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SUMMARY

Persistent drug-seeking behavior is hypothesized to
co-opt the brain’s natural reward-motivational sys-
tem. Although ventral tegmental area (VTA) dopa-
mine (DA) neurons represent a crucial component
of this system, the synaptic adaptations underlying
natural rewards and drug-related motivation have
not been fully elucidated. Here, we show that self-
administration of cocaine, but not passive cocaine
infusions, produced a persistent potentiation of VTA
excitatory synapses, which was still present after
3 months abstinence. Further, enhanced synaptic
function in VTA was evident even after 3 weeks of ex-
tinction training. Food or sucrose self-administration
induced only a transient potentiation of VTA glutama-
tergic signaling. Our data show that synaptic function
in VTA DA neurons is readily but reversibly enhanced
by natural reward-seeking behavior, while voluntary
cocaine self-administration induced a persistent syn-
aptic enhancement that is resistant to behavioral
extinction. Such persistent synaptic potentiation in
VTA DA neurons may represent a fundamental cellu-
lar phenomenon driving pathological drug-seeking
behavior.

INTRODUCTION

Dopamine (DA) neurons within the ventral tegmental area (VTA)

are an integral part of the brain’s natural reward circuit (Jones

and Bonci, 2005; Hyman et al., 2006), and VTA neuron activity

has been shown to be important in mediating a number of moti-

vated behaviors (Fields et al., 2007). In particular, the involve-

ment of a common pathway for both natural rewards and drugs

of abuse have implicated VTA DA neurons in the development of

drug addiction (Ikemoto and Wise, 2004; Kauer, 2004; Self,

2004). In addition, cues that predict natural or drug-related re-

wards can induce phasic DA neuron activation (Schultz, 1998;
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Fields et al., 2007). Importantly, the transition to different firing

modalities in the VTA, such as a shift from single spike firing

mode to burst firing, can be modulated by glutamatergic affer-

ents (White, 1996; Mathon et al., 2003). A variety of brain regions,

including the prefrontal cortex, lateral hypothalamus, bed

nucleus of the stria terminalis, pedunculopontine nuclei, and

superior colliculus, all send excitatory projections to the VTA

(Fields et al., 2007; Geisler et al., 2007).

VTA DA neurons express different forms of synaptic glutamate

plasticity, including long-term potentiation (LTP) and long-term

depression (LTD) (Bonci and Malenka, 1999; Jones et al.,

2000; Thomas et al., 2000). In the hippocampus, these forms

of long-term plasticity can contribute to the normal learning

and memory processes associated with reward-related behav-

iors (Pastalkova et al., 2006; Whitlock et al., 2006). Importantly,

in the VTA, transient increases in synaptic strength onto DA neu-

rons can be produced by cocaine and other drugs of abuse

(Ungless et al., 2001; Saal et al., 2003; Wolf et al., 2004; Hyman

et al., 2006; Kauer and Malenka, 2007). However, in these previ-

ous studies, the synaptic plasticity was measured following

experimenter-administered rather than active voluntary drug

self-administration. Because contingent, voluntary drug intake

(e.g., through a self-administration paradigm) and noncontingent

drug exposure (e.g., experimenter-administered or through

a yoked design) can induce differential changes within the mes-

olimbic system (Hemby et al., 1997, 2005; Lu et al., 2003; McFar-

land et al., 2003; Tang et al., 2004), changes that develop as a

result of passive drug exposure may offer a narrow, incomplete

picture about the development of addiction in humans, which

involves voluntary intake and learned association between

drug and context (Leshner, 1997). Thus, previous studies re-

vealed only the pharmacological effect of cocaine and not

the consequences of the learned propensity to continually

consume drugs.

Changes in synaptic plasticity in the VTA may serve to modu-

late learning and memory mechanisms necessary for natural

reward-related behaviors, and long-term neuroadaptation of

synapses may also facilitate responding for drugs as addiction

develops. A growing interest has recently developed around

the hypothesis that drug addiction results from maladaptive

co-option of reward-related learning mechanisms that are
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normally involved in the pursuit of natural rewards (Hyman et al.,

2006). However, while usurpation of learning and memory

processes may support persistent seeking of abused drugs,

common synaptic mechanisms of natural and drug reinforce-

ment have not been demonstrated.

RESULTS

Excitatory Strength Is Increased in VTA DA Neurons
1 Day after Self-Administration of Cocaine,
Food, or Sucrose
The effects of voluntary self-administration on glutamatergic

plasticity in VTA DA neurons were first examined in rats that

self-administered cocaine, food, or sucrose. Rats were trained

to self-administer cocaine (‘‘Cocaine,’’ 0.25 mg/kg/infusion),

food (‘‘Food,’’ 45 mg pellet), or sucrose (‘‘Sucrose,’’ 45 mg pellet)

under a fixed-ratio-1 (FR1) schedule of reinforcement for at least

14 days or until maintenance criteria were met (see Experimental

Procedures and Supplemental Data available online). Behavioral

responses and earned reinforcers on the last day of responding

in Cocaine, Food, and Sucrose groups are illustrated in

Figure 1A. In vitro whole-cell recordings from VTA DA neurons

Figure 1. Glutamatergic Strength onto VTA DA Neu-

rons Was Enhanced 1 Day after Completion of

Cocaine, Food, or Sucrose Self-Administration

(A) Behavioral responses on the last day of training in Cocaine,

Food, and Sucrose groups. Active lever presses were 43 ± 3

for cocaine (n = 8 rats), 57 ± 2 for Food (n = 11), and 53 ± 4

for Sucrose (n = 8). Cocaine rats earned 38 ± 3 infusions of co-

caine (0.25 mg/kg/infusion), Food rats earned 44 ± 2 pellets of

food, and Sucrose rats earned 44 ± 4 pellets of sucrose. Inac-

tive lever responses averaged fewer than three presses for all

groups.

(B) Sample traces showing AMPAR- and NMDAR-mediated

currents from Naive rats and each of the self-administering

groups.

(C) Averaged AMPAR/NMDAR ratio from Naive, Cocaine,

Food, or Sucrose self-administrating rats.

(D) Example traces of mEPSCs from Naive, Cocaine, Food,

and Sucrose groups. Scale bars, 20 pA, 100 ms.

Cumulative probability of frequency (E) and amplitude (F) of

example cells from each of the four groups. (Inset) Averaged

mEPSC frequencies were significantly increased in Cocaine,

Food, and Sucrose rats compared with Naive rats; mEPSC

amplitudes were not significantly different between groups.

*p < 0.05, **p < 0.01, ***p < 0.001 versus Naive.

in brain slices from each of the three groups were

performed 1 day after the last self-administration

session.

We initially examined the ratio of AMPA receptor-

to NMDA receptor- (AMPAR/NMDAR) mediated

currents (Figure 1B), since changes in the ratio of

AMPA to NMDA receptor-dependent currents can

be a sensitive measure of synaptic plasticity at

excitatory synapses (Malenka and Nicoll, 1999)

and has been shown to be transiently enhanced

after passive exposure to cocaine as well as other drugs of

abuse (Ungless et al., 2001; Saal et al., 2003; Borgland et al.,

2004).

In age-matched naive rats (p80–p150, ‘‘Naı̈ve’’), the AMPAR/

NMDAR ratio was 0.36 ± 0.04 (n = 8, Figure 1C), similar to values

previously observed in the VTA of young rats (Borgland et al.,

2004). This suggests that, in the absence of behavioral or phar-

macological manipulations, the baseline AMPAR/NMDAR ratio

is similar in preadolescent (Borgland et al., 2004) and p80–

p150 adult animals (present study), suggesting that AMPAR/

NMDAR ratio remained consistent throughout a rat’s lifetime.

In contrast, self-administration of cocaine elicited a significant

increase in AMPAR/NMDAR ratios compared to Naive rats

(0.89 ± 0.13, n = 8, p < 0.001, Figures 1B and 1C).

Similar to Cocaine rats, 1 day after the last training session,

Food and Sucrose rats also showed significant increases in

AMPAR/NMDAR ratio relative to Naive rats (Food: 0.88 ± 0.07,

n = 10; Sucrose: 0.70 ± 0.10, n = 8; p < 0.001 and p < 0.01 for Naive

versus Food or Sucrose, respectively; Figures 1B and 1C). To-

gether, these data showed that the AMPAR/NMDAR ratio was

equally potentiated following cocaine, food, or sucrose self-

administration.
Neuron 59, 288–297, July 31, 2008 ª2008 Elsevier Inc. 289
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Figure 2. Noncontingent Cocaine Delivery

Induced Differential Changes in Glutamate

Function Relative to Voluntary Cocaine

Self-Administration

(A) Averaged AMPAR/NMDAR ratios from rats that

received yoked cocaine (0.25 or 0.5 mg/kg/infu-

sion or a single i.v. bolus) were not significantly in-

creased compared to Naive rats. However, rats

that received cocaine i.p. injections exhibited

increased AMPAR/NMDAR ratios.

(B) Cumulative probability of frequency and ampli-

tude (C) of example cells from each of the four

groups. (Inset) Averaged mEPSC frequencies (B)

and amplitudes (C) were not significantly different

in rats that received cocaine noncontingently. Dot-

ted lines represent averaged value from Naı̈ve

rats. **p < 0.01 versus Naı̈ve, #p < 0.05 versus

yoked groups.
Numerous brain regions send glutamatergic projections onto

VTA DA neurons (Fields et al., 2007; Geisler et al., 2007), and

changes in released glutamate can alter DA neuron activity.

To further examine whether glutamatergic activity onto VTA DA

neurons was affected by these behavioral training procedures,

miniature excitatory postsynaptic currents (mEPSCs) were ex-

amined. Interestingly, increases in mEPSC frequency, suggest-

ing an enhancement in glutamate release (Malenka and Nicoll,

1999), followed the same pattern as the AMPAR/NMDAR ratio

data; rats that self-administered cocaine, food, or sucrose ex-

hibited increased mEPSC frequency compared to Naive rats

(Naive: 1.05 ± 0.17 Hz, n = 6; Cocaine: 5.39 ± 1.20 Hz, n = 8;

Food: 5.02 ± 0.84 Hz, n = 6; Sucrose: 4.37 ± 1.05 Hz, n = 8;

p < 0.05 for Cocaine, Food or Sucrose versus Naive; Figures

1D and 1E). No differences were observed in mEPSC amplitudes

between the self-administering groups (p > 0.05, Figures 1D

and 1F). Taken together, increased AMPAR/NMDAR ratio and

mEPSC frequencies suggest that self-administration of cocaine

or natural rewards such as food or sucrose can transiently

enhance glutamate transmission onto VTA DA neurons.

Noncontingent Cocaine i.v. Infusions Do Not Potentiate
Excitatory Transmission in VTA DA Neurons
Previous studies have demonstrated that contingent, voluntary

drug intake (e.g., through a self-administration paradigm) and

noncontingent drug exposure (e.g., experimenter-administered

intraperitoneal [i.p.] injection) can induce differential changes

within the mesolimbic system (Hemby et al., 1997; Lu et al.,

2003; McFarland et al., 2003; Tang et al., 2004; Hemby et al.,

2005; You et al., 2007). Thus, we examined whether VTA gluta-

mate function was affected by noncontingent drug delivery

with electrophysiological experiments performed in rats receiv-

ing cocaine through a yoked design. In the first group, yoked

rats received cocaine noncontingently for 14 days in a pattern

and dosage (0.25 mg/kg/infusion) similar to the Cocaine group.

Cocaine infusions were not paired with cues. In vitro electro-

physiological experiments were performed 1 day after the final

cocaine exposure. The AMPAR/NMDAR ratio from yoked rats

was not significantly different from Naive rats, and despite hav-

ing received similar cocaine doses as Cocaine rats, was signifi-

cantly lower than Cocaine rats (0.45 ± 0.07, n = 6, Figure 2A).
290 Neuron 59, 288–297, July 31, 2008 ª2008 Elsevier Inc.
Surprisingly, doubling the cocaine dosage (0.5 mg/kg/infusion)

did not enhance the AMPAR/NMDAR ratio (0.47 ± 0.04, n = 9,

Figure 2A). The lack of glutamatergic potentiation following 14

days of cocaine infusion was unexpected because previous

experiments have shown an enhanced AMPAR/NMDAR ratio

following 1 or 7 days of daily i.p. cocaine injections (Ungless

et al., 2001; Borgland et al., 2004). We also observed this effect

in rats receiving multiple i.p. injections (once daily for 14 days,

doses escalated from 3 mg/kg to 8 mg/kg to mirror the cocaine

attained by self-administering rats and in yoked, 0.25 mg/kg/

infusion, rats). The AMPAR/NMDAR ratio measured 1 day after

the last injection was 0.71 ± 0.05, significantly greater than Naive

rats and those from the yoked groups (n = 10, p < 0.01 versus

Naive, p < 0.05 versus yoked groups, Figure 2A).

The different effect of yoked and i.p. cocaine administration

could be due to the rate of cocaine delivery. In the yoked exper-

iments, cocaine was delivered in small doses over a 2 hr period,

while for i.p. injections, a single, concentrated bolus of cocaine

was delivered. To replicate the rate of i.p. injections but with

intravenous (i.v.) delivery, another group of rats received a single

i.v. bolus of cocaine each day for 14 days. The dose of cocaine

used across days escalated from 3 mg/kg to 8 mg/kg, identical

to the low-dose yoked group and the i.p. injection group. One

day after the last i.v. bolus cocaine infusion, the AMPAR/NMDAR

ratio was 0.49 ± 0.06 (n = 8, Figure 2A), similar to the ratios from

the Naive and the other yoked groups, but significantly less than

the Cocaine group (p > 0.05 versus Naive and other yoked

groups, p < 0.01 versus Cocaine).

mEPSC analysis was also performed from all groups that

received noncontingent cocaine. The mEPSC frequency was

not significantly different from that observed in Naive rats (yoked

0.25 mg/kg/infusion: 1.38 ± 0.38 Hz, n = 6; yoked 0.5 mg/kg/in-

fusion: 2.32 ± 0.34, n = 12, i.v. bolus: 1.71 ± 0.19 Hz, n = 8, i.p.

injection: 1.96 ± 0.46 Hz, n = 8, p > 0.05; Figures 2B and 2C).

Surprisingly, the mEPSC frequency from i.p.-injected rats did

not show an increase, even though the AMPAR/NMDAR ratio

was potentiated in this group. As before, no differences were

observed in mEPSC amplitudes across all groups (Figure 2C).

In summary, the results from these yoked groups show that

the pharmacological effect of cocaine, via one of several rates

and routes of administration, cannot alone account for the
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potentiation of glutamatergic synapses onto VTA DA neurons.

These data suggest that a ‘‘strong’’ association between the

drug and the self-administration environment must be present

to potentiate VTA glutamatergic function, where a rat learns

through response-reinforcer association that its actions resulted

in cocaine delivery. This interpretation is consistent with a previ-

ous microdialysis study showing that VTA glutamate release is

a conditioned response dependent on an associative, reward-

dependent process and is not a simple consequence of previous

cocaine exposure (You et al., 2007).

Cocaine but Not Food or Sucrose Self-Administration
Induced Long-Lasting Synaptic Potentiation Even after
Prolonged Abstinence
Relapse to cocaine use is believed to result from enduring neuro-

adaptations within the brain’s reward circuit, and in particular,

animal studies have suggested a critical role for the VTA (McFar-

land and Kalivas, 2001; Vorel et al., 2001) in relapse. Although ex-

perimenter-administered cocaine enhanced synaptic strength

in the VTA (Ungless et al., 2001; Borgland et al., 2004), this

short-lived potentiation, lasting 5 but not 10 days after the last

injection, cannot account for the persistence of drug-seeking

behavior. However, it is not known whether voluntary cocaine

self-administration could induce longer-lasting synaptic modifi-

cations that may be critical for relapse during abstinence. In ad-

Figure 3. Cocaine Self-Administration Produced a Sig-

nificantly Longer Potentiation of Glutamatergic Trans-

mission than Food or Sucrose Self-Administration

(A) AMPAR/NMDAR ratio in cocaine self-administering rats re-

mained enhanced after 90 days of abstinence. However, in

food and sucrose self-administering rats, increased AMPAR/

NMDAR ratio was observed following 7 days of abstinence

but returned to Naive levels by 21 days of abstinence.

(B and C) Following 7 day and 21 day abstinence, mEPSC fre-

quencies from Cocaine and Sucrose groups remained signifi-

cantly enhanced relative to Naive. In Food rats (B), the mEPSC

frequency was not significantly different than Naive rats by 7

days of abstinence and remained unchanged at 21 days of ab-

stinence (C). mEPSC frequencies from Cocaine continued to

be significantly enhanced relative to Naive at 3 months ab-

stinence. Dotted line represents averages from Naive rats.

*p < 0.05 versus Naive.

dition, because cocaine, food, and sucrose self-

administration induced similar potentiation of glu-

tamatergic transmission onto VTA DA neurons 1

day after the completion of the training sessions,

we also examined the duration of enhanced gluta-

mate function in VTA DA neurons after food or

sucrose self-administration.

To study the longevity of synaptic potentiation in

the VTA, we examined whether glutamatergic func-

tion was enhanced after 7, 21, and 90 days of ab-

stinence following 14 days of cocaine, food, or

sucrose self-administration training. At 7 days of

abstinence, AMPAR/NMDAR ratios in all three

groups of rats were potentiated compared to Naive

rats (Cocaine: 0.66 ± .07, n = 9; Food: 0.74 ± 0.08,

n = 9; Sucrose: 0.72 ± 0.10, n = 8; p < 0.05 for Cocaine or Sucrose

versus Naive, p < 0.01 for Food versus Naive; Figure 3A). How-

ever, at 21 days of abstinence, only the Cocaine rats showed

an enhanced AMPAR/NMDAR ratio, whereas AMPAR/NMDAR

ratio from Food and Sucrose rats had returned to Naive levels

(Cocaine: 0.68 ± 0.08, n = 6; Food: 0.42 ± 0.08, n = 7; Sucrose:

0.44 ± 0.04, n = 10; p < 0.05 for Cocaine versus Naive, p > 0.05

for Food or Sucrose versus Naive; Figure 3A). Importantly, synap-

tic potentiation in Cocaine rats remained significantly elevated

even after 90 days of abstinence from cocaine (0.64 ± 0.07, n =

7; p < 0.05; Figure 3A). Unlike rats that received noncontingent

cocaine (Borgland et al., 2004), the voluntary choice to consume

cocaine induced a significantly longer-lasting potentiation of

AMPAR/NMDAR ratio.

The continual increase in AMPAR/NMDAR ratios in Cocaine

rats were matched by an identical pattern of enhancement in

the mEPSC frequencies. mEPSC frequencies from Cocaine

rats were significantly elevated at 7, 21, and 90 days of absti-

nence (7 days: 3.69 ± 1.02 Hz, n = 8; 21 days: 4.19 ± 0.50 Hz,

n = 8; 90 days: 3.54 ± 0.28 Hz, n = 8; p < 0.05 versus Naive; Figures

3B and 3C). In contrast, even though Food rats also exhibited an

increase in AMPAR/NMDAR ratio at 7 days of abstinence, no sig-

nificant increase in mEPSC frequencies were observed at the

7 days or the 21 days abstinence time point (7 days: 2.05 ±

0.37 Hz, n = 10; 21 days 1.28 ± 0.19 Hz, n = 7, p > 0.05; Figures
Neuron 59, 288–297, July 31, 2008 ª2008 Elsevier Inc. 291
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3B and 3C). However, mEPSC frequencies from rats that had

self-administered the more palatable sucrose were significantly

increased at both the 7 days and 21 days abstinence time points

(7 days: 2.66 ± 0.34 Hz, n = 11; 21 days: 2.29 ± 0.40, n = 7, p < 0.05

versus Naive; Figures 3B and 3C). mEPSC amplitudes were not

significantly different between the three groups at all time points

(data not shown). Thus, self-administration of food or sucrose

showed transient increases in AMPAR/NMDAR ratio, lasting

only 7 days, compared to 90 days in Cocaine rats. In addition,

mEPSC frequency from Food rats was no longer elevated after

7 days of abstinence. In contrast, mEPSC frequency from Su-

crose rats continues to be elevated even at 21 days of absti-

nence, at which point the AMPAR/NMDAR ratio had returned to

Naive levels. Taken together with results from cocaine self-ad-

ministering rats, glutamatergic function in VTA DA neurons

showed a very similar, transient pattern of enhancement

(increased AMPAR/NMDAR ratio and increased mEPSC fre-

quency) after self-administration of either a drug or natural

reward, suggesting a similar cellular substrate of drug- and

natural-reward-related learning. However, only self-administra-

tion of the cocaine drug reward was able to induce a long-lasting

enhancement of glutamatergic function onto VTA DA neurons.

In order to further examine how the duration of training could

affect glutamate synaptic plasticity in VTA DA neurons, rats

self-administered cocaine for 7 days and glutamate function

was examined after 21 days of abstinence. The AMPAR/NMDAR

ratio was potentiated compared to Naive rats (0.61 ± 0.06, n = 5,

p < 0.05 versus Naive rats; data not shown). However, mEPSC

frequency and amplitude were similar to values from Naive rats

(Frequency: 1.73 ± 0.5 Hz, n = 6; Amplitude: 10.53 ± 0.5, n = 6

p > 0.05 versus Naive; data not shown). Thus, the AMPAR/

NMDAR ratio was potentiated 21 days after 7 days or 14 days

of cocaine self-administration, but the mEPSC frequency was

only potentiated from rats that had 14 days of cocaine self-

administration. This suggests that the duration of enhanced

glutamate function may be dependent in part on the number of

training days.

Figure 4. LTP Was Occluded Exclusively in

Cocaine Rats after 21 Days of Abstinence

Example (top) and summary (bottom) of normal-

ized EPSP amplitude before and after paired stim-

ulation. (A) Naive rats exhibited robust LTP while

(B) LTP was not observed in Cocaine rats after

21 days of abstinence. (C) LTP was induced in

Food rats after 21 days of abstinence. Arrows indi-

cate time of LTP induction protocol.

LTP Is Occluded in Cocaine Rats
after 21 Days of Abstinence
An enhanced AMPAR/NMDAR ratio in

VTA DA neurons has been associated

with occlusion of LTP induction, suggest-

ing that excitatory synapses in VTA

DA neurons have become saturated

and thus no further plasticity could be

induced (Ungless et al., 2001, but see

Liu et al., 2005). Therefore, we hypothe-

sized that if the history of cocaine self-administration induced

a prolonged in vivo potentiation of synaptic strength, as sug-

gested by a persistently enhanced AMPAR/NMDAR ratio, then

in vitro induction of LTP should also be occluded exclusively

in Cocaine rats after 21 days of abstinence. LTP was induced

using a spike-timing protocol consisting of 20 bouts of

EPSP-spike pairs delivered 5 s apart. Each bout consisted

of a burst of five paired stimuli delivered at 100 ms intervals

with the onset of EPSPs preceding the peak of the postsynap-

tic spike by 3 ms (Liu et al., 2005). This protocol induced a ro-

bust LTP in Naive rats (147% ± 18% of baseline, n = 6, p <

0.01, Figure 4A). In contrast, LTP could not be generated in

Cocaine rats after 21 days of abstinence (100% ± 6% of base-

line, n = 5, p > 0.05, Figure 4B). Interestingly, LTP was suc-

cessfully induced in the Food-abstinent rats (130% ± 7% of

baseline, n = 6, p < 0.01, Figure 4C), where the AMPAR/

NMDAR ratios were low (Figure 3A). Taken together, our

data strongly support the hypothesis that voluntary self-ad-

ministration of natural rewards does not persistently alter

VTA glutamatergic plasticity and that only rats that had under-

gone learning in relation to voluntary drug self-administration

showed persistent enhancements in glutamatergic signaling

in VTA DA neurons.

Preclinical data suggest that enhanced motivation to seek

drugs during abstinence can facilitate craving and relapse

(Grimm et al., 2001; Lu et al., 2004). Thus, we examined re-

sponding under a progressive-ratio schedule to determine

the motivational state in Cocaine, Food, and Sucrose rats af-

ter 21 days of abstinence. Progressive ratio responding in

Cocaine, Food, and Sucrose rats showed no significant dif-

ference in active lever responding, reinforcers obtained, or

breakpoints (see Figure S1), suggesting that at 21 days of

abstinence, rats in each group exhibited similar motivation

to obtain their respective reinforcer. Our results are consis-

tent with previous reports showing that motivation for re-

warding substances is observed for natural and drug rewards

(Grimm et al., 2002; Lu et al., 2004). Thus, increased
292 Neuron 59, 288–297, July 31, 2008 ª2008 Elsevier Inc.
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glutamate function in the VTA may be critical in cocaine-

seeking behaviors.

Excitatory Transmission Is Potentiated Even When
Drug-Seeking Behavior Is Extinguished
The animal reinstatement model (de Wit and Stewart, 1981)

has been used to investigate mechanisms underlying relapse

to drugs because it replicates many of the features associated

with relapse in humans (Shaham et al., 2003). However, it is

unknown whether the persistent potentiation of glutamate func-

tion in VTA DA neurons could contribute to resumption of drug-

seeking behavior. To this end, two cocaine groups were trained

using the reinstatement model. Both groups were trained to

self-administer cocaine for 14 days, followed by 3 weeks of daily

2 hr extinction training. During extinction, depression of the active

lever, which was previously paired with cocaine delivery, led in-

stead to saline infusions, and also was not paired with compound

tone-light cues. One day after the last extinction session, one

group of rats (‘‘Ext’’) was sacrificed, and electrophysiological

experiments were performed. The second group underwent a

single, 2 hr cue-induced reinstatement session (‘‘Reinst’’) 1 day

after the last extinction session. Active lever presses during the

reinstatement session led to saline infusions and activation of

the compound tone-light cues previously paired with cocaine

delivery. Reinst rats were sacrificed immediately after the rein-

statement session for electrophysiological experiments. Figures

5A and 5B show active lever presses in the Ext and Reinst groups,

respectively.

After 3 weeks of daily extinction training, at the end of which

rats exhibited significantly fewer active lever presses, the AMPAR/

NMDAR ratio was still elevated relative to Naive and was not

significantly different from rats after 21 days of abstinence from

cocaine (0.69 ± 0.07, n = 6, p < 0.05 versus Naive, p > 0.05 versus

Cocaine and 3 weeks abstinence, Figure 5C). Additionally, mEPSC

frequency but not amplitude was also elevated after extinction

training (Freq: 3.91 ± 0.7 Hz, n = 6, p > 0.05 versus Cocaine and

3 weeks abstinence, p < 0.05 versus Naive; Amplitude: 12.23 ±

0.6 pA, n = 6, p > 0.05; Figures 5D–5G).

Similar to Ext rats, cue-induced reinstatement did not alter

excitatory synapses onto VTA DA neurons, which remained at

an elevated level in Reinst rats. The AMPAR/NMDAR in Reinst

rats was 0.76 ± 0.1 (n = 7, p > 0.05 versus Ext or Cocaine and

3 weeks abstinence, p < 0.05 versus Naive; Figure 5C) and the

mEPSC frequency was 4.04 ± 1.30 Hz (n = 5, p > 0.05 versus

Ext or Cocaine and 3 weeks abstinence, p < 0.05 versus Naive;

Figures 5D–5G). No significant changes were observed in the

mEPSC amplitude in the Reinst group. Our data suggest that

even when drug-seeking behaviors are extinguished, the en-

hancement in glutamate function induced by voluntary cocaine

self-administration remains potentiated, and thus may be impor-

tant in the resumption of the previously extinguished behavior.

DISCUSSION

The present study showed that rats that learned to self-adminis-

ter cocaine, food, or sucrose exhibited an enhancement of gluta-

matergic function in VTA DA neurons. Increased glutamatergic

strength was evident as an increased AMPAR/NMDAR ratio
and an increase in mEPSC frequency that was independent of

mEPSC amplitude.

Self-administration of cocaine or natural rewards (food or

sucrose) was equally potent in transiently enhancing synaptic

potentiation in the VTA. However, the increase in glutamatergic

strength induced by cocaine self-administration was signifi-

cantly longer lasting than that induced after food or sucrose

self-administration, since only Cocaine rats showed enhanced

AMPAR/NMDAR ratio after 21 days and 3 months of abstinence.

Finally, VTA synaptic function remained persistently elevated

even after extinction of lever-pressing behavior and after cue-

induced reinstatement. Taken, together, our data showed that

excitatory synaptic strength onto VTA DA neurons was similarly

but transiently potentiated by the performance of a learned

Figure 5. Extinction Training and Reinstatement Did Not Reduce

Synaptic Potentiation in VTA DA Synapses after Cocaine Self-

Administration

Behavioral responses in rats that underwent (A) 3 weeks of extinction training

or (B) 3 weeks extinction followed by 2 hr of cue-induced reinstatement. Error

bars were removed for clarity. AMPAR/NMDAR ratios (C) and mEPSC fre-

quency (D) remained elevated after 3 weeks of extinction and extinction/

reinstatement. (E) mEPSC amplitude was not altered after extinction and ex-

tinction/reinstatement. Cumulative probability of frequency (F) and amplitude

(G) of example cells from Ext and Reinst groups in comparison with Naı̈ve rats.

Dotted line represents averages from Naive rats. *p < 0.05 versus Naive rats.
Neuron 59, 288–297, July 31, 2008 ª2008 Elsevier Inc. 293
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appetitive behavior to obtain cocaine, food, or sucrose. How-

ever, in rats that were trained to self-administer cocaine, the po-

tentiation of VTA glutamatergic function was significantly pro-

longed, lasting for up to 3 months, and, importantly, was not

affected even when drug-seeking behavior was extinguished.

An interesting finding from this study was that rats receiving re-

peated i.v. cocaine under one of several yoked designs did not

exhibit potentiation of VTA glutamatergic function. These results

suggest that cocaine-related changes were not simply due to

pharmacological effects of cocaine but instead could be due

to an associative process (Everitt and Robbins, 2005; Hyman

et al., 2006) acquired during self-administration and experi-

menter-administered sessions. In this regard, our data are in

agreement with a previous study showing that VTA glutamate re-

lease was associated with cocaine self-administration but not

with rats receiving yoked cocaine (You et al., 2007). In fact, the

absence of potentiation in the Yoked group cannot be attributed

to the cocaine dose injected because cocaine infusions at levels

twice that seen in self-administering animals did not affect

synaptic potentiation. Thus, our data show that the pharmaco-

logical effect of cocaine may not by itself be sufficient to poten-

tiate glutamate transmission in the VTA and that a strong pairing

between the drug and a cue is necessary to induce this form of

synaptic plasticity. The differential changes induced by passive

drug administration versus voluntary drug consumption shown

here and in previous studies (Hemby et al., 1997, 2005; Lu

et al., 2003; McFarland et al., 2003; Tang et al., 2004) highlight

the need for careful interpretation of data obtained using these

different experimental procedures. Importantly, we also ob-

served, as has been reported previously, that i.p. injections of

cocaine enhanced AMPAR/NMDAR ratio in the VTA (Ungless

et al., 2001; Borgland et al., 2004; Bellone and Lüscher, 2006).

It is plausible to hypothesize that, during i.p. injections, the ex-

perimenter provides a strong, predictive cue for the cocaine in-

jections, whereas in yoked experiments, cocaine administrations

were not paired with any explicit cues, and thus cocaine was de-

livered at unpredictable times throughout the 2 hr session. While

the operant chambers during yoked cocaine delivery could act

as a cue to the rats, because passive cocaine delivery occurs

across a dispersed time and comprised a small portion of the to-

tal time in the chamber, the salience of the behavioral apparatus

is very likely diminished. In contrast, when an animal receives an

i.p. injection, a strong pairing of the event occurs between the

operator and the ‘‘high’’ that the rats feel following the cocaine

injection. This distinct pairing may be necessary to potentiate

glutamatergic synapses in the VTA. In support of this conclusion,

preliminary data show that, when Yoked cocaine delivery is

paired with a compound tone-light cue, an increased AMPAR/

NMDAR ratio is observed (see Figure S2).

The potentiation of glutamatergic transmission onto VTA DA

neurons seen in Cocaine, Food, or Sucrose rats 1 day after the

completion of operant training may reflect an initial, common

synaptic response to reward-related learning. Consistent with

the present findings, blockade of VTA ionotropic glutamate re-

ceptors attenuates lever pressing for cocaine and sucrose (Sun

et al., 2005; but see You et al., 2007). Since the VTA can be critical

in initiating reward-seeking behavior (Yun et al., 2004), enhanced

synaptic efficacy could increase VTA DA neuron firing to signal
294 Neuron 59, 288–297, July 31, 2008 ª2008 Elsevier Inc.
motivationally salient stimuli. However, it is advantageous for

this synaptic response to remain labile and not permanently sat-

urated, so that an animal can form new, adaptive behaviors. For

example, when synapses in the hippocampus are fully saturated

by tetanic stimulation, spatial and associative learning is greatly

impaired (Moser et al., 1998; Gruart et al., 2006). Thus, the

transient potentiation of excitatory transmission in Food and

Sucrose rats may reflect the normal resetting of excitatory

synapses in VTA to allow processing of future stimuli.

On the other hand, in rats that self-administered cocaine, the

AMPAR/NMDAR ratios remained significantly enhanced, and

LTP induction was occluded following 21 days of abstinence,

suggesting that a history of voluntary cocaine self-administration

may have produced a persisting LTP-like increase in AMPAR

function or surface expression (Lisman and Raghavachari,

2006). Enhanced glutamatergic activity in the VTA can lead to

an increase in spike-firing frequency during pacemaker-like

activity as well as within episodes of burst firing (Canavier and

Landry, 2006). Pacemaker activity has been hypothesized to

underlie tonic DA release, while bursts of activity may be more

closely related to phasic DA release (Gonon, 1988). Thus, it is

tempting to speculate that enhancement of both firing modalities

would promote greater DA release in VTA target regions, such as

the prefrontal cortex (Carr and Sesack, 2000), which could in turn

excite the glutamate projection to the nucleus accumbens and

promote pathological drug-seeking behavior (Kalivas and McFar-

land, 2003; McFarland et al., 2003). In addition, long-lasting

neuroadaptations within the VTA induced by voluntary cocaine

self-administration may be especially harmful because saturation

of excitatory synaptic responses in the VTA could preclude future

responding for and learning in relation to other salient stimuli and

could explain the reduced responsiveness to nondrug rewards

seen in rats and human addicts (Kalivas et al., 2005).

Of particular interest is the role of VTA glutamate signaling in

the animal reinstatement model, which is used to model human

relapse conditions because it recapitulates many hallmarks of

human drug-seeking behaviors (Shaham et al., 2003). Glutamate

plays an important role in reinstatement of cocaine-seeking

behavior because inhibition of ionotropic and metabotropic glu-

tamate receptors in the VTA attenuates both cocaine- and cue-

induced reinstatement (Bäckström and Hyytiä, 2006; Sun et al.,

2005; You et al., 2007). However, how glutamate synaptic plas-

ticity is affected by extinction and reinstatement training is

unknown. In the present study, we showed that excitatory trans-

mission in VTA DA neurons remains heightened even when lever

responding for cocaine were extinguished, since measures of

synaptic strength (AMPAR/NMDAR ratio and mEPSC frequen-

cies) after extinction were similar to rats that had undergone

abstinence but not extinction. Additionally, this heightened syn-

aptic enhancement was not further increased following the

restoration of the lever response during a cue-induced reinstate-

ment session. This persistent strengthening of the glutamate

transmission supports the hypothesis that extinction training is

not ‘‘unlearning’’ of old behavior but rather is a new form of learn-

ing that leaves the original memories intact (Bouton, 2004; Myers

and Davis, 2007). Thus, neuroadaptations induced by drug self-

administration form a powerful ‘‘memory’’ that can be activated

by drug-associated cues.
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In conclusion, this study provides evidence for common,

short-lasting neuroadaptations in VTA DA neurons following

extended operant responding for cocaine or natural rewards.

Importantly, synaptic strengthening in the VTA following natural

reward consumption returned to Naive levels following 21 days

of abstinence, while cocaine self-administration resulted in per-

sistent synaptic enhancement of glutamatergic input onto VTA

DA neurons, despite protracted abstinence from the drug or ex-

tinction of drug-seeking behaviors. Equally important is that the

synaptic enhancements in Cocaine rats were not due to the

pharmacological effects of cocaine since passive exposure to

cocaine did not potentiate these same synapses. How a drug

but not natural reward could induce enduring changes is not cur-

rently known. Although studies have revealed neurochemical

changes in the VTA following cocaine self-administration (Grimm

et al., 2003; Lu et al., 2004), future in vivo and in vitro studies will

be required to identify the exact mechanisms through which

drugs of abuse alter neural circuitry that is normally accessed

by naturally reinforcing events but is usurped by cocaine to per-

sistently cement these synaptic adaptations, perhaps ultimately

leading to pathological drug-seeking behavior.

EXPERIMENTAL PROCEDURES

Rats and Housing

Male, Sprague Dawley rats (Charles River; P80–P140) were used for all exper-

iments. All rats were singly housed in a climate-controlled facility on a 12 hr

light/dark cycle. Experiments followed the guidelines of the National Institutes

of Health Guide for the Care and Use of Laboratory Rats and were performed

during the light cycle between 10:00 and 17:00 hr.

General Behavioral Methods

Behavioral experiments were performed in standard operant chambers (Coul-

bourn Inst., Allentown, PA) with two retractable levers set 5 cm above the floor.

A cue light was positioned 6 cm above each lever. The two levers flanked

a food hopper. One lever was paired with reinforcer delivery (the active lever)

while the other lever had no programmed consequence (the inactive lever). The

right and left orientation of active and inactive levers were randomly assigned

to individual rats, but fixed for each rat throughout experimentation. Each

chamber was also equipped with a house light and tone-generator. The house

light was illuminated throughout each training session. All sessions continued

for 2 hr or until 50 reinforcers were earned and were performed 7 days a week

for 14–19 days. Details of cocaine, food, and sucrose self-administration and

yoked procedures are provided in Supplemental Data.

Catheter Surgery

Rats receiving intravenous cocaine were implanted with a chronically indwell-

ing intravenous catheter, as previously described (Carelli et al., 2000; Martin

et al., 2006). Briefly, rats were anesthetized with pentobarbital (60 mg/kg,

i.p, Sigma, St. Louis, MO) and unilateral, intrajugular catheters inserted

2.7–3.0 cm. The catheter was flushed daily with sterile saline and heparin

(100 IU/0.2 ml) to help maintain catheter patency. Following surgery, rats

were allowed to recover for 1 week and were then randomly assigned to the

different groups used in this study. During the recovery period, rats were

housed in home cages and had ad libitum access to food and water.

Intraperitoneal Cocaine Injection

Rats in this group received sham surgeries and followed the same food sched-

ule (see Supplemental Data). After recovery from surgery, i.p. injections were

given once daily for 14 days in their home cage. The cocaine dose used esca-

lated from 3 mg/kg to 8 mg/kg to match the 0.25mg/kg/infusion yoked group.

One day after the last i.p. injection, rats were sacrificed for electrophysiological

experiments.
Intravenous Bolus Cocaine Administration

After recovery from catheter surgery, rats in this group experienced a 15 hr,

overnight session in the operant chamber. During the overnight session,

both levers were extended but were inactive, and presses on the levers had

no programmed consequences. The next day, i.v. bolus rats were placed in

the operant chamber for 2 hr, where they received a single, noncontingent co-

caine infusion. At the start of the session, cocaine infusion was delivered after

a random delay selected by the computer. Cocaine was delivered in a single

50 ml volume, the cocaine dose used escalated from 3 mg/kg to 8 mg/kg to

match the 0.25 mg/kg/infusion yoked group. Cocaine infusions were not

paired with light or tone. Thus, Yoked rats never associated discrete stimuli

or operant responding with cocaine delivery.

Progressive Ratio

Cocaine, food, and sucrose self-administering rats were tested for progres-

sive-ratio responding after 21 days of abstinence. Responding on the previ-

ously active lever was reinforced under a progressive-ratio schedule. The pro-

gressive ratio schedule used is described by the exponential function:

5e(infusion number 3 0.1)-5 (Richardson and Roberts, 1996). With this procedure,

the response requirement to obtain a cocaine infusion (0.25 mg/kg/infusion) in-

creased progressively throughout the session in the following steps: 1, 1, 2, 2,

3, 4, 5, 6, 7, 9, 10, 12, 13, 15, 17, 20, 22, 25, 28, 32, 36, 40, 45, 50, 56, 62, etc.

The session lasted 2 hr. The breaking point was defined by last completed ratio

achieved.

Extinction/Reinstatement

Two groups of cocaine self-administering rats underwent either extinction or

extinction followed by cue-induced reinstatement. In one group, rats self-ad-

ministered cocaine (0.25 mg/kg/infusion) for 14 days, followed by 21 days of

daily, 2 hr extinction sessions. During the extinction sessions, active lever

presses resulted in the delivery of saline instead of cocaine and tone + light

cues previously paired with cocaine infusions were turned off. One day after

the last extinction session, rats were sacrificed for electrophysiological exper-

iments. The second group of rats underwent identical extinction training fol-

lowed by a single, 2 hr cue-induced reinstatement session 1 day after the

last extinction session. A single, noncontingent presentation of the cue (tone +

light) previously paired with active lever presses was given at the start of the

reinstatement session to reinitiated lever pressing. Rats that did not reinitiate

lever presses after the cue presentation were not used in this study. Active le-

ver presses (on an FR-1 schedule) resulted in the presentation of the tone-light

cue previously paired to cocaine administration; however, cocaine was not

administered to these rats. Rats were sacrificed immediately after the cue-

induced reinstatement session for electrophysiological experiments.

Slice Preparation

Rats were sacrificed one day or 19–23 days after reaching acquisition criteria

(Cocaine, Food) or after 14–18 days exposure to the operant chamber (Yoked).

Rats were anesthetized with 40 mg/kg pentobarbital (i.p.) and transcardially

perfused with �30 ml of nearly frozen (�0�C) modified artificial cerebrospinal

fluid (aCSF) at a rate of�20 ml/min. The modified aCSF for perfusion contained

(in mM): 225 sucrose, 119 NaCl, 2.5 KCl, 1.0 NaH2PO4, 4.9 MgCl2, 0.1 CaCl2,

26.2 NaHCO3, 1.25 glucose; 3 kynurenic acid, 1 mM ascorbic acid. After

perfusion, the brain was quickly removed and placed into ice-cold aCSF for

1–2 min. Horizontal sections containing the VTA (230 mm) were prepared

with a vibratome (Leica, Nussloch, Germany). Slices were placed in a holding

chamber (containing aCSF with 1 mM ascorbic acid added 15 min before brain

dissection) and allowed to recover for at least 1 hr before being placed in the

recording chamber and superfused with a bicarbonate-buffered solution

saturated with 95% O2 and 5% CO2 and containing (in mM): 119 NaCl,

2.5 KCl, 1.0 NaH2PO4, 1.3 MgCl2, 2.4 CaCl2, 26.2 NaHCO3, and 11 glucose

(at 32�C–34�C).

Electrophysiology

General voltage-clamp setup and procedures were the same as previously de-

scribed (Ungless et al., 2001). VTA DA neurons were identified by the presence

of a large Ih current (Lacey et al., 1990; Johnson and North, 1992) and in some

cases, tyrosine hydroxylase (TH) labeling. 60 Ih-positive neurons were filled
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with lucifer yellow during recording and stained for TH. Of the 60 cells, 57 cells

were positive for TH. This high correlation (95%) between the presence of Ih
and TH assured us that the majority of neurons recorded were dopaminergic.

EPSCs and EPSPs were evoked using a bipolar stimulating electrode posi-

tioned �100 mm rostral to the recording neuron. AMPAR/NMDAR ratio was

calculated by averaging 12 EPSCs at +40 mV before and after application of

the NMDAR blocker AP-5 (50 mM) for 5 min. NMDAR responses were calcu-

lated by subtracting the average response in the presence of AP-5 (AMPAR

only) from that seen in its absence.

AMPAR mEPSCs were recorded in cells voltage-clamped at �70 mV and

in the continual presence of lidocaine (500 mM), APV (50 mM), and sucrose

(100 mM) (Borgland et al., 2006). Detection criteria were set at >7 pA. mEPSC

traces were recorded while sampling every 10 ms; the images were filtered

at 1 kHz.

LTP was induced using a spike-timing protocol (Liu et al., 2005). This proto-

col consisted of 20 bouts of EPSP-spike pairs delivered 5 s apart. Each bout

consisted of a burst of five paired stimuli delivered at 100 ms intervals and

the onset of EPSPs preceding the peak of the postsynaptic spike by 3 ms.

Data Analysis and Statistics

All values are expressed as mean ± SEM. Statistical significance in AMPAR/

NMDAR ratio and mEPSC amplitude and frequencies were assessed using

one-way ANOVA for multiple group comparisons, with a Bonferroni post hoc

test to test significant differences between groups.

For spike-timing-dependent LTP, peak EPSP amplitudes were calculated by

taking the mean of a 1–2 ms window around the peak and comparing this with

the mean of an 8 ms window immediately before the stimulation artifact. EPSP

data were analyzed in 2.5 min bins. LTP was assessed 40 min after the last

pairing stimulation, by comparing the averaged EPSPs from the last 2.5 min

of baseline before LTP induction with the last 2.5 min of averaged EPSPs

at the end of 40 min and assessing for statistical significance using paired

Student’s t test (Martin et al., 2006).

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures, a ta-

ble, and figures and can be found with this article online at http://www.neuron.

org/cgi/content/full/59/2/288/DC1/.
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