
Copyright © 2020 Ostroumov et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Disorders of the Nervous System

Acute Nicotine Exposure Alters Ventral
Tegmental Area Inhibitory Transmission and
Promotes Diazepam Consumption

https://doi.org/10.1523/ENEURO.0348-19.2020

Cite as:  eNeuro 2020; 10.1523/ENEURO.0348-19.2020

Received: 29 August 2019
Revised: 20 January 2020
Accepted: 16 February 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts:  Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

Title: Acute Nicotine Exposure Alters Ventral Tegmental Area Inhibitory Transmission 1 

and Promotes Diazepam Consumption 2 

Abbreviated Title:  Nicotine Alters Mesolimbic Responses to Benzodiazepines 3 

Authors:  Alexey Ostroumov, Ruthie E. Wittenberg, Blake A. Kimmey, Madison B. 4 

Taormina, William M. Holden, Albert T. McHugh, John A. Dani 5 

Department of Neuroscience, Mahoney Institute for Neurosciences, Perelman School 6 

for Medicine, University of Pennsylvania, Philadelphia, PA 19104 USA 7 

Author Contributions:  A.O. and B.A.K. designed and performed ex vivo and in vivo 8 

electrophysiological experiments. R.E.W. designed and performed behavioral 9 

experiments with the assistance of B.A.K. and A.T.M. M.B.T. and W.M.H. performed 10 

western blot experiments. J.A.D. and A.O. originated, planned and oversaw the 11 

experiments. Led by J.A.D., all the authors contributed to write the manuscript. 12 

Correspondence:  Alexey Ostroumov, ao711@georgetown.edu, John A. Dani, 13 

johndani@pennmedicine.upenn.edu 14 

Number of figures:  7               Number of words for Significance Statement:  15 

119 16 

Number of tables : 1              Number of words for Introduction:  17 

599  18 

Number of words for Abstract:  208               Number of words for Discussion:  1132  19 

Acknowledgements: We thank Drs. Y. De Koninck and A. Castonguay from Laval 20 

University for the generous gift of CLP290. We also thank Drs. David Connor and 21 

Shannon Wolfman for insightful comments on this manuscript. A.O. is currently affiliated 22 

with the Department of Pharmacology and Physiology at Georgetown University, 23 

Washington, DC 20007 24 

Conflict of Interest:  The authors declare no competing financial interests. 25 

Funding Sources:  This work was supported by grants from the National Institutes of 26 

Health DA009411, NS021229, and AA026267 (J.A.D.). A.O. was supported by 27 



 

 2 

DA048134 (NIH). B.A.K was supported by AA026766 (NIH). This work also was 28 

supported by the generous award from the Chernowitz Medical Research Foundation. 29 



 

 3 

ABSTRACT 30 

Nicotine use increases the risk for subsequent abuse of other addictive drugs, but the 31 

biological basis underlying this risk remains largely unknown. Interactions between 32 

nicotine and other drugs of abuse may arise from nicotine-induced neural adaptations in 33 

the mesolimbic dopamine system, a common pathway for the reinforcing effects of 34 

many addictive substances. Previous work identified nicotine-induced neuroadaptations 35 

that alter inhibitory transmission in the ventral tegmental area (VTA). Here, we test 36 

whether nicotine-induced dysregulation of GABAergic signaling within the VTA 37 

increases the vulnerability for benzodiazepine abuse that has been reported in smokers. 38 

We demonstrate in rats that nicotine exposure dysregulates diazepam-induced 39 

inhibition of VTA GABA neurons and increases diazepam consumption. In VTA GABA 40 

neurons, nicotine impaired KCC2-mediated chloride extrusion, depolarized the GABAA 41 

reversal potential, and shifted the pharmacological effect of diazepam on GABA 42 

neurons from inhibition toward excitation. In parallel, nicotine-related alterations in 43 

GABA signaling observed ex vivo were associated with enhanced diazepam-induced 44 

inhibition of lateral VTA DA neurons in vivo. Targeting KCC2 with the agonist CLP290 45 

normalized diazepam-induced effects on VTA GABA transmission and reduced 46 

diazepam consumption following nicotine administration to the control level. Together, 47 

our results provide insights into midbrain circuit alterations resulting from nicotine 48 

exposure that contribute to the abuse of other drugs, such as benzodiazepines. 49 
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SIGNIFICANCE STATEMENT 50 

Benzodiazepines, particularly diazepam, are among the most frequently prescribed 51 

drugs for their anxiolytic, sedative, and anti-convulsant effects. In general, 52 

benzodiazepines have a relatively low abuse liability, yet misuse occurs more frequently 53 

among smokers. Pharmacologically, benzodiazepines act on the GABAA receptor, 54 

enhancing the effect of the inhibitory neurotransmitter. Our work suggests that nicotine 55 

increases vulnerability to diazepam use via aberrant inhibitory signaling in the ventral 56 

tegmental area (VTA), a principle nucleus of the brain’s reward system. Specifically, we 57 

found that nicotine exposure impaired VTA GABAA receptor function, resulting in altered 58 

effects of diazepam on dopamine circuitry and increased diazepam consumption. 59 

Furthermore, we identify a novel therapeutic target, which may serve to mitigate 60 

excessive diazepam consumption in smoking or vaping individuals. 61 
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INTRODUCTION 62 

Nicotine is the main addictive component of tobacco and electronic cigarettes. 63 

Epidemiological and animal studies indicate that, along with other harmful effects, 64 

nicotine use positively correlates with the intake of other addictive drugs, acting as a 65 

gateway for subsequent substance abuse (Kandel, 1975; Boscarino et al., 2010; 66 

Huizink et al., 2010; Harrison and McKee, 2011; Levine et al., 2011; Mello and 67 

Newman, 2011; Doyon et al., 2013; Kandel and Kandel, 2014; Miech et al., 2016; 68 

Thomas et al., 2018). The specific mechanisms by which nicotine increases vulnerability 69 

for subsequent addiction to other substances are not fully understood, but likely involve 70 

nicotine-induced adaptations in the reward system of the brain. Accumulating evidence 71 

indicates that chronic nicotine exposure dysregulates GABAergic signaling in the ventral 72 

tegmental area (VTA), a key dopaminergic brain area involved in the rewarding 73 

properties of virtually all addictive drugs (Vihavainen et al., 2008b; Li et al., 2014; 74 

Buczynski et al., 2016; Thomas et al., 2018). To date, nicotine-induced changes in VTA 75 

GABAergic transmission have been shown to influence dopamine (DA) signaling and 76 

behavioral responses to alcohol and morphine (Vihavainen et al., 2008a; Vihavainen et 77 

al., 2008b; Thomas et al., 2018). We postulate that, in addition to these drugs, nicotine-78 

induced neuroadaptation of VTA inhibitory transmission can modify the action of 79 

addictive substances that specifically target GABAA receptors (GABAAR). 80 

Among the different classes of GABAAR-targeting drugs, benzodiazepine misuse is a 81 

growing public health problem in the US, with prescription rates and overdose mortality 82 

spiking in recent years (Bachhuber et al., 2016; Lembke et al., 2018; Maust et al., 83 

2019). Acting through positive allosteric modulation of GABAAR, benzodiazepines are 84 
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regularly prescribed for panic attacks, insomnia, and seizures. Unfortunately, these 85 

drugs also retain a liability for abuse and dependence, especially in polydrug users and 86 

individuals with comorbid anxiety and depression (Woods et al., 1992; Griffiths and 87 

Weerts, 1997; Licata and Rowlett, 2008). Interestingly, benzodiazepine abuse is more 88 

likely to occur in smokers (Dunbar et al., 1988; Lekka et al., 1997; Neutel, 2005), and 89 

evidence from rodents shows that exposure to nicotine increases the reinforcing 90 

properties of benzodiazepines (White, 1989; Irvine et al., 2001; James-Walke et al., 91 

2007). Like nicotine, benzodiazepine reinforcement involves midbrain GABAergic 92 

signaling, as genetic manipulation of GABAARs in the VTA was shown to decrease 93 

benzodiazepine consumption (Tan et al., 2010; Tolu et al., 2013). In contrast to DA 94 

neurons, VTA GABA neurons are particularly sensitive to benzodiazepines, 95 

demonstrating drug-mediated inhibition of neuronal firing (O'Brien and White, 1987; Tan 96 

et al., 2010). For these reasons, VTA GABA neurons may represent a critical locus of 97 

interaction for the association between nicotine exposure and subsequent 98 

benzodiazepine abuse. 99 

To examine basic neural mechanisms linking nicotine to benzodiazepine abuse, we 100 

studied how nicotine exposure in naive rats alters subsequent responses to the 101 

benzodiazepine diazepam, including diazepam-induced VTA neuron signaling and 102 

diazepam intake. Given that GABAAR signaling in VTA GABA neurons is impacted by 103 

chronic nicotine exposure (Thomas et al., 2018), we hypothesized that similar nicotine-104 

induced neuroadaptations modify diazepam action on midbrain circuitry. Indeed, we 105 

found that a single, non-contingent nicotine exposure and volitional consumption of 106 

nicotine both dysregulate GABAAR signaling within VTA GABA neurons via down-107 
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regulation of the K+, Cl- co-transporter KCC2. This impaired Cl- homeostasis and shifted 108 

diazepam-induced inhibition of VTA GABA neurons towards paradoxical excitation, 109 

which was associated with decreased DA neuron firing in response to diazepam. At the 110 

behavioral level, a single exposure to nicotine increased diazepam consumption, an 111 

effect that could be reversed by enhancing KCC2 function. These results indicate that 112 

nicotine exposure fundamentally alters the effects of diazepam on mesolimbic 113 

dopamine circuitry and thereby contributes to increased diazepam intake.  114 

 115 

MATERIALS AND METHODS 116 

Animals 117 

Male Long-Evans rats (Harlan-Envigo, weighing 300-500g) were housed in a quiet, 118 

temperature- and humidity- controlled facility under a 12 hr:12 hr light:dark cycle. Rats 119 

had food and water available ad libitum in their home cages. All rats were group housed 120 

except for use in behavior experiments when animals were transitioned to single-121 

housing at the onset of daily drinking. All rats were handled at least 5 days prior to the 122 

beginning of testing. All animal procedures were performed in accordance with the 123 

[Author University] animal care committee’s regulations. 124 

 125 

Drugs and Experimental Design 126 

Systemic administration of nicotine (0.4 mg/kg, freebase, i.p., Glentham Life Sciences) 127 

or saline (0.9% saline, i.p., Hospira) occurred 7-15 hours prior to diazepam exposure or 128 
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testing. For systemic administration, CLP290 was first dissolved in 20% beta-129 

cyclodextrin (20 mg/ml), then diluted in saline to a final concentration of 10 mg/ml in 130 

10% beta-cyclodextrin (Gagnon et al., 2013). Using 10N NaOH, the pH was adjusted to 131 

be between 5 and 6. Systemic administration of CLP290 (10mg/kg, i.p.) or vehicle (20% 132 

beta-cyclodextrin) occurred 45 min prior to diazepam intake sessions over 3 non-133 

consecutive days (Thomas et al., 2018). In ex vivo experiments, slices were incubated 134 

for 1 hour in 10 ��M CLP290, which was first dissolved in DMSO (100mM), then diluted 135 

in ACSF to a final concentration. The carbonic anhydrase inhibitor acetazolamide was 136 

bath applied at concentration of 10 ��M. Diazepam (Sigma Aldrich) was dissolved in 190 137 

proof ethanol before it was dissolved daily in the saccharin drinking solution. The final 138 

concentration of ethanol in the solution was 0.0475%. Drugs used for 139 

electrophysiological recordings were obtained from Sigma Aldrich unless otherwise 140 

specified. CLP290 was a generous gift from Drs. Y. De Koninck and A. Castonguay 141 

(Laval University, Quebec, Canada).  142 

 143 

Ex Vivo Electrophysiology 144 

Horizontal slices (230 ��m) containing the VTA were cut (Leica Microsystems) from adult 145 

and juvenile (P21-P28) Long-Evans rats in ice-cold, oxygenated (95% O2, 5% CO2), 146 

high-sucrose artificial cerebrospinal fluid (ACSF) (in millimolar): 205.0 sucrose, 2.5 KCl, 147 

21.4 NaHCO3, 1.2 NaH2PO4, 0.5 CaCl2, 7.5 MgCl2, and 11.1 dextrose. Immediately 148 

after cutting, slices were transferred to normal ACSF buffer (in millimolar): 120.0 NaCl, 149 

3.3 KCl, 25.0 NaHCO3, 1.2 NaH2PO4, 2.0 CaCl2, 1.0 MgCl2, 10.0 dextrose, and 20.0 150 

sucrose. The slices were constantly oxygenated (95% O2, 5%CO2) and maintained at 151 



 

 9 

32°C in ACSF for 40 min, then at room temperature for at least 60 min. For incubation 152 

experiments, slices were bathed in CLP290 (10 ��M) for an additional hour prior to 153 

recording. To perform electrophysiological recordings, slices were transferred to a 154 

holding chamber and perfused with normal ACSF at a constant rate of 2–3 mL/min at 155 

32°C. Patch electrodes made of thin-walled borosilicate glass (1.12 mm inner diameter 156 

[ID], 1.5 mm outer diameter [OD]; World Precision Instruments [WPI]) had resistances 157 

of 1.0–2.0 M�
  when filled with the internal solution (in millimolar): 135.0 KCl, 12.0 NaCl, 158 

2.0 Mg-ATP, 0.5 EGTA, 10.0 HEPES, and 0.3 Tris-GTP (pH 7.2–7.3). 159 

For EGABA perforated-patch recordings in VTA GABA neurons, gramicidin was first 160 

dissolved in methanol to a concentration of 10 mg/mL and then diluted in a pipette 161 

solution to a final concentration of 150 ��g/mL. For synaptic stimulation recordings, a 162 

bipolar tungsten-stimulating electrode (World Precision Instruments) was placed 100–163 

150 ��m away from the recording electrode. To determine EGABA, evoked inhibitory 164 

postsynaptic currents (eIPSCs) were measured under voltage clamp at different holding 165 

potentials. Amplitudes of eIPSCs were plotted against voltage to estimate the reversal 166 

potential. After each perforated-patch experiment, recordings were converted to the 167 

whole-cell configuration, and the hyperpolarization-activated current (Ih) was measured. 168 

Recordings were performed in the presence of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 169 

20 ��M) and DL-2-amino-5-phosphonopentanoic acid (AP5, 50 ��M; Tocris Bioscience), 170 

CGP55845 (1 ��M), and tetrodotoxin (0.5 ��M, Abcam) to isolate GABAergic currents. 171 

Analogous experiments were conducted to determine whether acute nicotine altered 172 

EGABA in young rats (P21-P28). Indistinguishable from adult animals, VTA GABA 173 

neurons from P21-P28 rats receiving nicotine showed a significantly more depolarized 174 
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EGABA value compared to saline-treated controls: -63.8 ± 4.3 mV after nicotine, -87.6 ± 175 

2.4 mV after saline, n = 7, 8 cells/group, 4, 5 rats/group, t = 4.956, p = 0.000 (Table 1, 176 

line ‘a’). Cell visualization and long-term patch-clamp recordings in slices from adult rats 177 

are harder compared to juvenile rats. Therefore, given the similarity of nicotine effects 178 

between young and adult rats, subsequent ex vivo electrophysiological recordings were 179 

performed in midbrain slices from juvenile rats. 180 

To measure activity-dependent depression of eIPSCs, whole-cell recordings were 181 

performed during repetitive stimulation. The estimated GABA reversal was 182 

approximately -70 mV, and the internal solution contained (in mM): 123.0 K+-gluconate, 183 

8.0 NaCl, 2.0 Mg-ATP, 0.2 EGTA, 10.0 HEPES, and 0.3 Tris-GTP (pH 7.2–7.3). 184 

Synaptic GABAA input was isolated using DNQX, AP5, and CGP55845. The liquid 185 

junction potential between the bath and the pipette solutions was corrected. 186 

The effects of diazepam on firing rates of VTA GABA neurons were recorded in cell-187 

attached configuration in passive voltage-follower mode. For focal puff application of 188 

diazepam, the puff capillary was placed 10-20 �—m from the patched neuron. Brief (150-189 

300 ms) focal pressure ejections (1-3 puffs at 1.3 Hz) of diazepam (0.5 mM) occurred at 190 

1 min intervals following recording of baseline firing. After each cell-attached 191 

experiment, recordings were converted to the whole-cell configuration and Ih was 192 

measured. Some cells were also backfilled with neurobiotin for immuno-identification. 193 

Spontaneous inhibitory postsynaptic currents (sIPSCs) onto VTA DA neurons were 194 

recorded in voltage-clamp mode in whole-cell configuration. Synaptic GABAA inputs 195 

were isolated pharmacologically with the AMPA and NMDA-type glutamate receptor 196 
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antagonists DNQX and AP5. Additional sIPSC experiments were also performed with 197 

acetazolamide (10 ��M) in the bath or CLP incubation (10 ��M). 198 

All electrophysiological recordings were performed in the lateral VTA (Figure 1A). VTA 199 

GABA neurons were identified by a combination of factors, including small somata size, 200 

high firing rate (>7 Hz), and the lack of Ih (Figure 1B). Cells with these properties were 201 

consistently tyrosine hydroxylase (TH) negative (> 95%, Figure 1C) (Klink et al., 2001; 202 

Korotkova et al., 2006; Margolis et al., 2006; Ostroumov et al., 2016). Alternatively, 203 

dopamine neurons were identified in the lateral VTA by their morphology (>20 ��m soma 204 

size), their low firing frequency (<5 Hz), and the presence of a large Ih (Figures 1D and 205 

1E). Together these criteria are shown to correlate with TH-positive cells using 206 

immunocytochemistry approaches (95%, Figure 1F)  (Chen et al., 2008; Zhang et al., 207 

2010; Ostroumov et al., 2016). 208 

Recordings were made using an Axopatch 200B amplifier (Molecular Devices), filtered 209 

at 10 kHz, digitized at 20 kHz using pClamp 9.2 (Digidata Interface, Molecular Devices), 210 

and analyzed off-line using Clampfit 9.2. 211 

 212 

Western Blot 213 

The VTA was harvested in horizontal brain slices from adult rats and prepared as 214 

described previously in the Ex Vivo Electrophysiology section. Membrane fractions were 215 

prepared using the Mem-PER Plus Membrane Protein Extraction Kit (Model #89842; 216 

Thermo Scientific, Rockford, IL, USA). Samples (30 ��g protein) in 2.5% 2-217 

mercaptoethanol were run through a 4%–15% Precast Protein Gel (#4561083; Bio-Rad) 218 
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and transferred to nitrocellulose membrane (Bio-Rad). The primary antibodies used 219 

were rabbit anti-KCC2 antibody at 1:400 (#07-432; Millipore, Temecula, CA, USA) and 220 

mouse anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) antibody (#MAB374; 221 

Millipore) at 1:400. The secondary antibodies used were goat anti-rabbit 222 

immunoglobulin (Ig)G secondary antibody (#T2191; Applied Biosystems, Foster City, 223 

CA, USA) or goat anti-mouse IgG/IgM (#T2192, Applied Biosystems). All antibodies 224 

were diluted in SignalBoost solution (#407207; EMD Millipore, Billerica, MA, USA). 225 

Membranes were developed using Tropix CDP-Star solution (T2218; Applied 226 

Biosystems) for 5 min and then scanned using the Protein Simple FluorChem R 227 

chemiluminescence detector and analyzed using ImageJ. The optical densities of 228 

KCC2-specific bands were measured and normalized to the loading control GAPDH 229 

values. 230 

 231 

In Vivo Electrophysiology 232 

Rats were anesthetized with isoflurane and implanted with a catheter in the jugular vein. 233 

Animals were positioned on a stereotaxic apparatus and an incision in the middle was 234 

made to expose the skull. Burr holes were drilled to accommodate recording and 235 

ground electrodes. Rat body temperature was maintained throughout the experiment at 236 

37 ºC using an isothermal pad (Braintree Scientific, MA, USA).  237 

Electrodes were pulled on a horizontal puller (Sutter Instrument, CA, USA) from 238 

filament-containing borosilicate glass (0.68 mm ID, 1.2 mm OD; WPI). Electrodes were 239 

backfilled with 0.5M Na+-acetate and 2% Chicago Sky Blue (5 - 15 M�
 ). Electrodes 240 
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were slowly lowered with a micromanipulator and positioned in the lateral VTA 241 

(coordinates 5.3 – 6.0 mm posterior from bregma, 0.8 – 1.4 mm lateral to midline and 242 

7.5 – 8.5 mm ventral to brain surface). Electrical signals were recorded using an AM 243 

Systems Model 1700 amplifier (WA, USA), filtered at 0.3 – 5 kHz and monitored using 244 

pClamp 8.0 (Molecular Devices, CA, USA) and an audiomonitor (Grass Instruments). 245 

Lateral VTA DA neurons were identified based on their electrophysiological and 246 

pharmacological properties. Putative DA neurons exhibited low-frequency spontaneous 247 

firing (< 10 Hz, irregular or bursting) and a broad action potential waveform (> 3 ms; 248 

Figure 1G). In addition to electrophysiological criteria, we used pharmacological 249 

methods to identify DA neurons. DA neurons included in this study decreased their firing 250 

in response to D2 receptor agonist (quinpirole, 0.25 mg/kg, i.v.), and this effect was 251 

reversed by application of D2 receptor antagonist (eticlopride, 0.25 mg/kg, i.v.; Figure 252 

1H). This combination of conservative electrophysiological and pharmacological criteria 253 

is a reliable methodology to identify DA neurons in the lateral VTA (Ungless and Grace, 254 

2012). 255 

After 6-20 min of stable neuronal recording (basal activity), a 0.25 mg/kg dose of 256 

diazepam was injected i.v. Only one cell was recorded per rat. Drug-induced 257 

modifications of the basal activity were calculated in percentage for the 3-7 minute 258 

period following each administration of diazepam and compared with the predrug 259 

baseline. Following diazepam administration, quinpirole and eticlopride were injected 260 

i.v. for pharmacological identification of VTA neurons.  261 

After recording, the cell location was labeled by application of Chicago sky blue dye. 262 

The dye was injected via administering positive pressure (1-2 min) through the suction 263 
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port in the microelectrode holder. At the end of experiment, brains were kept in 10% 264 

formalin for at least a day. The brains were cut into 75-��m coronal sections on a 265 

vibratome (Leica Microsystems Inc., Buffalo Grove, IL, USA) and stained with cresyl 266 

violet to verify the recording site by light microscopy. 267 

 268 

Limited Access Nicotine Consumption 269 

Initially, rats received 1-hour access to saccharin solution (0.125%) in a chamber 270 

distinct from their home cage. Baseline saccharin consumption was monitored for at 271 

least 5 days until intake appeared stable. Nicotine was then introduced into the 272 

saccharin drinking solution in the following way: 0.004 mg/ml nicotine (freebase) on day 273 

1 and 0.008 mg/ml nicotine (freebase) for the subsequent 6 days. The control group 274 

was never introduced to nicotine and received saccharin control solution for the same 275 

number of sessions. Similar to the baseline days, rats also had 1-hour access to these 276 

nicotine or saccharin solutions for the 7 days. Western blot or electrophysiological 277 

measurements were performed the day after the last nicotine or saccharin session. 278 

 279 

Limited Access Diazepam Consumption 280 

All rats were handled and habituated to injections for five days prior to the start of 281 

experiments. Each day at the onset of the dark cycle (7 pm), water bottles were 282 

replaced with bottles containing 0.125% saccharin dissolved in water. Solution intake 283 

was measured 2 hours later by subtracting the weight of the bottles at 9 pm from the 284 

initial weight of the bottles before placement in the cages at 7 pm. An empty control 285 
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cage was utilized to account for any leakage from the experimental bottles. Saccharin 286 

drinking proceeded for 7-10 days until the stable baseline drinking levels were achieved 287 

(defined as +/- 1 standard deviation of the last three saccharin days for each rat).  288 

The day following the final baseline session of saccharin drinking, rats were injected 289 

with either nicotine or saline, i.p., 7 hours prior to drinking. Diazepam was then 290 

introduced into the drinking solution that night at 7 pm. Diazepam was dissolved to a 291 

concentration of 0.005 mg/ml in the saccharin drinking solution. Doses of diazepam 292 

achieved were expressed as mg/kg. Rats whose baseline saccharin drinking prior to 293 

diazepam exposure fell outside of our acceptable range of saccharin consumption, 294 

defined as two standard deviations above and below the mean baseline saccharin 295 

consumption of all rats (14.1 grams), did not receive diazepam or proceed with the 296 

experiment. This was done in order to ensure that rats were consuming enough solution 297 

to achieve a pharmacologically relevant dose of diazepam.  298 

 299 

Statistical Analyses  300 

A two-tailed t-test was used to assess differences between the mean GABA reversal 301 

potential, sIPSC frequency, and DA neuron firing rate. For western blot analysis, a 302 

paired t-test was used to compare protein levels from saline- and nicotine-treated 303 

littermates that were run on the same gel. An ANOVA with repeated measures was 304 

used to analyze the repetitive synaptic stimulation experiment, action potential firing in 305 

VTA GABA neurons, and daily diazepam intake. For analysis of action potential firing, 306 

the raw data were converted into percent of basal, and the last three bins (2 minutes 307 
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each) before bath application of diazepam were used as the baseline. Significance for 308 

all analyses was determined by p < 0.05. All statistical analysis was performed using 309 

SPSS software (IBM Corp., USA).  310 

 311 

RESULTS 312 

Nicotine Impairs Cl - Homeostasis in VTA GABA Neurons 313 

A recent study showed that repeated nicotine exposure during adolescence modifies 314 

inhibitory synaptic transmission in the VTA via depolarizing shifts in the GABAAR 315 

reversal potential (EGABA) of GABA neurons (Thomas et al., 2018). To determine 316 

whether acute nicotine exposure was sufficient to alter EGABA, rats were treated with 317 

nicotine (0.4 mg/kg) or saline approximately 15 hours prior to electrophysiological 318 

recordings from midbrain slices. We chose the 15-hour pretreatment period to examine 319 

the lasting impact of nicotine on neural circuits, and not the immediate pharmacological 320 

effect of nicotine itself. We measured GABAAR currents at different membrane 321 

potentials following electrical stimulation (Figures 2A and 2B). VTA GABA neurons from 322 

rats receiving nicotine showed a significantly more depolarized EGABA value compared to 323 

saline-treated controls (Figures 2B and 2C): -62.3 ± 2.5 mV after nicotine (red data) 324 

versus -85.5 ± 1.9 mV after saline (black data), n = 13, 14 cells/group, 7 rats/group, t = 325 

7.525, p = 7.039×10-8 (Table 1, line ‘b’). Although EGABA was depolarized, acute nicotine 326 

did not alter the membrane resting potential (measured as zero holding current): -62.7 ± 327 

2.7 mV after nicotine, -58.8 ± 1.8 mV after saline, n = 13, 14 cells/group, 7 rats/group, t 328 

= -1.191, p = 0.245 (Table 1, line ‘c’).  329 
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A depolarizing shift in EGABA reflects a higher intracellular anion concentration and is 330 

often mediated by a decrease in Cl- extrusion capacity. During prolonged GABAAR 331 

stimulation, decreased Cl- extrusion capacity leads to intracellular Cl- accumulation, 332 

culminating in the collapse of the Cl- gradient and decreased synaptic GABAAR 333 

inhibition. To test whether acute nicotine administration weakens Cl- extrusion in VTA 334 

GABA neurons, we established a similar Cl- gradient in cells from nicotine and saline-335 

treated rats by using the whole-cell patch clamp recording configuration. Then, we 336 

applied repetitive GABAAR stimulation to measure activity-dependent collapse of the Cl- 337 

gradient, which is reflected in the depression of the eIPSCs (Hewitt et al., 2009; 338 

Ostroumov et al., 2016; Ferrini et al., 2017). Specifically, the rate of decrease of eIPSC 339 

amplitude at the conditions that favor Cl- influx (0 mV) depends on intracellular Cl- 340 

accumulation and activity-dependent synaptic depression. In contrast, the rate of eIPSC 341 

amplitude decrease at the conditions of Cl- efflux (-90 mV) only reflect activity-342 

dependent synaptic depression. Upon electrical stimulation at 20 Hz at a holding 343 

potential of -90 mV, nicotine did not affect the rate of synaptic depression in VTA GABA 344 

neurons (Figure 2D): Group × Number, F(4,88) = 0.499, p = 0.736 (Table 1, line ‘d’). In 345 

contrast, the decrease in eIPSC amplitude at 0 mV occurred significantly faster after 346 

nicotine pretreatment (Figure 2E): Group × Number, F(4,88) = 12.240, p = 0.000 (Table 347 

1, line ‘e’). The differential effect of acute nicotine at -90 mV versus 0 mV indicates that 348 

nicotine increased postsynaptic Cl- accumulation, suggesting a reduced capacity for Cl- 349 

extrusion in VTA GABA neurons. 350 

Reductions in Cl- extrusion capacity in neurons are often mediated by the 351 

downregulation of KCC2 (Ostroumov et al., 2016; Thomas et al., 2018). Within the VTA, 352 
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KCC2 protein is expressed on non-DA, GABAergic neurons, which is consistent with the 353 

presence of another chloride extrusion mechanism in DA neurons (Gulacsi et al., 2003; 354 

Ostroumov et al., 2016; Taylor et al., 2016; Thomas et al., 2018). To examine acute 355 

nicotine-induced alterations in KCC2 protein expression, we performed western blot 356 

analysis using an antibody against KCC2 protein. Immunoblots revealed two prominent 357 

bands (~140 and ~270 kDa), indicating the presence of monomeric and dimeric 358 

structures of KCC2 protein (Figure 2F). A significant reduction in the expression of 359 

KCC2 was observed after acute nicotine pretreatment (Figure 2G): 59.9% ± 7.0% for 360 

monomer, 59.0% ± 10.6% for dimer, n = 6 rats/group, t = 4.526, p = 0.006 for monomer 361 

(Table 1, line ‘f’), t = 2.930, p = 0.033 for dimer (Table 1, line ‘g’). Our results indicate 362 

that acute nicotine decreases KCC2 expression and function, leading to impaired Cl- 363 

homeostasis in VTA GABA neurons. 364 

In addition to acute noncontingent nicotine exposure (i.e., experimenter-administered), 365 

we measured chloride homeostasis in rats that received 1-hour daily access to nicotine 366 

in saccharin drinking solution. Under this paradigm, rats demonstrated stable intake of 367 

nicotine (0.15 ± 0.01 mg/kg, n = 11 rats, Figure 3A and 3B). Seven nicotine drinking 368 

sessions led to a significantly depolarized EGABA value in VTA GABA neurons compared 369 

to seven drinking sessions of saccharin alone (Figure 3C): -59.5 ± 3.3 mV after nicotine 370 

(red data) versus -82.0 ± 2.3 mV in saccharin controls (black data), n = 6, 8 cells/group, 371 

3 rats/group, t = 5.724, p = 9.544×10-5 (table 1, line ‘h’). In addition, we observed a 372 

significant reduction in KCC2 expression within the VTA after 7 days of nicotine 373 

consumption (Figure 3D): 65.0% ± 11.3% for monomer, t = 2.618, p = 0.047; 66.6% ± 374 

9.5% for dimer, t = 2.587, p = 0.049, n = 6 rats/group (table 1, lines ‘i’ and ‘j’). Taken 375 
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together, these data indicate that different methods of nicotine administration induce 376 

similar alterations in KCC2 expression, chloride homeostasis, and GABAAR signaling 377 

within VTA GABA neurons. 378 

 379 

Acute Nicotine Exposure Shifts the Eff ect of Diazepam in VTA GABA Neurons 380 

Depolarizing shifts in EGABA result in decreased synaptic inhibition or even paradoxical 381 

GABAergic excitation of VTA GABA neurons in response to GABAAR activation 382 

(Ostroumov et al., 2016; Thomas et al., 2018). Given that benzodiazepines enhance 383 

GABAAR function in VTA GABA neurons (Tan et al., 2010), we hypothesized that acute 384 

nicotine exposure would alter the effects of diazepam on VTA GABA neuron activity. To 385 

test this, midbrain slices were prepared from rats pretreated with nicotine or saline (15 386 

hours prior), and diazepam’s effect on VTA GABA neuron spontaneous firing rate was 387 

measured in a cell-attached configuration (Figure 4A). The basal spontaneous firing rate 388 

of GABA neurons was not altered after exposure to the nicotine treatment: 12.9 ± 1.3 389 

Hz in saline-treated versus 10.2 ± 1.2 Hz in nicotine-treated rats (n = 7, 8 cells/group, 4, 390 

5 rats/group, t = -1.584, p = 0.137, Table 1, line ‘k’). Bath-application of diazepam (5 391 

�—M) on VTA slices from saline-treated control animals decreased GABA neuron firing 392 

rate (Figures 4B and 4C, black data), consistent with the enhanced GABAAR-mediated 393 

inhibition of VTA GABA neurons (Tan et al., 2010). In marked contrast, a significant 394 

diazepam-induced increase in GABA neuron firing rate was observed following nicotine 395 

(Figures 4B and 4C, red trace): Group × Time, F(10, 130) = 10.593, p = 0.000 (Table 1, 396 

line ‘l’). This finding demonstrates that diazepam-dependent enhancement of GABAAR 397 

activity induced GABAergic excitation of VTA GABA neurons after exposure to nicotine. 398 
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To differentiate global diazepam-mediated alterations in VTA GABA neuron firing from 399 

local synaptic effects on the patched neurons, we performed brief focal pressure 400 

ejection of diazepam onto VTA GABA neurons (Figure 4D). Upon focal application of 401 

diazepam, VTA GABA neurons from control animals showed decreased firing (Figures 402 

4E and 4F, black data, 66.0% ± 3.0% of basal firing, n = 17 cells, 11 rats). After acute 403 

nicotine treatment, local diazepam application produced less GABA-neuron inhibition, 404 

and 8 out of 17 GABA neurons from nicotine-treated animals showed increased firing to 405 

diazepam (Figures 4E and 4F, red data, 103% ± 9.9% of basal, n =17 cells, 9 rats, t = 406 

3.592, p = 0.001, Table 1, line ‘m’). Taken together, our results show qualitatively similar 407 

effects of bath and local diazepam application on VTA GABA neuron firing rate. 408 

 409 

Acute Nicotine Increases Diazepam- Induced Inhibition of Dopamine Neurons Ex 410 

Vivo  411 

VTA GABA transmission influences midbrain DA neuron activity and is modulated upon 412 

exposure to diazepam (Tan et al., 2010). Depolarizing shifts in EGABA within VTA GABA 413 

neurons were previously associated with greater ethanol-induced inhibition of lateral 414 

VTA DA neurons (Ostroumov et al., 2016; Thomas et al., 2018). To determine whether 415 

acute nicotine exposure altered diazepam-induced GABA release onto DA neurons, we 416 

performed whole-cell patch-clamp recordings of lateral VTA DA neurons and measured 417 

spontaneous IPSCs (sIPSCs, Figure 5A). No significant differences in baseline sIPSC 418 

frequency or amplitude were detected between the saline and nicotine groups: 2.2 ± 0.2 419 

Hz in saline-treated versus 2.3 ± 0.4 Hz in nicotine-treated rats, 34.4 ± 4.0 pA in saline-420 

treated versus 34.2 ± 2.8 pA in nicotine-treated rats (t = 0.234, p = 0.817 for frequency 421 
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and t = -0.045, p = 0.965 for amplitude, n =14, 15 cells, 6 rats/group, Table 1, lines ‘n’ 422 

and ‘o’). In saline-treated control rats, bath-applied diazepam (5 �—M) produced a 423 

decrease in sIPSC frequency (Figure 5A and 5B): 69.1% ± 3.8% of basal, black data, n 424 

= 15 cells, 6 rats. In contrast, lateral-VTA DA neurons from rats pretreated with nicotine 425 

showed a significant diazepam-induced increase in sIPSC frequency compared to 426 

control rats (Figures 5A and 5B): nicotine-treated, 125.8% ± 4.4% of basal, red data, n = 427 

14 cells, 6 rats, t = 9.850, p = 0.000 (Table 1, line ‘p’). Importantly, neither group 428 

showed alterations in sIPSC amplitude upon exposure to diazepam: 103.36 ± 11.3 in 429 

saline-treated rats vs. 98.0 ± 4.9 in nicotine-treated rats (n = 14, 15 cells/group, 6 430 

rats/group, t = -0.425, p = 0.674, Table 1, line ‘q’). An increase in the frequency, but not 431 

the amplitude, of sIPSCs following diazepam suggests enhanced presynaptic GABA 432 

release onto the DA neurons. These changes in GABA release in saline- and nicotine-433 

treated groups correspond with diazepam-induced inhibition and excitation of VTA 434 

GABA neurons, respectively. 435 

To test whether diazepam-induced potentiation of sIPSC frequency involved GABAAR-436 

mediated excitation of VTA GABA neurons, we pharmacologically blocked excitatory 437 

GABAAR function. Previous studies reported that depolarizing current through GABAAR 438 

is mediated by the outward flow of HCO3
- ions, which becomes predominant during the 439 

loss of the hyperpolarizing Cl- gradient (Staley et al., 1995; Laviolette et al., 2004; 440 

Doyon et al., 2016; Ostroumov et al., 2016). Given that the carbonic anhydrase inhibitor 441 

acetazolamide (ACTZ) blocks the intracellular production of bicarbonate ions and the 442 

depolarizing bicarbonate ion efflux, we hypothesized that ACTZ would prevent the 443 

diazepam-induced sIPSC frequency increase following nicotine exposure. Bath 444 
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application of acetazolamide (10 ��M) did not change basal sIPSC frequency between 445 

control and nicotine groups, nor did it change control responses to diazepam. However, 446 

exposure to diazepam in the presence of acetazolamide blocked the increase in sIPSC 447 

frequency after nicotine (Figure 5C, 70.2% ± 7.0% in nicotine-treated animals, and 448 

63.5% ± 6.3% in saline-treated controls, n = 7 cells/group, 3 rats/group, t = 0.710, p = 449 

0.491, Table 1, line ‘r’), confirming that this increase was due, at least in part, to 450 

excitatory GABAAR function.  451 

Next, we hypothesized that excitatory GABAAR function following nicotine exposure 452 

derived from the downregulation of KCC2 in VTA GABA neurons. Previous work 453 

demonstrated that enhancing Cl- extrusion with the KCC2 agonist, CLP290, prevents 454 

GABAergic excitation of VTA GABA neurons in conditions of dysfunctional KCC2 455 

(Gagnon et al., 2013; Ostroumov et al., 2016; Thomas et al., 2018). To determine 456 

whether CLP290 can prevent the enhanced GABA release onto DA neurons observed 457 

in the nicotine-pretreated animals, we measured sIPSC frequency in slices incubated in 458 

CLP290 (>1 hr, 10 �—M) prior to recordings. The nicotine-mediated potentiation of the 459 

sIPSC frequency elicited by diazepam was prevented by CLP290 incubation (Figure 460 

5D): 65.5% ± 5.9% in nicotine-pretreated animals (red bar with CLP290 treatment) and 461 

74.9% ± 4.3% in saline-treated controls (black bar with CLP290 treatment, n = 7, 8 462 

cells/group, 3, 4 rats/group, t = -1.253, p = 0.232, Table 1, line ‘s’). Taken together, 463 

these results indicate that the effect of acute nicotine pretreatment on diazepam-464 

induced GABA network activity in the VTA was mediated by impaired Cl- homeostasis 465 

and altered GABAergic circuit function. 466 

 467 
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Acute Nicotine Attenuates Diazepam-induced Dopamine Activity In Vivo  468 

Given that benzodiazepine application typically increases VTA DA neuron firing through 469 

disinhibition (O'Brien and White, 1987; Tan et al., 2010), we hypothesized that nicotine-470 

induced depolarization of EGABA in VTA GABA neurons would attenuate diazepam-471 

induced DA responses in the lateral VTA. To test this, we conducted in vivo single-unit 472 

recordings of lateral VTA DA neurons in anesthetized rats. DA neurons were identified 473 

based on their electrophysiological and pharmacological properties (see Methods and 474 

Figure 1G, 1H). No significant difference in the mean basal firing rate between groups 475 

was observed, 8.0 ± 1.0 Hz after saline versus 8.2 ± 0.9 Hz after nicotine, n = 7 476 

rats/group, t = 0.094, p = 0.926 (Table 1, line ‘t’). The spontaneous firing rates of VTA 477 

DA neurons were monitored before and after intravenous infusion of diazepam (0.25 478 

mg/kg). The selected dose of diazepam was chosen because it disinhibits VTA DA 479 

neurons in rodents and extrapolates to a single dose of 2 mg in humans (O'Brien and 480 

White, 1987; Nair and Jacob, 2016). Diazepam administration induced a substantial 481 

increase in the spontaneous firing rate of lateral VTA DA neurons in saline-treated 482 

controls (Figures 6A and 6B, black data): 113.4 ± 3.2 % of basal, n = 7 rats. In contrast, 483 

DA neurons from nicotine-pretreated animals did not show significant increases in DA 484 

firing (Figures 6A and 6B, red data): 91.1 ± 4.3 % of basal, n = 7 rats, t = -4.11882, p = 485 

0.001 (Table 1, line ‘u’). The VTA recording sites from saline- (black) and nicotine-486 

treated (red) rats were similar across experiments (Figure 6C). Taken together, our data 487 

indicate that acute nicotine exposure modified the pharmacological effects of diazepam 488 

on VTA circuitry, in particular serving to attenuate diazepam-induced DA responses 489 
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which correlate with the increased sIPSC frequency observed in the ex vivo 490 

experiments. 491 

 492 

Acute Nicotine Increases Diazepam Intake 493 

Previous work demonstrated that nicotine administration leads to increased 494 

consumption of ethanol (Doyon et al., 2013; Thomas et al., 2018). Ethanol and 495 

diazepam exert their actions on the mesolimbic DA system, in part, through activation of 496 

GABAAR on VTA GABA neurons. Therefore, we hypothesized that, like ethanol, 497 

diazepam consumption would be increased following acute nicotine exposure. To 498 

measure diazepam consumption, we used a 2-hour limited access home cage drinking 499 

paradigm to elicit substantial short-term diazepam intake in rats, without causing the 500 

motor impairment produced by large diazepam doses that could confound interpretation 501 

of the results (Figure 7A) (Soderpalm et al., 1991). Stable consumption of saccharin 502 

(0.125%, w/v) was first established followed by the introduction of diazepam (0.005 503 

mg/ml) into the drinking solution. This dose of diazepam was selected based on the 504 

volume of saccharin solution consumed to correspond with the dose of diazepam given 505 

for our in vivo DA neuron recordings. Animals receive an acute injection of either 506 

nicotine (0.4 mg/kg) or saline approximately 7-8 hours prior to the first diazepam 507 

drinking session. Upon adding diazepam to the drinking solution, nicotine-treated 508 

animals substantially increased total fluid intake compared to saline-treated controls 509 

(Figure 7B): Group × Day, F(10,170) = 6.12, p = 0.000 (Table 1, line ‘v’). Analysis of 510 

diazepam consumption according to individual animal weights revealed greater drug 511 

intake among nicotine-treated rats compared to controls (Figure 7C): Group, F(1,17) = 512 
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5.72, p = 0.029 (Table 1, line ‘w’). Mean diazepam intake across the 8-day 513 

measurement period was significantly higher for the nicotine-treated group (0.30 ± 0.03 514 

mg/kg) compared to the saline-treated group (0.21 ± 0.02 mg/kg, Figure 7D, n = 9, 10 515 

rats/group, t = 2.391, p = 0.029, Table 1, line ‘x’). In separate groups of animals, we 516 

measured saccharin consumption in the absence of diazepam and found no difference 517 

between nicotine and saline-treated rats (Figure 7E): Group, F(1,20) = 0.06, p = 0.940 518 

for daily intake (Table 1, line ‘y’). Mean saccharin intake across the 8 days was 50.8 ± 519 

4.03 mg/kg for the nicotine-pretreated group and 50.3 ± 5.09 mg/kg for the saline 520 

pretreated group (Figure 7F, n = 7, 15 rats/group, t = 0.077, p = 0.940, Table 1, line ‘z’). 521 

Therefore, the increased diazepam intake in nicotine-pretreated animals was not due to 522 

an increase in saccharin intake. 523 

Given that the KCC2 agonist, CLP290, restored diazepam-induced VTA GABA 524 

signaling ex vivo, we hypothesized that enhancing Cl- extrusion would also prevent 525 

elevated diazepam consumption following nicotine exposure. Nicotine-treated rats 526 

received systemic injections of CLP290 (10 mg/kg) or vehicle 45 minutes prior to 527 

diazepam access sessions on non-consecutive days (Figure 7G, indicated by arrow). 528 

Compared to nicotine-treated rats that received injections of vehicle (Figure 7G, red 529 

data), nicotine-treated rats that received injections of CLP290 significantly decreased 530 

daily diazepam consumption (Figure 7G, blue data): Group F (1, 24) = 4.74, p = 0.040 531 

(Table 1, line ‘aa’). Mean diazepam intake over the 8-day period was also significantly 532 

lower in nicotine-treated rats (Figure 7H) that received injections of CLP290 (0.22 ± 0.02 533 

mg/kg, blue bar) compared to nicotine-treated rats that received injections of vehicle 534 

(0.29 ± 0.02 mg/kg, red bar), n = 11, 15 rats/group, t = -2.176, p = 0.040 (Table 1, line 535 
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‘bb’). These data were indistinguishable from the saline-treated control group (Figure 536 

7H, dotted horizontal line). 537 

 538 

DISCUSSION 539 

In the present work, we demonstrated in rats that exposure to nicotine modifies the 540 

pharmacological action of diazepam on VTA circuitry and is associated with increased 541 

diazepam intake. In VTA GABA neurons, acute nicotine exposure caused a depolarizing 542 

shift in the GABAAR reversal potential (EGABA), which corresponded with diminished Cl- 543 

extrusion capacity and decreased KCC2 expression. These nicotine-induced alterations 544 

in Cl- homeostasis shifted the effect of diazepam on VTA GABA neurons from inhibition 545 

toward excitation and were associated with enhanced GABAergic inhibition of DA 546 

neurons in the lateral VTA upon diazepam exposure. Critically, enhancing KCC2-547 

mediated Cl- extrusion in nicotine-treated animals prevented alterations in diazepam-548 

induced VTA GABA transmission (Figure 5D) and reduced diazepam consumption to 549 

control levels (Figures 7G-H). 550 

A depolarizing shift in EGABA results in decreased synaptic inhibition or even paradoxical 551 

GABAergic excitation of VTA GABA neurons. Although previous work reports 552 

depolarizing shifts in GABAAR signaling within the VTA following repeated adolescent 553 

nicotine administration (Thomas et al., 2018), the current results demonstrate that these 554 

adaptations can arise in response to a single nicotine exposure in adult animals. 555 

Another important difference between chronic adolescent versus acute adult nicotine 556 

exposure is the duration of nicotine-induced neuroadaptations. Previous studies showed 557 



 

 27 

that dysregulation of VTA GABA signaling persists for more than 3 weeks following 558 

repeated nicotine in adolescence, whereas the effect of acute nicotine in adults wanes 559 

within several days (Doyon et al., 2013; Thomas et al., 2018). In addition to nicotine, 560 

treatments that shift GABAAR signaling toward excitation in VTA GABA neurons include 561 

abrupt withdrawal from chronic morphine or ethanol, as well as aversive or pain states 562 

(Taylor et al., 2015; Ostroumov et al., 2016; Taylor et al., 2016; Nelson et al., 2018). 563 

Together with this literature, our findings indicate that experience-dependent 564 

depolarizing shifts in GABAAR signaling represent a common, yet remarkably 565 

understudied, form of inhibitory synaptic plasticity in the VTA. 566 

Plasticity of inhibitory transmission on VTA GABA neurons can modify the 567 

pharmacological action of addictive drugs that target GABAAR (Vashchinkina et al., 568 

2014). In agreement with previous studies (O'Brien and White, 1987; Tan et al., 2010), 569 

our findings show that positive modulation of GABAAR signaling by diazepam 570 

attenuates VTA GABA neuron activity in drug naïve animals. However, after nicotine 571 

exposure, diazepam-induced inhibition of VTA GABA neurons was diminished and 572 

shifted toward excitation. This transition in GABAAR function arises from impaired Cl- 573 

extrusion and downregulation of the K+, Cl- transporter KCC2 (Staley et al., 1995; 574 

Ostroumov et al., 2016). Upon diazepam-induced potentiation of GABAAR activity, 575 

diminished function of KCC2 leads to the accumulation of Cl- inside the neuron and 576 

subsequent collapse of the Cl- gradient (Figure 2D-E), which is necessary for the 577 

hyperpolarizing GABAAR function (Staley et al., 1995; Hewitt et al., 2009). An activity-578 

dependent decrease in the hyperpolarizing Cl- gradient decreases GABAergic inhibition 579 

and unmasks an outward flux of HCO3
- ions through GABAARs, resulting in neuronal 580 
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depolarization/excitation (Bormann et al., 1987; Kaila, 1994; Hewitt et al., 2009; Doyon 581 

et al., 2016). Consistent with this model, enhancing Cl- extrusion with CLP290 or 582 

attenuating HCO3
- efflux with acetazolamide prevented diazepam-induced excitation of 583 

VTA GABA circuitry (Figures 5B-D). 584 

Downstream of KCC2 and VTA GABA neuron alterations, we observed diazepam-585 

induced inhibition of lateral VTA DA neurons and increased diazepam intake in nicotine-586 

treated animals. We speculate that adaptations in the inhibitory input onto VTA DA 587 

neurons arise from local GABA neurons, but other afferent projections may play a role 588 

as well. The correlation between attenuated diazepam-induced dopamine responses 589 

and increased addictive behaviors is consistent across different species and multiple 590 

drugs of abuse, including alcohol, nicotine, cocaine and marijuana (Martinez et al., 591 

2007; Lack et al., 2008; Audrain-McGovern et al., 2012; Wang et al., 2012; Doyon et al., 592 

2013; Volkow et al., 2014; Twining et al., 2015; Ostroumov et al., 2016; Buchel et al., 593 

2017; Thomas et al., 2018). Clinical and preclinical studies associate blunted dopamine 594 

signaling with decreased reward sensitivity and perpetuation of drug use as a means to 595 

overcome the attenuated subjective effects (Martinez et al., 2007; Volkow et al., 2010; 596 

Volkow et al., 2014; Taylor et al., 2015; Twining et al., 2015; Taylor et al., 2016). In 597 

parallel, GABA-mediated persistent decreases in DA neuron activity effectively increase 598 

phasic DA responses to salient, drug-related stimuli that may drive addictive-like 599 

behaviors (Wanat et al., 2009; Tolu et al., 2013; Morozova et al., 2016; Schindler et al., 600 

2016; Kruse et al., 2017). In this way, phasic DA signals stand out from the background 601 

DA, producing an increased signal-to-noise for salient events. Our electrophysiological 602 

data were collected in slices or in anesthetized animals and correspond to 603 
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pharmacological responses to diazepam in the absence of cues. Therefore, future work 604 

should examine how exposure to nicotine alters phasic and tonic DA responding in vivo 605 

during addictive behaviors. 606 

Recent epidemiological studies report a steep rise in benzodiazepine misuse and 607 

overdose mortality, occurring most commonly in poly drug users (Dunbar et al., 1988; 608 

Woods et al., 1992; Griffiths and Weerts, 1997; Lekka et al., 1997; Neutel, 2005; Licata 609 

and Rowlett, 2008; Bachhuber et al., 2016; Lembke et al., 2018; Maust et al., 2019). We 610 

showed that nicotine pretreatment increases diazepam intake for several days. The 611 

prolonged behavioral effect of a single nicotine exposure suggests that KCC2 down-612 

regulation serves as a form of metaplasticity, facilitating downstream diazepam-induced 613 

neuroadaptations that maintain elevated consumption (Creed and Luscher, 2013; Cui et 614 

al., 2013; Ostroumov and Dani, 2018). An important parameter in our experimental 615 

design is that the nicotine exposure was well separated (7 – 15 hr) from diazepam 616 

exposure, which allowed us to examine the lasting neural circuit consequences of the 617 

treatment not the proximal effect of nicotine itself. Although dysregulated VTA GABA 618 

transmission was observed following repeated nicotine administration (Figure 3) and 619 

(Thomas et al., 2018), future work should explore the impact of chronic nicotine-induced 620 

KCC2 down-regulation on nicotine-benzodiazepine co-abuse.  621 

Following nicotine administration, elevated diazepam intake was associated with 622 

midbrain KCC2 dysfunction and could be prevented by the KCC2 agonist, CLP290. 623 

These results suggest that Cl- extrusion enhancers may serve as a therapeutic strategy 624 

to mitigate excessive diazepam consumption in smoking populations (Dunbar et al., 625 

1988; Lekka et al., 1997; Neutel, 2005). Moreover, KCC2 hypofunction and 626 
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compromised GABAergic inhibition have been observed following other risk factors for 627 

benzodiazepine abuse, including opiates and alcohol (Laviolette et al., 2004; Taylor et 628 

al., 2016; Nelson et al., 2018), suggesting that alterations in midbrain KCC2 are a 629 

neurobiological mechanism contributing to the vulnerability to benzodiazepine abuse. 630 

Taken together, our results reveal that acute nicotine exposure induces long-lasting 631 

alterations in mesolimbic responses to benzodiazepines and promotes diazepam 632 

consumption in rats. While it is known that nicotine use increases the risk for abuse of 633 

other drugs, our data demonstrate that this association extends to benzodiazepines. 634 

Moreover, we provide novel insight into the circuit and molecular adaptations giving rise 635 

to heightened diazepam consumption after nicotine exposure. 636 
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FIGURE LEGENDS 820 

Figure 1: Ex vivo  and in vivo  identification of GABA an d DA neurons in the lateral 821 

VTA. 822 

A. The lateral VTA was identified as medial to the medial terminal nucleus of the 823 

accessory optic tract (mt) and lateral and rostral to the crest of medial lemniscus (ml). 824 

Abbreviations: VTA = ventral tegmental area, SNc = substantia nigra pars compacta, 825 

SNr = substantia nigra pars reticulate, ml = medial lemniscus, mt = medial terminal 826 

nucleus of accessory optic tract. 827 

B. VTA GABA neurons displayed fast spontaneous firing rates (>7 Hz) and lack of Ih. 828 

The firing rates of VTA GABA neurons were recorded in cell-attached configuration in 829 

passive voltage-follower mode. Ih was recorded in whole-cell configuration using voltage 830 

step protocol (-40 mV to -110mV in 10 mV steps, 1.5 s duration, traces on (B) displayed 831 

for steps from -80 to -110). 832 

C. Neurobiotin-labeled VTA neurons with these electrophysiological properties were 833 

immunonegative for tyrosine hydroxylase (TH), consistent with a non-DA phenotype. 834 

D. Ex vivo patch clamp recordings of DA neurons were performed in the lateral VTA. 835 

Spontaneous firing rate of DA neurons was measured using the cell-attached 836 

configuration, and the whole-cell configuration was used to identify DA neurons 837 

electrophysiologically and histochemically upon termination of the recording. 838 

E. VTA DA neurons displayed low spontaneous firing frequency (< 5 HZ) and large Ih (> 839 

150 pA). 840 

F. Neurobiotin-labeled DA neurons with these electrophysiological properties were 841 

immuno-positive for tyrosine hydroxylase (TH, red stain). 842 
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G. In vivo single-unit recordings of VTA DA neurons in anesthetized rats. Example 843 

traces for putative dopamine neurons showing low frequency spontaneous firing (<10 844 

Hz) and broad triphasic action potential (>3 ms). 845 

H. Putative DA neurons were inhibited by the D2-type receptor agonist quinpirole (0.25 846 

g/kg). This effect was then reversed following the D2-type receptor antagonist 847 

eticlopride (0.25 g/kg). 848 

 849 

Figure 2: Acute nicotine exposure alters Cl - homeostasis in the VTA. 850 

A. GABAergic input onto VTA GABA neurons was measured using gramicidin 851 

perforated-patch whole-cell recordings at different holding potentials to measure 852 

nicotine-induced alterations in anion homeostasis. GABAA IPSCs were evoked by 853 

electrical stimulation in the presence of ionotropic glutamate and GABAB receptor 854 

antagonists. 855 

B. Representative eIPSC recordings from saline (black) and nicotine (red)-treated 856 

animals at the given holding potentials (Vh). The eIPSCs reverse direction at EGABA. For 857 

display, the traces were filtered, and stimulus artifacts were removed. 858 

C. VTA GABA neurons from nicotine-treated animals (red) showed a significantly more 859 

positive EGABA compared to saline-treated animals (black). **p < 0.01, significantly 860 

different by t-test, n = 13, 14 cells/group, 7 rats/group. 861 

D. Activity-dependent synaptic depression in VTA GABA neurons was measured during 862 

whole-cell patch clamp recordings under repetitive GABAAR stimulation. Traces on top: 863 

representative GABA neurons from saline (black) and nicotine-treated rats (red) 864 

demonstrated a similar depression in eIPSC amplitude when stimulated at 20 Hz and 865 
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clamped at -90 mV. Bottom graph: at -90 mV, VTA GABA neurons from control and 866 

stressed animals showed no significant difference in rate of eIPSC amplitude 867 

depression (p > 0.05, n = 8 cells, 4 rats for the nicotine group and n = 16 cells, 6 rats for 868 

the saline group). Amplitude values were averaged for five eIPSCs and shown as a 869 

percent of the first five eIPSCs mean amplitude. 870 

E. Cl- accumulation was measured as in D, but VTA GABA neurons were clamped at 0 871 

mV. Top traces: Upon stimulation, VTA GABA neuron from control animal (black) 872 

demonstrated a minor depression of eIPSC amplitude compared to the significantly 873 

greater depression seen in a GABA neuron from a stressed animal (red). Bottom graph: 874 

at 0 mV, GABA neurons from nicotine treated animals (red) demonstrated a significantly 875 

greater rate of eIPSC amplitude depression than GABA neurons from saline-treated 876 

animals (black). **p < 0.01, significantly different by ANOVA with repeated measures, n 877 

= 8 cells, 4 rats for the nicotine group and n = 16 cells, 6 rats for the saline group. 878 

F. Western blot analysis was conducted for KCC2 protein expression with GAPDH as a 879 

loading control. A representative western blot shows reduced expression of KCC2 in 880 

nicotine-treated animals. 881 

G. Densiometric analysis showed a significant reduction in KCC2 protein in nicotine-882 

treated animals (red bars) compared to saline-treated controls (horizontal dashed line).  883 

*p < 0.05, **p < 0.01, significantly different by paired t-test, n = 6 animals/group. 884 

 885 

Figure 3: Nicotine consumption impairs chloride homeostasis in the VTA.  886 

A. Rats consumed a nicotine-containing saccharin solution for 1hr/day over the course 887 

of 7 days. 888 
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B. Mean nicotine consumption during 1hr daily free-access sessions. Rats consumed 889 

0.15 ± 0.01 mg/kg nicotine on average over the 7 days of limited access, n = 11 rats. 890 

C. VTA GABA neurons from nicotine-drinking (red) rats displayed a significantly 891 

depolarized EGABA relative to saccharin-drinking (black) rats. **p < 0.01, significantly 892 

different by t-test, n = 6, 8 cells/group, 3 rats/group. 893 

D. Western blot analysis revealed that nicotine-drinking produced a significant reduction 894 

in KCC2 expression in the VTA relative to saccharin drinking rats (horizontal dashed 895 

line). *p < 0.05 significantly different by paired t-test, n = 6 animals/group.  896 

 897 

Figure 4: Diazepam increases the firing rate of VTA GABA neurons following 898 

acute nicotine exposure.  899 

A. Spontaneous firing rates of VTA GABA neurons were measured using the cell-900 

attached configuration before and after bath application of diazepam.  901 

B. Representative recordings from VTA GABA neurons before and after bath 902 

administration of diazepam in the nicotine (red) and saline (black) groups. After nicotine 903 

pretreatment, bath applied diazepam increased GABA neuron firing rates in contrast to 904 

decreased firing in the saline group. 905 

C. In saline-treated controls, diazepam decreased the firing rate of VTA GABA neurons. 906 

In the nicotine-treated group, diazepam increased the firing rate of VTA GABA neurons. 907 

**p < 0.01, significantly different by ANOVA with repeated measures, n = 7, 8 908 

cells/group, 4, 5 rats/group. 909 

D. Cell-attached recordings were performed on VTA GABA neurons to assess changes 910 

in firing in response to locally applied diazepam ex vivo. 911 
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E. VTA GABA neurons from saline-treated animals (black) demonstrated a reduction in 912 

action potential firing when diazepam was focally puffed onto the recorded neuron. In 913 

contrast, VTA GABA neurons from nicotine-treated rats (red) often displayed enhanced 914 

firing to diazepam puff application. 915 

F. Focal puff application of diazepam decreased the firing rate of VTA GABA neurons in 916 

saline-treated controls. In nicotine-treated animals, puff-administered diazepam 917 

increased the firing rate of nearly half of all VTA GABA neurons recorded. **p < 0.01, 918 

significantly different by t-test, n = 17 cells/group, 9, 11 rats/group. 919 

 920 

Figure 5: Acute nicotine exposure increases diazepam-induced GABA 921 

transmission onto VTA DA neurons.  922 

A. Spontaneous IPSCs (sIPSCs) onto VTA DA neurons were recorded using the whole-923 

cell patch clamp configuration. Shown are representative recordings of sIPSCs before 924 

and after diazepam administration in the nicotine-treated (red) and saline (black) 925 

groups.  926 

B. Mean changes in sIPSC frequency after bath application of diazepam in VTA DA 927 

neurons. DA neurons from saline-treated (black) rats displayed a reduction in sIPSC 928 

frequency upon diazepam application. In contrast, DA neurons from nicotine-treated 929 

(red) animals showed a significantly increased diazepam-induced sIPSC frequency. **p 930 

< 0.01, significantly different by t-test, n = 14, 15 cells/group, 6 rats/group. 931 

C. Following bath application of acetazolamide, diazepam-induced sIPSC frequency in 932 

VTA DA neurons did not differ between saline- (black) and nicotine- (red) treated groups 933 

(p > 0.05, n = 7 cells/group, 3 rats/group). 934 
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D. Following CLP290 incubation, no significant difference in diazepam-induced sIPSC 935 

frequency was noted among DA neurons from the saline (black) or nicotine (red) groups 936 

(p > 0.05, n = 7, 8 cells/group, 3, 4 rats/group). 937 

 938 

Figure 6: Acute nicotine exposure attenu ates diazepam-induced VTA DA neuron 939 

firing rates in vivo . 940 

A. Representative in vivo recordings from putative DA neurons before and after 941 

diazepam administration (dose, i.v.) in the nicotine (red) and saline (black) groups. 942 

B. Diazepam increased the firing rate of putative DA neurons in the saline group (black) 943 

but failed to increase the firing rate of DA neurons in the nicotine group (red). **p < 0.01, 944 

significantly different by t-test, n = 7 rats/group. 945 

C. Recording sites of putative DA neurons in the VTA for nicotine-treated (red) and 946 

saline-treated (black) animals. 947 

 948 

Figure 7: Increased diazepam consumption in nicotine-treated animals is reduced 949 

by KCC2 activation.  950 

A. Animals consumed saccharin during daily two-hour sessions prior to adding 951 

diazepam in the drinking solution. Rats received an acute injection of nicotine or saline 952 

7 hours before the first diazepam drinking session. 953 

B. Daily fluid intake was measured in saline and nicotine-treated rats. Nicotine-treated 954 

rats showed greater daily intake compared to saline-treated controls. **p < 0.01, 955 

significantly different by ANOVA with repeated measures. 956 
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C. Time course of mean daily diazepam intake for eight days, following acute injection 957 

of nicotine (red) or saline (black). *p < 0.05, significantly different by ANOVA with 958 

repeated measures. 959 

D. Rats receiving a single injection of nicotine (red) consumed significantly more 960 

diazepam (mg/kg) across eight days than rats receiving a saline injection (black). *p < 961 

0.05, significantly different from the control group by t-test, n = 10 rats/group. 962 

E. Effects of nicotine or saline pretreatment on daily saccharin intake (mg/kg), in the 963 

absence of diazepam. Nicotine-treated animals (red) showed similar saccharin intake 964 

compared to saline-treated controls (black) for 8 days post-injection.  965 

F. Effects of nicotine and saline pretreatment on mean saccharin intake. Rats receiving 966 

a single injection of nicotine (red) or saline (black) consumed similar amounts of 967 

saccharin (mg/kg) across eight days. 968 

G. Effects of CLP290 on daily diazepam intake. Vehicle (red data) or CLP290 (blue 969 

data) was injected i.p. 45 minutes prior to diazepam drinking on non-consecutive days 970 

(blue arrows). Nicotine-pretreated animals injected with CLP290 showed significantly 971 

reduced diazepam consumption compared to nicotine-injected rats treated with vehicle. 972 

Diazepam consumption in saline-treated control rats is shown for comparison (dotted 973 

line). *p < 0.05, significantly different from the nicotine vehicle group by ANOVA with 974 

repeated measures. 975 

H. Effects of CLP290 on mean diazepam intake over the eight-day drinking period. 976 

Animals pretreated with nicotine and CLP290 showed significantly reduced ethanol 977 

consumption compared to nicotine and vehicle-treated rats. Diazepam consumption in 978 

saline vehicle-treated control rats is shown for comparison (dotted horizontal line). *p < 979 
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0.05, significantly different from the nicotine vehicle group by t-test, n = 11, 15 980 

rats/group. 981 
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Table 1: Statistical table. Effect sizes and power were calculated with G*Power 3.1. 

 

 Data structure Type of test p value Effect size Power 

a Normal t-test 0.000 3.438 1.000 

b Normal t-test 7.039×10-8 3.362 1.000 

c Normal t-test 0.245 0.582 0.307 

d Normal ANOVA repeated measures 0.736 0.022 0.164 

e Normal ANOVA repeated measures 0.000 0.357 1.000 

f Normal Paired t-test 0.006 1.848 0.946 

g Normal Paired t-test 0.033 1.196 0.652 

h Normal t-test 0.000 3.430 1.000 

i Normal Paired t-test 0.047 1.069 0.559 

j Normal Paired t-test 0.049 1.056 0.549 

k Normal t-test 0.137 0.816 0.440 

l Normal ANOVA repeated measures 0.000 0.449 1.000 

m Normal t-test 0.001 1.232 0.936 

n Normal t-test 0.817 0.085 0.056 

o Normal t-test 0.965 0.016 0.050 

p Normal t-test 0.000 3.869 1.000 

q Normal t-test 0.674 0.123 0.062 

r Normal t-test 0.491 0.379 0.100 

s Normal t-test 0.232 0.826 0.315 

t Normal t-test 0.926 0.133 0.056 
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u Normal t-test 0.001 2.202 0.965 

v Normal ANOVA repeated measures 0.000 0.265 1.000 

w Normal ANOVA repeated measures 0.029 0.252 0.616 

x Normal t-test 0.029 1.617 0.912 

y Normal ANOVA repeated measures 0.940 0.000 0.051 

z Normal t-test 0.940 0.034 0.051 

aa Normal ANOVA repeated measures 0.040 0.165 0.551 

bb Normal t-test 0.040 0.802 0.491 

 

 


