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Behavioral and electrophysiological evidence suggests that 
glutamatergic neurotransmission plays an important role in 
some of the long-term effects of cocaine and other drugs of 
abuse on brain function. We therefore examined the effect of 
repeated cocaine treatment on glutamate receptor subunit ex- 
pression in central dopamine (DA) pathways implicated in many 
of cocaine’s behavioral actions. By immunoblotting procedures 
using subunit-specific antibodies, we found that repeated, but 
not acute, cocaine treatment increased the levels of immuno- 
reactivity of GluRl (an AMPA receptor subunit) and NMDARl 
(an NMDA receptor subunit) in the ventral tegmental area (VTA), 
a nucleus containing mesolimbic DA neurons. In contrast, 
chronic cocaine treatment did not alter levels of GluR2 (an 
AMPA receptor subunit), NMDA2A/B (NMDA receptor sub- 
units), or GluR6/7 (kainate receptor subunits) in this brain re- 
gion. Moreover, GluRl and NMDARl levels were not regulated 
in other regions of the mesolimbic or nigrostriatal DA pathways, 
including the substantia nigra. Because several drugs of abuse 
and stress can elicit common and cross-sensitizing effects on 

mesolimbic DA function, we next examined whether repeated 
morphine and stress treatments would regulate these proteins 
similarly in the VTA. Although morphine delivered by subcuta- 
neous pellet implantation had no significant effect on subunit 
levels, morphine delivered intermittently by subcutaneous in- 
jections of escalating doses elevated GluRl levels in the VTA. 
Repeated restraint stress also increased GluRl levels in the 
VTA, whereas an unpredictable stress paradigm (2 stressors/d 
under variable conditions) increased both GIuRl and NMDARI 
levels in this brain region. Unlike cocaine, morphine, and stress, 
repeated treatment with other psychotropic drugs (haloperidol, 
raclopride, sertraline, and desipramine) that lack reinforcing or 
sensitizing properties did not regulate GluRl or NMDARl sub- 
unit levels in the VTA. Increased glutamate receptor subunit 
expression in the VTA may represent an important molecular 
mechanism by which drugs of abuse and stress exert common, 
long-term effects on mesolimbic DA function. 
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Although all drugs of abuse are acutely reinforcing, the neural 
changes that underlie drug addiction (and the associated states of 
tolerance, sensitization, and dependence) appear to occur gradu- 
ally over time with repeated drug exposure and persist for a long 
time after withdrawal. Several lines of evidence indicate that the 
mesolimbic dopamine (DA) system, which consists of dopamin- 
ergic neurons in the ventral tegmental area (VTA) that project to 
the nucleus accumbens (NAc), prefrontal cortex, and related 
regions, represents a convergence point at which drugs of abuse 
with disparate pharmacological properties exert common acute 
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and chronic effects on brain function (Wise, 1990; Kalivas and 
Stewart, 1991; Kuhar et al., 1991; Koob, 1992; Fitzgerald and 
Nestler, 1995; Self and Nestler, 1995). 

Acutely, virtually all drugs abused by humans are reported to 
increase extracellular DA levels in the rat NAc (Di Chiara and 
Imperato, 1988; Chen et al., 1990). In rats, chronic exposure to 
most of these drugs can lead to sensitization to their DA-releasing 
and locomotor-activating properties (Post and Rose, 1976; Rob- 
inson et al., 1988; Kalivas and D&y, 1990; Kalivas and Stewart, 
1991). Prominent adaptations in the electrophysiological proper- 
ties of VTA DA neurons and their targets in the NAc also 
accompany chronic drug exposure (Henry et al., 1989; Henry and 
White, 1991; Diana et al., 1993; Shen and Chiodo, 1993). Al- 
though the precise molecular mechanisms underlying these func- 
tional adaptations are unknown, there is accumulating evidence 
that regulation of key signaling proteins in the mesolimbic DA 
pathway (e.g., G-proteins, protein kinases, tyrosine hydroxylase) 
may play an important role (Striplin and Kalivas, 1992; Sorg et al., 
1993; Vrana et al., 1993; Fitzgerald and Nestler, 1995; Self and 
Nestler, 1995). 

Adaptations in DA-related signal transduction pathways, how- 
ever, are probably only part of the many neurochemical mecha- 
nisms involved in the chronic actions of drugs of abuse. Indeed, 
some evidence suggests a dissociation between changes in me- 
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solimbic DA release and locomotor sensitization (Segal and Kuc- 
zenski, 1992; Wolf et al., 1994). Glutamate has gained significant 
attention because of its prominent interaction with central DA 
function and its reported role in locomotor sensitization (Carlsson 
and Carlsson, 1990; Kalivas, 1993). Specifically, glutamate recep- 
tor antagonists can block the development of locomotor sensiti- 
zation to stimulants and opiates (Karler et al., 1989, 1991; Schenk 
et al., 1993; Wolf and Jezioski, 1993) as well as the electrophysi- 
ological perturbations in mesolimbic DA function that accompany 
repeated stimulant exposure (Wolf et al., 1994). Moreover, re- 
peated stimulant exposure recently has been shown to alter the 
electrophysiological responsiveness of VTA DA neurons and NAc 
neurons to glutamate (White et al., 1995). 

Glutamate could regulate the mesolimbic DA system via sev- 
eral types of receptors, which include the ionotropic NMDA, 
AMPA, and kainate receptor subtypes (Monaghan et al., 1989; 
Johnson et al., 1992; Kalivas, 1993; Wang and French, 1993a; 
Seutin et al., 1994). In the VTA, electrophysiological studies have 
found a predominant role of NMDA receptors at low glutamate 
concentrations and of non-NMDA receptors at higher concentra- 
tions (Wang and French, 1993b). Each of these ionotropic gluta- 
mate receptors is an oligomer of individually encoded subunits 
that combine to form receptors with distinct ligand-binding, elec- 
trophysiological, and regulatory properties (for review, see Na- 
kanishi, 1992; Hollmann and Heinemann, 1994). NMDA recep- 
tors are voltage-sensitive, cationic ionophores composed of 
NMDARl and NMDAR2A-D subunits. AMPA and kainate re- 
ceptors mediate voltage-independent synaptic responses and are 
composed of GluRl-4 subunits and GluRS-7 and KAl-2 sub- 
units, respectively. 

Although the role of glutamate receptors in mediating various 
forms of neural plasticity (e.g., learning and memory, neural 
ontogeny) is well documented (for review, see Collingridge and 
Singer, 1990), their contribution to the neural plasticity that 
purportedly underlies drug addiction or locomotor sensitization is 
less clear. In the present study, we examined the regulation of 
individual glutamate receptor subunit proteins in central DA 
systems after repeated exposure to cocaine and morphine. We 
also examined regulation of glutamate receptor subunits by re- 
peated stress, because stress and drugs of abuse can exhibit 
converging neurochemical and behavioral effects at the level of 
the mesolimbic DA system (see Discussion). Toward these aims, 
we used antibodies against glutamate receptor subunits which, 
unlike radioligand-binding techniques, permits an examination of 
individual subunit regulation within discrete brain regions (Tre- 
visan et al., 1994; Fitzgerald et al., 1995). 

MATERIALS AND METHODS 
Drug and stress treatmertts. Male Sprague-Dawley rats (initial weights 
200-250 gm; CAMM) were group-housed 3-4 per cage under a 12 hr 
light/dark cycle (lights on at 7 A.M.) and permitted food and water ad 
Zibitum. Different groups of rats received repeated treatments of cocaine 
(NIDA, Bethesda, MD), morphine (NIDA), haloperidol (Sigma, St. 
Louis, MO), raclopride (Astra, Pleasanton, CA), desipramine (Sigma), or 
sertraline (Pfizer, Chicago, IL). Each drug group was matched appropri- 
ately to its own control group. 

Cocaine was administered twice daily (1.5 mg/kg, i.p.) for 14 d or once 
daily (20 mg/kg, i.p.) for 1 or 7 d. Similar paradigms have been shown to 
produce behavioral sensitization as well as electrophysiological and neu- 
rochemical alterations in mesolimbic DA neurons (Henry et al., 1989; 
Nestler et al., 1993; Fitzgerald and Nestler, 1995). Morphine was deliv- 
ered under light halothane anesthesia as daily subcutaneous pellets 
(containing 75 mg of morphine base) for 5 d or injected twice daily for 10 
d using an escalating dosing paradigm (days 1 and 2, 10 mg/kg; days 3 and 
4, 20 mg/kg; days 5 and 6,40 mg/kg; days 7 and 8, 80 mg/kg; days 9 and 

10, 120 mg/kg morphine sulfate, s.c.). Sham-operated rats served as 
controls for the 5 d pellet study, whereas control rats for the 10 d study 
were injected with 0.9% saline. The pellet paradigm has been shown to 
induce states of opioid tolerance and dependence (Blasig et al., 1973; 
Aghajanian, 1978; Rasmussen et al., 1990), whereas the injection regimen 
has been shown to produce sensitized behavioral and neurochemical 
responses to subsequent morphine challenge (Acquas and Di Chiara, 
1992; Spanagel et al., 1993). Desipramine (1.5 mg/kg, i.p.) and sertraline 
(10 mg/kg, i.p.), selective reuptake inhibitors of norepinephrine and 
serotonin, respectively, were administered once daily for 7 d. These doses 
are based on substantial neurochemical literature (Morinobu et al., 
1995). The antipsychotic drug haloperidol was delivered systemically (1 
mg/kg, i.p.) once daily for 7 d or as needed (0.5 mg*kg-‘ad-‘) in the 
drinking water for 21 d (Fitzgerald et al., 1995). Controls for the 7 d 
haloperidol experiment were injected with pH-matched 0.9% saline. 
Controls for the oral (21 d) haloperidol experiment received normal tap 
water that was pH-adjusted with dilute acetic acid, final pH 6.4. The oral 
paradigm has been shown previously to produce depolarization inactiva- 
tion of dopaminergic neurons in the VTA and substantia nigra (Chiodo 
and Bunney, 1983). For comparative purposes, another antipsychotic 
drug, raclopride, was administered for a longer period (34 d, 2.2 
mgekg-‘ad-‘) in the drinking water, as described previously (Fitzgerald 
et al., 1995). Controls for the raclopride group received normal tap water. 
Rats that received injection regimens were killed 16-18 hr after their last 
injection, whereas those that received oral treatments were killed without 
withdrawal. 

Restraint stress (using commercial decapitation bags) was adminis- 
tered for 45 min daily for 10 d, a paradigm that has been shown to elicit 
acutely hallmark biochemical responses (e.g., c-fos induction) (Morinobu 
et al., 1995). Animals were used 16-18 hr after the last treatment. 
Another group of rats was subjected to an unpredictable stress paradigm 
for 10 d, during which rats were exposed to several types of stressors that 
varied each day. The following paradigm, adapted from previous reports 
(Sapolsky et al., 1984; Willner, 1984, 1991), was used: 

Day 1: 12 P.M., cage rotation (50 min); 1 P.M., swim stress (22°C) (4 
min) 

Day 2: 11 A.M., cold (4°C) isolation (60 min); 7 P.M., lights on 
(overnight) 

Day 3: 12 P.M., lights off (3 hr); 3 P.M., cold isolation (15 min) 
Day 4: 6 P.M., cage rotation (50 min); 7 P.M., food/water deprivation 

(overnight) 
Day 5: 1 P.M., swim stress (3 min); 7 P.M., single (isolation) housing 

(overnight) 
Day 6: 11 A.M., restraint stress (60 min); 3 P.M., lights off (2 hr) 
Day 7: 10 A.M., swim stress (4 min); 4 P.M., restraint stress (60 min) 
Day 8: 7 P.M., isolation housing (overnight); 7 P.M., food/water depri- 

vation (overnight) 
Day 9: 10 A.M., cage rotation (20 min); 7 P.M., lights on (overnight) 
Day 10: 7 P.M., isolation housing (overnight); 7 P.M., food/water 

deprivation (overnight) 
Day 11: IO A.M., animals killed 
Western blot analyses. Brains were removed rapidly from decapitated 

rats and chilled in ice-cold buffer containing (in mM): 126 NaCl, 5 KC], 
1.25 NaH,PO,, 25 NaHCO,, 2 CaCI,, 2 MgC12, and 10 o-glucose, pH 7.4. 
Bilateral tissue samples were isolated by gross dissection or punched from 
coronal tissue slices, as described previously (Terwilliger et al., 1991; 
Fitzgerald et al., 1995). Specifically, the VTA and substantia nigra were 
obtained from coronal brain slices [-4-B to -5.8 relative to bregma 
(Paxinos and Watson, 1986)] with a 1.5 gauge syringe needle. To ensure 
dissociation between the VTA and substantia nigra, the substantia nigra 
dissections did not include medial aspects of this region. In all experi- 
ments, brain regions from individual rats were analyzed separately. Brain 
samples were homogenized in 1% SDS. Protein determinations were 
made using the method of Lowry. Samples (15-50 jcg of protein) were 
subjected to SDS-polyacrylamide gel electrophoresis, transferred to ni- 
trocellulose membranes electrophoretically, and probed for glutamate 
receptor subunit levels, as described previously (Fitzgerald et al., 1995). 
Brieflv. the NMDARl subunit 04.. 116 kDa\ was immunolabeled usine a 
mouse’monoclonal antibody (&AL 54.1; d&ted 1:5000) that was rai&d 
against a bacterial trpE fusion protein corresponding to NMDARl res- 
idues 660-811, a region that -represents a hutative intracellular loop 
between transmembrane regions III and IV (Siegel et al., 1994). The 
GluR2 subunit (M, 108 kDa) was immunolabeled using a monoclonal 
antibodv lmAb 3All: diluted 1:2000) that was generated aeainst a fusion 
protein-from the N-terminal, puta&e extracellular domain of GluR2 
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(Puchalski et al., 1994). The GluRl (M, 108 kDa), GluR6/7 (&& 116 kDa), 
and NMDA2A/B (Mr 150 kDa) subunits were immunolabeled with affin- 
ity-purified polyclonal antisera that were generated against C-terminal 
peptides (Wenthold et al., 1992; Petralia et al., 1994; Roche et al., 1994). 
The subunit specificity of these antibodies has been established previ- 
ously. The IX-2 subunit (Mr 130-150 kDa) was immunolabeled with a 
specific polyclonal antiserum (R. Huganir, personal communication). Its 
specificity was confirmed in the present study by preabsorbing the anti- 
serum with K&2 antigen peptide (data not-shown). Proteins were de- 
tected usine horseradish oeroxidase-conjugated IaG (diluted 1:2000: Vec- 
tor, Burliniame, CA) f&lowed by ch~m~lumin&ce&e (DuPont NEN, 
Boston, MA). Uniform transfer of proteins was confirmed on selected 
blots by staining with amido black (Sigma). Levels of immunoreactivity 
were quantitated using computer-assisted densitometry (LKB Ultrascan) 
and were linear over at least a threefold range of tissue concentration. 
Optical density values were analyzed by Student’s unpaired t tests and 
then expressed as mean percent of control values (tSEM) for graphic 
clarity. 

RESULTS 

Regional distribution of NMDA2A/B, GluR6/7, 
and KA-2 subunits as determined by 
Western blotting 
As an initial characterization of the glutamate receptor subunit 
antisera, we examined the regional distribution of NMDAR2AIB, 
GluR6/7, and KA-2 subunit protein. Similar analyses of 
NMDARl, GluRl, GluR2, and GluR4 subunit protein have been 
reported recently (Fitzgerald et al., 1995). Immunoblot analysis of 
NMDAR2A/B and GluR6/7 subunits in SDS extracts of brain 
shows the labeling of single major immunoreactive bands with M, 
150 and 116 kDa, respectively (Fig. 1). Major immunoreactive 
bands for the KA-2 subunit were observed in the 130-150 kDa 
range. These bands were specifically removed when the antiserum 
was preabsorbed with the KA-2 antigen peptide (data not shown). 
NMDAR2A/B and GluR617 subunits displayed similar distribu- 
tion patterns, with only a few notable differences. High levels of 
these proteins were observed in the striatum, cortex, amygdala, 
lateral septum, hippocampus, and NAc, with lower levels in the 
substantia nigra and pans/medulla. However, NMDAR2A/B lev- 
els in the cerebellum and hypothalamus were considerably lower 
compared with other brain regions than the GluR6/7 subunit. In 
contrast, KA-2 exhibited a more uneven distribution in brain, with 
very low levels in the VTA and substantia nigra. Therefore, KA-2 
levels in DA cell body regions (VTA and substantia nigra) were 
not examined for potential regulation by drugs of abuse or stress 
in the present study. We also did not study GluR4, which is 
present in central DA regions at barely detectable levels (Martin 
et al., 1993; Fitzgerald et al., 1995). 

Figure 1. Regional distribution of 
GluR617, NMDAR2A/B, and KA-2 sub- 
units in rat brain. Aliquots (containing 50 
yg of protein) of crude SDS extracts were 
sibjected to SDS polyacrylamide gel elec- 
troohoresis (SDS-PAGE) and to immu- 
noGlotting for (A) Gl&6/7 (116 kDa), 
(B) NMDAR2A/B (150 kDa), and (C) 
KA-2 (130-150 kDa) subunit protein, as 
described in Materials and Methods. Sim- 
ilar distribution patterns were observed in 
the two naive rats analyzed. CER, cere- 
bellum; OT, olfactory tubercle; CCTX, 
cingulate cortex; NAc, nucleus accum- 
be&; THAL, thalamus; HYPO, hypothal- 
amus: HIPP. hivvocamnus: PM. vonslme- 
dulla; LS,’ ?&era1 * sePtu&~ AMY, 
amygdala; SN, substantia nigra; FCTX, 
frontal/parietal cortex; STR, striatum. 

Effects of repeated cocaine treatment on 
glutamate receptor subunit immunoreactivity 
As an initial assessment of cocaine’s influence on glutamate 
receptor subunit expression, rats were treated twice daily with 
cocaine for 2 weeks (15 mg/kg, i.p.), and the levels of NMDARl, 
GluRl, and GluR2 subunit protein were examined in the nuclei 
and terminal fields of the nigrostriatal and mesolimbic DA path- 
ways. We observed significant elevations in GluRl and NMDARl 
subunit levels in the VTA (Figs. 2, 3). Although this twice daily 
cocaine treatment paradigm results in some sensitization, greater 
degrees of sensitization often are observed with longer interdose 
intervals (see Kalivas and Stewart, 1991). We therefore tested rats 
following a different dosing paradigm (20 mg,kg, i.p., daily for 1 
week). As observed with the 2 week paradigm, this dosing sched- 
ule also increased GluRl and NMDARl levels in the VTA. In 
contrast, these effects were not observed in rats treated with only 
a single dose of cocaine (20 mg/kg, i.p.). These changes also were 
subunit-specific, because GluR2 levels were not modified after 
any of the three cocaine treatments used (1 d, 1 week, 2 weeks), 
nor were NMDAR2A/B and GluR6/7 levels modified following 
the 1 week cocaine protocol (Fig. 2). In contrast to these results in 
the VTA, the 2 week cocaine regimen had no significant effect on 
glutamate receptor subunit expression in the other brain regions 
examined, which included the NAc, striatum, several cortical 
regions, substantia nigra, and hippocampus (Table 1). 

NMDARl GluRl GluR2 

VTA 

NAc 

-+ - + 

Figure 2. Region- and subunit-specific regulation of glutamate receptor 
subunit immunoreactivity by repeated (2 week) cocaine treatment. Crude 
homogenates (containing 15-40 pg of protein) were subjected to SDS- 
PAGE and immunoblottina, as described in Materials and Methods. The 
2 week (15 mg/kg, i.p., twice daily) treatment with cocaine significantly (*P 
< 0.05. unuaired t tests) increased NMDARl and GluRl subunit levels in 
the V$A but not the fiAc or any other region examined (see Table 1). 
Refer to Table 1 and Figure 3 for a quantitative presentation of the data. 



Fitzgerald et al. l Drugs of Abuse and Glutamate Receptors J. Neurosci., January 1, 1996, 76(1):274-262 277 

F@re 3. Regulation of glutamate receptor 
subunit levels in the VTA by acute (20 mg/ 
kg, Lp., once) or repeated (20 mg/kg, Lp., 
once daily for 1 week; 15 mg/kg, Lp., twice 
daily for 2 weeks) treatments with cocaine. 
Rats were used 16 hr after their last injec- 
tion. Data are derived from 7-12 individual 
determinations (rats)/group and are ex- 
pressed as a percentage of control levels 
(?SEM). Both of the repeated cocaine par- 
adigms significantly (*p < 0.05, unpaired t 
tests) increased NMDARl and GluRl sub- 
unit levels in the VTA. 
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Regulation of glutamate receptor subunits in the VTA by cocaine 

NMDARl 
* m GluRl 

m GluR2 
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0 GluR617 
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Based on the electrophysiological evidence that alterations in 
glutamate receptor responsiveness occur in NAc neurons after 
shorter, once-a-day cocaine exposures (White et al., 1995), we also 
examined the levels of glutamate receptor subunits in this region 
following the 1 week cocaine treatment paradigm. However, as 
with the 2 week paradigm, none of the subunits examined 
(NMDARl, GluRl, GluR2, NMDAR2A/B, GluR6/7, or KA-2) 
was regulated in the NAc (data not shown). 

Pharmacological specificity of glutamate 
receptor regulation in the WA 
Because cocaine has mixed pharmacological properties (e.g., DA, 
serotonin, and norepinephrine reuptake blockade), we next ex- 
amined whether selective noradrenergic (desipramine, 15 mg/kg, 
i.p., 1 week) or serotonergic (sertraline, 10 mg/kg, i.p., 1 week) 
reuptake blockers, which lack reinforcing and sensitizing proper- 
ties, could mimic the effect of cocaine on glutamate receptor 
subunit expression. For further comparison, we also examined 
whether nonreinforcing antipsychotic drugs (haloperidol: 1 mgikg, 
i.p., 1 week or 0.5 mg*kgg’* dd’, p.o., 3 weeks; raclopride: 2.2 

Table 1. Glutamate receptor subunit immunoreactivity after 
repeated (2 week) cocaine regimen 

Region NMDARl GluRl GluR2 

Frontal-parietal cortex 97 -c 5 91 + 6 109 2 I 
Medial prefrontal cortex 104 2 8 103 2 I 101 & 9 
Posterior cingulate cortex 100 2 6 104 t- 6 93 2 5 
Striatum 113 -c I 98 + 10 97 2 6 
Nucleus accumbens 90 _’ 4 101 ? 2 100 % 5 
Hippocampus 97 k 3 11023 93 2 5 
Substantia nigra 90 k 4 100 5 8 104 % 6 

Expressed as percentage of control + SEM [n = 6-12 individual determinations 
(rats)/treatment group]. 

Id lwk 2wk Id lwk 2wk Id lwk 2wk lwk 

Cocaine Treatment 

mgskgg’. dd’, p.o., 4 weeks) would similarly modify glutamate 
receptors; these paradigms have been shown previously to elicit 
significant changes in the electrophysiological and biochemical 
properties of VTA DA neurons (Chiodo and Bunney, 1983) and 
to regulate glutamate receptor subunit expression in the terminal 
fields of central DA pathways (Fitzgerald et al., 1995). Unlike 
cocaine, however, none of these drug treatments produced signif- 
icant alterations in the levels of GluRl or NMDARl immunore- 
activity in the VTA (Fig. 4). 

Regulation of glutamate receptor subunit 
expression by repeated morphine and stress 
treatments in the VTA 
Because drugs of abuse and stress can elicit common biochemical 
and physiological effects acutely (e.g., locomotor and mesolimbic 
DA activation) and chronically (e.g., locomotor cross-sensitiza- 
tion), we next examined whether repeated exposure to morphine 
or stress would elicit adaptations in glutamate receptor subunit 
levels similar to those seen after repeated cocaine exposure. 
Because the effects of cocaine on glutamate receptor subunit 
levels were apparently restricted to the VTA, all experiments 
involving morphine and stress focused on this particular brain 
region. For the morphine experiments, two different dosing par- 
adigms were used. Continuous morphine administration was ac- 
complished by daily subcutaneous pellet implantation for 5 d. 
Another group of rats received intermittent morphine injections, 
with escalating doses given subcutaneously over a 10 d period (see 
Materials and Methods). As shown in Figure 5, rats treated 
intermittently with morphine, but not those treated with mor- 
phine pellets, displayed a significant increase in levels of GluRl in 
the VTA. Furthermore, as observed after cocaine treatment, 
these alterations in GluRl levels did not extend to a contiguous 
and related region, the substantia nigra (data not shown). GluR2 
levels were not changed by either paradigm. There was, however, 
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Pharmacological analysis of GluR regulation in the VTA 

180 3 m NMDARl 
m GluRl 

GluR regulation in the VTA by repeated morphine 

180 

160 

& 
3 100 
s 
‘;I 80 

' 60 

40 

20 

0 
Haloperidol Haloperidol Raclopride Sertraline Desipramine 

lwk 3wk 5wk lwk lwk 

Figure 4. Drugs that lack reinforcing and locomotor-sensitizing proper- 
ties do not regulate glutamate receptor subunit levels in the VTA. Rats 
were treated with haloperidol (1 mg/kg, i.p., daily for 1 week; 0.5 
mg*kg-‘ad-‘, p.o., 3 weeks), raclopride (2.2 mgikg, p.o., 34 d), sertraline 
(10 m&g, i.p., daily for 1 week), or desipramine (15 mg/kg, i.p., daily for 
1 week). SDS extracts prepared from VTA samples were subjected to 
SDS-PAGE and immunoblotting procedures. Data are derived from seven 
individual determinations (rats)/group and are expressed as percentage of 
control levels (LSEM). 

a tendency for increased levels of NMDARl with both paradigms, 
although this effect was small and did not achieve statistical 
significance. 

Next, rats were exposed to repeated restraint stress or “unpre- 
dictable” stress for 10 d (see Materials and Methods for details), 
and levels of glutamate receptor subunits were measured the day 
after the last stressor. As depicted in Figure 6, repeated restraint 
stress significantly increased GluRl levels in the VTA, whereas 
repeated unpredictable stress increased both NMDARl and 
GluRl levels in this region. Unpredictable stress is considered to 
be a more rigorous treatment than restraint stress: the former is 
associated with less habituation, i.e., greater changes in the glu- 
cocorticoid axis, than the latter (Sapolsky et al., 1984; Willner, 
1984, 1991). In contrast to GluRl and NMDARl, GluR2 levels 
remained unchanged after the two repeated stress paradigms. 

DISCUSSION 
The results of the present study demonstrate that repeated expo- 
sure to drugs of abuse or to stress upregulates specific glutamate 
receptor subunits in the VTA. These data raise the possibility that 
regulation of glutamate receptor expression represents a common 
molecular adaptation in the mesolimbic DA system that underlies 
some of the long-term functional effects of these treatments. 
Furthermore, these data highlight the plasticity of glutamate 
receptor expression by treatments that influence central DA func- 
tion, as shown recently for antipsychotic drugs (Fitzgerald et al., 
1995). 

A major finding of the present study was that repeated, but not 
acute, treatment with cocaine upregulated GluRl and NMDARl 
subunit levels in the VTA, with no effect seen on levels of GluR2, 
GluR6/7, or NMDAR2A/B subunits. These increases were not 
observed in other regions of the mesolimbic and nigrostriatal DA 

Morphine pellets Morphine injections 
(5 days) (10 days) 

Figure 5. Regulation of glutamate receptor subunit levels in the VTA by 
chronic morphine treatment. Rats were implanted subcutaneously with 
pellets (containing 75 mg of morphine base) daily for 5 d or injected twice 
daily with an escalating dosing paradigm (see Materials and Methods for 
details) for 10 d. Data are derived from six individual determinations 
(rats)/group and are expressed as percentage of control levels (+SEM). 
The injection, but not the pellet, regimen significantly increased (*p < 
0.05, unpaired t tests) GluRl levels in the VTA. 

systems, including the substantia nigra. In contrast to cocaine, 
repeated treatment with psychotropic agents (desipramine, ser- 
traline, haloperidol, or raclopride) that lack reinforcing or sensi- 
tizing properties did not upregulate GluRl or NMDARl in the 
VTA. Similar observations were made with morphine, except that 
receptor regulation varied with the paradigm of drug administra- 
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Figure 6. Regulation of glutamate receptor subunit levels in the VTA by 
repeated restraint stress or unpredictable stress paradigms. Rats were 
exposed to stress daily for 10 d (see Materials and Methods for details). 
Data are derived from six individual determinations (rats)/group and are 
expressed as percentage of control levels (?SEM). Restraint stress signif- 
icantly increased (*p < 0.05, unpaired t tests) GluRl levels in the VTA, 
whereas unpredictable stress increased both GluRl and NMDARl levels 
in this region. 
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tion used. Although morphine delivered continuously via subcu- 
taneous pellet implantation had no influence on glutamate recep- 
tor levels, morphine delivered intermittently by subcutaneous 
injections of escalating drug doses significantly elevated GluRl 
levels in the VTA. This observation is interesting given that the 
former schedule elicits profound tolerance and dependence 
(Blasig et al., 1973; Aghajanian, 1978; Rasmussen et al., 1990), 
whereas the latter schedule is most associated with sensitization 
(Acquas and Di Chiara, 1992; Spanagel et al., 1993). Increased 
levels of GluRl and NMDARl, but not GluR2, have also been 
observed recently in the VTA after chronic ethanol exposure 
(Ortiz et al., 1995a). 

In addition to drugs of abuse, we examined the effects of 
repeated stress exposure on glutamate receptor subunit levels in 
the VTA. Both restraint and unpredictable stress upregulated 
GluRl levels in this brain region. Unpredictable stress also up- 
regulated NMDARl levels. These data underscore the significant 
interactions among drugs of abuse and stress that occur at the 
level of the mesolimbic DA pathway. The mesolimbic DA path- 
way is activated acutely by most drugs of abuse (including cocaine 
and other stimulants, morphine, and ethanol) as well as by stress. 
This probably accounts for the increased locomotion observed 
after acute administration. Repeated treatment with these drugs 
of abuse or stress can elicit locomotor sensitization, as well as 
sensitized activation of the mesolimbic DA system, and most of 
these treatments have been shown to exhibit cross-sensitization 
with one another. For example, previous exposure to opiates or 
stimulants can sensitize animals to the locomotor-activating ef- 
fects of the other drug as well as to stress (Vezina and Stewart, 
1990; Kalivas and Stewart, 1991; Cunningham and Kelley, 1992; 
Hamamura and Fibiger, 1993; Sorg and Kalivas, 1993). Cross- 
sensitization with ethanol has also been reported (Fahlke et al., 
1994). Furthermore, previous exposure to stress can enhance or 
sensitize an animal to the acquisition of drug self-administration 
behavior (Piazza et al., 1991; Goeders and Guerin, 1994; Shaham 
and Stewart, 1994; Shaham et al., 1994) suggesting that stress 
regulates the reinforcing properties of drugs of abuse in addition 
to their locomotor-activating properties. These behavioral and 
neurochemical phenomena of cross-sensitization are consistent 
with the existence of common molecular adaptations underlying 
these phenomena, such as the common upregulation of GluRl 
and NMDARl observed in the present study. 

Given the structural similarity between the mesolimbic and 
nigrostriatal DA systems, it is striking that cocaine and the other 
treatments regulated glutamate receptor expression in the VTA 
only, although ethanol increased GluRl levels in both the VTA 
and substantia nigra (Ortiz et al., 1995a). It is possible that the 
observed regional specificity resulted in part from the VTA and 
substantia nigra dissections used, because medial aspects of the 
substantia nigra were excluded from the nigral dissections (see 
Materials and Methods) to ensure dissociation between the two 
structures. In situ hybridization analysis possibly could provide 
further insight into this question. Another possibility is that dif- 
ferential regulation of glutamate receptor subunits in the VTA 
and substantia nigra reflects functional differences between mes- 
olimbic and nigrostriatal DA neurons and their afferent connec- 
tions. Indeed, the two types of DA neurons are known to respond 
differently to a number of drug treatments (Chiodo and Bunney, 
1983; Carlsson and Carlsson, 1990; Nestler et al., 1993). More- 
over, although both the mesolimbic and nigrostriatal DA systems 
contribute to locomotor sensitization to stimulants, the mesolim- 
bit DA system is implicated more in the motivational and rein- 

forcing aspects of drug action, whereas the nigrostriatal DA 
system is implicated more in the locomotor activation and stereo- 
typy produced by drug exposure (Karler et al., 1989; Wise, 1990; 
Kalivas and Stewart, 1991; Koob, 1992; Pinheiro-Carrera et al., 
1995; Self and Nestler, 1995). 

The important role of the glutamate system in the regulation of 
mesolimbic DA function is well documented. Glutamate, derived 
largely from projections of the medial prefrontal cortex and other 
brain regions (Zhang et al., 1992), likely activates VTA DA 
neurons via all three major classes of ionotropic glutamate recep- 
tors (NMDA, AMPA, and kainate). For example, NMDA or 
glutamate applied to the VTA increases the firing rate and burst 
activity of dopaminergic neurons and increases DA release in the 
NAc (Johnson et al., 1992; Suaud-Chagny et al., 1992). However, 
higher doses of these agonists can have the opposite effect, which 
has been attributed to depolarization blockade. This is a phenom- 
enon in which excessive stimulation of these cells raises their 
membrane potential to a point where voltage-dependent Na+ 
channels inactivate; this, in turn, leads to a profound reduction in 
mesolimbic DA activity (Chiodo and Bunney, 1983). 

Previous work has implicated glutamatergic neurotransmission in 
the adaptability of the mesolimbic DA system after long-term expo- 
sure to drugs of abuse and stress. AMPA or NMDA antagonists, 
given systemically or applied directly to the VTA, have been shown 
to block the development of locomotor sensitization (Schenk et al., 
1993; Karler et al., 1991; Wolf and Jeziorski, 1993). NMDA antag- 
onism also blocks the electrophysiological changes in mesolimbic DA 
function that are associated with repeated stimulant exposure. For 
example, MK-801 blocks psychostimulant-induced DA autoreceptor 
subsensitivity in VTA DA neurons and postsynaptic DA D, receptor 
supersensitivity in NAc neurons (Wolf et al., 1994). Furthermore, a 
recent electrophysiological study shows that VTA DA neurons in rats 
treated repeatedly with cocaine or amphetamine show an enhanced 
responsiveness to glutamate and enter depolarization blockade at 
significantly lower iontophoretic currents (White et al., 1995). It has 
been hypothesized that this effect of glutamate preferentially involves 
non-NMDA receptors (e.g., AMPA receptors). The cocaine-induced 
increases in specific glutamate receptor subunits observed in the 
present study could account for the enhanced responsiveness to 
glutamate observed electrophysiologically, particularly GluRl-a 
major component of AMPA receptors. Increased vulnerability for 
depolarization blockade of VTA DA neurons also has been observed 
after chronic alcohol exposure (Diana et al., 1993; Shen and Chiodo, 
1993), and increases in GluRl and NMDARl similarly could medi- 
ate this phenomenon as well (Ortiz et al., 1995a). Interestingly, 
chronic administration of haloperidol and raclopride, under condi- 
tions known to produce depolarization blockade of VTA DA neu- 
rons (Chiodo and Bunney, 1983), failed to alter glutamate receptor 
subunit expression in this brain region. These findings suggest that 
different molecular mechanisms are responsible for the increased 
vulnerability for depolarization blockade induced by drugs of abuse 
on the one hand and the frank depolarization blockade induced by 
antipsychotics drugs on the other. This is not surprising, because the 
two classes of drugs produce very different effects on mesolimbic DA 
function and behavior. It also remains unclear how changes in an 
individual glutamate receptor subunit are translated electrophysi- 
ologically and which cell type (e.g., DA or non-DA) in the VTA 
exhibits this regulation. With regard to the latter point, GluRl has 
been reported to be enriched in dopaminergic cells within the VTA 
and substantia nigra (Martin et al., 1993). 

In contrast to VTA DA neurons, it also was found by White et 
al. (1995) that NAc neurons were less sensitive to the excitatory 
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Figure 7. Hypothetical schematic depiction of biochemical and func- 
tional adaptations in the VTA after repeated treatment with cocaine and, 
perhaps, other drugs of abuse or stress. In the drug-treated state, elevated 
levels of TH, which would confer an enhanced capacity for DA synthesis, 
may be associated with an increased activational state of VTA DA neu- 
rons. Such an increased activational state of these neurons may result, at 
least in part, from DA autoreceptor subsensitivity and glutamate receptor 
supersensitivity. Decreased levels of inhibitory G-proteins (G,/G,) and 
increased levels of glutamate receptor subunits (GluRl/NMDARl) may 
represent the biochemical underpinnings of these electrophysiological 
observations, respectively. Excessive excitation of the neurons may result, 
however, in depolarization inactivation of mesolimbic impulse flow, 
thereby reducing DA release in the NAc and other mesolimbic target 
regions. This latter scenario may be particularly relevant to the reduced 
neuronal firing of VTA DA neurons, reduced mesolimbic DA release, and 
aversive behavioral features observed during early phases of withdrawal 
from some drugs of abuse. 

effects of glutamate. In the present study, we did not observe 
significant changes in levels of specific glutamate receptor sub- 
units (NMDARl, NMDAR2A/B, GluRl, GluR2, or GluR6/7) 
using a very similar cocaine-dosing paradigm. This suggests that 
there are adaptations in subunits not examined in the present 
study (e.g., the AMPA GluR3 subunit) or, perhaps, that post- 
translational changes (e.g., phosphorylation) in receptor function 
occur independently of subunit protein levels. Alternatively, the 
reported glutamate subsensitivity in the NAc could be an indirect 
manifestation of perturbations in other neurotransmitter systems 
(for discussion, see White et al., 1995). 

Increased levels of GluRl (and NMDARI) in the VTA by 
cocaine, morphine, ethanol (Ortiz et al., 1995a), and stress treat- 
ments represent additional molecular compensations that pre- 
sumably underlie some common functional effects of these treat- 
ments in the mesolimbic DA pathway (Fig. 7) (Nestler et al., 
1993). Although relating molecular phenomena to neural function 
can be daunting, some progress has been made. For example, 
these drugs of abuse and stress each increase tyrosine hydroxylase 
(TH) expression in the VTA (Beitner-Johnson and Nestler, 1990; 
Hurd et al., 1992; Sorg et al., 1993; Vrana et al., 1993; Ortiz et al., 
1995a; Ortiz et al., 1995b). This increase would be expected to 
augment the maximal capacity of VTA DA neurons to synthesize 
DA. Indeed, the increased levels of TH in the VTA do correlate 
temporally with the emergence of locomotor sensitization to co- 
caine (Sorg et al., 1993). Moreover, increased TH expression 
often is proportional to the state of activation of catecholaminer- 
gic cells. This view is based on studies of central and peripheral 
noradrenergic neurons, adrenal medullary chromaffin cells, and 
cultured cells of neural crest origin (for references, see Guitart et 
al., 1990). Increases in the number and frequency of spontane- 
ously active DA neurons after chronic stimulant and morphine 
exposure (Henry et al., 1989) (F. White, personal communica- 

would have the opposite functional effect by reducing mesolimbic 
DA activity. Depolarization blockade would be expected to be 
more severe between drug exposures and could contribute to the 
reductions in extracellular DA levels seen in the NAc during 
short-term withdrawal from stimulants, opiates, and alcohol (Ac- 
quas et al., 1991; Rossetti et al., 1992; Diana et al., 1993). These 
reductions in DA have been related to the aversive features of 
drug withdrawal and could contribute to drug craving (Dackis and 
Gold, 1985; Markou and Koob, 1991; Weiss et al., 1992). Subse- 
quent exposure to the drug or stress (as in a sensitization para- 
digm), then, could transiently relieve the depolarization blockade 
and thereby increase dopaminergic transmission to the NAc. Such 
relief of depolarization blockade could occur via stimulation of 
hyperpolarizing receptors (e.g., DA autoreceptors or GABA re- 
ceptors) located on VTA DA neurons or, perhaps, via reduction 
of glutamatergic inputs to the VTA. 

In summary, repeated exposure to cocaine, morphine, ethanol, 
or stress increases GluRl and, in most cases, NMDARl subunit 
levels in the VTA. Several drugs that lack sensitizing or reinforc- 
ing properties do not elicit these alterations. Although significant 
work remains to relate causally these adaptations to common 
neural mechanisms underlying drug addiction or locomotor sen- 
sitization, these data indicate that adaptation in glutamate recep- 
tor subunit expression may be an important and novel mechanism 
by which drugs of abuse and stress exert long-term effects on 
mesolimbic DA function. 
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