number of cells was between 8-28 from 3-11 mice for 685 

all conditions.       686 

 687 
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Figure 4 – The dynorphinergic changes in the VP are most pronounced in the cocaine CPP and 688 

abstinence paradigm. (A) Schematic drawing of the cocaine i.p. injections protocol. Mice 689 

received 5 daily i.p. cocaine injections, followed by 14 days of abstinence. (B) Schematic drawing 690 

of the food CPP protocol. Mice were trained for CPP just as described above for cocaine, but 691 

with high-fat-high-sugar (HFHS) food pellets as the reward (blue circles). After 8 days of 692 

conditioning, mice went through 14 days of abstinence from the HFHS food. (C-D) Time course 693 

(C) and average (D) of the effect of 1000 nM dynorphin on eIPSCs in the VP in the food CPP mice 694 

(blue triangles), cocaine i.p. injection mice (green circles) and cocaine CPP mice (magenta line, 695 

same data as in Fig. 2, given here for comparison). It can be seen that dynorphin induced a 696 

transient small suppression of the eIPSC in the cocaine i.p. mice, but this effect was weak and 697 

did not reach significance (one-sample t-tests compared to 0% change from baseline). (E) 698 

Dynorphin did not affect the PPR in any of the groups (one-sample t-test compared to 0% 699 

change from baseline). 700 

 701 

Figure 5 – The effects of dynorphin are mediated by kappa opioid receptors. All experiments 702 

were performed by recording baseline synaptic release, then adding the kappa opioid receptor 703 

antagonist NorBNI (1000 nM) and finally a cocktail of NorBNI and 200 nM or 1000 nM 704 

dynorphin. Data presented as mean ± s.e.m. (A) Time course of experiment. NorBNI alone, as 705 

well as 200 or 1000 nM dynorphin given together with NorBNI, did not affect the amplitude of 706 

eIPSCs in either saline or cocaine mice. (B) Summary of experimental results presented in (A). 707 

None of the experimental groups was different from 0 (one-sample t-test). n=4-13 cells from 3-5 708 

mice in all groups. (C) Representative traces. (D-G) NorBNI did not affect, and prevented the 709 

effects of dynorphin on, the eIPSC decay time-constant in saline (n=7) or cocaine (n=8) mice 710 

(effect examined using paired t-test). (H-K) NorBNI did not affect, and prevented the effects of 711 
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dynorphin on, the sIPSC amplitude and IEI in saline (n=9) and cocaine-withdrawn (n=13) mice. 712 

Lines are fitted sigmoidal curves running from 0 to 100.    713 

 714 

Figure 6 –Dynorphin suppresses GABA neurotransmission from D1-MSN and D2-MSN 715 

terminals in the VP in saline and cocaine-withdrawn mice. (A) Schematic representation of 716 

recording conditions. ChR2 was expressed selectively in D1-MSNs (using D1-Cre mice) or D2-717 

MSNs (using A2A-Cre mice) and the terminals were activated by 470 nm LED light in the VP 718 

while recording from VPGABA neurons (GAB). (B) Representative traces of optogenetically-evoked 719 

IPSCs (oIPSCs) recorded from VPGABA neurons while activating terminals of D1-MSNs (green) or 720 

D2-MSNs (blue). (C) Time course and average effect (inset) of 1000 nM dynorphin on D1-MSN 721 

GABA neurotransmission in the VP of saline mice (black) or mice that underwent cocaine CPP 722 

and withdrawal (green). Dynorphin suppressed GABA neurotransmission in both groups, but the 723 

suppression was stronger in the cocaine group (Two-way, repeated measures ANOVA, group 724 

main effects, F(1,24)=6.29) (averages in insets – * - p=0.04 and p=0.0002 for saline and cocaine 725 

mice, respectively, one-sample t-test, comparing to 0 % change; # - p=0.01 comparing to saline) 726 

(D) Dynorphin (1000 nM) suppressed GABA neurotransmission from D2-MSN terminals in the VP 727 

in both saline mice (grey) and after cocaine CPP and abstinence (blue) (Inset – averages. * - 728 

p=0.01 and p=0.04 for saline and cocaine groups, respectively, one-sample t-test comparing to 0 729 

% change). The effect was comparable between groups. (E) Dynorphin (1000 nM) did not affect 730 

the decay time-constant of D1-MSN currents (paired t-test, t12=1.06, p=0.31). Right – 731 

representative traces. (F) Dynorphin (1000 nM) did not change the decay time-constant of D2-732 

MSN currents (paired t-test, t9=2.18, p=0.056). Data collected from 10-13 cells in each group 733 

from 4-6 mice. 734 
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Figure 7 – Cocaine CPP and abstinence abolishes dynorphin-induced potentiation of inhibitory 735 

input to VPvGluT2 neurons. (A) Schematic representation of recording conditions. VPvGluT2 neurons 736 

(Glu) were identified in vGluT2-Cre:Ai9 mice (express tdTomato in vGluT2-expressing neurons) 737 

and patched while evoking synaptic transmission with electrical stimulations. (B) Micrographs 738 

showing a VPvGluT2 neuron that was recorded from in bright field (left) and fluorescence (right). 739 

(C-D) Time course (C) and average (D) effect of Dynorphin (1000 nM) on eIPSCs in VPvGluT2 740 

neurons. Dynorphin potentiated evoked GABA input to VPvGluT2 neurons of saline animals (time 741 

course - 2-way repeated measures ANOVA, F(1,113)=49.5, p<0.0001; averages - * - p=0.007, one-742 

sample t-test comparing to 0 % change, # - p<0.0001 comparing to cocaine group). Abstinence 743 

from cocaine abolished this effect. (E) Representative traces of evoked IPSCs in VPvGluT2 neurons 744 

corresponding to the data in (C-D). (F-K) Dynorphin did not affect the amplitude (F-H) or IEI (I-K) 745 

of sIPSCs recorded in VPvGluT2 neurons in either saline or cocaine mice (time courses – tested 746 

with 2-way repeated measures ANOVA; cumulative curves - with Kolmogorov-Smirnov test, lines 747 

are fitted sigmoidal curves running from 0 to 100). Data from 7-12 cells and 3-4 mice per group 748 

for all conditions. 749 

 750 

Figure 8 – A possible mechanism of action for dynorphin in the VP before and after 751 

withdrawal from cocaine. Top – effect of dynorphin on GABA neurotransmission on VPGABA and 752 

VPvGluT2 neurons in cocaine-naïve animals. Dynorphin does not affect inhibitory input to VPGABA 753 

cells but potentiates the inhibitory input onto VPvGluT2 neurons. Thus, release of dynorphin in the 754 

VP of drug-naïve mice is expected to decrease the activity of VPvGluT2 neurons. As activation of 755 

VPvGluT2 neurons was shown before to drive aversive behavior, the action of dynorphin may 756 

translate to a decrease in aversion. In contrast, after cocaine CPP and abstinence (bottom) 757 

dynorphin suppresses the inhibitory input on VPGABA neurons but ceases to modulate the 758 
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inhibitory drive on VPvGluT2 neurons. Thus, spilling dynorphin in the VP after cocaine CPP and 759 

abstinence is expected to disinhibit VPGABA neurons while not affecting VPvGluT2 neurons. In other 760 

words, it may shift the VPGABA/VPvGluT2 balance in favor of the VPGABA neurons. Since activation of 761 

VPGABA neurons is known to promote reward-seeking behavior, the action of dynorphin in the VP 762 

after cocaine CPP and abstinence may favor reward-seeking behavior.  763 

   764 


















