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Abstract 27 

Background and Purpose  28 

Currently, no effective drug exists to treat cocaine use disorders, which affect millions of 29 

people worldwide. Benzodiazepines are potential therapeutic candidates, as microdialysis 30 

and voltammetry studies have shown that they can decrease dopamine release in the 31 

nucleus accumbens of rodents. In addition, we have recently shown that diazepam blocks 32 

the increase in dopamine release and the affective marker 50-kHz ultrasonic vocalizations 33 

(USV) induced by DL-amphetamine in rats.  34 

Experimental Approach 35 

Here we tested whether administration of 2.5 mg·kg
-1

 diazepam (i.p.) in adult male Wistar 36 

rats could block the effects of 20 mg·kg
-1

 cocaine (i.p.) on electrically evoked phasic 37 

dopamine release in the nucleus accumbens measured by fast-scan cyclic voltammetry, as 38 

well as 50-kHz USV and locomotor activity.  39 

Key Results 40 

Cocaine injection increased evoked dopamine release up to 3-fold within 5 min and the 41 

increase was significantly higher than baseline for at least 90 min. The injection of diazepam 42 

15 min later attenuated the cocaine effect by nearly 50% and this attenuation was 43 

maintained for at least 30 min. Stimulant drugs, natural rewards and reward predictive cues 44 

are known to evoke 50-kHz USV in adult rats. In the present study, cocaine increased the 45 

number of 50-kHz USV of the flat, step, trill, and mixed kinds by 12-fold.  This effect was at 46 

maximum 5 min after cocaine injection, decreased with time and lasted at least 40 min. 47 

Diazepam significantly blocked this effect for the entire duration of the session. The distance 48 

travelled by control rats during a 40-min session of exploration in an open field was at 49 

maximum in the first 5 min and decayed progressively until the end of the session. Cocaine-50 

treated rats travelled significantly longer distances when compared to the control group, 51 

while diazepam significantly attenuated cocaine-induced locomotion by up to 50%.  52 

Conclusions and implication 53 
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These results suggest that the neurochemical, affective, and stimulant effects of cocaine can 54 

be mitigated by diazepam. 55 

What is already known 56 

• Diazepam decreases dopamine release in the rodent nucleus accumbens (NAc) and 57 

reduces some effects produced by DL-amphetamine. 58 

What this study adds 59 

• Diazepam attenuated the increase in phasic dopamine release caused by cocaine. 60 

• Diazepam blocked the effect of cocaine on 50-kHz USV and locomotor activity. 61 

Clinical significance 62 

• This study demonstrates that diazepam can block specific effects of cocaine that 63 

likely contribute to addiction. 64 

Key words: Psychostimulants, benzodiazepines, drug dependence, addiction 65 

1 INTRODUCTION 66 

Although cocaine use disorders are a global epidemic problem that is growing in many parts 67 

of the world, there is no FDA approved pharmacological treatment for this disorder (Farrell 68 

et al., 2019; Kampman, 2019, UNODC 2020).  Thus, it is urgent to find an effective and safe 69 

pharmacotherapy to treat cocaine and amphetamine use disorders.  70 

Cocaine binds to the dopamine transporter, limiting protein movement and acting as a 71 

dopamine transporter blocker (Wang et al., 2015). Due to this interaction, cocaine causes an 72 

increase in extracellular dopamine levels in the dorsal and ventral striatum (Church et al., 73 

1987; Hernandez and Hoebel, 1988; Garris and Wightman, 1995; Heien et al., 2005). The 74 

increase in the intensity and frequency of dopamine release in the nucleus accumbens (NAc) 75 

caused by cocaine reinforces self-administration of this drug and increases locomotor 76 

activity in rodents and humans (Tilley et al., 2007; Hall et al., 2009). 50-kHz USV emitted by 77 

adult rats in rewarding situations or in response to cues with incentive salience are also 78 

evoked by cocaine and other stimulants in adult rats (Simola et al., 2012a, 2014). In 79 
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addition, sensory cues paired with cocaine acquires incentive salience and later can elicit 80 

dopamine release causing drug-seeking behaviors (Phillips et al., 2003). Therefore, it is 81 

possible that blocking the cocaine amplification of dopamine release can be a strategy to 82 

block the rewarding and motivational effects of this drug (German et al., 2015; Volkow et 83 

al., 2017).  84 

Diazepam is a benzodiazepine used to treat anxiety, alcohol withdrawal, skeletal muscle 85 

spasm and convulsive disorders (Calcaterra and Barrow, 2014). Diazepam binds to an 86 

allosteric site in the GABAA receptor (GABAA-R), augmenting the activity of the gamma-87 

aminobutyric acid (GABA) transmission (Zhu et al., 2018; Masiulis et al., 2019) by enhancing 88 

the GABA-A receptor affinity for GABA and subsequently increasing  the channel-open 89 

frequency (Uusi-oukari and Korpi, 2010). Diazepam has been shown to promote cocaine 90 

abstinence (Augier et al., 2012) and to attenuate the stimulant locomotor effect of 91 

morphine and amphetamine  (Panhelainen et al., 2011). Also, we previously reported that 92 

diazepam blocks the increase in phasic dopamine release in the mouse NAc and rat 50-kHz 93 

USV, both evoked by amphetamine (Gomez-A et al., 2017; Guaita et al., 2018). As both 94 

amphetamine and cocaine increased dopamine release, it is likely that diazepam will 95 

similarly affect cocaine-induced dopamine release. However, as mentioned above, the 96 

mechanisms by which amphetamines and cocaine increase dopamine release are not 97 

identical. Therefore, in the present study we tested the hypothesis that diazepam blocks the 98 

effect of cocaine on dopamine release. Here we used in vivo fast scan cyclic voltammetry 99 

(FSCV) to show that diazepam can mitigate the increase in the electrically evoked phasic 100 

dopamine release in the rat NAc. We also show that diazepam attenuated the increase in 101 

the number of rat 50-kHz USV and the increase in locomotion observed in rats treated with 102 

cocaine. 103 

2 METHODS 104 

2.1 Animals 105 

Adult male Wistar rats (n=31 for FSCV, n=41 for USV) were housed in groups of five in 106 

polypropylene cages (41 cm × 34 cm × 16 cm) with sawdust bedding under a 12 h/ 12 h 107 

light/dark cycle (lights on at 7:00 a.m.) and a controlled temperature (22 ± 2 °C). Food and 108 
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water were available ad libitum. Males were used to better compare to previous studies  109 

(Gomez-A et al., 2017,  Guaita et al., 2018). All procedures were in accordance with the 110 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and 111 

approved by the ins�tu�onal Ethics Commi�ee for Animal Experimenta�on of the 112 

Universidade Federal do Paraná (Protocol 1157) consistent with Brazilian law (Bil#11.794/8 113 

October 2008). 114 

2.2 Chemicals and solutions 115 

All chemicals were purchased from Sigma Aldrich (St Louis, MO), except for cocaine HCl 116 

(donation from Curitiba Police Department inquiry # 5016610-91.2019.4.04.7000/PR). 117 

Cocaine was 98% pure, as determined by nuclear magnetic resonance. Cocaine HCl was 118 

dissolved in saline (0.9 % w/v) to 20.0 mg·mL
-1

 and diazepam was dissolved in the vehicle 119 

solution (2% propylene glycol, 8 % ethyl alcohol, using 5% sodium benzoate and benzoic acid 120 

as buffers, and 2% benzyl alcohol, pH= 7.4) to 5 mg·mL
-1

.  121 

2.3 In vivo Fast Scan Cyclic Voltammetry 122 

Animals were anesthetized with urethane (1.5 mg·kg
-1

 i.p.) and placed in a stereotaxic frame 123 

(David Kopf Instruments, Tujunga, CA). Urethane was used because there is no effect on 124 

dopamine clearance in vivo (Garris et al., 2002; Sabeti et al., 2003). A stimulation electrode 125 

(Plastics One, Roanoke, VA, USA, polished tips, 1 mm apart) was implanted in the ventral 126 

tegmental area (VTA) (AP= - 0.52, ML= + 0.10, DV= - 0.82) and a carbon-fiber electrode (10-127 

80 μm length, 7 μm diameter, Goodfellow, Huntingdon, England) was implanted in the NAc 128 

(AP= + 0.19, ML= + 0.14, DV= - 0.64) according to a rat brain atlas (Paxinos and Watson, 129 

1998). An Ag/AgCl reference electrode was placed in the contralateral hemisphere and 130 

affixed with dental cement. 131 

The parameters of electrical stimulations and neurochemical recordings were as previously 132 

described (Gomez-A et al., 2017) with some modifications. In brief, every 100 ms, a 133 

triangular waveform potential (−0.4 V to +1.3 V to −0.4 V vs Ag/AgCl) was applied at a rate 134 

of 400 V/s. After 30 min of waveform application to condition and stabilize the electrode, 135 

trains of 35 biphasic pulses (0.5 ms per pulse, 600 μA, 60 Hz, 24 pulses) were applied to the 136 

stimulating electrode every 300 s with a programmable optical isolator pulse generator 137 
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(MINCS, Mayo Investigational Neuromodulation Control System, Mayo Clinic). FSCV 138 

measurements were recorded with a Wireless Instantaneous Neurotransmitter 139 

Concentration Sensor system (WINCS, Mayo Clinic) and processed with the WINCS and 140 

MINCS software (version 2.10.4.0, Mayo Clinic).  Five trains of electrical pulses were applied 141 

to confirm the stability of the FSCV recording. Then, another six trains of pulses were 142 

applied (300 s apart) and the evoked currents were taken as baseline, given that the evoked 143 

dopamine release did not vary by more than 16%. Immediately thereafter, rats received 144 

cocaine (20.0 mg·kg
-1

) or saline and another five trains of pulses were applied. Next, 145 

diazepam (2.5 mg·kg
-1

) or vehicle was administered and electrochemical data acquisition 146 

continued for 70 min with electrical stimulation every 300 s.   147 

The background-subtracted cyclic voltammograms were obtained by subtracting 148 

voltammograms collected during stimulation from those collected up to 2 s before the 149 

stimulation. Voltammetric responses were displayed as pseudo-color plots with the abscissa 150 

as the voltage, the ordinate as the acquisition time, and the current encoded in color. 151 

Temporal responses were determined by monitoring the current at the peak oxidation 152 

potential for dopamine in successive voltammograms. To estimate dopamine concentration, 153 

the recording electrodes were calibrated using a flow-cell (dopamine solution of 20 μM in 154 

TRIS buffer) and the calibration factor was 1nA = 1.033 ± 0.407 μM. To confirm the identity 155 

of the evoked dopamine release, background-subtracted cyclic voltammograms of the in 156 

vivo electrochemical signal immediately after stimulation were averaged and correlated 157 

with voltammograms from the in vitro calibration (R
2
=0.963, p <0.001). 158 

2.4 Histology  159 

After FSCV recording, rats were decapitated and brains were fixed in 4% formaldehyde for 160 

10 days. Coronal slices of 50 μm were obtained using a vibratome (VT 1000S, Leica 161 

Biosystems), stained with thionine, and compared to the rat atlas of Paxinos and Watson 162 

(1998) to locate the electrodes’ track.  163 

2.5 Ultrasonic vocalizations and locomotor activity. 164 

Animals were divided in four groups that received: (i) saline and the vehicle; (ii) saline and 165 

diazepam (2.5 mg·kg
-1

 dissolved in vehicle); (iii) vehicle and cocaine (20.0 mg·kg
-1

 dissolved 166 
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in saline); (iv) cocaine (20.0 mg·kg
-1

)   and diazepam (2.5 mg·kg
-1

). Rats were tested in two 167 

sessions: baseline and treatment, 40 min each, 24 h apart. Drugs were administered only 168 

immediately before the treatment session. In each session, each animal was gently placed 169 

into an acrylic box (40 × 40 × 40 cm) with fresh sawdust bedding on the floor. USV were 170 

recorded using a microphone (UltraSoundGate Condenser Microphone, CM16; Avisoft 171 

Bioacoustics, Berlin, Germany) placed in the center and 25 cm above the floor of the box, 172 

controlled by the Avisoft Recorder 2.7 software. USV 50-kHz calls were counted and 173 

classified using DeepSqueak 2.6.1 software (Coffey et al., 2019).  The videos recorded during 174 

USV sessions were used to measure locomotor activity using automatized analysis with 175 

EthoVision® XT software (Noldus, Wageningen, Netherlands).  176 

2.6 Statistics 177 

We applied the D’Agostino & Pearson and Shapiro-Wilk tests of normal distribution. 178 

Variability among rats due to differences in electrode location and length was reduced by 179 

using the equation “Y= [Ii/IBL] * 100”, where Ii is the oxidation current on time i, and IBL is the 180 

baseline evoked dopamine release. In each rat, the IBL was calculated by averaging the 181 

heights of the first 6 peaks of Ii recorded after the oxidation current values had stabilized 182 

(see 2.3 for details). As neither raw data nor the transformed data passed the tests of 183 

normal distribution, we used a generalized linear regression (GLM) model with Poisson-184 

distribution, link log function and Wald chi-square comparisons to test time and drug 185 

effects. When appropriate, Sidak post hoc tests were used to compare differences among 186 

groups. We used odds ratios and confidence intervals to describe the magnitude of 187 

differences between groups and times. 188 

The total number of USV calls (number of calls) did not pass the D'Agostino & Pearson and 189 

Shapiro-Wilk tests of normal distribution. However, after transformation with the algorithm 190 

[Y = sqrt(Y)], they passed these tests of normal distribution and were analyzed by two-way 191 

ANOVA with multiple comparisons and repeated measures, followed by the Tukey test to 192 

measure differences between baseline and treatment for each group.  193 

Locomotion scores over time passed the normal distribution tests and were analyzed by 194 

repeated measure ANOVA followed by the Tukey test. The Poisson GLM was performed by 195 
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using SPSS statistic software (IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: 196 

IBM Corp.). All the other analyses were done using GraphPad Prism software (San Diego, 197 

CA). The 5 min-bin graphs of FSCV were made using Python (Python Software Foundation. 198 

Python Language Reference, version 3.7, Amsterdam, Netherlands) and the other graphs 199 

were made using GraphPad Prism software. Differences among groups were considered 200 

significant if p < 0.05. 201 

 3 RESULTS 202 

3.1 Diazepam attenuated the cocaine effect on the phasic release of dopamine in the NAc  203 

To evaluate whether i.p. injection of diazepam blunted the effect of cocaine on phasic 204 

dopamine release, we compared evoked dopamine release in three groups of rats:  205 

cocaine+diazepam, cocaine+vehicle, and saline+vehicle (Figure 1a). The placements of the 206 

stimulating electrodes in the VTA and the recording electrodes in the NAc were confirmed 207 

(Figure 1b). Cocaine increased electrically evoked dopamine release, an effect that persisted 208 

for at least 75 min and was attenuated by diazepam (Figure 1c).  The generalized linear 209 

model yielded significant main effects of group (Wald chi-square 1663.2, df=2, p <0.001) and 210 

time (Wald chi-square 987.6, df=3, p <0.001), as well as a significant interaction of group by 211 

time (Wald chi-square 765.6, df=6, p <0.001). Thus, we compared parameter estimates 212 

within groups across time points and between groups at each time point (see Figure 1c for 213 

post-hoc comparisons). Evoked dopamine in the saline+vehicle group did not differ across 214 

the experiment. In contrast, dopamine release in the cocaine+vehicle and 215 

cocaine+diazepam groups increased similarly after cocaine injection (0-25 time bin). While 216 

the cocaine+vehicle group continued to exhibit high levels of evoked dopamine release at 217 

each post-cocaine time bin, administration of diazepam in the cocaine+diazepam group 218 

significantly reduced this cocaine effect on dopamine release. Figure 1d shows 219 

representative examples of voltammograms and color plots taken from one rat. Note that 220 

after the electrical stimulation, current increased only in the potentials near the optimal 221 

dopamine oxidation potential. These examples also illustrate that, at the dopamine 222 

oxidation potential, the evoked current increase was higher after cocaine injection and 223 

returned back to a lower level after the diazepam injection.  224 
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3.2 Diazepam blocked the cocaine effect on 50 kHz USVs 225 

It is well established that psychostimulants produce an increase in appetitive USV in rats, 226 

which can serve as index of positive affect (Simola et al., 2012a, 2014). Therefore, we 227 

evaluated if diazepam would reduce such an effect (Figure 2). To address this question, we 228 

placed adult male rats in an open field to record USV for 40 min on two days (Figure 2a). On 229 

the first day we recorded basal USV (baseline day) and on the second day we recorded USV 230 

under the effect of diazepam, cocaine, and saline+vehicle treatments at the same doses as 231 

used in the FSCV experiment. A repeated measures ANOVA showed a significant session 232 

factor (F1,36 = 23.08, p < 0.001), a significant group factor (F3,36 = 6.32, p < 0.01) and a 233 

significant interaction between these factors (F3,36 = 13.29, p < 0.001). No significant 234 

differences among groups were detected on the baseline day (data not shown). We used 235 

Tukey test in all post-hoc comparisons among groups.  On the test day, only animals that 236 

received cocaine presented an increase in the 50-kHz USV compared with the other groups 237 

(p < 0.001) and compared to the baseline day (p < 0.001). Diazepam blocked this cocaine 238 

effect. No significant difference was observed between the group that received 239 

cocaine+diazepam and the group that received saline+vehicle (p = 0.99). In addition, no 240 

significant difference was observed between the group that received cocaine+diazepam and 241 

the group that received saline+diazepam (p=0.49, Figure 2b).  242 

We also tested the effects of cocaine and diazepam on four subtypes of USV calls: flat, step, 243 

trill and mix (Figure 2c). Cocaine-treated rats presented higher numbers of all call subtypes 244 

(p < 0.01) compared with the saline+vehicle group. Diazepam blocked the cocaine effect on 245 

flat, trill and mix, subtypes: the number of calls emitted by the rats that received diazepam 246 

and cocaine was significantly different compared to the rats that received cocaine. In 247 

addition, the number of flat, trill and mix 50 kHz USV emitted by the cocaine+diazepam 248 

group was not significantly different compared to the saline+vehicle group (P = 0.98).  The 249 

effect of diazepam on the step calls was less clear. The result suggests that diazepam 250 

attenuated the effect of cocaine because the number of step calls of the cocaine group, but 251 

not of the cocaine+diazepam group, was significantly different compared to the 252 

saline+vehicle group (p < 0.05). However, the number of step calls in the cocaine+diazepam 253 

group was not significantly different compared to the cocaine group (Figure 2d). Figure 3a 254 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 14, 2020. ; https://doi.org/10.1101/2020.10.13.338343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.13.338343


 

  
 

shows that the saline+vehicle and saline+diazepam groups emitted 50 kHz USV mainly in the 255 

first 5 min and only few calls during the rest of the session. The animals of the 256 

cocaine+vehicle group presented a different distribution; they emitted calls throughout all 257 

the test session with a decay in call number across time. In contrast, animals treated with 258 

both diazepam and cocaine presented a similar pattern of call distribution as the 259 

saline+diazepam and saline+vehicle groups. One-way ANOVA showed that neither 260 

diazepam, cocaine, nor their combination had an effect on call duration (Figure 3b, F3, 36 = 261 

0.495, p = 0.69) and call frequency (Figure 3c, F3,,36 = 0.88, p = 0.46) . 262 

3.3 Diazepam decreases locomotor activity produced by cocaine 263 

Locomotor activity (travelled distance) was measured in the same baseline and test sessions 264 

in which USV were recorded (Figure 4). A repeated measures ANOVA showed a significant 265 

session factor (F1,16= 30.18, p < 0.001), a significant group factor (F3,36 = 38.86, p < 0.001) and 266 

a significant session x group interaction (F 3,36 = 40.3, p < 0.001). We used Tukey test in all 267 

post-hoc comparisons among groups.  No significant difference among groups was observed 268 

on the baseline day (P > 0.99, data not shown). Only rats that received cocaine on the test 269 

day travelled longer distances compared to the same group on the baseline day and 270 

compared to all other groups on the test day (p < 0.05). As shown in Figure 4a, on the test 271 

day both the group treated with cocaine and the group treated with cocaine+diazepam 272 

travelled longer distances compared to the saline+vehicle group (p < 0.05).  However, the 273 

distance traveled by the cocaine+diazepam group was significantly shorten compared to the 274 

cocaine group (p <0.05). This finding suggests that diazepam blocked partly, but not 275 

completely, the stimulant cocaine effect on locomotion. Representative path tracks are 276 

shown in Figure 4b. Figure 4c shows the average distance traveled by rats during the 40 min 277 

of the test sessions divided into 5-minute bins. Note that while the locomotor activity of the 278 

control group decreased 5 min after the start of the test session, the locomotor activity of 279 

the rats treated with cocaine increased at that time and this increase was maintained for 280 

the rest of the session. Note also that the co-administration of diazepam attenuated this 281 

locomotor stimulant effect of cocaine during the 40 min of the test session. 282 

4 DISCUSSION 283 
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To evaluate the potential of benzodiazepines to treat stimulant drug disorders, it is 284 

important to determine whether benzodiazepines can counteract the neurochemical and 285 

behavioral effects of a stimulant drug. It have previously been shown that diazepam can 286 

attenuate the effects of amphetamine on NAc dopamine release, measured by FSCV and 287 

microdialysis (Zetterström and Fillenz, 1990; Murai et al., 1994; Gomez-A et al., 2017). In 288 

another study, we showed that diazepam can also attenuate the effects of amphetamine on 289 

rat 50 kHz USV and stereotyped behavior (Guaita et al., 2018). In the present study, we used 290 

FSCV to show that systemic injection of diazepam not only decreases dopamine release, but 291 

also reverts the increase in dopamine release in the NAc caused by cocaine in rats. 292 

Additionally, we showed that diazepam blocked the increase in the emissions of 50 kHz USV 293 

calls and attenuated the increase in locomotor activity caused by cocaine in rats. Together, 294 

these data indicate that benzodiazepines can blunt multiple key effects of acute stimulants.   295 

In the present study we also tested the effect of diazepam on cocaine-evoked 50 KHz USV, a 296 

rat model of the rewarding effect of stimulant drugs. Rats emit 50 KHz USV in response to 297 

rewarding stimuli (Burgdorf et al., 2008; Brenes and Schwarting, 2015; Brenes et al., 2016; 298 

Wendler et al., 2016a; Engelhardt et al., 2017; Simola and Brudzynski, 2018) and in response 299 

to reward-predictive stimuli (Brenes and Schwarting, 2015). Dopamine is released in the 300 

NAc in response to the same stimuli (Ikemoto et al., 2015; Vega-Villar et al., 2019). Likewise, 301 

rats vocalize at 50-kHz USV when challenged with cocaine (Barker et al., 2010; Browning et 302 

al., 2011), amphetamine (Burgdorf et al., 2001; Pereira et al., 2014; Wöhr et al., 2015; 303 

Guaita et al., 2018), and other stimulant drugs (Simola et al., 2012b; Wendler et al., 2016b; 304 

Simola and Brudzynski, 2018). Furthermore, rat 50 kHz USV can be elicited by dopamine 305 

receptor agonists (Brudzynski et al., 2012), and stimulation of the VTA  (Scardochio et al., 306 

2015). Conversely,  50-kHz USV  are reduced by VTA lesions and by dopamine receptor 307 

antagonists (Burgdorf et al., 2007; Ringel et al., 2013; Brudzynski, 2015; Rippberger et al., 308 

2015).  309 

When an individual self-administers stimulant drugs, the self-administration behavior that 310 

preceded the drug-induced dopamine release is reinforced. This self-sustained cycle is 311 

thought to play a key role in drug addiction. Furthermore, because these drugs cause 312 

dopamine release, the stimuli that were paired with the drug acquire incentive salience. 313 
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Over time, stimuli that became predictive of drug effects acquire the property to cause 314 

dopamine release in the striatum, which increases the motivation (wanting) that acts as an 315 

incentive for drug-seeking and drug consumption (Volkow et al., 2017).   In agreement with 316 

this hypothesis, it has been shown that rats responded to a cue that precedes access to 317 

cocaine by exhibiting 50-kHz USV and that the number of calls were exacerbated when rats 318 

were abstinent (Maier et al., 2010). Therefore, the finding that diazepam blocks the effects 319 

of cocaine on dopamine release, 50-kHz USV, and locomotor activity in rats suggests that it 320 

may also be effective to attenuate the reinforcing, cue-evoked craving, and psychostimulant 321 

effects of cocaine in humans.  322 

According the 2020 UNODOC World Drug Report informs 65 million people in the world 323 

consume stimulant drugs. Therefore, it is crucial to find putative drugs to treat stimulant 324 

use. The results of the present study suggest that GABAA-R positive modulators such as 325 

benzodiazepines are promising drugs to attain this need.  326 
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FIGURE LEGENDS 360 

FIGURE 1 Diazepam blocks cocaine effect on dopamine release in the NAc evoked by 361 

electrical stimulation of the VTA. a. Experiment design, b. Schematic drawing for electrode 362 

implantation; red dots indicate electrode implantation for animals treated with cocaine and 363 

dark blue dots indicate electrode implantation in cocaine + diazepam group, c. Average 364 

results of diazepam effect on NAc Da release in rats treated with saline+vehicle (n=8), 365 

cocaine+vehicle (n= 7) and cocaine+diazepam (n= 7) recorded every 5 min for 105 min (left) 366 

and 25 min bins (right). Shading indicates ±SEM. Data were analyzed with GLM Poisson 367 

regression with post hoc Tukey tests. Means with different letters are significantly different 368 

from each other (p < 0.05), and means with the same letter are not significantly different. d. 369 

Representative examples taken from an individual rat of background-subtracted cyclic 370 

voltammograms and color plots of the diazepam effect. In voltammograms and color plots, 371 

the dotted line indicates maximum current potential (0.75 V); note the difference in current 372 

scale for the voltammograms. For color plots, the red bar indicates five seconds and the 373 

white arrow indicates the stimulation time. 374 

 375 

FIGURE 2 Diazepam blocked the cocaine-induced 50-kHz USV.  a. Experimental design. b. 376 

Diazepam effect on total 50-kHz calls on the test. c. Examples of USV call type. d. Call 377 

subtypes on the test day (flat: upper left, step: upper right, trill: lower left, mix: lower right). 378 

* p < 0.05 compared to the Sal/Veh group, # p < 0.05, compared to the Sal/Diaz group, & p < 379 

0.05 compared to the Coc/Diaz group, Tukey test after two-way ANOVA. Sal/Veh (n=10), 380 

Sal/Diaz (n=10), Coc/Veh (n=11), Coc/Diaz (n=9). Coc, 20 mg·kg
-1

 cocaine; Diaz, 2.5 mg·kg
-1 381 

diazepam, Sal, saline (cocaine’s vehicle), Veh, diazepam’s vehicle. 382 

 383 

FIGURE 3 Time course and acoustic parameters of the cocaine and diazepam effects on 384 

appetitive 50-kHz USV. Sal/Veh (n=10), Sal/Diaz (n=10), Coc/Veh (n=11), Coc/Diaz (n=9). Coc, 385 

20 mg·kg
-1

 cocaine; Diaz, 2.5 mg·kg
-1 

diazepam Sal, saline (cocaine’s vehicle), Veh, 386 

diazepam’s vehicle. 387 
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 388 

FIGURE 4. Diazepam attenuates the cocaine effect on locomotion activity. a. Travelled 389 

distance during the 40 min session. b. Representative individual pathways of locomotion for 390 

baseline and test day. c. Travelled distance in 5-min intervals.  + p < 0.05 compared to the 391 

same group on the baseline day; * p < 0.05, compared to saline vehicle in the test day; # p < 392 

0.05, compared to saline+diazepam on the test day; & p < 0.05 compared to 393 

cocaine+diazepam on the test day, Tukey test after ANOVA. Coc, 20 mg·kg
-1

 cocaine; Diaz, 394 

2.5 mg·kg
-1

 diazepam; Sal, cocaine vehicle (saline); Veh, diazepam vehicle.   395 
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