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Strength in the Ventral Tegmental Area: Electrophysiological
and Behavioral Correlates in Individual Rats
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The initiation of the psychostimulant sensitization process depends on the mesolimbic system, which projects from the ventral tegmental
area (VTA) to the nucleus accumbens. Although such initiation is primarily dependent on glutamatergic activity in VTA neurons, the
exact role VTA excitatory synapses play in this process is poorly understood. Here, we examine the effects of repeated in vivo injections
of cocaine on the magnitude and duration of the increase in strength at VTA excitatory synapses reported previously to be elicited by a
single in vivo exposure to cocaine (Ungless et al., 2001; Saal et al., 2003). We also compare the synaptic modifications induced by cocaine
with its effects on locomotor activity. Surprisingly, repeated cocaine exposure potentiated the ratio of AMPA receptor-mediated to NMDA
receptor-mediated EPSCs to a similar extent and duration as a single in vivo cocaine exposure. In naive animals, the magnitude of the
cocaine-induced locomotor activity after a single injection of cocaine correlated with the magnitude of the accompanying synaptic
enhancement. This correlation was lost on the seventh day of repeated cocaine administration, as well as when a challenge injection was
given 10 d after the cessation of repeated cocaine administration. These results suggest that the cocaine-induced synaptic plasticity at
VTA excitatory synapses is transient, and its duration depends on the last exposure to cocaine. Furthermore, chronic cocaine exposure
disrupts the normal, presumably adaptive relationship between synaptic enhancement in the VTA and behavior.
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Introduction
Repeated administration of psychostimulants, such as cocaine,
produces an augmented locomotor response to a subsequent psy-
chostimulant challenge injection. This process is referred to as
behavioral sensitization (Segal and Schuckit, 1983; Robinson and
Becker, 1986; Post and Weiss, 1988; Kalivas and Stewart, 1991)
and is a prominent animal model for the intensification of drug
craving in humans (Robinson and Berridge, 1993). Development
of behavioral sensitization can be conceptualized into two dis-
tinct temporal domains termed initiation and expression (Rob-
inson and Becker, 1986; Kalivas and Stewart, 1991). The initia-
tion of psychostimulant-mediated behavioral sensitization is
thought to involve transient cellular and molecular changes in the
ventral tegmental area (VTA), which, with the nucleus accum-
bens (NAc), constitutes the mesolimbic dopamine (DA) system.
For example, administration of DA receptor antagonists into the
VTA disrupts the development of sensitization to amphetamine

(Vezina and Stewart, 1989), whereas repeated administration of
drugs that affect DA receptor signaling directly into the VTA elicit
a sensitized motor response to systemically administered am-
phetamine or cocaine (Vezina, 1993; Perugini and Vezina, 1994;
Bjijou et al., 1996; Pierce et al., 1996a; Cornish and Kalivas, 2001).

Although psychostimulants, such as cocaine, directly affect
DA receptor-mediated signaling in a manner that is critical for
behavioral sensitization, several lines of evidence suggest that ex-
citatory synaptic transmission in the VTA also plays a critical role.
First and most importantly, initiation of sensitization is pre-
vented by intra-VTA administration of NMDA receptor
(NMDAR) antagonists (Kalivas and Alesdatter, 1993; Wolf et al.,
1993a; Vezina and Queen, 2000). Second, electrophysiological
studies have demonstrated an increase in the responsiveness of
VTA dopamine neurons to the excitatory effects of AMPA after
repeated amphetamine or cocaine administration (White et al.,
1995; Zhang et al., 1997). Third, shortly after discontinuation of
repeated amphetamine administration, intra-VTA microinjec-
tions of AMPA increased both NAc and VTA dopamine levels,
suggesting the increased ability of VTA AMPA receptors
(AMPARs) to regulate dopamine and glutamate transmission in
the VTA and NAc (Giorgetti et al., 2001). Thus, potentiation of
glutamatergic synaptic transmission in the VTA could account
for the transient increase in dopamine neuronal activity thought
to be critical in transferring sensitization to forebrain regions
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such as the NAc that are important in its maintenance and ex-
pression (Wolf, 1998; Vandenschuren and Kalivas, 2000). In-
deed, our laboratory and others have recently demonstrated that
AMPAR-mediated synaptic transmission is strengthened in the
VTA after even a single in vivo exposure to cocaine, amphet-
amine, and other drugs of abuse (Ungless et al., 2001; Faleiro et
al., 2003; Saal et al., 2003). If this drug-induced enhanced synap-
tic transmission in the VTA is a component of the neural adap-
tations that lead to locomotor sensitization as well as the accom-
panying sensitization of the incentive-motivational system
(Robinson and Berridge, 1993), it is important to further exam-
ine its detailed properties. In the present study, we sought to
determine how excitatory synaptic transmission in the VTA is
modulated by repeated cocaine exposure and whether the conse-
quent changes in excitatory synaptic strength are correlated with
the effects of cocaine on locomotor activity.

Figure 1. Multiple injections of cocaine potentiate AMPAR/NMDAR ratio to a similar extent
as a single injection of cocaine. A, Diagram of injection protocol for single or multiple injections.
B, Example recordings of evoked NMDA and AMPA EPSCs from VTA neurons of rats 24 hr after
treatment with seven consecutive injections of cocaine or saline. C, Rats were given a single
injection of cocaine (15 mg/kg; dark shaded bar) or saline (light shaded bar), multiple injections
of cocaine (filled bars) or saline (open bars), or no treatment (dotted bars). The AMPAR/NMDAR
ratio was taken as the peak amplitude of AMPAR current over peak amplitude of NMDAR cur-
rent. AMPAR/NMDAR ratio of cells from rats treated with a single injection (n � 19) or multiple
injections (n � 30) of cocaine was significantly larger than saline (n � 17; p � 0.05; n � 27;
p � 0.01, respectively) or naive (n � 8) controls. Bars represent mean AMPAR/NMDAR ratio
and SEM.

Figure 2. Potentiation of AMPAR/NMDAR ratio after multiple injections of cocaine is attrib-
utable to increases in AMPA current. A, Bath application of AMPA (10 �M) with cyclothiazide
(100 �M) for 30 sec elicited a greater inward current (10 sec bins) in chronic cocaine-treated
animals (n � 4) than in saline-treated animals (n � 5; p � 0.05). B, In neurons voltage-
clamped at 40 mV, bath application of NMDA (10 �M) for 30 sec elicited similar current (10 sec
bins) in both chronic cocaine- and saline-treated animals (n � 5 and 6; p � 0.05). C, Maximal
current change after 30 sec AMPA or NMDA application from chronic cocaine- or saline-treated
rats. Bars represent means and SEM.
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Materials and Methods
Treatment regimen and locomotor activity. Male
Sprague Dawley rats [postnatal day 26 (P26)–
P40; Charles River Laboratories, Hollister, CA]
were housed two per cage in treatment groups
with food and water available ad libidum. A 12
hr light/dark cycle was used, with the lights on
at 7:00 A.M. All cocaine injections and behav-
ioral testing were performed during the light
cycle. Rats were given either a single injection
(when aged P26 –P28) or multiple injections of
cocaine (initiated at P19 –P21). The multiple
cocaine injection treatment protocol used here
has been shown to induce behavioral sensitiza-
tion and alterations in glutamate neurotrans-
mission in the nucleus accumbens (Pierce et al.,
1996b). All animals were habituated to the pho-
tocell boxes (MED Associates, Inc., St. Albans,
VT) for 3 hr 1 d before the start of the experi-
ment. On the first treatment day, all animals
were further habituated to the photocell boxes
for 1 hr. After habituation, animals received ei-
ther cocaine (15 mg/kg, i.p.) or saline (0.9%
NaCl), and subsequent behavior was moni-
tored for 1 hr. For rats receiving multiple injec-
tions, on days 2– 6, rats received daily injections
of cocaine (30 mg/kg, i.p.) or saline in the home
cage. On day 7, all animals were habituated
again to the photocell boxes for 1 hr, followed
by intraperitoneal administration of 15 mg/kg
cocaine or saline, and locomotor behavior was
monitored for 60 min after injection. In some
experiments, sensitized rats (12 of 16) were re-
tested for locomotor activity 10 d after the
chronic cocaine treatment with 15 mg/kg intraperitoneal cocaine or sa-
line. To permit a more accurate quantification in changes in photocell
counts in all experiments, a lower dose of cocaine was administered for
behavioral testing because this dose is approximately the ED50 for
cocaine-induced increases in horizontal photocell counts (Kalivas and
Weber, 1988). Locomotor activity was measured in 17 � 17 inch cham-
bers lined with three 16-beam infrared arrays. A 50 msec scanning rate
was used for measuring beams broken. Distance traveled and stereotypic
counts were measured using Open Field Activity software (MED Associ-
ates, Inc., St. Albans, VT). Distance traveled was analyzed for estimates of
locomotion based on the movement of a given distance and resting delay
(movement in a given period). Stereotypy was measured as consecutive
breaking of the same photobeam that indiscriminately includes scratch-
ing and grooming, as well as more classic psychostimulant-induced ste-
reotypies such as focused sniffing and head bobbing (Kalivas et al.,
1988; Kalivas and Alesdatter, 1993; Cornish and Kalivas, 2001).

Electrophysiology. All the electrophysiological recordings were per-
formed in rats ranging in age from P26 to P40. Briefly, rats were anesthe-
tized with halothane and killed. Horizontal sections of the VTA (230 �M)
were prepared with a vibratome (Leica, Nussloch, Germany). Slices were
placed in a holding chamber and allowed to recover for at least 1 hr before
being placed in the recording chamber and superfused with bicarbonate-
buffered solution (artificial CSF) saturated with 95% O2 and 5% CO2 and
containing (in mM): 119 NaCl, 1.6 KCl, 1.0 NaH2PO4, 1.3 MgCl2, 2.5
CaCl2, 26.2 NaHCO3, and 11 glucose (at 32–34°C). Picrotoxin (100 �M)
was added to block GABAA receptor-mediated IPSPs. Cells were visual-
ized using infrared differential interference contrast video microscopy.
Whole-cell voltage-clamp recordings were made using an Axopatch 1D
amplifier (Axon Instruments, Union City, CA). Electrodes (2.8 – 4.0
M�) contained (in mM): 120 cesium methanesulfonate, 20 HEPES, 0.4
EGTA, 2.8 NaCl, 5 TEA-Cl, 2.5 MgATP, and 0.25 NaGTP, pH 7.2–7.3
(270 –285 mOsm). Series resistance (10 – 40 M�) and input resistance
were monitored on-line with a 4 mV depolarizing step (50 msec) given
after every afferent stimulus. Dopaminergic VTA neurons were identi-

fied by the presence of a large Ih current (Lacey et al., 1990; Johnson and
North, 1992). Because Ih is present in both principal and tertiary VTA
neurons (Margolis et al., 2003), we recognize that its presence does not
unequivocally identify dopamine neurons in midbrain slices. However,
in previous work (Ungless et al., 2001; Saal et al., 2003) and in the present
study, this criterion was enough to obtain clear differences between con-
trol and experimental treatments. A bipolar stimulating electrode was
placed 100 –300 �m rostral to the recording electrode and was used to
stimulate excitatory afferents at 0.1 Hz. Neurons were voltage-clamped at
�70 mV and 40 mV to record AMPAR- and NMDAR-mediated EPSCs.
EPSCs were filtered at 2 kHz, digitized at 5–10 kHz, and collected on-line
using Igor Pro software (Wavemetrics, Lake Oswego, OR). To calculate
the decay (�) of NMDAR-mediated EPSCs, Igor Pro software fit expo-
nential decay curves using the formula y � Aexp(�inv� � x).

To calculate the AMPAR/NMDAR ratio, an average of 12 EPSCs at 40
mV was computed before and after application of the NMDAR blocker
AP-5 (50 �M) for 5 min. NMDAR responses were calculated by subtract-
ing the average response in the presence of AP-5 (AMPAR only) from
that seen in its absence; the peak of the AMPAR EPSC was divided by the
peak of the NMDAR EPSC to yield an AMPAR/NMDAR ratio. One
caveat of this technique is that AMPAR- and NMDAR-mediated EPSCs
are recorded at a nonphysiological potential (40 mV), resulting in an
outward current. At this potential, it is possible that a series of intracel-
lular events might be triggered as a consequence of this robust depolar-
ization. However, at 40 mV, both AMPAR and NMDAR have a maximal
open probability, and thus it is easier to make a reliable comparison
between AMPAR- and NMDAR-mediated EPSCs using the same stimu-
lation intensity. The current–voltage relationship for AMPAR- and
NMDAR-mediated currents at 40 mV is linear and superimposeable.
Consequently, changes in membrane potential will affect both currents
to the same extent.

Data analysis. All values are expressed as mean � SEM. Statistical
significance was assessed using two-tailed Student’s t tests or a two-way
ANOVA for multiple group comparisons. A Bonferroni post hoc test after

Figure 3. Multiple injections of cocaine potentiate AMPAR/NMDAR ratio lasting for 5 but not 10 d. A, Diagram of injection
protocol for single or multiple injections. Rats were treated with single ( B) or multiple ( C) injections of saline (open bars) or
cocaine (filled bars) as previously described. Recordings of AMPAR/NMDAR ratio made 5 d after the final cocaine injection (single
injection, n � 9; multiple injections, n � 8) were significantly larger than the saline controls (*p � 0.05; single, n � 6; **p �
0.01; multiple, n � 10). However, AMPAR/NMDAR ratio 10 d after the final cocaine injection (n � 10) was not significantly
different from that of the saline controls (n � 10). Bars represent mean AMPAR/NMDAR ratio and SEM.
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an ANOVA was used to test significant differences between multiple
groups. In each set of experiments, there were no differences in the results
from blinded and nonblinded experiments; therefore, results were com-
bined. Correlation analysis was performed to determine whether there
was a significant association between the AMPAR/NMDAR ratio and
locomotor activity. If more than one AMPAR/NMDAR ratio was re-
corded per rat, the mean AMPAR/NMDAR ratio was correlated to that
rat’s locomotor response. A regression slope and Pearson’s correlation
coefficient were calculated using GraphPad (San Diego, CA) Prism ver-
sion 4 software.

Results
Effect of multiple injections of cocaine on the
AMPAR/NMDAR ratio
In our first series of experiments, we examined whether repeated
cocaine administration increased the magnitude or duration of
the increase in AMPAR-mediated synaptic transmission previ-
ously found to occur after a single in vivo exposure to cocaine or
other drugs of abuse (Ungless et al., 2001; Saal et al., 2003). To
evaluate synaptic strength, we measured the relative contribution
of AMPARs and NMDARs to the EPSCs because this measure
minimizes the effects of slice-to-slice variability and has been
used successfully in the past (Ungless et al., 2001; Saal et al., 2003).

The chronic treatment protocol involved injecting rats with

cocaine over 7 consecutive days in a man-
ner known to induce behavioral sensitiza-
tion as well as alterations in dopamine and
glutamate transmission (Kalivas and
Duffy, 1993; Pierce et al., 1996b) (Fig. 1A).
Rats injected with multiple doses of
cocaine exhibited a significantly larger
AMPAR/NMDAR ratio on day 8 (0.76 �
0.09; n � 30) compared with controls re-
ceiving multiple injections of saline
(0.38 � 0.04; n � 12; p � 0.05) or naive
rats (0.33 � 0.08; n � 8; p � 0.05) (Fig.
1B,C). The magnitude of this increase,
however, was similar to that elicited by a
single injection of cocaine (0.64 � 0.05;
n � 29, p � 0.05).

The increase in the relative ratio be-
tween AMPAR- and NMDAR-mediated
currents may be attributable to various
factors: an increase in AMPAR number
and/or function, a decrease in NMDAR
number and/or function, or a change in
both. Therefore, AMPA (10 �M for 30 sec)
with the AMPAR desensitization inhibitor
cyclothiazide (100 �M) was superfused
onto neurons held at �70 mV in both
saline-treated animals and in animals
chronically exposed to cocaine. Similarly
to what we observed after a single injection
of cocaine (Ungless et al., 2001), AMPAR-
mediated currents were significantly in-
creased in rats repeatedly exposed to co-
caine (�171 � 29 pA; n � 4) (Fig. 2A)
compared with rats injected with saline
(�80 � 17 pA; n � 5; p � 0.05) (Fig. 2A).
Attenuation of NMDAR function has been
demonstrated in situations with increased
levels of calmodulin, resulting in Ca 2�-
dependent inactivation (Ehlers et al.,
1996) or reduced postsynaptic density-95
levels (Roche et al., 2001). Thus, to deter-

mine whether a significant change in NMDAR function had oc-
curred as a consequence of chronic cocaine exposure, we super-
fused NMDA (10 �M, 30 sec) onto neurons and found no
difference in current amplitude between rats chronically treated
with cocaine (46 � 8 pA; n � 5) or saline (40 � 8 pA; n � 6; p �
0.5) (Fig. 2B). Finally, chronic cocaine exposure may have pro-
duced an alteration in NMDAR subunit composition that could
be reflected by a specific change in the decay time of evoked
NMDAR-mediated EPSCs (Cull-Candy et al., 2001). However,
an analysis of the time constant of decay of NMDAR-mediated
currents did not reveal any difference between rats treated with
chronic cocaine (� � 50 � 7 msec; n � 15) and those treated with
saline (� � 53 � 9 msec; n � 15; p � 0.05). Taken together, these
results suggest that the increase in AMPAR/NMDAR ratio after
chronic cocaine treatment is primarily attributable to an increase
in AMPAR function and/or number, whereas VTA NMDAR
function is not altered by the chronic cocaine exposure.

Because a single cocaine exposure in mice transiently en-
hanced synaptic strength for 5 but not 10 d after the injection
(Ungless et al., 2001), we proceeded to characterize the duration
of the synaptic potentiation after repeated cocaine injections.
Similar to mice, rats receiving a singleinjection of cocaine had a

Figure 4. Locomotor activity positively correlates with potentiated AMPAR/NMDAR ratio after a single injection of cocaine.
Rats were monitored for locomotor activity for 60 min immediately after a single cocaine (15 mg/kg) or saline injection. A, B,
Distance traveled ( A) and stereotypic counts ( B) increased after cocaine (n � 11) compared with saline (n � 10; p � 0.01). Bars
represent mean AMPAR/NMDAR ratio and SEM. C, D, Distance traveled ( C) and stereotypic counts ( D) correlated positively with
the AMPAR/NMDAR ratio of cocaine-treated rats (distance traveled, r � 0.85; p � 0.01; n � 8; stereotypic counts, r � 0.62; p �
0.1; n � 8; filled squares). E, F, In saline-treated rats, distance traveled ( E) and stereotypy ( F) did not correlate with AMPAR/
NMDAR ratio (distance traveled, r � 0.35; n � 5; stereotypy, r � �0.27; n � 5; open squares). The mean of AMPAR/NMDAR
ratios per rat was compared with its locomotor activity.
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potentiated AMPAR/NMDAR ratio after
5 d (cocaine, 0.67 � 0.08; n � 9; vs saline,
0.39 � 0.07; n � 6; p � 0.05) but not 10 d
after withdrawal (cocaine, 0.38 � 0.08;
n � 5; vs saline, 0.44 � 0.03; n � 5; p �
0.05) (Fig. 3B). Repeated daily injections
of cocaine for 7 d did not prolong the du-
ration of this synaptic modification be-
cause, again, a significant increase in the
AMPAR/NMDAR ratio was observed 5 d
(saline, 0.39 � 0.07; n � 6; cocaine, 0.67 �
0.08; n � 9; p � 0.05) but not 10 d after
these multiple injections (saline, 0.38 �
0.06; n � 10; cocaine, 0.47 � 0.05; n � 8;
p � 0.05) (Fig. 3C). These results suggest
that the cocaine-induced synaptic potenti-
ation is transient, regardless of the number
of injections of cocaine, and that the po-
tentiation of VTA excitatory synaptic
transmission isdependent on the last ex-
posure to cocaine, rather than on the
number of exposures.

Correlation of locomotor activity to
AMPAR/NMDAR ratio after single or
multiple injections of cocaine
Increases in the level of excitatory amino
acids and their receptors in the VTA ap-
pear to be correlated with the initiation of
behavioral sensitization (Kalivas and Ales-
datter, 1993; Fitzgerald et al., 1996). We
therefore investigated the relationship be-
tween increased synaptic strength in the
VTA, as measured by potentiation of the
AMPAR/NMDAR ratio and cocaine-
induced locomotor activity, as well as be-
havioral sensitization. Rats treated with a
single injection of cocaine had increased
average ambulatory and vertical photocell
counts (data not shown), as well as average
distance traveled (3887 � 707 cm; n � 11),
compared with saline-treated animals
(581 � 104 cm; n � 10; p � 0.01) (Fig. 4A)
when assayed immediately after injection.
Additionally, acute cocaine treatment in-
creased average stereotypic counts
(1588 � 232; n � 5; vs 7059 � 634; n � 8;
p � 0.001) (Fig. 4B). To test whether the
synaptic plasticity observed after a single
injection of cocaine correlated with its ef-
fect on locomotor activity in individual
rats, cocaine-induced locomotor activa-
tion was compared with the AMPAR/NMDAR ratios measured
the following day (Fig. 1B). Indeed, the distance traveled posi-
tively correlated with AMPAR/NMDAR ratio after a single injec-
tion of cocaine [Pearson’s r � 0.85; confidence interval (CI) �
0.37– 0.97; n � 8; p � 0.01] such that the greater the acute cocaine
effect on locomotor activity, the greater the change in AMPAR/
NMDAR ratio. Stereotypic counts did not significantly correlate
with the AMPAR/NMDAR ratio for individual rats, although the
data exhibited a positive trend (Fig. 4D) (Pearson’s r � 0.62; CI �
�0.15– 0.92; n � 8; p � 0.10). In contrast to the effect of cocaine,
saline-injected rats did not exhibit a correlation between distance

traveled or stereotypy and the AMPAR/NMDAR ratio (distance
traveled, Pearson’s r � 0.35; CI � �0.77– 0.94; n � 5) (Fig. 4E)
(stereotypic counts, Pearson’s r � �0.27; CI � �0.93– 0.80; n �
5) (Fig. 4F).

We next examined the degree of behavioral sensitization re-
sulting from seven daily cocaine or saline injections. As expected,
rats treated with multiple injections of cocaine had significantly
increased locomotor activity on day 7 (5920 � 925 cm; n � 11)
compared with day 1 (3603 � 821 cm; n � 11; p � 0.05) (Fig. 5A)
as well as an increase in stereotypic counts (day 7, 8523 � 490; day

Figure 5. After multiple injections of cocaine, resulting in sensitization, locomotor activity no longer correlates with AMPAR/
NMDAR ratio. Rats were monitored for locomotor activity on the first (day 1) and the last (day 7) day of injection regimen. A, B,
Distance traveled ( A) (*p � 0.05) and stereotypic counts ( B) (**p � 0.01) were greater on days 1 and 7 in cocaine-treated rats
compared with saline-treated rats (cocaine, n � 11; saline, n � 12; p � 0.01). C, D, Correlation of distance traveled ( C) and
stereotypic counts ( D) on the last injection day (day 7) and AMPAR/NMDAR ratio in rats treated with multiple injections of cocaine
(n � 11). E, F, Correlation of the relative sensitization, the ratio of distance traveled ( E) and stereotypic counts ( F) on days 7 and
1, and AMPAR/NMDAR ratio in cocaine-treated rats (n � 11). G, H, Correlation of distance traveled ( G) and stereotypic counts ( H )
on day 7, and AMPAR/NMDAR ratio in saline-treated rats (n � 12). Bars represent mean AMPAR/NMDAR ratio and SEM. The mean
of AMPAR/NMDAR ratios per rat was compared with its locomotor activity.
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1, 6124 � 391; p � 0.01) (Fig. 5B). Saline-injected animals, on the
other hand, had no significant change in locomotor activity from
day 1 (912 � 178 cm; n � 13) to day 7 (976 � 109 cm; n � 13; p �
0.05) nor any change in stereotypy response (Fig. 5A,B).

To determine whether the magnitude of the potentiation of
VTA synaptic strength measured after chronic cocaine treatment
correlated with the degree of behavioral sensitization, we com-
pared the AMPAR/NMDAR ratio measured on day 8 after the 7 d
of repeated cocaine or saline injection treatment with the dis-
tance traveled or stereotypic counts measured on the final day of
injection. Unlike the positive correlation observed with a single
injection of cocaine, in rats treated with multiple injections, there
was no longer a correlation between the AMPAR/NMDAR ratio
and distance traveled (Pearson’s r � �0.003; CI � �0.60 – 0.60;
n � 11) (Fig. 5C) or stereotypic counts (Pearson’s r � �0.47;
CI � �0.47– 0.17; n � 11) (Fig. 5G). After multiple saline injec-
tions, distance traveled (Pearson’s r � �0.29; CI � �0.74 – 0.34;
n � 12) (Fig. 5D) or stereotypic counts (Pearson’s r � �0.16;
CI � �0.67– 0.45; n � 12) (Fig. 5H) also did not correlate with
AMPAR/NMDAR ratios.

In contrast to the robust positive correlation between the lo-
comotor effects of a single cocaine injection and its effects on
VTA synaptic strength, there was no correlation between the
AMPAR/NMDAR ratio and the degree of sensitization measured
either by distance traveled (Pearson’s r � �0.25; CI � �0.74 –

0.41; n � 11) (Fig. 5E) or stereotypic activ-
ity (Pearson’s r � �0.39; CI � �0.8 – 0.27;
n � 11) (Fig. 5F). Thus, the correlation
between cocaine-induced locomotor ac-
tivity and the AMPAR/NMDAR ratio was
lost as the rats became sensitized to
cocaine.

Effect of a cocaine challenge injection
after withdrawal from chronic
cocaine treatment
To determine whether VTA synaptic
strength could again be potentiated after
withdrawal from the chronic 7 d cocaine
treatment, we tested the effect of a single
injection of cocaine 10 d after the last co-
caine injection. Cocaine-pretreated rats
given a cocaine injection 10 d later had
larger AMPAR/NMDAR ratios (0.71 �
0.06; n � 12) than cocaine-pretreated rats
receiving a saline challenge injection
(0.45 � 0.03; n � 7; p � 0.05) or saline-
pretreated rats receiving a saline challenge
injection (0.42 � 0.02; n � 11; p � 0.01)
(Fig. 6B). Rats pretreated with saline and
injected with cocaine after 10 d of no injec-
tions also had a potentiated AMPAR/
NMDAR ratio (0.62 � 0.08; n � 9; p �
0.05) (Fig. 6B) that was not significantly
different from that of the cocaine-
pretreated animals. This suggests that co-
caine pretreatment did not affect the po-
tentiation of VTA synaptic strength
elicited by a subsequent single injection of
cocaine.

Although the AMPAR/NMDAR ratio
was no longer potentiated 10 d after the
chronic cocaine pretreatment, behavioral

sensitization was still present as evidenced by an enhanced loco-
motor response to cocaine when compared with the cocaine-
induced locomotor response of saline-pretreated animals (Fig.
6C,D). This indicates that enhanced synaptic strength in the VTA
is not required for the expression of behavioral sensitization.

In a final analysis, we examined whether the chronic cocaine
pretreatment affected the correlation that was observed in naive
animals between the AMPAR/NMDAR ratio and the acute
cocaine-induced locomotor activity. Consistent with our previ-
ous results, in saline-pretreated animals there was a positive cor-
relation between the AMPAR/NMDAR ratio and the distance
traveled (Pearson’s r � 0.75; CI � 0.31– 0.92; p � 0.01; n � 12)
(Fig. 7A) as well as stereotypic counts (Pearson’s r � 0.63; CI �
0.08 – 0.88; p � 0.05; n � 12) (Fig. 7B) in response to the cocaine
injection on day 17. In contrast, this correlation disappeared in
the animals that were pretreated with cocaine for 7 d and then
also received a cocaine injection on day 17 (distance traveled,
Pearson’s r � �0.16; CI � �0.74 – 0.56; n � 9) (Fig. 7C) (stereo-
typic counts, Pearson’s r � 0.05; CI � �0.64 – 0.69; n � 9) (Fig.
7D). Animals receiving a saline injection 10 d after multiple saline
or cocaine injections also showed no correlation between the
AMPAR/NMDAR ratio and distance traveled (saline, Pearson’s
r � 0.10; CI � �0.65– 0.75; n � 8; cocaine, Pearson’s r � �0.02;
CI � �0.89 – 0.87; n � 5) or stereotypic counts (saline, Pearson’s
r � 0.41; CI � �0.41– 0.86; n � 8; cocaine, Pearson’s r � �0.03;

Figure 6. After 10 d withdrawal from multiple cocaine injections, a challenge injection of cocaine reinstates potentiated
AMPAR/NMDAR ratio in sensitized rats. A, Diagram of injection regimen. Distance traveled was measured on the first (day 1) and
last (day 7) days of the multiple injection regimen, and then distance traveled was measured again immediately after a challenge
injection of cocaine (15 mg/kg) or saline 10 d later (day 17). AMPAR/NMDAR ratios were measured 24 hr after the challenge
injection (day 18). B, Rats pretreated with cocaine and given a cocaine challenge injection (filled bar; n � 12) and rats pretreated
with saline and given a cocaine challenge injection (light shaded bar; n � 9) had potentiated AMPAR/NMDAR ratios compared
with rats pretreated with cocaine and given a saline challenge injection (dark shaded bar; n � 7) and rats pretreated with saline
and given a saline challenge injection (open bar; n � 11). C, Rats pretreated with multiple injections of cocaine and a challenge
injection of cocaine after 10 d of withdrawal (filled circles; n � 6), had elevated locomotor activity compared with rats pretreated
with saline and challenged with a cocaine injection (open circles; n � 8; p � 0.01). Rats pretreated with cocaine did not show
enhanced locomotor response to a saline challenge (filled squares; n � 6). Rats pretreated with saline and given a challenge
injection of saline (open squares; n � 8) represented baseline locomotor activity. D, Locomotor activity on day 17 in rats pre-
treated with cocaine receiving a cocaine (filled bar; n � 6) or saline (dark shaded bar; n � 6) challenge injection and rats
pretreated with saline receiving a cocaine (light shaded bar; n � 8) or saline (open bar; n � 8) challenge injection. Bars represent
mean cumulative distance traveled and SEM. p values were calculated using a two-way ANOVA.
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CI � �0.89 – 0.87; n � 5). Thus, it is pos-
sible that the lack of correlation between
behavioral sensitization and synaptic en-
hancement after chronic cocaine treatment
may represent a change in the functional
consequences of the cocaine-induced poten-
tiation of excitatory synaptic transmission in
the VTA.

Discussion
Cocaine-induced plasticity at VTA
excitatory synapses is transient
Synaptic plasticity in the VTA has been
suggested to play an important role in the
behavioral consequences of in vivo expo-
sure to drugs of abuse (Robinson and Ber-
ridge, 1993; Kalivas, 1995; Overton and
Clark, 1997; Ungless et al., 2001; Everitt
and Wolf, 2002). However, only the effects
of single injections of psychoactive drugs
have been examined directly for their ef-
fects on VTA excitatory synapses (Ungless
et al., 2001; Faleiro et al., 2003; Saal et al.,
2003). Important questions that had not
yet been addressed are what effect chronic
in vivo cocaine treatment has on synaptic
strength in the VTA and whether these ef-
fects differ from those elicited by a single
exposure to drugs of abuse. Surprisingly,
we found that after chronic cocaine treat-
ment, excitatory synapses in the VTA are
potentiated to a similar extent and for a
similar duration as that observed after a
single in vivo injection of cocaine. Thus,
the duration or total dose of cocaine treat-
ment has little effect on at least one of the adaptations occurring
at VTA excitatory synapses. Furthermore, because the cocaine-
induced synaptic enhancement in the VTA remains transient,
lasting 5 but not 10 d, and is independent of the number of times
the animal has been exposed to cocaine, this synaptic adaptation
cannot account for the expression or maintenance of behavioral
sensitization but must play some other role in the behavioral
responses to cocaine and presumably other drugs of abuse.

Other studies have also found transient alterations in the VTA
after chronic exposure to cocaine. These include a transient in-
crease in the responsiveness of VTA dopamine neurons to AMPA
3 d but not 10 d, after withdrawal from chronic cocaine treatment
(Zhang et al., 1997), as well as a subsensitivity of dopamine auto-
receptors that lasts 1–3 but not 10 –14 d after chronic cocaine
(Ackerman and White, 1990; Wolf et al., 1993b). Basal extracel-
lular dopamine levels in the VTA are also elevated in cocaine-
treated animals compared with saline-treated animals when mea-
sured 1 d after discontinuing daily treatments but not after 14 d
(Kalivas and Duffy, 1993). Together these transient alterations,
including the synaptic potentiation observed in this study, may
contribute to the increase in the basal dopamine cell-firing rate,
which has been observed after short withdrawals from repeated
administration of cocaine (Henry et al., 1989). Furthermore, all
of these findings are consistent with the hypothesis that the VTA
plays an essential but transient role in the induction of sensitiza-
tion (Robinson and Berridge 1993; Kalivas 1995; Wolf, 1998;
Everitt and Wolf, 2002).

Cocaine-induced locomotor activity and synaptic
enhancement in the VTA
We observed a strong positive correlation between the locomotor
activity induced by a single dose of cocaine and the synaptic
enhancement measured 1 d later in both naive animals and those
pretreated with saline and receiving a single injection of cocaine
10 d later. We also observed a weaker correlation between
cocaine-induced stereotypy and the synaptic enhancement.
These correlations cannot be attributed to the locomotor activity
itself enhancing VTA synaptic strength because animals that only
received saline injections did not exhibit similar correlations. Be-
cause external stimuli that are associated with the firing of mid-
brain dopamine cells are granted motivational significance
(Schultz, 2002), we propose that the cocaine-induced synaptic
enhancement in the VTA contributes to the neural circuit adap-
tations that are responsible for attaching appropriate incentive
value to stimuli associated with the cocaine injection and that the
magnitude of locomotor activity in naive animals reflects the
degree of the motivational significance of cocaine. The transient
nature of the cocaine-induced synaptic enhancement in the VTA
would presumably allow this region to “reset” itself, thus facili-
tating its involvement in attaching appropriate incentive value to
subsequent motivationally significant stimuli.

Ten days after chronic cocaine treatment, which induced be-
havioral sensitization, a single injection of cocaine could again
increase synaptic strength in the VTA, but its magnitude no
longer correlated with the cocaine-induced increase in locomo-
tor activity. This disconnect may reflect the fact that the locus of

Figure 7. AMPAR/NMDAR ratios correlate with locomotor activity measured after a cocaine challenge injection in saline-
pretreated rats but not in cocaine-pretreated rats. Rats were pretreated for 7 d with saline or cocaine and given a saline or cocaine
(15 mg/kg) challenge injection after 10 d of withdrawal. Circles represent the correlate of distance traveled, and squares represent
the correlate of stereotypic counts measured immediately after challenge injection to AMPAR/NMDAR ratio recorded 24 hr later.
A, B, Correlation of distance traveled ( A) (r � 0.75; p � 0.05; n � 12) and stereotypic counts ( B) (r � 0.63; p � 0.05; n � 12)
and AMPAR/NMDAR ratio in saline-pretreated rats given a cocaine challenge injection. C, D, Correlation of distance traveled ( C)
[n � 9 (1 point is occluded); r � �0.16] or stereotypic counts ( D) (n � 9; r � 0.05) and AMPAR/NMDAR ratio in cocaine-
pretreated rats given a cocaine challenge injection. The mean of AMPAR/NMDAR ratios per rat was compared with its locomotor
activity.

7488 • J. Neurosci., August 25, 2004 • 24(34):7482–7490 Borgland et al. • Chronic Cocaine and Synaptic Plasticity



the critical adaptations responsible for sensitization shifted from
its initiation site in the VTA to its sites of expression, the most
critical of which is the NAc (Wolf, 1998; Vanderschuren and
Kalivas, 2000). That is, the same cocaine-induced adaptation in
the VTA, which has presumably returned to its basal state after
the withdrawal of cocaine, has a profoundly different behavioral
effect because cocaine-induced adaptations in the NAc and other
target regions are much longer-lasting, perhaps even permanent
(Robinson and Berridge, 1993; Wolf, 1998; Vanderschuren and
Kalivas, 2000). Long-lasting changes in neurotransmission in the
motive circuit include D1 receptor supersensitivity in the NAc
(Xu et al., 1994), as well as decreased dopamine transporter bind-
ing sites (Sharpe et al., 1991; Pilotte et al., 1994) and mRNA after
10 d of withdrawal from chronic cocaine treatment (Xia et al.,
1992). In addition, repeated amphetamine administration in the
VTA resulted in an increased sensitivity of NAc medium spiny
neurons to the inhibitory effects of a D1 receptor agonist on firing
rates (Hu et al., 2002). Pierce et al. (1996a) also observed that after
inducing behavioral sensitization, using the same injection pro-
tocol described here, D1 dopamine receptor sensitivity in the NAc
was enhanced. Consequences of D1 receptor supersensitivity in-
clude induction of immediate early genes such as Fos, FosB, and
JunB (Hu et al., 2002), protein kinase A phosphorylation of
AMPA receptors (Pierce et al., 1996b), and phosphorylation of
voltage-dependent sodium channels (Zhang et al., 1998). These
adaptations would modulate the effect of dopamine in the NAc
and likely contribute to the expression of cocaine sensitization.
Additionally, changes in excitatory drive from regions other than
the VTA, such as the basolateral amygdala and/or the prefrontal
cortex, might also underlie the enhanced motor response attrib-
utable to chronic cocaine (Pierce and Kalivas, 1997).

In summary, we have demonstrated that the cocaine-induced
enhancement of synaptic strength in the VTA is transient and
independent of the duration of cocaine exposure. In naive ani-
mals, VTA synaptic strength correlates with drug-induced loco-
motor activity, which we propose reflects the motivational effects
of cocaine. However, after repeated exposure to cocaine and dur-
ing the expression of behavioral sensitization, the correlation be-
tween synaptic strength and this simple behavior is lost. This is
likely because of the much longer-lasting adaptations that occur
in VTA target regions after chronic cocaine exposure. These re-
sults provide a potentially powerful example of how chronic drug
exposure can disrupt the normal, presumably adaptive relation-
ship between neural circuit modifications and behavior.
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