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Abstract

Changes in synaptic strength on ventral tegmental area (VTA) dopamine neurons are thought to 

play a critical role in the development of addiction-related behaviors. However, it is unknown how 

a single injection of cocaine at different doses affects locomotor activity, behavioral sensitization, 

and glutamatergic synaptic strength on VTA dopamine neurons in mice. We observed that 

behavioral sensitization to a challenge cocaine injection scaled with the dose of cocaine received 

one day prior. Interestingly, the locomotor activity after the initial exposure to different doses of 

cocaine corresponded to the changes in glutamatergic strength on VTA dopamine neurons. These 

results in mice suggest that a single exposure to cocaine dose-dependently affects excitatory 

synapses on VTA dopamine neurons, and that this acute synaptic alteration is directly associated 

with the locomotor responses to cocaine and not to behavioral sensitization.
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Introduction

Although the direct pharmacological effects of abused drugs are well established, less is 

known regarding the changes that occur in the brain after drug exposure. Many studies 

provide evidence of an interaction between the midbrain dopamine system and addictive 

drugs, in that drugs not only affect the firing (Appel et al., 2003; Fisher et al., 1998; French, 

1997) and N-methyl-D-aspartate receptor (NMDAR) currents (Schilstrom et al., 2006) of 

VTA dopamine neurons in vitro, but also elevate dopamine levels in the nucleus accumbens 

in vivo (Di Chiara and Imperato, 1988). How acute drug-induced neurochemical changes 

lead to drug-related behaviors is unknown, but numerous lines of evidence suggest the VTA 

is a critical nucleus for the development of these behaviors (Kalivas and Alesdatter, 1993; 
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Kalivas and McFarland, 2003; Kalivas and Weber, 1988; McFarland et al., 2004; McFarland 

and Kalivas, 2001). For example, behavioral sensitization, which is the enhanced locomotor 

response to an addictive drug after previous drug exposure, requires NMDAR activation in 

the VTA (Kalivas and Alesdatter, 1993) and can also be elicited by direct drug infusions into 

the VTA (Kalivas and Weber, 1988; Vezina, 1996; Vezina and Stewart, 1989). Behavioral 

sensitization can persist for up to a year (Paulson et al., 1991), and is thought to be 

comparable to long-lasting drug craving in human addicts (Boileau et al., 2006; Evans et al., 

2006; Kauer, 2004). Many groups report robust behavioral sensitization after multiple drug 

injections (Borgland et al., 2004; Kalivas and Weber, 1988; Vezina, 1996; Vezina and 

Stewart, 1989). However, less is known regarding sensitization from a single drug exposure 

(Jackson and Nutt, 1993; Robinson et al., 1982), which is important to addiction research 

since minimal prior drug experience can enhance the acquisition of drug self-administration 

behaviors (Schenk and Partridge, 2000).

In addition to its behavioral effects, in vivo drug exposure also induces long-lasting synaptic 

changes on VTA dopamine neurons (> 5 days), which is observed as an increase in the ratio 

of α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) to the 

NMDAR currents (AMPAR/NMDAR) (Borgland et al., 2004; Melis et al., 2002; Saal et al., 

2003; Ungless et al., 2001). However, it is unexplored how a single injection of cocaine at 

different doses affects (i) the degree of behavioral sensitization, (ii) the changes in synaptic 

strength as detected by alterations in the AMPAR/NMDAR, and (iii) whether changes in the 

AMPAR/NMDAR are associated with the behavioral sensitization or with the motor activity 

after initial cocaine exposure in mice.

Materials and Methods

Behavioral sensitization

All procedures conformed to National Institutes of Health and Ernest Gallo Clinic and 

Research Center policies for animal care. 3–4 wk-old C57BL/6 mice (Charles River, 

Hollister, CA) were given mock injections for 2 days prior to behavioral sensitization 

experiments, similar to a previous study (Jackson and Nutt, 1993). On Day 1, activity was 

monitored (MED Associates, Inc., St. Albans, VT) after intra-peritoneal (i.p. at 10 ml/kg) 

injections of cocaine or saline. Mice received an injection 3 hrs later in the home cage of 

either saline for context-dependent mice, or cocaine (40 mg/kg i.p.) for context-independent 

mice. On Day 2, activity was recorded after an injection of cocaine (15 mg/kg, i.p). No 

difference existed between the distance traveled in the first 15 min of the session on Day 2 

between context-independent mice (40 mg/kg cocaine on Day 1, 6444 ± 794 cm, n = 9) and 

saline-injected mice (4973 ± 639 cm traveled, n = 8, p > 0.05 by unpaired Students t-test); 

therefore, subsequent experiments explored only context-dependent sensitization as context 

was critical for its development. Activity data are averaged into 5-min bins and presented as 

average ± SEM. Due to computer malfunctions, some files were not collected, accounting 

for the different number of animals between Day 1 and Day 2 in certain treatment groups. 

Significance was determined with one-way ANOVAs with post-hoc Dunnett’s tests.
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Electrophysiology

Horizontal brain slices (170 μm) of mice injected with saline or cocaine 24 hr prior were 

prepared as described previously (Ungless et al., 2001). Solutions were saturated with 95% 

O2 – 5% CO2. Brains were sliced in a chilled solution containing, in mM: 87 NaCl, 2.5 KCl, 

1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, and 75 sucrose. Slices recovered for ~1 hr 

at 32°C in an artificial cerebral spinal fluid (aCSF), at 295–305 mOsm and contained, in 

mM: 126 NaCl, 2.5 KCl, 1.1 NaH2PO4, 1.4 MgCl2, 2.4 CaCl2, 11 d-glucose, and 26 

NaHCO3. aCSF (~32°C) with 100 μM picrotoxin, was perfused at ~2.0 mL/min over slices. 

Whole cell patch-clamp recordings were made with an internal solution containing: 117 mM 

cesium methanesulfonate, 20 mM HEPES, 0.4 mM EGTA, 2.8 mM NaCl, 5 mM TEA-Cl, 

2.5 mg/mL Mg-ATP, and 0.25 mg/mL Mg-GTP at pH = 7.2 – 7.4 and 275 – 285 mOsm. 

Dopamine neurons were identified by the presence of Ih (Grace and Bunney, 1983; Wanat et 

al., 2008). Excitatory postsynaptic currents (EPSCs) were elicited from a bipolar stimulating 

electrode (0.1 Hz, 100 – 300 μm rostral to neuron). The AMPAR/NMDAR was calculated 

by averaging 12 EPSCs at +40 mV before and after application of AP-5 (50 μM). NMDAR 

responses were calculated by subtracting the average response in the presence of AP-5 

(AMPAR only) from that seen in its absence. The peak AMPAR EPSC was divided by the 

peak NMDAR EPSC to yield the AMPAR/NMDAR. Drugs were purchased from Sigma (St. 

Louis, MO).

Results

A single injection of cocaine can elicit behavioral sensitization (Jackson and Nutt, 1993), 

however, it is unknown if the dose of cocaine administered correlates with the degree of 

sensitization. On Day 1, locomotor activity was recorded after injections of saline or cocaine 

(0.8 – 80 mg/kg) in mice (Fig. 1A). There was a significant effect between treatment groups 

(F (5, 49) = 12.4, P < 0.01, Fig. 1B), where saline-injected mice traveled 9332 ± 534 cm (n = 

8), and cocaine-injected mice traveled 10100 ± 805 cm (0.8 mg/kg, n = 11), 13110 ± 779 cm 

(4 mg/kg, n = 11), 16560 ± 967 cm (8 mg/kg, n = 10), 29440 ± 3702 cm (40 mg/kg, n = 9), 

and 17340 4913 cm (80 mg/kg, n = 6). Although there was a trend for increased activity 

with escalating cocaine doses up to 40 mg/kg, only the 40 mg/kg cocaine-injected mice 

exhibited significantly higher activity relative to saline-injected mice (p < 0.01 by post-hoc 

Dunnett’s test). Interestingly, higher doses of cocaine did not significantly increase 

locomotion, which may be due to the anesthetic or deleterious properties of cocaine (Reith et 

al., 1985). Stereotypic counts were also monitored during the session and we observed a 

significant effect between treatment groups (F (5, 49) = 13.6, P < 0.05, Table 1) with only 

the 8 mg/kg and 40 mg/kg cocaine doses producing significant increases in stereotypic 

counts relative to saline-injected mice (Table 1).

On Day 2, we assayed for the development of behavioral sensitization after a 15 mg/kg 

challenge injection of cocaine (Fig. 2A). No differences in activity were observed between 

groups during the full hour (P = 0.51 between groups; saline: 22480 ± 3064 cm, n = 8; 0.8 

mg/kg cocaine: 26470 ± 2814 cm, n = 12; 4 mg/kg cocaine: 29320 ± 2976 cm, n = 13; 8 

mg/kg cocaine: 25730 ± 3415 cm, n = 12; 40 mg/kg cocaine: 28170 ± 2867 cm, n = 9; 80 

mg/kg cocaine: 32380 ± 3379 cm, n = 6, Fig. 2B). However, apparent differences existed 
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between treatment groups during the first 15 min that are obscured by analyzing the activity 

over the whole hour (Fig. 2A). Since habituation to activity chambers prevents sensitization 

to a single cocaine injection (Jackson and Nutt, 1993), and context-dependent effects of 

cocaine are likely most salient early in the session, we instead analyzed the activity for 15 

min after cocaine challenge and observed a significant effect between treatment groups (F 
(5, 54) = 5.0, P < 0.001; saline: 4973 ± 639 cm, n = 8; 0.8 mg/kg cocaine: 6004 471 cm, n = 

12; 4 mg/kg cocaine: 8049 ± 887 cm, n = 13; 8 mg/kg cocaine: 8295 ± 1046 cm, n = 12; 40 

mg/kg cocaine: 9867 ± 759 cm, n = 9; 80 mg/kg cocaine: 11250 ± 926 cm, n = 6, Fig. 2C). 

Behavioral sensitization was observed with mice receiving cocaine injections on Day 1 of 8 

mg/kg (P < 0.05), 40 mg/kg (P < 0.01), and 80 mg/kg (P < 0.01) compared to Day 1-injected 

saline mice (Fig. 2C, significance by post-hoc Dunnett’s test). When examining the 

stereotypic counts on Day 2, there were no differences between treatment groups during the 

full hour (P = 0.19), but there was a significant group effect during the first 15 min of the 

session (F (5, 54) = 6.8, P < 0.05), though none of the treatments were significantly different 

from saline-injected mice with post-hoc analysis (Table 1).

In a separate group of animals, we next examined the effect of a single cocaine injection at 

different doses on the excitatory synaptic strength in VTA dopamine neurons. Identical to 

the dose-dependent effects of cocaine on initial activity (Fig. 1B), there was a significant 

difference between treatment groups (F (5, 44) = 3.2, P < 0.05, Fig. 3), and a trend for a 

dose-dependent increase in the AMPAR/NMDAR with escalating cocaine doses (0.8 mg/kg: 

0.42 ± 0.05, n = 6; 4 mg/kg: 0.54 ± 0.04, n = 8; 8 mg/kg: 0.56 ± 0.05, n = 7). However, only 

the 40 mg/kg cocaine-injected group produced a significant increase in the AMPAR/

NMDAR (0.60 ± 0.05, n = 8) when compared to saline-injected mice (0.40 ± 0.04, n = 13, P 
< 0.01 by post hoc Dunnett’s test, Fig. 3). Surprisingly, mice injected with 80 mg/kg of 

cocaine were not different from the saline treatment group in both initial locomotor activity 

(Fig. 1), and the observed AMPAR/NMDAR (0.46 ± 0.05, n = 8, P > 0.05, Fig. 3). These 

findings demonstrated that changes in the glutamatergic synaptic strength on VTA dopamine 

neurons elicited by different doses of cocaine correspond to the initial activity after cocaine, 

and not to the development of behavioral sensitization.

Discussion

In this study, we first characterized the locomotor activity after a single exposure to cocaine 

at various doses. Next, we identified a dose-dependent relationship between the initial dose 

of cocaine administered and the behavioral sensitization after a challenge injection of 

cocaine. Finally, we found that a single cocaine injection elicited changes in the AMPAR/

NMDAR in VTA dopamine neurons that were associated with the activity after the initial 

drug exposure, and not to the observed behavioral sensitization.

A single exposure to cocaine can elicit context-dependent behavioral sensitization in a 

similar paradigm (Jackson and Nutt, 1993), but the doses capable of producing sensitization 

by a single injection have not been identified. Although we observed a trend for increased 

activity in response to the 4 mg/kg and 8 mg/kg doses of cocaine, only the 40 mg/kg dose of 

cocaine significantly augmented locomotor activity. We also found that cocaine injections of 

8 mg/kg and 40 mg/kg cocaine significantly enhanced stereotypy. The 80 mg/kg cocaine 
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injection did not affect activity or stereotypy, which may result from the anesthetic (Reith et 

al., 1985) or seizure-inducing properties of cocaine at high doses (George, 1991). In support, 

we observed a rebound in the activity of the 80 mg/kg cocaine-treated mice ~ 40 min after 

injection (Fig. 2A), which is to be expected since i.p. administered cocaine at moderate 

doses has a half-life of 16 min in both the brain and plasma of mice (Benuck et al., 1987).

We next examined the development of behavioral sensitization with a challenge injection of 

15 mg/kg cocaine on the following day. There was no significant effect on activity over the 

full hour, though it was apparent that the activity profiles between groups converged after the 

first 15 min post-injection (Fig. 2A). The context-dependent effects of the prior cocaine 

exposure are likely most relevant during the early portion of the locomotor session since 

mice habituated to activity chambers do not exhibit behavioral sensitization under a similar 

paradigm (Jackson and Nutt, 1993). In this regard, we analyzed the first 15 minutes of the 

session after the challenge injection of cocaine and found a significant increase in activity in 

mice that were given injections of cocaine at doses of 8 mg/kg, 40 mg/kg, and 80 mg/kg on 

the previous day. Although there was sensitization of locomotor activity, there was no 

significant difference in the stereotypic counts between the cocaine-injected and saline-

injected mice after the challenge injection. It is interesting to note that even though there was 

no significant effect on activity when mice received an 80 mg/kg cocaine injection, the 

following day those mice exhibited the greatest degree of behavioral sensitization, which 

highlights that previous locomotor activity to cocaine exposure does not necessarily predict 

the extent of observed sensitization.

Exposure to abused drugs can alter the synaptic properties of VTA dopamine neurons 

(Borgland et al., 2004; Liu et al., 2005; Melis et al., 2002; Nugent et al., 2007; Saal et al., 

2003; Ungless et al., 2001), which has been hypothesized to play an important role in drug-

related behaviors (Kauer, 2004). In this regard, we examined how a single cocaine injection 

at various doses affected the AMPAR/NMDAR in VTA dopamine neurons and whether the 

changes in synaptic strength were associated with drug-induced behavior. We observed a 

trend for a dose-dependent increase in the AMPAR/NMDAR with escalating cocaine doses, 

but only the 40 mg/kg cocaine-injected group produced a significant increase in the 

AMPAR/NMDAR, which mirrored our results characterizing the motor activity after the 

initial cocaine exposure. Furthermore, even though treatment with 80 mg/kg cocaine 

produced the largest behavioral sensitization, there was no effect of this treatment on initial 

motor activity or to alterations in the AMPAR/NMDAR on VTA dopamine neurons. 

Together, this suggests that changes in synaptic strength on dopamine neurons may not only 

require drug exposure, but also drug-induced increases in activity. In addition, our results 

complement previous work demonstrating that the AMPAR/NMDAR on dopamine neurons 

correlated with the activity to the initial exposure of cocaine at a single dose in rats receiving 

a week-long regimen of daily cocaine injections (Borgland et al., 2004). Therefore, the 

motor activity from the initial cocaine exposure corresponds with changes in glutamatergic 

synaptic strength on VTA dopamine neurons, whether due to individual variations to a single 

cocaine dose (Borgland et al., 2004), or due to different cocaine doses, as was described in 

the present study.
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The VTA is critical for the development of behavioral sensitization (Kauer, 2004), since 

local antagonism of NMDARs blocks sensitization (Kalivas and Alesdatter, 1993) and direct 

intra-VTA injections of dopamine receptor agonists (Pierce et al., 1996) or psychostimulants 

(Kalivas and Weber, 1988; Vezina, 1996) are sufficient for the initiation of sensitization. 

However, the current findings, coupled with those previously reported (Borgland et al., 

2004), indicate that changes in the AMPAR/NMDAR of VTA dopamine neurons do not 

mediate the development of behavioral sensitization, as was originally hypothesized (Kauer, 

2004). Rather, changes in the AMPAR/NMDAR on dopamine neurons could be important 

for other drug-related behaviors such as drug self-administration (Kauer, 2004). In summary, 

we established the dose-dependent effect of a single injection of cocaine on behavioral 

sensitization, but found that the changes in the glutamatergic synaptic strength on VTA 

dopamine neurons correspond instead to the activity after initial drug exposure in mice.
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Fig. 1. Locomotor activity following a single injection of saline or cocaine in mice
(A) The time-course of activity for 1 hr after a single injection of saline or cocaine (0.8 – 80 

mg/kg). (B) Total distance traveled during the 1 hr in the activity chamber for each treatment 

group. ** = P < 0.01 by post-hoc Dunnett’s test compared to saline group.
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Fig. 2. Locomotor activity following a challenge injection of cocaine in mice that received an 
injection of either saline or cocaine at various doses on the previous day
(A) The time-course of activity for 1 hr after the challenge injection of cocaine (15 mg/kg) 

in mice that received either saline or cocaine (0.8 – 80 mg/kg) one day prior. (B) Total 

distanced traveled during the 1 hr in the activity chamber for each treatment group. (C) 
Distanced traveled during the first 15 min in the activity chamber for each treatment group. 

*, ** =P < 0.05, 0.01 by post-hoc Dunnett’s test compared to saline group.
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Fig. 3. The AMPAR/NMDAR on VTA dopamine neurons from mice receiving an injection of 
either saline or cocaine at various doses on the previous day
Example traces demonstrating the NMDA component (blue) and AMPA component (red) 

from mice that received a saline injection (A), or a cocaine injection of 0.8 mg/kg (B), 4 

mg/kg (C), 8 mg/kg (D), 40 mg/kg (E), or 80 mg/kg (F), on the previous day. (G) The 

average AMPAR/NMDAR for all treatment groups. ** = P < 0.01 by post-hoc Dunnett’s test 

compared to saline group.
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Table 1

Stereotypic counts after saline or cocaine injections.

Day 1 (dose response) Day 2 (challenge) for full session Day 2 (challenge) for first 15 min

Saline 2628 ± 127 2893 ± 157 750 ± 39

0.8 mg/kg Cocaine 2691 ± 115 3105 ± 84 847 ± 21

4 mg/kg Cocaine 2996 ± 178 2883 ± 138 767 ± 39

8 mg/kg Cocaine 3399 ± 152* 3172 ± 162 823 ± 42

40 mg/kg Cocaine 3501 ± 183* 3204 ± 78 773 ± 41

80 mg/kg Cocaine 2379 ± 482 2737 ± 222 624 ± 73

*
= P < 0.01, 0.05 by post-hoc Dunnett’s test compared to saline group.
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