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Abstract 69 

Ethanol (EtOH) and nicotine are the most widely co-abused drugs. Tolerance to EtOH 70 

intoxication, including motor impairment, results in greater EtOH consumption and may 71 

result in a greater likelihood of addiction. Previous studies suggest that cross-tolerance 72 

between EtOH and nicotine may contribute to the abuse potential of these drugs.  Here 73 

we demonstrate that repeated intermittent administration of either EtOH or nicotine in 74 

adult male Sprague-Dawley rats results in tolerance to EtOH-induced motor impairment 75 

and increased EtOH self-administration.  These findings suggest that nicotine and EtOH 76 

cross-tolerance results in decreased aversive and enhanced rewarding effects of EtOH.  77 

Endocannabinoid signaling in the dorsolateral striatum (DLS) has been implicated in 78 

both EtOH tolerance and reward, so we investigated whether nicotine or EtOH pre-79 

treatment might modulate endocannabinoid signaling in this region. Using similar EtOH 80 

and nicotine pre-treatment methods resulted in increased paired-pulse ratios of evoked 81 

EPSCs in enkephalin-positive medium spiny neurons in DLS slices. Thus, EtOH and 82 

nicotine pre-treatment may modulate glutamatergic synapses in the DLS 83 

presynaptically. Bath application of the CB1 receptor agonist Win 55,2-212 increased 84 

the paired-pulse ratio of evoked EPSCs in control slices, while Win 55,2-212 had no 85 

effect on paired pulse ratio in slices from either EtOH or nicotine pre-treated rats. 86 

Consistent with these effects, nicotine pretreatment occluded LTD induction by high 87 

frequency stimulation of the corticostriatal inputs to the dorsolateral striatum.  These 88 

results suggest that nicotine and EtOH pre-treatment modulates striatal synapses to 89 

induce tolerance to the motor impairing effects of EtOH, which may contribute to 90 

nicotine and EtOH co-abuse. 91 
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Significance statement 92 

This study demonstrates that repeated intermittent nicotine or ethanol pre-exposure 93 

results in lower levels of ethanol-induced motor impairment and higher levels of ethanol 94 

self-administration. These effects of pretreatment suggest cross-tolerance between 95 

these drugs, which may contribute to the development of dependence. These studies 96 

identify cellular mechanisms underlying the development of ethanol tolerance that may 97 

lead to novel treatments for alcohol and nicotine dependence. 98 

 99 

Introduction 100 

Ethanol (EtOH) and nicotine addiction are two of the leading causes of preventable 101 

death worldwide. These are the most commonly co-abused drugs, with a large majority 102 

of alcoholics diagnosed with a comorbid addiction to nicotine (Miller and Gold, 1998). In 103 

fact, alcoholics who are also smokers drink more, have stronger cravings, and are more 104 

severely alcohol-dependent (York and Hirsch, 1995; Batel et al., 1995; Glautier et al., 105 

1996; Rose et al., 2002; Sayette, 2002; Daeppen et al., 2002; John et al., 2003; Hertling 106 

et al., 2005; Acheson et al., 2006; Barrett et al., 2006; King et al., 2010; Buu et al., 107 

2014; McClure et al., 2015). Many factors likely contribute to the prevalence of EtOH 108 

and nicotine co-abuse, and understanding the neurobiological underpinnings may help 109 

identify novel treatments for addiction to these two drugs.  110 

Cross-tolerance to the aversive effects of EtOH and nicotine likely facilitates the 111 

co-abuse of these drugs, as nicotine enhances the rewarding effects of EtOH, while 112 

attenuating some of the more negative sedative and cognitive effects (Perkins et al., 113 

1995; Collins et al., 1996b; Söderpalm et al., 2000; Schuckit et al., 2001; Johnson, 114 
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2004; Ceballos, 2006; Funk et al., 2006; Morrow et al., 2006). Numerous studies have 115 

examined cross-tolerance between EtOH and nicotine, however, the behavioral tasks, 116 

drug doses and administration methods vary widely (Potthoff et al., 1983; Collins et al., 117 

1988; Blomqvist et al., 1996; López-Moreno et al., 2008; Biała and Budzyńska, 2010; Lê 118 

et al., 2014). We know that exposure to EtOH or nicotine alters neural circuitry 119 

underlying reward and sedation/cognition, but a link between these two behavioral 120 

endpoints in the context of cross-tolerance has not been established.  Therefore, we 121 

investigated the effects of cross-tolerance between ethanol and nicotine on both 122 

reward- and sedation-related behaviors.     123 

In humans, smoking history can predict future EtOH dependence (John et al., 124 

2003; Buu et al., 2014), which suggests that previous exposure to nicotine impacts the 125 

behavioral effects of EtOH, even in the absence of concurrent nicotine exposure. For 126 

our studies, moderate, physiologically relevant doses of both drugs were used to test 127 

the hypothesis that nicotine pre-exposure would enhance EtOH self-administration and 128 

decrease EtOH-induced motor impairment.  We also predicted that a common 129 

neurobiological change would accompany these behavioral changes.  130 

As the dorsolateral striatum (DLS) is involved both in the rewarding and motor 131 

effects of EtOH and nicotine (Meng et al., 1998; Garção et al., 2013; Chen et al., 2014), 132 

we focused our electrophysiology investigations on this brain region. EtOH and nicotine 133 

modulate endocannabinoid signaling in the DLS (González et al., 2002; Marco et al., 134 

2007; Adermark et al., 2011; Vinod et al., 2012; DePoy et al., 2013; Depoy et al., 2014), 135 

and CB1 receptor agonists produce cross-tolerance with both EtOH and nicotine 136 

(Sprague and Craigmill, 1976; Siemens and Doyle, 1979; da Silva et al., 2001; Valjent 137 
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and Mitchell, 2002; Lemos et al., 2007; Biała and Budzyńska, 2010).  Additionally, 138 

administration of either EtOH or nicotine results in increased endocannabinoid release 139 

and decreased CB1 receptor expression (Basavarajappa et al., 1998; Hungund and 140 

Basavarajappa, 2000; González et al., 2002; Marco et al., 2007; Adermark et al., 2011; 141 

Vinod et al., 2012; DePoy et al., 2013). Therefore, we investigated the effects of both 142 

EtOH and nicotine pre-treatment on cannabinoid signaling in the DLS and how these 143 

effects correlate with EtOH reward and motor impairment.  144 

 145 

Materials and Methods 146 

Animals 147 

Adult male Sprague-Dawley rats (P60-90) (Harlan) were housed two per cage with a 148 

12hr reverse light/dark cycle and ad-libitum access to food and water. During EtOH self-149 

administration, rats were singly housed.  All animal procedures were performed in 150 

accordance with the [Author University] animal care committee's regulations.   151 

Drugs and Reagents 152 

All drugs and reagents were obtained from Sigma Aldrich, unless otherwise noted. 153 

Nicotine hydrogen tartrate salt was used for nicotine treatments, and 99% ethanol was 154 

used for EtOH treatments, as described in greater detail below.  155 

Rotarod Testing 156 

On training day, rats were placed on the rotarod (Rotamex 5, Columbus Instruments) at 157 

a fixed speed of 4RPM. After each animal demonstrated an ability to stay on the rotarod 158 

at this speed for approximately 10 s, the speed was increased at a rate of 1 RPM every 159 

5 s until the last animal fell off. This protocol was repeated for a total of 10 consecutive 160 
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trials after which the animals were placed back in their home cages.  Three days later, 161 

animals were tested for rotarod performance. Over a set of four consecutive trials, 162 

baseline performance was assessed.  Immediately following completion of the baseline 163 

trials, rats were injected with either nicotine (0.1mg/kg, s.c. as base), vehicle (PBS, 164 

1ml/kg, s.c.), or EtOH (1 g/kg, i.p., 50% in PBS), depending on the experiment.  Fifteen 165 

minutes after injection, rotarod performance was again tested over a set of four 166 

consecutive trials. A total of 6 sets of 4 trials were conducted at 15 minute intervals, 167 

including the baseline trials. For experiments with repeated rotarod testing, the same 168 

protocol was used for the next 2 days. On the last day, the same protocol was used, but 169 

all rats received EtOH injections.  170 

Home-cage Pretreatment 171 

Rats received injections of either PBS (1ml/kg, s.c.), nicotine (0.1mg/kg, s.c. as base, 172 

once per day), or EtOH (1g/kg, s.c. 50% in PBS, twice per day 4hrs apart) for 3 173 

consecutive days. EtOH injection schedule was chosen to ensure several hours of a 174 

moderate blood EtOH concentration.  Animals in the rotarod experiments were given 175 

home-cage injections following rotarod training, and rotarod testing commenced the day 176 

following the final home-cage injection. Animals in the self-administration experiments 177 

were given access to the two-bottle choice test the day following the final home-cage 178 

injection. Animals used for slice experiments were sacrificed the day following the final 179 

home-cage injection. 180 

EtOH self-administration 181 

Rats were singly housed for 3 days before receiving home-cage injections. The day 182 

after the final injection, rats were given continuous access to two drinking bottles in the 183 
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home cage. One contained water, and the other contained 20% EtOH (v/v) in water.  184 

Water and EtOH consumption were measured every 48 hrs by weighing the bottles. The 185 

bottles were switched between sides after every measurement in order to control for 186 

side preferences. Self-administration continued for 20 days.    187 

Electrophysiology 188 

The day following the final home-cage injection, rats were decapitated under isoflurane 189 

anesthesia, and brains were removed and transferred into ice-cold NMDG solution (in 190 

mM: N-acetyl-cysteine 12, NMDG 93, KCl 2.5, NaH2PO4  1.2, NaHCO3 30, HEPES 20, 191 

Glucose 25, Sodium Ascorbate 5, Thiourea 1.97, Sodium pyruvate 3, MgSO4(7H20) 10, 192 

CaCl2 (2H20) 0.5, pH 7.4 with HCl; bubbled continuously with 95% O2/5% CO2).  250μM 193 

coronal slices containing the striatum were taken with vibrating blade microtome (Leica 194 

VT1000 S) in NMDG protective slicing solution (Zhao et al., 2011). Slices were 195 

transferred to an NMDG-containing holding chamber and allowed to recover for 10min 196 

at 32°C. The slices were then moved to a holding chamber perfused with modified 197 

HEPES holding aCSF (in mM: N-acetyl-cysteine 12, NaCl 92, KCl 2.5, NaH2PO4  1.2, 198 

NaHCO3 30, HEPES 20, Glucose 25, Sodium Ascorbate 5, Thiourea 1.97, Sodium 199 

pyruvate 3, MgSO4(7H20)  2, CaCl2(2H20) 2, pH 7.4 with NaOH; bubbled continuously 200 

with 95% O2/5% CO2) at a rate of 20ml/min for at least 30 min at 32°C. For recording, 201 

slices were transferred to a recording chamber superfused with aCSF (in mM: NaCl 202 

125, KCl 2.5, MgCl2 1, CaCl2 2.5, glucose 20, NaH2PO4 1, NaHCO3 25, ascorbic acid 1; 203 

bubbled with 95% O2/5% CO2) at a rate of 2ml/min. Recordings were done at room 204 

temperature.  The dorsolateral striatum was identified according to Paxinos and 205 

Watson, and medium spiny neurons (MSNs) were visualized under infrared illumination 206 
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using an upright microscope (BX51WI, Olympus).  Standard whole-cell voltage clamp 207 

recordings used a multiclamp 700B amplifier, a Digidata 1440 interface, and Clampex 208 

10.4 software (Molecular Devices).  All recordings were filtered at 1 kHz and digitized at 209 

5 kHz, Vm = -70 mV.  For all recordings we used borosilicate electrodes pulled to a 210 

resistance of 3-7 MΩ and containing a recording solution consisting of (in mM), cesium 211 

gluconate 117, HEPES 20, EGTA 0.4, NaCl 2.8, ATP 2.5, GTP 0.25, Glucose 20, TEA 212 

5, QX314 5, biocytin, 0.01% (AnaSpec, Inc.); (pH 7.4 with CsOH).  Series resistance 213 

was <20 MΩ, cells that reached higher resistances during the course of recording were 214 

discarded.  All recordings were conducted in the presence of 20 µM bicuculline (Tocris) 215 

to limit indirect effects from GABAergic synaptic inputs. Excitatory postsynaptic currents 216 

(EPSCs) were evoked during recording from MSNs using a bipolar platinum-iridium 217 

stimulating electrode placed inside the cortical border of the DLS.  This placement 218 

favors the activation of corticostriatal synaptic inputs.   219 

Paired Pulse Ratios:  To obtain paired pulse ratios, we used a 50 ms interstimulus 220 

interval between evoked EPSCs and the ratio was calculated as the second EPSC 221 

amplitude / the first EPSC amplitude (P2/P1). To compare the effect of in vivo 222 

pretreatment with nicotine or EtOH, three consecutive paired-pulses were obtained at 1 223 

min intervals and averaged for each neuron tested. For testing the CB1 agonist, we 224 

obtained paired-pulse EPSCs at 1 min intervals until 5 min of consistent P2/P1 ratios 225 

were observed. The CB1 agonist Win 55,2-212 (Tocris) was then bath applied at a 226 

concentration of 5 µM,  and the P2/P1 ratio was monitored at 1min intervals for at least 227 

20 min. 228 

HFS-induced LTD:  Long-term depression (LTD) in MSNs was induced by stimulating 229 
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corticostriatal glutamatergic fibers with high frequency stimulation (HFS) consisting of 230 

a single train, 1s duration, 100Hz frequency, after 5-10min of stable baseline 231 

recordings. Vm = -70 mV throughout the recording and HFS stimulation.  Average 232 

EPSC amplitudes from 20-30 min post HFS were normalized to the average of EPSCs 233 

recorded during the 10 min baseline period for each neuron tested.  These normalized 234 

values from nicotine and vehicle-pretreated animals were pooled and compared using 235 

an unpaired t-test.  236 

 237 

Immunohistochemistry 238 

The internal solution used during whole-cell recordings contained biocytin (0.01%) for 239 

post-hoc identification of the recorded cells. Enkephalin immunostaining allowed for the 240 

determination of the MSN subtype from which the recording was done (McGinty, 2007). 241 

Slices were fixed in 4% paraformaldehyde (PFA) overnight after recording. Fixed slices 242 

were washed three times with 1xPBS (each wash for 5min) and then blocked in 1xPBS 243 

containing 1% triton x-100, 10% normal donkey serum and 1% bovine serum albumin 244 

for 30 min at room temperature. The slices were incubated with 1o Goat pAb to 245 

enkephalin (1:200; Abcam ab77273) in blocking solution overnight at RT. Following 246 

three washes in 1xPBS, slices were incubated with Alexa fluor 488 Donkey anti Goat 247 

IgG (1:1000; Invitrogen) and streptavidin Alexa fluor 594 conjugate (1:1000; Invitrogen) 248 

for 3hrs at room temperature. Finally, slices were washed three times with PBS, 249 

mounted and cover-slipped with fluoromount-G (Southern Biotech). Stained slices were 250 

imaged under a fluorescent microscope to determine co-localization of enkephalin and 251 

biocytin. 252 
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Data Analysis and Statistics 253 

All electrophysiology data was collected using Clampex 10.4 (Molecular Devices). 254 

Evoked EPSCs were analysed using Clampfit (Molecular Devices).  2-RM-ANOVA 255 

followed by a Holm-Sidak post-hoc test was used to determine the effects of 256 

PBS/nicotine/EtOH pre-treatments on behavioral tasks. One-way ANOVA was used to 257 

analyze the effects of pre-treatments on EPSC amplitudes and the paired pulse ratios of 258 

evoked EPSCs.  Paired t-test was used for analysis of CB1 agonist effects; comparison 259 

was made between each treatment group’s baseline and the effects of the agonist.  An 260 

unpaired t-test was used to assess differences in LTD induction between nicotine and 261 

vehicle treated rats.  All statistical tests were performed using Sigmaplot (Systat 262 

software), and all results are presented as mean ± SEM. 263 

 264 

Results 265 

Tolerance to EtOH increases EtOH self-administration 266 

Motor impairment is a key adverse effect of EtOH, and tolerance to this aversive 267 

effect may promote escalated drinking. We first wanted to determine whether EtOH pre-268 

treatment in the home-cage was sufficient in our hands to produce tolerance to the 269 

motor-impairing effects of EtOH. We used a physiologically relevant dose of EtOH (1 270 

g/kg, i.p., 50% in PBS) and administered either EtOH or vehicle (PBS) twice per day for 271 

three days. We then used an accelerating rotarod to test motor performance in 272 

response to a challenge dose of EtOH (1 g/kg, i.p.) (Figure 1A).  Because we were 273 

interested in examining the effects of EtOH pre-treatment on rotarod performance rather 274 

than learning, we trained the rats on the rotarod prior to the first exposure to EtOH. 275 
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Training consisted of 10 consecutive trials on the rotarod during one day. This protocol 276 

resulted in a consistent level of baseline performance on the testing day.   277 

On testing day, the rats were subjected to one set of four consecutive trials to 278 

establish baseline performance (Trial set 1).  Animals then received a challenge 279 

injection of EtOH and were tested in five additional sets of trials. Trial 2 began 15 min 280 

after EtOH administration, and subsequent trials were done in 15 min intervals. EtOH 281 

pre-treatment in the home-cage resulted in decreased motor-impairment to an acute 282 

EtOH challenge compared with vehicle pre-treatment (Figure 1B; 2-way RM ANOVA, 283 

p=0.0664 time x treatment interaction; Holm-Sidak test for multiple comparisons, 284 

p=0.0119; EtOH group: n=6; PBS group: n=7). This suggests that this limited, 285 

intermittent EtOH pre-treatment was sufficient to produce tolerance to the motor-286 

impairing effects of acute EtOH. This experiment confirmed past findings of tolerance to 287 

the motor-impairing effects of EtOH (Siemens and Doyle, 1979; Batista et al., 2005; 288 

Werner et al., 2009) and provided a baseline to which we could compare the possible 289 

effects of EtOH-nicotine cross-tolerance on the motor-impairing effects of EtOH. 290 

We then tested whether the same EtOH pre-treatment that produces tolerance to 291 

EtOH would also be sufficient in our hands to increase EtOH self-administration. We 292 

singly housed the rats and used the same dose and schedule of EtOH pre-treatment. 293 

We then gave the rats 24 hour access to two bottles, one that contained water, one that 294 

contained 20% EtOH during the two-bottle choice self-administration procedure for 20 295 

days (Figure 1C). EtOH and water consumption were measured every 48 hours by 296 

weighing the bottles. The sides on which the bottles were placed were alternated after 297 

every measurement to avoid the potential confound of a side preference. EtOH pre-298 
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treatment resulted in increased EtOH self-administration compared with vehicle pre-299 

treatment (Figure 1D; 2-way RM ANOVA, p=0.011 between treatments; Holm-Sidak test 300 

for multiple comparisons, day 6: p=0.014, day 8: p=0.018, day 10: p=0.008, day 14: 301 

p=0.045, day 18: p=0.017, day 20: p=0.02; n=8 in each group). These results are 302 

consistent with previous findings that EtOH pre-treatment enhances EtOH self-303 

administration (Deutsch and Koopmans, 1973; Fidler et al., 2011). However, we used 304 

lower, more physiologically relevant doses of EtOH than have most prior studies, and 305 

we administered EtOH less frequently. Additionally, our data suggest that tolerance to 306 

EtOH can contribute to enhanced EtOH intake.  307 

 308 

Nicotine pre-treatment results in tolerance to EtOH-induced motor-impairment and 309 

increased EtOH self-administration 310 

To explore the effects of nicotine on EtOH-induced motor-impairment, we again 311 

used the accelerating rotarod. We were also interested in testing the acute effects of 312 

nicotine on rotarod performance. After training on the rotarod was completed, rotarod 313 

testing began in conjunction with daily nicotine treatments. After the baseline trial set, 314 

nicotine (0.1 mg/kg, s.c.) or vehicle was administered. After 15 min, trial set 2 began, 315 

and subsequent trial sets continued at 15 min intervals. This combination of nicotine or 316 

vehicle administration and rotarod testing was done for 3 days. Acute nicotine 317 

administration caused impairment on the rotarod compared to vehicle administration on 318 

all 3 days (Figure 2; 2-way RM ANOVA, Day 1,2,3: p<0.0001 between treatments; 319 

Holm-Sidak test for multiple comparisons, Day 1 trial set 2: p=0.006, Day 2 trial set 2: 320 

p=0.003, Day 2 trial set 3: p=0.0314, Day 3 trial set 2: p=0.003, trial set 3: p= 0.0027, 321 
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trial set 4: p=0.012, trial set 5: p=0.0499, trial set 6: p=0.0223; nicotine group: n=8, 322 

vehicle group: n=7). On day 4, both nicotine and vehicle-treated rats were given a 323 

challenge EtOH dose (1 g/kg, i.p.) after the baseline trial sets. Rotarod testing continued 324 

as usual at 15 min intervals. Animals that had received nicotine treatments on days 1-3 325 

displayed significantly less EtOH-induced motor impairment than did animals that had 326 

received vehicle treatments (Figure 2; 2-way RM ANOVA, p=0.0004 between 327 

treatments; Holm-Sidak test for multiple comparisons, p=0.0268). These data show that 328 

nicotine is not simply enhancing performance on the rotarod and thus off-setting the 329 

motor-impairing effects of EtOH. They also show that nicotine treatment does not seem 330 

to impact the rate of improvement of rotarod performance. Taken together, our findings 331 

suggest that nicotine pre-treatment, in the absence of concomitant drug exposure, 332 

results in cross-tolerance with EtOH and that cross-tolerance between EtOH and 333 

nicotine attenuates EtOH-induced motor impairment. 334 

To further investigate this cross-tolerance without the confound of repeated 335 

rotarod testing, we trained animals on the rotarod and then pre-treated with either 336 

nicotine (0.1 mg/kg as base, s.c.) or vehicle once per day for 3 days. The day after the 337 

last injection, rotarod testing began, and both groups were given a challenge dose of 338 

EtOH (1 g/kg, i.p.) after baseline testing (Figure 3A). Nicotine pre-treated animals were 339 

significantly less impaired on the rotarod in response to EtOH than were vehicle pre-340 

treated animals (Figure 3B; 2-way RM ANOVA, p=0.0358 time x treatment interaction; 341 

Holm-Sidak test for multiple comparisons, Trial set 2: p=0.0038, Trial set 3: p=0.0063; 342 

n=14 in each group). Nicotine pre-treatment results in tolerance to EtOH-induced motor-343 

impairment. 344 



 

 15

 Next, we investigated whether this regimen of nicotine pre-treatment would also 345 

enhance EtOH self-administration. After singly housing the rats, nicotine or vehicle pre-346 

treatment took place once per day for 3 days. The rats were then given 24 hour access 347 

to a water bottle and a bottle of 20% EtOH, as in the previous two-bottle choice 348 

paradigm, for 20 days (Figure 3C).  Nicotine pre-treatment resulted in enhanced EtOH 349 

self-administration compared with vehicle pre-treatment (Figure 3D; 2-way RM ANOVA, 350 

p=0.005 between treatments; Holm-Sidak test for multiple comparisons, day 4: p=0.011, 351 

day 6: p=0.003, day 14: p=0.025; nicotine group: n=16, vehicle group: n=15). Note that 352 

the vehicle-pretreated groups in the ethanol experiments displayed higher EtOH self-353 

administration during the first 10 days relative to the control animals in the nicotine 354 

experiment.  This is most likely due to differences in stress, as the EtOH experiment 355 

required twice daily injections while the nicotine experiment involved injections only 356 

once per day.  Previous studies have reported stress-induced enhancement of EtOH 357 

self-administration (e.g. Meyer et al 2013), but the important observation here is that 358 

both EtOH and nicotine pretreatment elevated EtOH self-administration relative to 359 

control treatments. 360 

 361 

EtOH and nicotine pre-treatment similarly modulate DLS cannabinoid signaling 362 

Because EtOH and nicotine have both been reported to impact cannabinoid 363 

signaling in the DLS, we wanted to investigate and compare the effects of our EtOH and 364 

nicotine pre-treatment regimens on DLS synapses. We used slice electrophysiology to 365 

examine release probability at glutamatergic synapses onto enkephalin-positive 366 

(putative D2-containing) MSNs. Rats were exposed to the same pre-treatment regimen 367 
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of EtOH, nicotine, or vehicle that resulted in tolerance to EtOH-induced motor-368 

impairment and increased EtOH self-administration. The day after the last drug 369 

administration, coronal slices were taken for electrophysiological recordings (Figure 4A). 370 

Recordings were restricted to the DLS, and stimulating electrodes were placed between 371 

the recording electrode and the corpus collosum (Figure 4B) in order to preferentially 372 

stimulate cortical inputs. Recording pipettes were also filled with biocytin, so that we 373 

could later visualize the MSNs from which we recorded. Immunohistochemistry for 374 

enkephalin was performed on these neurons, and all neurons included in our analyses 375 

were enkephalin-positive MSNs (Figure 4C). Both EtOH and nicotine pre-treatment 376 

resulted in increased paired pulse ratios at these DLS synapses compared to vehicle 377 

pre-treatment (Figure 4D, 4E; one-way ANOVA, p<0.0001; Holm-Sidak test for multiple 378 

comparisons, p<0.0001 EtOH vs vehicle, p=0.0454 nicotine vs vehicle). EtOH pre-379 

treatment also increased the PPR compared with nicotine pre-treatment (p=0.0017). 380 

This increase in paired pulse ratio suggests that EtOH and nicotine pre-treatment both 381 

decrease the probability of glutamate release at D2-containing MSNs in the DLS.  382 

This change in release probability is consistent with role for endocannabinoid 383 

signaling in the DLS. If the effects of EtOH and nicotine pre-treatments on PPR were 384 

due to changes in endocannabinoid signaling, then the effects of bath application of a 385 

CB1 receptor agonist might be occluded in these pre-treated rats. To further investigate 386 

the potential role of DLS cannabinoid signaling in cross-tolerance between EtOH and 387 

nicotine, we again used slice electrophysiology and tested the effects of a bath applied 388 

CB1 receptor agonist (Win 55,2-212, 5µM). Rats were given the same pre-treatments 389 

as in all prior experiments of vehicle, EtOH, or nicotine. In vehicle pre-treated rats, bath 390 



 

 17

application of Win 55,2-212 significantly decreased the amplitude of evoked EPSCs, but 391 

in EtOH and nicotine pre-treated rats, Win 55,2-212 application failed to alter EPSC 392 

amplitude (Figure 5A, B, C; paired t-test comparing 5 min of baseline with the last 10 393 

min of Win 55,2-212 application within each treatment group; vehicle (n=6): p<0.001, 394 

EtOH (n=7): p=0.384, nicotine (n=5): p=0.052). 395 

We also examined the effects of Win 55,2-212 application on PPRs in the three 396 

treatment groups. While Win 55,2-212 application increased the PPR as expected in 397 

vehicle pre-treated rats, the effects of Win 55,2-212 were indeed occluded in both EtOH 398 

and nicotine pre-treated rats (Figure 5A, D, E; paired t-test comparing 5 min of baseline 399 

with the last 10 min of Win 55,2-212 application within each treatment group; vehicle 400 

(n=6): p=0.012, EtOH (n=7): p=0.992, nicotine (n=5): p=0.611). These data suggest that 401 

EtOH and nicotine pre-treatment may have enhanced cannabinoid release and thus 402 

decreased CB1 receptor expression. These results indicate that pre-treatment with 403 

either EtOH or nicotine result in similar modulation of endocannabinoid signaling in the 404 

DLS, and that this modulation may contribute to cross-tolerance between these two 405 

commonly abused drugs. 406 

 407 

Nicotine pretreatment occludes HFS-induced LTD 408 

 To further examine the extent to which DLS synaptic plasticity underlies the 409 

observed behavioral effects of nicotine pretreatment, we tested the LTD induction at 410 

corticostriatal synapses.  Using the same stimulating electrode placement as that shown 411 

in Fig. 4B, baseline EPSCs were recorded for 10 min, followed by a 1 sec high 412 

frequency stimulation train (HFS; 100 Hz).  EPSC amplitudes were then monitored for 413 
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30 min.  As shown in the raw traces in Fig 6A and the time course data in 6B, nicotine-414 

pretreated animals showed less LTD following HFS than that observed in vehicle-415 

pretreated rats.  Comparing the averaged normalized EPSC amplitudes between the 416 

groups revealed significant occlusion of LTD induction in the nicotine-pretreated animals 417 

(Fig. 6C; p<0.05 with unpaired t-test).   418 

 419 

Discussion 420 

In this study, we have found that identical pre-treatments with either nicotine or 421 

EtOH result in both tolerance to the motor impairing effects of EtOH and increased 422 

EtOH self-administration. These pre-treatments also result in an increase in the paired-423 

pulse ratio of evoked EPSCs and occlusion of the effects of a CB1 agonist in putative 424 

D2-containing MSNs in the DLS.    425 

The effects of nicotine on EtOH-related behaviors are rarely examined without 426 

concurrent administration of both drugs. Here we show that nicotine pre-treatment alone 427 

results in increased EtOH self-administration, despite termination of nicotine 428 

administration 24 hours prior to EtOH access. We also show that identical nicotine pre-429 

treatment results in tolerance to the motor-impairing effects of EtOH, suggesting that 430 

increased tolerance to EtOH leads to more EtOH consumption. That tolerance to EtOH 431 

and dependence go hand in hand is not a new idea (Pava and Woodward, 2012); 432 

however, we utilized identical pre-exposure paradigms to more conclusively examine 433 

how self-administration and tolerance relate to each other.  434 

Nicotine was used to induce tolerance to EtOH, which eliminates a confounding 435 

variable that is often built into experiments that attempt to explore this relationship by 436 
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testing both drugs together. Our finding that nicotine pre-exposure produces tolerance 437 

to EtOH and is sufficient to enhance EtOH self-administration suggests that tolerance to 438 

EtOH is not simply a byproduct of increased EtOH consumption, but rather that 439 

tolerance to EtOH can precede and result in increased EtOH consumption. These 440 

findings suggest that a limited history with nicotine can impact EtOH-related behaviors 441 

even after nicotine exposure has ended. In human subjects, smoking history correlates 442 

with future EtOH dependence (John et al., 2003; Buu et al., 2014). Our findings suggest 443 

that prior nicotine exposure in humans may facilitate the development of EtOH tolerance 444 

and habitual EtOH consumption.  445 

This idea is supported by past studies in humans, which found correlations 446 

between decreased sensitivity to the effects of EtOH and increased risk for alcohol use 447 

disorders (Trim et al., 2009; Corbin et al., 2013). Repeated exposures to EtOH may also 448 

selectively reduce the experience of the more aversive effects of EtOH (cognitive/motor 449 

impairments), while leaving the rewarding effects less affected or even sensitized (Ding 450 

et al., 2012; Fritz et al., 2014). Despite the complexities underlying tolerance and 451 

sensitization (Blomqvist et al., 1996; Söderpalm et al., 2000; Cohen et al., 2002; López-452 

Moreno et al., 2008), our findings support the hypothesis that cross-tolerance between 453 

nicotine and EtOH contributes to the frequent co-abuse of these drugs.   454 

In addition to exploring the behavioral outcomes of EtOH and nicotine pre-455 

treatments, we also tested neuroplasticity changes in the DLS, as it is known to be 456 

important for habit formation, motor performance and motor learning.  Therefore, we 457 

tested the impact of EtOH or nicotine pretreatment on plasticity that influence 458 

locomotion and drug pursuit.  We show that pretreatment with either nicotine or EtOH 459 
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induces changes in paired pulse ratio in recordings from putative D2-expressing MSNs 460 

in the DLS that are consistent with the induction of LTD.  This interpretation is supported 461 

by the lack of effect of cannabinoid receptor agonist on EPSC amplitude and P2/P1 462 

ratio in striatal brain slices from nicotine or EtOH-pretreated rats.  We further show that 463 

high-frequency stimulation of corticostriatal inputs to the DLS, which induced LTD in 464 

slices from vehicle-treated animals, did not induce LTD in slices from nicotine pretreated 465 

rats.  Our working model is that nicotine induces LTD at the excitatory inputs to D2-466 

expressing MSN in the DLS and occludes subsequent LTD induction, either by CB1 467 

agonist or HFS.  These data suggest that nicotine may induce tolerance to the motor-468 

impairing effects of EtOH and increase EtOH self-administration through changes in 469 

corticostriatal synaptic plasticity.   These correlative findings support the model that the 470 

DLS contributes to drug reward and habit formation (Gerdeman et al., 2003), and future 471 

studies will be required to establish causal connections.  472 

Although we placed our stimulating electrode close to the border between cortex 473 

and the DLS to preferentially stimulate corticostriatal inputs, it is possible that 474 

thalamostriatal projections are also active under these conditions. As reported by Wu et 475 

al (2015), frequency-dependent synaptic plasticity and endocannabinoid expression are 476 

stronger and more prevalent in corticostriatal relative to thalamostriatal inputs to the 477 

DLS.  Corticostriatal synaptic plasticity is thought to underlie motor learning and 478 

behavioral plasticity, while thalamostriatal inputs carry sensory information to encode 479 

salience and facilitate attentional focus.  While our stimulation paradigm does not rule 480 

out sampling of thalamic inputs, both the paired pulse ratio and HFS-induced LTD 481 

measurements preferentially assess the effects of nicotine and EtOH on corticostriatal 482 
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inputs and we contend that these modifications are relevant to the behavioral endpoints 483 

examined here.   484 

  Previous work has implicated endocannabinoid signaling in tolerance to both 485 

EtOH and nicotine and in the rewarding effects of both drugs (Basavarajappa, 2007; 486 

Hungund and Yaragudri, 2009; Gamaleddin, 2015). EtOH and nicotine both cause 487 

hyperactive endocannabinoid signaling, which results in a down-regulation of CB1 488 

receptors in the striatum (Basavarajappa et al., 1998; Cohen et al., 2005). These 489 

changes in endocannabinoid signaling have also been linked to LTD at corticostriatal 490 

synapses (Gerdeman et al., 2002; DePoy et al., 2013; Depoy et al., 2014), which is 491 

consistent with our findings.  CB1 antagonism or genetic deletion reduces or eliminates 492 

the effects EtOH or nicotine pretreatment on EtOH self-administration (Poncelet et al 493 

2003; Thanos et al 2005).  Together, these findings support the idea that the CB1 494 

receptor system may provide target for interfering with high EtOH consumption and its 495 

impact on the progression to addiction. 496 

Many drug exposure paradigms used in those related studies were of longer 497 

duration than the pre-treatment used here; therefore, our findings highlight the limited 498 

number of drug exposures required to cause dysregulation of endocannabinoid 499 

signaling in the DLS and profound behavioral changes. Additionally, the effects of 500 

nicotine exposure on endocannabinoid signaling have never been directly compared to 501 

those of EtOH. That the same pre-treatment with either drug results in similar behavioral 502 

outcomes and similar neuroplasticity changes suggests that endocannabinoid signaling 503 

in the DLS is critical in mediating cross-tolerance between and frequent co-abuse of 504 

EtOH and nicotine.  505 
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Figure Legends 717 

Figure 1.  EtOH pre-treatment results in tolerance to EtOH-induced motor impairment 718 

and increased EtOH self-administration. a. Timeline for the rotarod experiment in which 719 

rats were pre-treated in the home-cage with either EtOH or vehicle. b. Animals 720 

previously trained on the accelerating rotarod and pre-treated for 3 days with either 721 

EtOH (1 g/kg, s.c., twice per day) or vehicle were tested for the effects of EtOH (1 g/kg, 722 

i.p.) on rotarod performance. Arrow indicates time at which acute EtOH was 723 

administered. EtOH pre-treated animals displayed less impairment on the rotarod after 724 

acute EtOH administration than did the vehicle treated animals (ANOVA, p=0.0664; 725 

Holm-Sidak post-hoc test *p<0.05; EtOH: n=6; vehicle: n=7). c. Timeline for the EtOH 726 

two-bottle choice self-administration experiment in which rats were pre-treated in the 727 

home-cage with either EtOH or vehicle. d. Animals pre-treated with EtOH (1 g/kg, s.c., 728 

twice per day) or vehicle were given 24-hour access to both a bottle of water and a 729 

bottle of 20% EtOH for 20 days. EtOH pre-treated animals self-administered more EtOH 730 

than vehicle pre-treated animals (ANOVA, p<0.05; Holm-Sidak post-hoc test *p<0.05; 731 

n=8 for both groups). 732 

Figure 2. Acute nicotine administration causes motor impairment, but repeated 733 

administration results in tolerance to EtOH-induced motor impairment. Rats that were 734 

previously trained on the rotarod were tested for motor performance over 4 days. For 735 

the first three days, rats were administered either nicotine (0.1 mg/kg, s.c.) or vehicle. 736 

Grey arrows indicate the time point at which nicotine was administered. On the 4th day, 737 

both nicotine and vehicle-treated groups were challenged with EtOH and tested for 738 

motor performance on the rotarod. The black arrow indicates the time at which EtOH 739 
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was given. Acute nicotine resulted in significant motor-impairment over all 3 days 740 

compared to vehicle administration (ANOVA, p<0.0001 days 1, 2, 3; Holm-Sidak post-741 

hoc test, *p<0.05; Nicotine: n=8, vehicle: n=7). Repeated nicotine administration, 742 

however, resulted in tolerance to EtOH-induced motor impairment compared to vehicle 743 

administration (ANOVA, p<0.001; Holm-Sidak post-hoc test, *p<0.05). 744 

Figure 3.  Nicotine pre-treatment results in tolerance to EtOH-induced motor 745 

impairment and increased EtOH self-administration. a. Timeline for the rotarod 746 

experiment in which rats were pre-treated with either nicotine or vehicle. b. Animals 747 

previously trained on the accelerating rotarod and pre-treated for 3 days with either 748 

nicotine (0.1 mg/kg, s.c., once per day) or vehicle were tested for the effects of EtOH (1 749 

g/kg, i.p.) on rotarod performance. Arrow indicates time at which acute EtOH was 750 

administered. Nicotine pre-treated animals displayed less impairment on the rotarod 751 

after acute EtOH administration than did the vehicle treated animals (ANOVA, p<0.05; 752 

Holm-Sidak post-hoc test, *p<0.01; n=14 for each group). c. Timeline for the EtOH two-753 

bottle choice self-administration experiment in which rats were pre-treated with either 754 

nicotine or vehicle. d. Animals pre-treated with nicotine (0.1 mg/kg, s.c., once per day) 755 

or vehicle were given 24-hour access to both a bottle of water and a bottle of 20% EtOH 756 

for 20 days. Nicotine pre-treated animals self-administered more EtOH than vehicle pre-757 

treated animals (ANOVA, p<0.01; Holm-Sidak post-hoc test *p<0.05; n=8 for both 758 

groups). 759 

Figure 4. EtOH and nicotine pre-treatment increase the paired-pulse ratio in 760 

enkephalin-positive (putative D2 receptor-containing) MSNs in the DLS. a. Timeline for 761 

electrophysiology experiments in which rats were pre-treated with either EtOH (1 g/kg, 762 
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s.c., twice per day), nicotine (0.1 mg/kg, s.c., once per day), or vehicle. b. Schematic 763 

showing the positioning of recording and stimulating electrode positions in the DLS. c. 764 

Images of MSNs in the DLS. Arrowheads show the neuron that was recorded from. 765 

From left to right: representative biocytin-filled MSN (red); immunohistochemical 766 

labeling of enkephalin-positive MSNs (green); merged image (scale 50 μm). All neurons 767 

included were putative D2 MSNs. d. Representative traces showing the effects of 768 

vehicle, EtOH, or nicotine pre-treatments on the PPR of EPSCs. e. Summary of the 769 

effects of vehicle, EtOH, or nicotine pre-treatment on PPRs in putative D2-containing 770 

MSNs. EtOH and nicotine pre-treatment both increased the PPR compared to vehicle 771 

pre-treatment (ANOVA, p<0.0001; Holm-Sidak post-hoc test, #p<0.0001, *p<0.05), and 772 

EtOH pre-treatment increased the PPR significantly more than nicotine pre-treatment 773 

did (**p<0.01; vehicle: n=19; EtOH: n=16; nicotine: n=23; one cell/slice/rat). 774 

Figure 5. Nicotine or EtOH pre-treatment occludes the effects of the CB1 receptor 775 

agonist on synaptic transmission in enkephalin-positive MSNs in the DLS. a. 776 

Representative traces of evoked EPSCs in putative D2-containing MSNs from rats that 777 

had been pre-treated with either vehicle, EtOH, or nicotine during baseline and during 778 

application of the CB1 receptor agonist Win 55,2-212 (5μM).  b. Time course for the 779 

effects of Win 55, 2-212 on evoked EPSC amplitudes in each of the pre-treatment 780 

groups. c. Summary data showing that the inhibitory effect of Win 55, 2-212 was only 781 

present in vehicle pre-treated animals (paired t-test baseline vs Win 55, 2-212, *p<0.05; 782 

vehicle: n=6, EtOH: n=7, nicotine: n=5). d. Time course for the effects of Win 55, 2-212 783 

on PPR in each of the pre-treatment groups. e. Summary data showing that Win 55, 2-784 
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212 only increases the PPR in vehicle pre-treated rats (paired t-test baseline vs Win 55, 785 

2-212, *p<0.05; vehicle: n=6, EtOH: n=7, nicotine: n=5). 786 

 787 

Figure 6.  Nicotine pretreatment occludes HFS-induced LTD in encephalin-positive 788 

MSNs in the DLS. a. Representative EPSCs from putative D2-containing MSNs from 789 

vehicle and nicotine pretreated rats during baseline and after HFS. b. Time course of 790 

the effects HFS on evoked EPSC amplitudes in vehicle (open symbols) and nicotine 791 

(filled symbols) pretreated groups. (c) Summary data showing that HFS induces LTD of 792 

the excitatory inputs to DLS MSNs in vehicle-pretreated rats, but not in nicotine-793 

pretreated rats (unpaired t-test baseline vs HFS, *p<0.05; vehicle n=9, nicotine n=7).  794 

 795 














