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Repeated Administration of Amphetamine or 
Cocaine Does Not Alter AMPA Receptor 
Subunit Expression in the Rat Midbrain

 

Wenxiao Lu, M.D., Lisa M. Monteggia, Ph.D., and Marina E. Wolf, Ph.D.

 

We previously reported that ventral tegmental area (VTA) 
dopamine neurons are supersensitive to AMPA when 
recorded three days after discontinuing repeated 
amphetamine or cocaine administration. By increasing 
dopamine cell activity, this may contribute to the induction 
of behavioral sensitization. The goal of this study was to 
determine if increased sensitivity to AMPA reflects 
increased AMPA receptor expression in the midbrain. 
Immunolabeling for GluR1, GluR2, GluR2/3, and GluR4 

 

was quantified by immunohistochemistry with 

 

35

 

S-labeled 
secondary antibodies in VTA, substantia nigra, and a 
transitional area. First, rats were treated for five days with 
saline or amphetamine (5 mg/kg) and killed three or 14 days 
after the last injection. No significant changes in 
immunolabeling were observed for any subunit at either 

withdrawal time. GluR1 immunolabeling was further 
examined in rats killed 16–18 hrs or 24 hrs after a single 
injection of amphetamine or repeated injections of saline, 
amphetamine (5 mg/kg 

 

�

 

 5 days) or cocaine (20 mg/kg 

 

�

 

 7 
days). No significant differences were observed in any 
region. Finally, neither repeated amphetamine or cocaine 
administration significantly altered GluR1 mRNA levels as 
quantified by reverse transcriptase-polymerase chain reaction. 
Our results suggest that enhanced responsiveness of VTA 
dopamine neurons to AMPA after withdrawal from repeated 
stimulant administration involves mechanisms more complex 
than increased expression of AMPA receptor subunits. 

 

[Neuropsychopharmacology 26:1–13, 2002]
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Behavioral sensitization refers to the persistent augmen-
tation of behavioral responses to psychomotor stimu-
lants that occurs as a result of their repeated administra-
tion. It provides an animal model for neuroadaptations
that may contribute to drug addiction (Robinson and

Berridge 1993). Sensitization is initiated by drug actions
within the ventral tegmental area (VTA), the origin of
mesocorticolimbic dopamine (DA) projections (Kalivas
and Stewart 1991). It is now well accepted that the induc-
tion of sensitization requires glutamate transmission
within the VTA (Wolf 1998; Vanderschuren and Kalivas
2000). Glutamate’s involvement in sensitization implies
mechanistic similarities between sensitization and other
forms of neuronal plasticity. This in turn has important
implications for the development of therapeutic strate-
gies for drug dependency (Li et al. 2000).

Sensitization can be induced by treatments that have
in common the ability to produce brief but intense activa-
tion of VTA DA cells (Schenk and Snow 1994; Ben-Shahar
and Ettenberg 1994). Moreover, many lines of evidence
suggest that DA cell activity is increased shortly after dis-
continuation of repeated stimulant administration (White
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1996; Wolf 1998). These findings suggest that the physio-
logical mechanisms responsible for induction involve a
transient increase in excitatory drive to VTA DA cells.
Electrophysiological results suggest that this might be
due, in part, to a transient increase in the responsiveness
of VTA DA neurons to 

 

�

 

-amino-3-hydroxy-5-methylisox-
azole-4-priopionate (AMPA) receptor stimulation. Thus,
VTA DA neurons recorded three but not 14 days after
discontinuation of repeated cocaine or amphetamine ad-
ministration show increased responsiveness to the excita-
tory effects of iontophoretically applied glutamate and
AMPA (White et al. 1995; Zhang et al. 1997).

Increased AMPA receptor expression is one possible
explanation for this increase in responsiveness to AMPA.
Indeed, GluR1 levels in the VTA, quantified using West-
ern blots, are increased shortly after discontinuation of
repeated cocaine, morphine, ethanol, or stress paradigms
(Ortiz et al. 1995; Fitzgerald et al. 1996; Churchill et al.
1999). While increased GluR1 levels might explain en-
hanced responses to AMPA after repeated cocaine or
amphetamine administration, an important concern is
that increased GluR1 has been demonstrated after 16–24
hrs of withdrawal from psychostimulants (Fitzgerald et
al. 1996; Churchill et al. 1999) whereas the increase in
electrophysiological responsiveness to AMPA has been
demonstrated after 3 days of withdrawal (White et al.
1995; Zhang et al. 1997). This difference in withdrawal
times is not trivial. Sensitization occurs because of a
time-dependent cascade of different cellular changes,
and the early withdrawal period is a particularly fluid
one (e.g., Ackerman and White 1990). A critical test of
this hypothesis, therefore, is to determine if elevation of
GluR1 levels coincides temporally with increased elec-
trophysiological responsiveness to AMPA. Therefore,
one goal of this study was to quantify AMPA receptor
subunit levels in rat midbrain three and 14 days after dis-
continuation of the same amphetamine regimen used in
electrophysiological studies. A second goal was to exam-
ine levels of GluR1 mRNA and immunolabeling at
shorter withdrawal times to assess the possibility of ex-
tremely transient changes in GluR1 expression.

 

METHODS

Animals and Drug Treatments

 

Male Sprague-Dawley rats (Harlan, Indianapolis, IN),
weighing 200–225 g at the start of experiments, were
used. All procedures were in strict accordance with the
National Institutes of Health 

 

Guide for the Care and Use of
Laboratory Animals.

 

 Rats were housed 2/cage in a col-
ony room maintained under constant temperature and
humidity on a 12-hr light/dark cycle. Rats were han-
dled for 3–4 days before treatment began.

Four experiments were performed (

 

n

 

 

 

�

 

 8–10 rats in all
groups): 1) For studies of GluR1-4 immunolabeling in

 

midbrain at three and 14 day withdrawal times, rats re-
ceived saline (1 ml/kg, i.p.) or d-amphetamine sulfate (5
mg/kg, i.p.) on five consecutive days and were killed
three days or 14 days after the last injection; 2) For studies
of GluR1 immunolabeling at an earlier withdrawal time,
rats were killed 16–18 hrs after one of four regimens [five
days of saline injections (saline group), four days of saline
followed by one day of 5 mg/kg d-amphetamine (acute
amphetamine group), five days of 5 mg/kg d-amphet-
amine (chronic amphetamine group), or seven days of 20
mg/kg cocaine (chronic cocaine group)]; 3) Four groups
of rats received the same regimens described in part 2 but
were killed 24 hrs after the last injection; 4) Three groups
of rats were used for competitive reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis of GluR1
mRNA levels in VTA. Rats received either six days of sa-
line injections (saline group), five days of 5 mg/kg
d-amphetamine sulfate (chronic amphetamine group), or
seven days of 20 mg/kg cocaine (chronic cocaine group),
and all were killed 16–18 hrs after the last injection. The
cocaine regimen used in Experiments 2–4 is identical to
one of those employed by Fitzgerald et al. (1996) for
Western blotting studies.

 

Autoradiographic Immunohistochemistry

 

Because of the large number of rats involved in the
study, perfusions were staggered over several consecu-
tive days. All rats were perfused between 9 AM and 1
PM. To minimize variability, small groups of rats, that
included both drug treated and saline treated rats, were
perfused simultaneously. Rats were anesthetized with
sodium pentobarbital (55 mg/kg, i.p.) and perfused
with 200 ml of ice-cold saline, followed by 400 ml of fix-
ative solution containing 4% paraformaldehyde (Sigma),
1.5% sucrose and 0.1 M phosphate buffer (pH 7.2). Fol-
lowing perfusion, the brains were removed and im-
mersed in the above fixative solution for another hour.
Then, brains were immersed sequentially in solutions
containing 0.1 M phosphate buffer, 0.1% sodium azide
and either 10, 20, or 30% sucrose. Sections (40 

 

�

 

M) were
cut frozen on a sliding microtome and sequentially
placed into 6 wells of a cell culture plate. At the comple-
tion of sectioning, each section group (one well) con-
tained 6–7 sections that sampled the rostral-caudal ex-
tent of the midbrain at 240 

 

�

 

m intervals. One section
group was used for immunohistochemistry with each
antibody. Sections were stored free-floating in cryopro-
tectant solution [30% sucrose, 30% ethylene glycol, and
0.1 M phosphate buffer pH 7.2] at 

 

�

 

20

 

�

 

C.
At the time of analysis, sections were transferred, us-

ing a paintbrush, from cryoprotectant solution into a
plastic net (Brain Laboratories, Boston, MA) in a glass
dish. Sections were rinsed in 0.1 M phosphate buffer
(pH 7.2) (PO

 

4

 

) for 4 

 

�

 

 10 min and then in 0.1 M phos-
phate buffer containing 0.3% Triton X-100 (PO

 

4

 

/T) for
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3

 

4 

 

�

 

 10 min. After incubating in 10% horse serum (Life
Technologies, Grand Island, NY) in PO

 

4

 

/T for 30 min to
block background staining, sections were transferred
into wells of cell culture plates containing primary anti-
bodies in 10% horse serum and PO

 

4

 

/T, and incubated
1–4 days at 4

 

�

 

C with continuous agitation by a mixer
(Thermolyne, Dubuque, IA).

The primary antibody concentrations were: 0.5 

 

�

 

g/
ml for anti-GluR1, anti-GluR2, and anti-GluR4; and 0.25

 

�

 

g/ml for anti-GluR2/3. After rinsing in PO

 

4

 

/T for 4 

 

�

 

10 min and in PO

 

4

 

/T containing 10% horse serum for 10
min, sections were incubated with 

 

35

 

S-labeled anti-rab-
bit IgG antibody (1:100–1:300 dilution) or anti-mouse
IgG antibody (1:100–1:300 dilution) at room tempera-
ture for 1–2 hrs with continuous gentle agitation. Sec-
tions were rinsed in PO

 

4

 

/T (4 

 

�

 

 10 min) and in PO

 

4

 

 (4 

 

�

 

10 min) and then mounted onto gelatin-coated micro-
slides. Sections from saline and drug treated groups were
processed simultaneously throughout all steps of the im-
munohistochemical procedure. All sections were
mounted on the same day in random order, to avoid dif-
ferential loss of signals during storage in PO

 

4

 

 prior to
mounting. Sections were exposed to BioMax-MR films
(Kodak, Rochester, NY) with 

 

14

 

C-standard microscale
strips (Amersham) for 1–4 days. Films were developed
with GBX developer (Kodak) for 4 min and fixed with
rapid fixer (Kodak). Sections from saline and drug treated
groups with the same withdrawal time were exposed to
the same film, to avoid possible differences between films.

 

Image Analysis

 

Autoradiographs on films were scanned by a Power
Macintosh G3 and an Apple-One Scanner (Macintosh,
Cupertino, CA). The scanner can resolve 256 gray levels
from white to black. Midbrain coronal sections were di-
vided into three portions according to Paxinos and
Watson (1986): a rostral portion (interaural 3.70–4.50
mm; 2–3 coronal sections/section group), an intermedi-
ate portion (interaural 3.2–3.70 mm; two sections/sec-
tion group) and a caudal portion (interaural 2.70–3.20
mm; two sections/section group). Thus, a total of 6–7
coronal sections between interaural 2.7–4.5 were exam-
ined for each rat, on both right and left sides. A transi-
tional area exists between substantia nigra and VTA,
where the medial substantia nigra and ventrolateral
VTA are gradually merged. Thus, three areas (substan-
tia nigra, transitional area, and VTA) were quantita-
tively examined at each of the three rostral-caudal lev-
els described above, for a total of nine midbrain
subregions: rostral substantia nigra, intermediate sub-
stantia nigra, caudal substantia nigra, rostral transi-
tional area, intermediate transitional area, caudal tran-
sitional area, rostral VTA, intermediate VTA, and
caudal VTA. These are depicted in Figure 1. Lack of vis-
ible boundaries on autoradiographs prevented us from

distinguishing between substantia nigra pars compacta
and pars reticulata, so both are included in analysis of
the substantia nigra. NIH Image software was used for
quantitative analysis of autoradiographs based on opti-
cal density (O.D.), which was calibrated to nano-curies
(nCi) per gram of dry tissue weight based on gray lev-
els generated by 

 

14

 

C-standard microscale strips.
Within the VTA, transitional area and substantia ni-

gra, there are areas that should not be included in the
analysis of specific signals, such as white matter areas
located within these structures, blood vessels, and areas
where the section was damaged. To separate such areas
from those with specific signals, the threshold function
of the NIH Image program was employed with a cut-off
value. The cut-off value was determined by making
background measurements in surrounding regions and
was defined as the mean of these background measure-

Figure 1. Midbrain coronal sections were divided into
three portions: a rostral portion (interaural 3.7–4.5 mm), an
intermediate portion (interaural 3.2–3.7 mm) and a caudal
portion (interaural 2.7–3.2 mm), according to Paxinos and
Watson (1986). For each of these three portions, substantia
nigra, VTA and a transitional area between substantia nigra
and VTA were defined as shown. Thus, nine subregions of
each rat midbrain were analyzed.
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�

 

 2 standard deviations (to set the cut-off level at
a point that would be greater than 95% of all back-
ground measurements). The red nucleus was often
used to make background measurements because
GluR1 expression is very low in this region. Areas that
exhibited values lower than this cutoff were defined as
background. In areas with values greater than the cut-
off, the specific signal was defined as the total signal
minus the mean background signal. Data are expressed
as nano-curies (nCi) per gram of dry tissue weight.

 

Total RNA Isolation

 

Rats were decapitated 16–18 hrs after the last injection.
The VTA was dissected from a 2-mm thick coronal slice
(approximate coordinates: interaural 2.5–4.5), made us-
ing a brain mold (Activational Systems, Detroit, MI).
Tissue was homogenized in guanidinium isothiocynate
solution [5 M guanidinium thiocyanate, 50 mM HEPES
(pH 7.0), 0.5% Sarcosyl, and 100 mM 

 

	

 

-mercaptoetha-
nol] and total RNA was extracted (Chomczynski and
Sacchi 1987). To minimize DNA contamination, a sec-
ond sodium acetate/phenol-chloroform extraction was
carried out. Total RNA concentration was determined
by spectrophotometer measurements at 260 nm.

 

Preparation of RT-PCR Internal Control

 

The internal control (i.e., the competitor) was constructed
from the full-length rat GluR1 cDNA, p59/2, kindly pro-
vided by Drs. Jim Boulter and Stephen Heinemann (Salk
Institute). This construct was in the pBluescript SK (

 

�

 

)
vector (Stratagene, La Jolla, CA) in the same orientation as
the T3 promoter. The plasmid p59/2 contained two Bsm I
restriction sites at nucleotides 959 and 1277 relative to the
ATG in the GluR1 gene. Restriction enzyme digestion
with Bsm I and religation produced a GluR1 construct
with a deletion of 318 bp, encoding amino acids 320–426.
Competent Escherichia coli (DH5

 

�

 

) cells were trans-
formed with the ligation mixtures and clones were se-
lected for ampicillin resistance (50 

 

�

 

g/ml). Positive clones
were tested for the appropriate deletion by PCR as de-
scribed below. This construct was designated pGluR1

 




 

.
To synthesize the cRNA internal standard for com-

petitive PCR, the plasmid pGluR1

 




 

 was linearized by
digestion with XhoI, which cuts within the polylinker
of the vector, and transcribed using T3 polymerase and
an Ambion Transcription Kit (Austin, TX) according to
manufacturer’s instructions. After treatment of the
DNA template with an RNase-free DNase I and phe-
nol/chloroform extraction, pGluR1

 




 

 was precipitated
by addition of 0.1 vol of 3 M sodium acetate (pH 5.2)
and 2.5 vol of absolute ethanol. RNA transcripts were
dried and resuspended in diethyl-pyrocarbonate treated
water. The yield of pGluR1

 




 

 transcription product was
quantified at 260 nm on a spectrophotometer. The RNA
was used as an internal control in RT-PCR studies.

 

Competitive RT-PCR

 

Total VTA RNA was reverse-transcribed using a GluR1
gene specific primer, designated primer 3 (Figure 2).
Primer 3, 5

 

�

 

-GTCTGGTCTGTCCCTCTTC-3

 

�

 

, corresponds
to nucleotides 1927–1907 of rat GluR1 relative to the
ATG site. In amplification reactions, the sense primer
(Primer 1) 5

 

�

 

-CAAGGAGAGCGGACGCAATG-3

 

�

 

 and
antisense primer (Primer 2) 5

 

�

 

-CGCTGACAATCTCAA
GTCGG-3

 

�

 

 correspond to nucleotides 926–946 and 1578–
1558 of rat GluR1 relative to the ATG, respectively.
These primers do not show homology to GluR2–4 se-
quences and do not distinguish between flip and flop
variants of GluR1. First strand cDNA synthesis was car-
ried out by initially annealing 1.0 

 

�

 

g of VTA total RNA
with 0.2 

 

�

 

M primer 3 and varying amounts of pGluR1

 




 

(10 pg to 1 fg) at 80

 

�

 

C for 2 min to reduce secondary
structures. The mixture was removed and cooled on ice.
It was then mixed with 30 

 

�

 

l of 2X PCR buffer [20 mM
Tris HCl, pH 8.3; 100 mM KCl; 3 mM MgCl

 

2

 

; 0.002%
(w/v) gelatin; 400 

 

�

 

M each dATP, dTTP, dCTP and
dGTP], 1 

 

�

 

l of the RNase Inhibitor InhibitAce (5

 

�

 

-3

 

�

 

,
West Chester, PA), 300 U of Superscript reverse tran-
scriptase (Gibco Life Technologies, Gaithersburg, MD)
and water to make a total reaction volume of 60 

 

�

 

l. The
reaction was incubated at 37

 

�

 

C for 1 hour. Then, the re-
verse transcriptase was inactivated for 5 min at 95

 

�

 

C,
placed on ice, aliquoted and frozen at 

 

�

 

80

 

�

 

 C. Prior to
PCR assays, primer 1 was labeled with 

 

�

 

-

 

33

 

P-ATP (3000
Ci/mmole, Amersham) using T4 polynucleotide kinase
(Gibco Life Technologies, Gaithersburg, MD) according
to the manufacturer’s instructions. The enzyme was in-
activated at 65

 

�

 

C, primer was separated from free nu-
cleotides with a Sephadex G-25 spin column, and the
incorporation of radioactivity was determined by liquid
scintillation counting. A typical reaction yielded 1–2 

 

�

 

10

 

6

 

 cpm/pmol of labeled primer.
PCR was performed using 5 

 

�

 

l of the above cDNA,
2X PCR buffer (see above), 0.4 

 

�

 

M each of primers 1
and 2, approximately 5–8 

 

�

 

 10

 

6

 

 cpm of labeled primer
1, and 2.5 U AmpliTaq polymerase (Perkin-Elmer Ce-
tus, Norwalk, CT). The samples were denatured at 80

 

�

 

 C
for 1 min, and then amplified at 93.3

 

�

 

C for 24 sec, 59

 

�

 

C
for 22 sec, and 72

 

�

 

C for 78 sec for 32 cycles, the linear
range for both target and competitor, in a Perkin-Elmer
9600 Thermal Cycler. An aliquot of each reaction was
electrophoresed through an 8% polyacrylamide gel.
The gels were dried, placed in PhosphorImager cas-
settes to expose, and the incorporation of radioactivity
into each band was determined by densitometry.

 

Data Analysis

 

For autoradiographic immunohistochemistry experi-
ments, saline and drug treated groups from the same
withdrawal time were compared using a two-tailed
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Student’s t-test with significance set at 

 

p

 

 

 




 

 .05. For fig-
ures, data for drug treated groups are expressed as per-
centage of the corresponding saline control group (e.g.,
amphetamine/3 day withdrawal rats are compared to
saline/3 day withdrawal rats). For competitive RT-PCR
experiments, data from amphetamine, cocaine and ve-
hicle groups were compared using ANOVA.

 

Materials

 

(

 

�

 

)-Amphetamine sulphate was obtained from Sigma
Chemical Co. (St. Louis, MO). (�)-Cocaine hydrochlo-
ride was obtained from the Research Technology Branch
of the National Institute on Drug Abuse. All GluR anti-
bodies were obtained from Chemicon (Temecula, CA).

RESULTS

Controls for Immunohistochemistry

Although the specificity of the GluR antibodies used in
this study has been confirmed previously (Wenthold et
al. 1992; Vissavajjhala et al. 1996), additional control ex-
periments were performed. First, we verified that prein-
cubation of primary or secondary antibodies at high tem-
perature (100�C, 15 min) eliminated specific staining.
Second, we showed that pre-incubation of anti-rabbit IgG
secondary antibody with 10% rabbit serum (room tem-
perature, 2 hrs) eliminated specific staining. Third, we
verified that preadsorption with the synthetic peptide
used to raise the anti-GluR1 antibody eliminated specific
staining in midbrain sections. For the latter studies, the
antigen peptide (SHSSGMPLGATGL, corresponding to
amino acids 877–889 in the C terminal domain of GluR1)
was synthesized by Genosys Biotechnologies Inc. (TX).

Overnight preincubation at 4�C of anti-GluR1 anti-
body (0.5 �g/ml) with increasing concentrations of syn-
thetic GluR1 peptide (0.01–10 �g/ml) reduced specific
staining in a concentration-dependent manner. Peptide
concentrations equal or greater to 1 �g/ml reduced
staining to background levels (Figure 3). Finally, we
verified that specific staining was also eliminated by
preadsorption with the BSA-conjugated form of the

peptide (kindly provided by Dr. Robert J. Wenthold,
National Institutes of Health; data not shown).

GluR1-4 Immunolabeling in Midbrain Sections

Glutamate receptor subunit expression was quantified
by autoradiographic immunohistochemistry in rostral,
intermediate and caudal subregions of the VTA, the
substantia nigra, and a transitional area between the
two (nine subregions total, shown in Figure 1). Moder-
ate levels of GluR1 and GluR2 and lower levels of
GluR2/3 and GluR4 immunolabeling were observed
throughout the midbrain, with somewhat higher label-
ing observed in the substantia nigra than the VTA.
These results are consistent with previous findings
(Martin et al. 1993; Petralia and Wenthold 1992; Paquet
et al. 1997; Jakowec et al. 1998; Albers et al. 1999).

GluR1-4 Immunolabeling after Repeated 
Amphetamine or Cocaine Administration

GluR1-4 immunolabeling was determined after the
same amphetamine regimen (5 mg/kg/day � 5 days)
and withdrawal times (three or 14 days) used in previ-
ous electrophysiological studies of AMPA receptor re-
sponsiveness (White et al. 1995; Zhang et al. 1997). For
each rat, the average level of immunoreactivity in each
midbrain subregion was determined on both right and
left sides of the appropriate coronal sections (2–3 sections
per subregion). The mean of such determinations was
then calculated for each treatment group (n � 8–10 rats).
Each drug treated group was compared with a saline
control group from the corresponding withdrawal
time. Data are expressed as percentage of the corre-
sponding saline group.

Results for GluR1 are presented in Figure 4,
whereas results obtained with antibodies recognizing
GluR2, GluR2/3 and GluR4 are shown in Table 1.
Compared to saline treated rats, the amphetamine
treated rats did not exhibit a significant change in im-
munolabeling for any of the AMPA receptor subunits
at either the three or 14-day withdrawal time. There
was, however, a trend towards increased GluR1 levels

Figure 2. Construction of a GluR1 Internal Standard (pGluR1
) for competitive RT-PCR. The cDNA of rat GluR1 is shown at
the top of this figure. A 318 bp segment of GluR1 was removed using two endogenous Bsm I sites to generate pGluR1
. The
pGluR1
 construct was used to synthesize cRNA for use in RT-PCR as described in Materials and Methods. The proposed three
transmembrane domains are indicated by rectangles (TM1, TM3, and TM4); a fourth hydrophobic section (M2) is indicated by a
circle. Primers are indicated by arrows. Primer 3 was used in RT reactions. Primers 1 and 2 were used in PCR amplification.
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at the three-day withdrawal time in all portions of the
substantia nigra and the transitional area, and in the
intermediate portion of the VTA. This regional pattern
is different from that observed by Fitzgerald et al.
(1996), who reported increased GluR1 levels in the
VTA but not in the substantia nigra at a 16–18 hr with-
drawal time. Nevertheless, these findings raised the
possibility that there may have been an early change
in GluR1 levels that dissipated substantially by the
three-day withdrawal time but was still functionally
significant.

We therefore examined GluR1 immunolabeling in
separate groups of rats treated with the same amphet-
amine regimen but killed 16–18 hrs after the last injec-
tion. To control for residual effects of the last amphet-
amine injection of the chronic regimen, a control
group was included that received saline on Days 1–4
and 5 mg/kg amphetamine on Day 5. We also in-
cluded a group that received the same chronic cocaine
regimen (20 mg/kg/day � 7 days) used in the study
by Fitzgerald et al. (1996). Figure 5 demonstrates that
there were no significant changes in GluR1 immunola-
beling in any of the nine subregions of rat midbrain
following either a single injection or repeated injec-
tions of amphetamine. Surprisingly, we also failed to
detect a significant change in GluR1 immunolabeling
after repeated cocaine, even though this regimen pro-
duced an increase in GluR1 as measured by Western
blotting (Fitzgerald et al. 1996). Although some subre-
gions showed a small trend towards increased GluR1
levels, this occurred in the acute amphetamine group
as well as the chronically treated groups, and was not
confined to the VTA (see Discussion).

A final experiment examined GluR1 immunolabel-
ing in rats that received the same saline, amphetamine,
or cocaine regimens but were killed at a slightly longer
withdrawal time (24 hrs). Again, no significant changes

in GluR1 immunolabeling were observed in any drug-
treated group compared to saline controls (Figure 6).
Many of the small, non-significant trends that were ob-
served in the 16–18-hrs withdrawal experiment were
not evident in this experiment.

GluR1 mRNA Levels after Repeated
Amphetamine Administration

To quantify GluR1 mRNA levels, we constructed a
GluR1 internal standard to be used for competitive RT-
PCR (Figure 2; see Materials and Methods for a detailed
description). The PCR primers were designed to span
the 318 base pairs (bp) deleted region of the internal
standard. This primer pair amplifies both the competi-
tor and the target gene in the same reaction tube. Thus,
amplification performed with these primers generated
bands of 652 and 334 bp for endogenous GluR1 and the
GluR1 internal standard, respectively (Figure 7). Al-
though the competitor shares the same primer-binding
site as the target cDNA, we wanted to verify that the ef-
ficiency of amplification was similar for both. Approxi-
mately equal molar quantities of GluR1 cDNA and the
competitor, pGluR1
, were added to a single PCR reac-
tion along with radiolabeled primer. Aliquots of the
PCR reaction were removed at various cycle numbers
between 15 and 40. The PCR products were electro-
phoresed on a polyacrylamide gel, the gels were dried,
and the incorporation of radioactivity was determined
by densitometry. The linear portions of the two curves
exhibited nearly identical slopes, indicating that the
amplification efficiencies of the target DNA and com-
petitor DNA were very similar (data not shown).

We performed competitive RT-PCR using VTA total
RNA obtained from rats treated repeatedly with saline,
amphetamine or cocaine and killed 16–18 hrs after last
injection. Drug regimens were identical to those de-

Figure 3. Specificity of the GluR1 antibody in rat midbrain sections as demonstrated by preadsorption studies with the
synthetic peptide used to generate the antibody. Left: Immunolabeling with GluR1 antibody (0.5 �g/ml) and 35S-labeled sec-
ondary antibody. Right: Immunolabeling under the same conditions except that GluR1 antibody was incubated overnight
with 10 �g/ml of the antigen peptide. Staining is reduced to background levels.
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scribed above for immunohistochemical studies. One
microgram of total RNA from VTA was reverse tran-
scribed with increasing amounts of pGluR1
 (10 fg to 1
pg) and then co-amplified in the presence of radiola-
beled primer for 32 cycles of amplification. The incor-
poration of radioactivity in the PCR products was
quantified with a PhosphorImager. The data obtained
were plotted as the log [target/competitor] versus log
of the amount of competitor added to the PCR reaction.
The molar amount of endogenous GluR1 mRNA added
to the reaction is equal to the molar amount of competi-
tor when the ratio of their products becomes equal (log
ratio 1:1 � 0). This “zero-point” was calculated by re-

gression analysis for each group. Results from three in-
dependent experiments were averaged, normalized to
the saline control group, and expressed as mean � SEM
(repeated saline, 100 � 5%; repeated amphetamine, 105 �
4%; repeated cocaine, 95 � 3%). ANOVA performed on
raw data indicated no significant difference between
the groups. Thus, repeated cocaine or amphetamine ad-
ministration does not alter GluR1 mRNA levels in the
VTA as determined by RT-PCR.

DISCUSSION

Repeated amphetamine administration did not alter
GluR1, GluR2, GluR2/3, or GluR4 immunolabeling in
the VTA, SN, or a transitional zone as measured by au-
toradiographic immunohistochemical methods at three
or 14-day withdrawal times. At earlier withdrawal
times (16–24 hrs), neither GluR1 immunolabeling nor
GluR1 mRNA levels (determined by RT-PCR) were sig-
nificantly altered by repeated cocaine or amphetamine
administration.

AMPA Receptor Subunit Distribution in Midbrain

We observed moderate levels of GluR1 and GluR2 and
lower levels of GluR2/3 and GluR4 immunolabeling
throughout the midbrain. Other immunohistochemical
studies of the rat substantia nigra and VTA have found
moderate GluR1 and GluR2/3 immunoreactivity in
neurons, with GluR4 observed primarily in neuropil
(Petralia and Wenthold 1992; Martin et al. 1993; Ja-
kowec et al. 1998). In situ hybridization studies have
found low to moderate levels of GluR1, GluR2 and
GluR4 mRNAs and very low levels of GluR3 mRNA
(Sato et al. 1993; Jakowec et al. 1998). A recent study in
rat substantia nigra found that all tyrosine hydroxylase
(TH)-positive cells also contained GluR2/3 immunore-
activity, none contained GluR4, and GluR1 expression
was heterogeneous, with about half of the cells staining
intensely and the other half immunonegative (Albers et
al. 1999). In squirrel monkey, nearly all TH-positive
neurons in the midbrain contained GluR1, GluR2/3,
and GluR4 immunoreactivity (Paquet et al. 1997).

Electrophysiological Supersensitivity Is Unlikely to 
Reflect a Generalized Increase in AMPA Receptor 
Expression in the VTA

Electrophysiological studies have shown that both
NMDA and AMPA receptor agonists increase the firing
rate of VTA and SN DA neurons (White 1996). Follow-
ing repeated amphetamine or cocaine administration,
VTA DA neurons show a selective increase in respon-
siveness to AMPA (White et al. 1995; Zhang et al. 1997).
Like most other stimulant-induced neuroadaptations

Figure 4. Levels of GluR1 immunolabeling in rat midbrain
did not differ significantly between saline-and amphet-
amine-pretreated groups at three or 14 day withdrawal
times. Autoradiographs were analyzed quantitatively using
NIH Image software. For each rat, nine subregions of the
ventral midbrain (VTA, substantia nigra, and a transitional
area; each at rostral, intermediate and caudal levels) were
analyzed by scanning both right and left sides of 2–3 coronal
sections (see Materials and Methods). The bars represent the
mean of such determinations from 8–10 rats in each pretreat-
ment group. In this and all subsequent figures, data are pre-
sented as percentage of the appropriate saline control group,
i.e., the amphetamine/three day withdrawal group is com-
pared to the saline/three day withdrawal group. Groups
were compared with a two-tailed Student’s t test (* p 
 .05).
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occurring at the level of the VTA, increased responsive-
ness to AMPA is transient, detectable after three but not
14 days of withdrawal (Zhang et al. 1997). Recently, we
have shown that AMPA receptor supersensitivity can
also be demonstrated in microdialysis experiments, by
monitoring the ability of intra-VTA AMPA to increase
DA levels in the ipsilateral nucleus accumbens. After
three days but not 10–14 days of withdrawal, AMPA
was more efficacious in amphetamine treated rats than
saline treated rats (Giorgetti et al. 2001).

Although increased AMPA receptor expression is a
plausible explanation for increased responsiveness to
AMPA, we did not detect a significant change in AMPA
receptor subunit expression in VTA at either three or 14
day withdrawal times using the same amphetamine
regimen employed in the electrophysiological studies
(White et al. 1995; Zhang et al. 1997) and microdialysis
studies (Giorgetti et al. 2001). Since about 65% of cells in
the rat VTA are dopaminergic (Swanson 1982), it seems
unlikely that a selective increase in AMPA receptor
subunit expression within DA neurons would be com-
pletely masked by the signal from non-DA cells. In-
deed, an immunohistochemical approach was chosen
to avoid concerns about “contamination” due to the

proximity of other regions that contain high levels of
GluR subunits (e.g., the interpeduncular nucleus). In
addition, we analyzed nine subregions of midbrain to
insure that changes occurring in one region would not
be obscured by lack of effect in others. However, with-
out double labeling and single cell analysis, we cannot
rule out the possibility that we failed to detect a change
in GluR labeling that was selective for DA neurons.

Fitzgerald et al. (1996) found an increase in GluR1
levels in VTA, using Western blotting, in rats killed 16–
18 hrs after discontinuation of repeated cocaine, mor-
phine, or stress paradigms. Another Western blotting
study found increased GluR1 in VTA 24 hrs but not
three weeks after discontinuing a different cocaine regi-
men (Churchill et al. 1999). Although we found no sta-
tistically significant changes in GluR1 either three or 14
days after discontinuation of repeated amphetamine,
there was a slight trend towards increased GluR1 in
some midbrain subregions at the three-day time. This
raised the possibility that amphetamine, like cocaine
and morphine (above), produced an increase in GluR1
at the 16–18 hrs withdrawal time, which dissipated sub-
stantially by three days of withdrawal but nevertheless
remained functionally significant. We therefore exam-

Table 1. Immunolabeling of AMPA Receptor Subunits in Rat Midbrain after 3 or 14 Days Withdrawal from Repeated 
Amphetamine Administration

Three Days Withdrawal 14 Days Withdrawal

Vehicle Amphetamine Vehicle Amphetamine

GluR2 Substantia Rostral 100 � 4.5 97.6 � 6.3 100 � 3.8 90.4 � 4.3
Nigra Intermediate 100 � 5.8 99.0 � 6.3 100 � 3.3 96.5 � 3.9

Caudal 100 � 6.7 86.4 � 3.4 100 � 4.5 92.8 � 4.8
Transitional Rostral 100 � 7.4 101.2 � 7.1 100 � 3.2 99.1 � 3.4
Area Intermediate 100 � 5.8 99.4 � 7.8 100 � 2.5 97.7 � 4.4

Caudal 100 � 6.0 85.7 � 4.6 100 � 5.1 90.8 � 4.6
Ventral Rostral 100 � 7.0 101.8 � 5.8 100 � 3.2 94.1 � 3.7
Tegmental Intermediate 100 � 6.2 100.5 � 8.2 100 � 4.4 93.5 � 4.1
Area Caudal 100 � 3.8 102.1 � 4.5 100 � 3.6 94.6 � 4.3

GluR2/3 Substantia Rostral 100 � 8.7 94.3 � 5.5 100 � 5.0 102.0 � 6.0
Nigra Intermediate 100 � 10.2 97.1 � 5.5 100 � 5.4 91.7 � 3.8

Caudal 100 � 9.4 87.4 � 5.8 100 � 5.9 92.9 � 4.5
Transitional Rostral 100 � 10.3 98.2 � 6.5 100 � 8.3 101.6 � 6.2
Area Intermediate 100 � 9.4 96.0 � 6.2 100 � 5.7 95.4 � 3.6

Caudal 100 � 7.4 93.5 � 6.3 100 � 6.6 93.6 � 4.2
Ventral Rostral 100 � 6.5 95.8 � 4.9 100 � 5.0 101.9 � 6.1
Tegmental Intermediate 100 � 4.5 90.7 � 3.9 100 � 3.6 90.8 � 5.1
Area Caudal 100 � 4.9 99.5 � 8.1 100 � 3.6 89.9 � 4.2

GluR4 Substantia Rostral 100 � 4.7 97.5 � 3.7 100 � 3.1 90.4 � 3.9
Nigra Intermediate 100 � 4.9 93.7 � 4.0 100 � 3.9 98.8 � 5.0

Caudal 100 � 4.4 96.1 � 4.8 100 � 3.6 95.2 � 2.7
Transitional Rostral 100 � 6.3 101.4 � 3.5 100 � 5.0 97.8 � 3.8
Area Intermediate 100 � 5.4 94.6 � 2.9 100 � 4.7 107.5 � 4.6

Caudal 100 � 5.1 96.0 � 4.5 100 � 3.3 100.7 � 2.8
Ventral Rostral 100 � 6.5 99.6 � 4.5 100 � 6.0 106.3 � 3.6
Tegmental Intermediate 100 � 5.9 102.9 � 8.1 100 � 4.6 104.8 � 4.0
Area Caudal 100 � 8.1 101.3 � 5.5 100 � 8.7 106.5 � 5.1

For each rat, nine subregions of ventral midbrain (VTA, SN, and transitional area; each at rostral, intermediate and caudal levels) were analyzed.
Data from 8–9 rats/group are presented as percentage of the appropriate saline control group.
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ined 16–18 hrs and 24 hrs withdrawal times and still
found no change in GluR1 immunolabeling.

Taken alone, this might suggest that amphetamine is
different from cocaine and morphine. Surprisingly,
however, we also failed to observe increased GluR1 lev-
els 16–18 hrs or 24 hrs after discontinuation of the same
cocaine regimen employed by Fitzgerald et al. (1996).
While there were trends towards increased GluR1 in
chronic cocaine and amphetamine groups at the 16–18
hrs withdrawal, they were not confined to VTA and
similar trends were observed in an acute amphetamine
group. These results are quite different from those of
the previous study (Fitzgerald et al. 1996), in which in-
creased GluR1 was observed in VTA but not substantia
nigra, and was not produced by acute drug exposure.

The trends apparent in our 16–18 hrs withdrawal exper-
iment were largely absent in identically treated rats
killed at a slightly longer withdrawal time (24 hrs). Fi-
nally, RT-PCR studies found no change in the abun-
dance of GluR1 mRNA in VTA tissue obtained 16–18
hrs after discontinuation of the same cocaine and am-
phetamine regimens. Levels of mRNA for the ionotro-
pic glutamate receptor subunits generally correlate
with the abundance of the encoded subunits (Lambolez
et al. 1992; Bochet et al. 1994; Jonas et al. 1994; Geiger et
al. 1995; Angulo et al. 1997). It should be noted that
GluR1 and other AMPA receptor subunits exist as two
isoforms, flip and flop, that are generated by alternative
splicing and have different functional properties (Som-
mer et al. 1990). As our amplification strategy did not

Figure 6. GluR1 immunolabeling in rat midbrain measured
24 hrs after the last injection is not altered by acute amphet-
amine, repeated amphetamine or repeated cocaine administra-
tion. Groups received repeated saline (1 ml/kg � 6 days), a
single amphetamine injection (saline � 4 days, 5 mg/kg
amphetamine on Day 5), repeated amphetamine (5 mg/kg/
day � 5 days), or repeated cocaine (20 mg/kg/day � 7 days).
See legend to Figure 4 for details of analysis; n � 10 rats/group.

Figure 5. GluR1 immunolabeling in rat midbrain measured
16–18 hrs after the last injection is not altered by acute amphet-
amine, repeated amphetamine or repeated cocaine adminis-
tration. Groups received saline (1 ml/kg � 6 days), a single
amphetamine injection (saline � 4 days, 5 mg/kg amphet-
amine on Day 5), repeated amphetamine (5 mg/kg/day � 5
days), or repeated cocaine (20 mg/kg/day � 7 days). See leg-
end to Figure 4 for details of analysis; n � 10 rats/group.
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distinguish between these isoforms, our results do not
exclude the possibility that cocaine and amphetamine
may alter the ratio of these isoforms.

The reason for the discrepancy between our results
and those of others. (Fitzgerald et al. 1996; Churchill et
al. 1999) is not clear, but it is unlikely to be attributable
to inadequate sensitivity of our methods. The magni-
tude of the chronic cocaine-induced increase in GluR1
detected by Fitzgerald et al. (1996) was on the order of
45%. Using the same immunohistochemical techniques
employed in the present study, we have detected much
smaller changes in GluR1 and GluR2 immunolabeling
(�15%) in other brain regions after repeated amphet-
amine administration (Lu and Wolf 1999). These brain
regions showed parallel amphetamine-induced changes
in GluR1 and GluR2 mRNA levels (Lu et al. 1997). In
the midbrain, we have used this technique to detect de-
creases of approximately 15% in NMDAR1 immunola-
beling in intermediate and caudal regions of the sub-
stantia nigra after 14 days of withdrawal from repeated
amphetamine (Lu et al. 1999). In that study, no changes
in NMDAR1 were evident in the substantia nigra after
three days of withdrawal, or in the VTA at either with-
drawal time.

It is possible that the discrepancy is related to meth-
odological differences. Although the same polyclonal
antibody was used in all studies, significant increases in
GluR1 could be masked in immunohistochemical ex-
periments if the primary antibody recognized antigens
other than GluR1 in tissue sections. However, we found
that preadsorption with the synthetic peptide used to
generate the anti-GluR1 antibody completely elimi-
nated specific GluR1 immunolabeling. Another poten-

tial explanation for the discrepancy is that different
pools of GluR1 are detected by the present immunohis-
tochemical methods and by Western blot analysis after
proteins are electrophoresed in a denaturing gel (Fitzgerald
et al. 1996; Churchill et al. 1999). Precedent for this pos-
sibility comes from studies showing that conforma-
tional changes associated with altered subcellular local-
ization of the glucose transporter 4 can dramatically
and differentially influence Western blot and immuno-
cytochemical analyses of this protein (Joost et al. 1988;
Smith et al. 1991, 1993). However, the anti-GluR1 anti-
body detects GluR1 in a number of cellular compart-
ments (e.g., Martin et al. 1993; Chen et al. 1998; Paquet
et al. 1997). Most importantly, the type of change in
GluR1 disposition most likely to explain enhanced elec-
trophysiological responsiveness, that is, an increase in
cell surface expression, should be detectable with immu-
nohistochemical methods.

Additional impetus for the hypothesis that increased
GluR1 expression contributes to sensitization was pro-
vided by the report that over-expression of GluR1 in the
rostral VTA using a Herpes simplex virus resulted in in-
tensification of the locomotor stimulant and rewarding
properties of morphine (Carlezon et al. 1997, 2000).
While this is an interesting finding, it does not necessar-
ily imply that increased GluR1 expression is involved in
the naturally occurring pathways leading to morphine or
psychostimulant sensitization. Indeed, a state resem-
bling behavioral sensitization can be produced by a di-
verse array of experimental manipulations that share the
ability to produce brief but intense activation of VTA DA
cells. These include repeated electrical stimulation of the
prefrontal cortex (Schenk and Snow 1994) or VTA (Ben-

Figure 7. PhosphorImager analysis of GluR1 PCR competition experiments from the VTA after 32 cycles. Lane 1: 10 pg
pGluR1
, Lane 2: 3 pg pGluR1
, Lane 3: 1 pg pGluR1
, Lane 4: 300 fg pGluR1
, Lane 5: 100 fg pGluR1
, Lane 6: 10 fg
pGluR1
, and Lane 7: 0 fg pGluR1
. GluR1 PCR products were electrophoresed through an 8% polyacrylamide gel. The
incorporation of radioactivity was detected using a PhosphorImager (Molecular Dynamics).
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Shahar and Ettenberg 1994), and pharmacological disin-
hibition of VTA DA cells (Steketee and Kaliavas 1991).

In a prior Western blotting study, it was observed
that only those rats developing behavioral sensitization
to cocaine exhibited an increase in GluR1 levels in the
VTA (Churchill et al. 1999). In the present study, we did
not perform behavioral studies to verify that sensitiza-
tion occurred in our repeated amphetamine or cocaine
treatment groups. However, it seems unlikely that fail-
ure of a subset of rats to develop sensitization accounts
for the observed lack of increase in GluR1 levels. The
amphetamine regimen used in these studies produces
reliable and robust sensitization (e.g., Wolf and Jezior-
ski 1993). Moreover, it is our experience that amphet-
amine, in contrast to cocaine, produces behavioral sen-
sitization in all or nearly all rats.

Alternative Mechanisms to Account for Increased 
Responsiveness of VTA DA Neurons to AMPA

We have hypothesized that drug-induced plasticity in
the VTA involves activity-dependent changes in synap-
tic strength (Wolf 1998). Indeed, recent studies have
shown that VTA DA neurons undergo both LTP and
LTD (Bonci and Malenka 1999; Overton et al. 1999) and
that acute exposure to amphetamine (Jones et al. 2000) or
D2 DA agonists (Thomas et al. 2000) can prevent the in-
duction of LTD. It is therefore reasonable to consider the
possibility that the increased AMPA receptor respon-
siveness produced by drugs of abuse occurs through
mechanisms similar to those implicated in LTP and LTD.

A novel hypothesis for LTP and LTD involves silent
synapses, which contain functional NMDA receptors
but not functional AMPA receptors. LTP may involve
activation of silent synapses via recruitment of AMPA
receptors, whereas LTD may involve loss of functional
AMPA receptors (Malenka and Nicoll 1997). Increased
responsiveness of VTA DA neurons to AMPA might
similarly reflect an increase in the number of AMPA re-
ceptor-containing synapses. This would not necessarily
be detectable by immunohistochemical or Western
analysis at the regional level. For example, insulin-
induced LTD involves loss of surface AMPA receptors
via acceleration of clathrin-dependent endocytosis but
is not associated with a change in the total number of
receptors expressed by the cells (Man et al. 2000).

Another possibility is that AMPA receptor transmis-
sion is enhanced by phosphorylation of GluR1. GluR1 is
phosphorylated on the carboxyl terminus by Ca2�/cal-
modulin-dependent protein kinase type II (CaMKII),
protein kinase C, and protein kinase A, with phosphory-
lation resulting in potentiation of agonist-activated cur-
rents (e.g., Roche et al. 1996; Barria et al. 1997a; Mammen
et al. 1997; Derkach et al. 1999; Banke et al. 2000). Phos-
phorylation of GluR1 by CaMKII is strongly implicated
in long-term potentiation (LTP) (Barria et al. 1997b)

whereas dephosphorylation of GluR1 at the protein ki-
nase A site accompanies long-term depression (LTD)
(Lee et al. 1998). Although the effects of amphetamine
and cocaine on GluR1 phosphorylation in the VTA are
not known, D1 DA receptors regulate GluR1 phosphory-
lation in striatum and nucleus accumbens (Chao et al.
1999; Price et al. 1999; Yan et al. 1999) and D1 receptors in
the VTA are implicated in sensitization (Stewart and
Vezina 1989; Bjijou et al. 1996; Vezina 1996).

CONCLUSIONS

Many lines of evidence suggest that a critical step in the
induction of behavioral sensitization is a transient increase
in VTA DA cell activity (White 1996; Wolf 1998). Previous
studies suggest that one contributing mechanism is en-
hanced sensitivity of AMPA receptors on VTA DA neu-
rons to the excitatory effects of glutamate (White et al.
1995; Zhang et al. 1997; Giorgetti et al. 2001). The present
results indicate that this enhanced sensitivity is probably
not attributable to an overall increase in the expression of
AMPA receptor subunits and suggest the need for studies
to determine whether repeated administration of psycho-
motor stimulants influences the cell surface distribution or
phosphorylation of AMPA receptor subunits.

Note Added in Proof

A recently published study measured GluR1-4 mRNA
levels using ribonuclease protection assays in the ventral
mesencephalon of rats killed 30 min after the third or
tenth daily injection of 2 mg/kg amphetamine and found
no difference between amphetamine treated rats and sa-
line controls (Bardo et al. 2001)
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