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Objective: It has been assumed that
some behavioral changes associated with
repeated exposure to dopaminergic psy-
chostimulant drugs might be explained
by changes in activity of dopamine recep-
tors, including the dopamine D1 receptor,
which is linked by a stimulatory G protein
to the effector enzyme adenylyl cyclase.
To establish whether dopamine D1 recep-
tor function might be altered in human
methamphetamine users, the authors
measured dopamine-stimulated adenylyl
cyclase activity in the brain of chronic hu-
man users of the drug.

Method: Adenylyl cyclase activity stimu-
lated by dopamine and by guanylyl-imi-
dodiphosphate (to assess G protein and
adenylyl cyclase coupling) was deter-
mined in the postmortem brain tissue of
16 methamphetamine users who had

used the drug both recently and chroni-
cally (i.e., at least 1 year) as well as 21
matched comparison subjects.

Results: A 25%–30% decrease in the
maximal extent of dopamine stimulation
of adenylyl cyclase activity was seen in
the striatum (nucleus accumbens, cau-
date, and putamen) of the methampheta-
mine users. No changes were found in
basal or guanylyl-imidodiphosphate-stim-
ulated enzyme activity.

Conclusions: These data suggest that
dopamine receptor function linked to
adenylyl cyclase is partially desensitized
in the striatum of human methamphet-
amine users. Decreased dopamine D1 re-
ceptor function might underlie part of the
known (drug withdrawal syndrome) or ex-
pected (drug tolerance) consequences of
methamphetamine exposure in humans.

(Am J Psychiatry 2003; 160:896–903)

Methamphetamine is a highly addictive psycho-
stimulant that is widely abused for the euphoric effects of
the drug. The chronic effects of methamphetamine expo-
sure in some, but not all, regular drug users include an ex-
tended drug withdrawal syndrome that can be character-
ized by separate periods of dysphoria and drug craving (1).
It is also assumed that with repeated use of methamphet-
amine, some tolerance usually occurs to the pleasurable
effects of the drug (2). It is surprising, however, that the
question of acute or chronic tolerance has not yet been rig-
orously established in chronic human users of the drug (3).

Methamphetamine shares with other drugs of abuse
(e.g., cocaine, heroin, alcohol) the ability to enhance re-
lease of the neurotransmitter dopamine in the striatum
(caudate, putamen, nucleus accumbens) (4, 5), with the
extent of the dopamine increase correlated with the inten-
sity of the “high” in humans (6, 7). For this reason, it con-
tinues to be assumed that some of the effects of metham-
phetamine exposure in humans are explained in large part
by alterations in activity of the pre- and postsynaptic
dopamine system in the brain (8). Thus, we previously re-
ported that striatal tissue levels of dopamine can be low in
some users of methamphetamine (9)—as low as those in
Parkinson’s disease in some striatal subdivisions (10)—

which suggests that some of the unpleasant consequences
of methamphetamine during drug withdrawal (e.g., de-
pression, cognitive impairment) might be due in part to a
striatal dopamine deficiency. It is also possible that short-
and long-term adaptive changes due to overactivation of
dopamine receptors occurs in methamphetamine-ex-
posed human brain, which might explain some aspects of
drug-taking behavior.

Dopamine receptor types can be classified by their abil-
ity to stimulate (D1 receptors) or inhibit (D2 receptors) ade-
nylyl cyclase (EC 4.6.1.1) through the mediation of the
stimulatory G protein (Gs or, in striatum, Golf [11]) or the
inhibitory G protein (Gi, Go), respectively (see reference 12
for a review). Since the pharmacological literature on the
influence of dopamine D1 receptor agonists/antagonists
on the behavior of human psychostimulant users is scanty,
the role of the dopamine D1 receptor in psychostimulant
use and abuse in the human has not yet been established.
However, the preliminary observation that a single dose of
a dopamine D1 receptor antagonist (SCH 39166, ecopi-
pam) can partially block the euphoric effects of cocaine in
chronic users of the psychostimulant (13) suggests that the
dopamine D1 receptor might mediate part of the pleasur-
able effects of dopaminergic stimulants. Although no data
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have yet been provided indicating that dopamine D1 re-
ceptor agonists are rewarding to humans (14), agonists act-
ing on this receptor are self-administered by nonhuman
primates (15, 16).

Apart from these pharmacological studies, information
on the status of the dopamine D1 receptor system in hu-
man psychostimulant users is limited to our postmortem
finding of normal levels of dopamine D1 receptor protein
in the dopamine-rich striatal subdivisions of methamphet-
amine users and users of cocaine, with the exception of
higher protein concentration of the receptor restricted to
the nucleus accumbens subdivision in the methamphet-
amine users (17). Changes or lack of changes in brain neu-
rotransmitter receptor concentrations can, at most, only
suggest differences in receptor function. Therefore, we
have now extended our investigation to include measure-
ment, in the postmortem brain tissue of chronic meth-
amphetamine users, of a more dynamic index of dopamine
D1 receptor function, namely dopamine-stimulated ade-
nylyl cyclase activity, since adenylyl cyclase is considered
to be the key effector of dopamine D1 receptor function
(12). In order to establish the possible site and specificity of
any disturbance in dopamine D1 receptor, G protein, and
adenylyl cyclase coupling, we also measured stimulation of
adenylyl cyclase by a nonhydrolyzable GTP analog guan-
ylyl-imidodiphosphate [Gpp(NH)p], which stimulates
adenylyl cyclase by direct activation of the stimulatory G
protein, i.e., bypassing the dopamine receptor, thereby as-
sessing the G protein and adenylyl cyclase coupling. We re-
port that dopamine D1-stimulated adenylyl cyclase activity
is decreased in striatum of human methamphetamine us-
ers, a finding that might explain some of the short- or long-
term aspects of drug-taking behavior.

Method

Brain Materials

Brains from a total of 21 comparison subjects (19 men and two
women) and 16 chronic users of methamphetamine (11 men and
five women) were obtained postmortem from medical examiner
offices in the United States per a standardized protocol. Informed
consent was obtained from the next of kin. The comparison sub-
jects and methamphetamine users did not significantly differ in
age (mean=33.6 years [SD=10.1] and 32.4 years [SD=8.1], respec-
tively; t=0.38, df=35, p=0.70) or postmortem interval between
death and freezing of the brain (mean=13.1 hours [SD=5.8] and
15.3 hours [SD=6.7]; t=1.1, df=35, p=0.29). At autopsy, half of the
brain was fixed in formalin fixative for neuropathological analy-
sis, whereas the other half was immediately frozen until dissec-
tion for neurochemical analysis. Samples of femoral blood were
obtained from all of the methamphetamine users and the com-
parison subjects for drug screening. Scalp hair samples for drug
analyses were available for 18 of the 21 comparison subjects and
12 of the 16 methamphetamine users. Levels of drugs of abuse in
blood and other bodily fluids were measured by the local medical
examiner; drug analyses in brain and hair samples were con-
ducted by one of the investigtors (K.K.) at the Armed Forces Insti-
tute of Pathology in Washington, D.C. All methamphetamine
users met the following selection criteria: 1) presence of metham-
phetamine confirmed by toxicology screening analyses of blood,

autopsied brain, and, when available, sequential scalp hair sam-
ples; 2) absence of any other drugs of abuse (including blood eth-
anol) in these tissues; 3) evidence of methamphetamine use for at
least 1 year before death (obtained from case records and struc-
tured interviews with medical examiner investigators, next of kin,
and informants); and 4) absence of neurological illness or brain
pathology unrelated to use of the drug. Drug histories and patient
information are summarized in Table 1, with information on 12 of
the 16 methamphetamine users previously reported (9). The re-
gional distribution of methamphetamine and its metabolite am-
phetamine in autopsied brain has been reported for 12 of the 16
methamphetamine subjects (18).

All comparison subjects were neurologically normal, had no
evidence of brain pathology, had no history of drug use, and
tested negative for all drugs of abuse in blood, autopsied brain,
and, in the 18 subjects from whom it was available, sequential
scalp hair samples. The causes of death for the comparison sub-
jects were cardiovascular disease (N=12), trauma (N=7), drowning
(N=1), and leukemia (N=1).

Adenylyl Cyclase Assay

Homogenates, in 50 mM Tris-HCl, pH 7.4, 0.1 mM CaCl2, 1%
(vol/vol) protease inhibitors (Sigma, catalog number P8340), of
dissected brain samples (nucleus accumbens, caudate, putamen,
frontal cortex [Brodmann’s area 9], and temporal cortex [Brod-
mann’s area 22]) were used. The procedure for the assay of dopa-
mine-stimulated adenylyl cyclase activity was the same as re-
ported previously (19) with minor modifications. Enzyme activity
in brain homogenates (20 µg protein) was assayed in a total vol-
ume of 100 µl containing 50 mM Tris-HCl buffer, pH 7.4, 0.5 mM
MgCl2, 0.2 mM EGTA, 4 mM phosphocreatine, 25 units/ml of cre-
atine phosphokinase, 1% (vol/vol) protease inhibitors, 1 mM
cAMP, 10 µM GTP, 0.2 mM ATP, and 1 µCi [α-33P]ATP in the ab-
sence and presence of varying concentrations (0.4–400 µM, seven
concentrations) of dopamine. In the present study, the concen-
tration of Mg++ was lowered to 0.5 mM (versus 4 mM in reference
19) in the assay, since this modification produced lower basal
adenylyl cyclase activity and therefore higher percentage dopa-
mine stimulation in the striatal tissues (30%–40% versus approxi-
mately 20%). The percentage stimulation in the cerebral cortex
was not changed by the modification.

For the assay of Gpp(NH)p stimulation, GTP was replaced with
varying concentrations (10–8 to 10–4 M, five concentrations) of
Gpp(NH)p, and the concentration for MgCl2 was 5 mM. Under
the conditions used, i.e., high ATP concentration, high tempera-
ture (30°C), and without an additional factor (e.g., forskolin, cal-
cium/calmodulin) to elevate basal adenylyl cyclase activity,
Gpp(NH)p preferentially activates Gs/Golf rather than Gi/Go and
thus stimulates rather than inhibits adenylyl cyclase (Tong and
Kish, unpublished results; reference 20).

Samples were first pre-incubated with the assay mixture on ice
for 10 minutes and the reaction initiated by addition of ATP. The
assay was carried out at 30°C for 30 minutes (dopamine stimula-
tion) or 20 minutes (Gpp[NH]p stimulation). The assay was ter-
minated by the addition of 2% sodium dodecylsulfate, 40 mM
ATP, and 1.4 mM cAMP, followed by boiling for 10 minutes. Adeny-
lyl cyclase activity was determined by the Dowex/Alumina two-
column chromatography procedure of Salomon et al. (21) as de-
scribed (19). Assays were carried out in duplicate, and activity was
expressed as pmol cAMP formed per minute per mg of protein.
Protein concentration was determined by using the Bio-Rad Pro-
tein Assay Kit with bovine plasma albumin as the standard.

Basal adenylyl cyclase activity was defined as the activity in the
absence of any additional factors. Basal adenylyl cyclase with GTP
was the activity in the presence of 10 µM GTP and was used for
calculating percentage dopamine stimulation. The presence of
GTP was required for the stimulation by dopamine and the con-
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centration used maximally stimulated basal adenylyl cyclase ac-
tivity (19). Gpp(NH)p stimulation was expressed as percentage
increase above the basal adenylyl cyclase activity. The titration
curves were fitted to the hyperbolic equation to calculate maxi-
mal stimulation and EC50 (the concentration producing 50% of
the maximal stimulation), using Origin 5.0 (OriginLab Corpora-
tion, Northampton, Mass.).

Data Analysis

Statistical analyses were carried out with two-tailed Student’s t
test for independent samples and one-way or two-way analyses
of covariance (ANCOVA) with age and postmortem interval as the
covariates followed by post hoc Tukey honestly significant differ-
ence tests. Pearson product-moment correlation or Spearman
rank-order correlation analyses were used to examine the rela-
tionships indicated in the text.

Results

No significant correlations (Pearson) were found in
either group between subject age and levels of any of the
outcome measures. There were weak, negative correlations
between postmortem interval and basal adenylyl cyclase
activity in the absence or presence of GTP (comparison
subjects: r=–0.35 to 0.01, df=19, p>0.11; methamphetamine
users: r=–0.45 to –0.15, df=14, p>0.08) with that in frontal
and temporal cortices of the comparison subjects being
statistically significant (r=–0.58 to –0.45, df=19, p value

range=0.005 to 0.04). For the comparison subjects (df=19),
no significant correlations were found between postmor-
tem interval and maximal dopamine stimulation in any of
the examined brain areas (nucleus accumbens: r=–0.42, p=
0.06; caudate: r=–0.33, p=0.14; putamen: r=0.15, p=0.51;
frontal cortex: r=–0.29, p=0.20; temporal cortex: r=–0.23, p=
0.31). No significant correlations were seen in the metham-
phetamine users (df=14) either between postmortem in-
terval and maximal dopamine stimulation in any of the ex-
amined brain areas (nucleus accumbens: r=–0.15, p=0.57;
caudate: r=–0.20, p=0.47; putamen: r=–0.03, p=0.92; frontal
cortex: r=–0.26, p=0.33; temporal cortex: r=–0.20, p=0.46). A
negative correlation was observed between postmortem
interval and maximal Gpp(NH)p stimulation in all of the
brain areas (comparison subjects: r=–0.59 to –0.36, df=19,
p value range=0.004 to 0.11; methamphetamine users: r=
–0.51 to –0.33, df=14, p value range=0.04 to 0.21), with sig-
nificant correlations seen in the caudate (r=–0.59, df=19,
p<0.005) and frontal cortex (r=–0.54, df=19, p<0.02) of the
comparison subjects and in the nucleus accumbens of the
methamphetamine users (r=–0.51, df=14, p<0.05).

As shown in Table 2, basal activity of adenylyl cyclase
(in the presence of 10 µM GTP) was normal in all ex-
amined brain regions of the methamphetamine users.
Dopamine titration (0.4–400 µM) in frontal cortex and

TABLE 1. Characteristics and Drug Use History of 16 Methamphetamine Usersa

Subject
Age 

(years) Sex

Postmortem
Interval 
(hours)

Duration 
of Use 
(years)

Recent Drug 
Use Pattern

Route of
Administration

Suspected/Known
Cause of Death

Toxicology Confirmation 
of Methamphetamine Use

Hair Sample
Brain Drug 

Levelb

1 34 F 14 10 Daily Nasal Methamphetamine 
intoxication

— 193.0

2 36 M 5 >10 Once per 
month 

Nasal; 
intravenous

Methamphetamine 
intoxication

— 8.4

3 22 M 16 8 Daily, limited 
only by funds 

Intravenous Methamphetamine 
intoxication

— 12.9

4 42 M 10 >20 3–4 times per 
week 

Nasal; oral Methamphetamine 
intoxication

— 12.9

5 20 M 21 1 Unknown Oral Methamphetamine 
intoxication

Yes 130.0

6 28 M 14 16 Daily and 2–3-
day binges 

Intravenous; 
smoked

Gunshot wound to chest Yes 2.8

7 44 F 24 15 Every 2 weeks Nasal Methamphetamine 
intoxication

Yes 33.5

8 39 M 19 23 4–5 hits per day Intravenous Gunshot wound to chest Yes 13.8
9 28 M 4 10 Every 2 weeks Intravenous Methamphetamine 

intoxication
Yes 49.4

10 44 F 23 10 1–2 lines per 
day 

Nasal Cardiovascular disease plus 
methamphetamine toxicity

Yes 9.2

11 20 M 21 3–4 Daily Nasal; oral Methamphetamine 
intoxication

Yes 19.8

12 33 M 7 18 Daily, limited 
only by funds 

Nasal; oral; 
smoked

Cardiovascular disease plus 
methamphetamine
toxicity

Yes 6.1

13 29 M 11 >8 Daily Smoked Acute aortic dissection Yes 15.6
14 35 M 22 >1 Unknown Unknown Methamphetamine 

intoxication
Yes 319.0

15 39 F 22.5 15 Every few days Oral; 
intravenous

Methamphetamine 
intoxication

Yes 7.1

16 26 F 12 >1 Unknown Unknown Methamphetamine 
intoxication

Yes 10.8

a Information on subjects 1–12 has been reported previously by Wilson et al. (9).
b Measured in nanomoles (methamphetamine plus amphetamine) per gram of tissue (occipital cortex).
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striatum showed the expected dose dependence and was
highly significant (F>200, df=7, 245, p<0.001) (Figure 1).
No significant differences were observed in EC50 between
the comparison subjects and the methamphetamine us-
ers (Table 2). However, the magnitude of maximal dopa-
mine stimulation (calculated from the titration curves) in
nucleus accumbens, caudate, and putamen of the meth-
amphetamine users was significantly lower than those of
the comparison subjects by 25%–30%, with nonsignifi-
cantly lower stimulation seen in the frontal cortex (17%
decrease) and temporal cortex (20% decrease, calculated
from a single saturating concentration of dopamine at
100 µM). As shown in Figure 2, although there was exten-
sive overlap between the individual comparison and
methamphetamine values for maximal dopamine stimu-
lation, most of the methamphetamine user values in the
striatum fell lower than the mean level for the compari-
son subjects.

Gpp(NH)p titration (10–8–10–4 M) was carried out in the
nucleus accumbens, caudate, putamen, and frontal cor-
tex. As described in Table 2, no significant difference was
found between the methamphetamine users and compar-
ison subjects in basal adenylyl cyclase activity, EC50, and
the magnitude of Gpp(NH)p stimulation in any of the
brain regions.

No significant correlations (Spearman rank) were found
between the extent of maximal regional dopamine stimu-
lation reported here and the regional protein concentra-
tions of the dopamine D1 receptor in the 12 examined
methamphetamine users in which both measurements
were conducted (17), or between maximal dopamine stim-
ulation and brain (occipital cortex) levels of methamphet-
amine plus its metabolite amphetamine in the entire group
of 16 methamphetamine users (18) (data not shown). In ad-
dition, there was no significant correlation (Pearson) be-

tween dopamine stimulation and duration of drug use in
those cases (N=11) for which accurate duration informa-
tion was available (data not shown).

Discussion

The major finding of our study is that striatal dopamine
D1-stimulated adenylyl cyclase activity is decreased in hu-
man chronic methamphetamine users.

We attempted to address, as much as possible, potential
confounding issues associated with postmortem investi-
gations of drug users. Thus, we obtained forensic evidence
in blood, autopsied brain, and, for most of the users, hair,
proving that the subjects of our study used methamphet-
amine both recently (drug positive in blood and brain)
and chronically (sequential hair segments). Although the
results of drug analyses and retrospective structured inter-
views suggested that the drug users used only metham-
phetamine, it is quite possible that the subjects might pre-
viously have used other drugs of abuse or might even have
had a neurochemical defect before drug taking that could
have affected the biochemical outcome measures. Issues
surrounding differences in age, postmortem time, and ag-
onal status (sudden versus slow death) were addressed by
matching the comparison subjects and methamphet-
amine users with respect to these variables. We have also
previously reported that the extent of maximal dopamine
stimulation of adenylyl cyclase activity in biopsied versus
autopsied human brain is similar (19). The absence of sig-
nificant correlation between postmortem interval and
dopamine stimulation was consistent with the reports on
rats (22–24).

Our finding of decreased striatal dopamine stimulation
of adenylyl cyclase in brain tissue of human methamphet-
amine users is consistent with investigations reporting be-

TABLE 2. Adenylyl Cyclase Activity Stimulation by Dopamine and Guanylyl-Imidodiphosphate [Gpp(NH)p] in Postmortem
Brain Tissue of Methamphetamine Users (N=16) and Comparison Subjects (N=21) 

Brain Region and 
Subject Group

Dopamine Stimulation Gpp(NH)p Stimulation

Basal (plus GTP) 
(pmol/min per mg) EC50a (µM)

Maximal 
Stimulation (%)

Basal (pmol/
min per mg) EC50a (µM)

Maximal 
Stimulation (%)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Nucleus accumbens

Comparison 32.7 11.1 4.2 1.9 30.2 7.4 56.1 18.4 0.25 0.06 194 53
Methamphetamine 28.2 19.1 5.4 5.0 21.3b 7.9 48.9 24.8 0.27 0.10 183 50

Caudate
Comparison 20.6 7.0 3.9 1.9 41.2 7.3 49.4 15.6 0.26 0.09 174 54
Methamphetamine 19.3 10.4 4.0 1.6 31.0b 6.3 43.9 13.9 0.21 0.08 167 67

Putamen
Comparison 37.6 13.9 3.8 1.6 43.5 8.4 54.8 19.2 0.18 0.08 163 44
Methamphetamine 33.3 13.6 3.3 2.0 33.7b 8.2 54.9 21.1 0.19 0.07 145 56

Frontal cortex
Comparison 54.9 25.0 3.0 1.2 22.2 8.3 58.0 20.3 0.81 0.30 250 95
Methamphetamine 47.1 27.9 3.3 1.6 18.5 5.9 55.2 27.6 0.95 0.58 233 98

Temporal cortexc

Comparison 48.6 23.3 19.5 6.7
Methamphetamine 46.2 32.2 15.6 5.3

a The concentration producing 50% of the maximal stimulation.
b Significantly lower than maximal stimulation of comparison subjects (F>12, df=1, 33, p<0.002).
c Data available only for basal and maximal dopamine stimulation.
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low-normal dopamine D1 stimulation of striatal adenylyl
cyclase following either acute administration (25–27) or
repeated exposure plus drug challenge (28, 29) of amphet-
amine to rodents. The animal data suggest that impaired
dopaminergic stimulation of adenylyl cyclase in humans
was not a preexisting abnormality but rather a conse-
quence of exposure to methamphetamine. However, re-
peated amphetamine administration to rodents can also
induce enhanced dopamine D1 receptor-mediated inhibi-
tion of nucleus accumbens neurons (30, 31). Although the
relevance of these experimental animal studies employing
different treatment paradigms and outcome measures to
human drug users is unknown (see reference 32 for re-
view), this suggests that some dopamine D1 receptor-me-
diated functional changes might be differentially affected
by methamphetamine.

The cause of the decreased dopamine stimulation of
adenylyl cyclase in our human investigation is not known
but in principle could be explained by decreased levels of
or coupling between the dopamine receptor, G protein,
and adenylyl cyclase. Our previous observations that stri-
atal levels of dopamine D1 receptor protein are either nor-
mal (caudate, putamen) or elevated (nucleus accumbens)
in methamphetamine users (17), together with our find-
ings that levels of the stimulatory striatal G protein Golf

(33) and basal adenylyl cyclase activity (present investiga-
tion) are normal, suggest that decreased dopaminergic
stimulation of adenylyl cyclase is unlikely to be explained
by low concentration (e.g., due to drug toxicity) of these
components of the dopamine D1 receptor system. Simi-
larly, the demonstration in methamphetamine-exposed
rodents (25–29) and humans of normal adenylyl cyclase
activation by activators (GTP or Gpp[NH]p), which di-
rectly stimulate adenylyl cyclase via Gs/Golf, suggests that
G protein and adenylyl cyclase coupling is preserved and
indicates specificity of the dopamine-related disturbance.
However, the possibility cannot be excluded that G protein
and adenylyl cyclase coupling associated with dopamine
receptor activity might have represented only a minor part
of total G protein and adenylyl cyclase coupling assessed
under the conditions of our assay.

We suggest that desensitization of dopamine-stimu-
lated adenylyl cyclase in the methamphetamine users
could be explained by impaired coupling between the
dopamine D1 receptor and the stimulatory G protein (27).
Since all of the methamphetamine users used the drug re-
cently as well as chronically (for at least 1 year), receptor
desensitization might have occurred consequent to either
acute or chronic drug exposure.

Although the relative biological importance of the dif-
ferent dopamine D1-linked effectors (e.g., adenylyl cy-
clase, phospholipase C [34]) is not known, it is reasonable
to expect that much, if not most, of dopamine D1 receptor
activity is mediated by G protein activation of adenylyl cy-
clase (12). Given that methamphetamine causes release of
dopamine from striatal nerve endings, decreased dopa-

FIGURE 1. Dopamine Stimulation of Adenylyl Cyclase Activ-
ity in Postmortem Brain Tissue of Methamphetamine
Users and Comparison Subjects 

a Significant difference between groups (F=12.5, df=1, 33, p<0.002).
b Significant difference between groups (F=18.0, df=1, 33, p=

0.0002).
c Significant difference between groups (F=6.6, df=1, 33, p<0.02).
d Significant post hoc difference between groups (p<0.004, Tukey

honestly significant difference test).
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mine-stimulated adenylyl cyclase activity in metham-
phetamine users can reasonably be considered as desen-
sitization (i.e., biochemical tolerance) due to excessive
dopaminergic stimulation of the dopamine D1 receptor.
However, as the literature is limited on the nature of the in-
volvement between dopamine D1 receptor function and
drug-taking behavior in the human, the biological signifi-
cance of impaired dopamine D1 receptor function in meth-
amphetamine users is uncertain. In this regard, in view of
the preliminary evidence that the dopamine D1 receptor
might mediate part of the euphoric effects of dopaminer-
gic psychostimulants in humans, decreased dopamine D1

receptor function in a limbic brain area (nucleus accum-
bens) suggests that some D1 receptor-related tolerance to
the euphoric effects of methamphetamine might occur in
human users following repeated drug exposure. It is also
possible that subnormal dopamine D1 receptor-adenylyl
cyclase activity in this brain area, in addition to the even
more severe reduction in tissue stores of striatal dopamine
(9, 10), might explain part of the dysphoria associated with
withdrawal from methamphetamine. Finally, the prelimi-
nary report describing decreased craving for the psycho-
stimulant cocaine in human users following administra-
tion of a selective D1 agonist (14) also suggests the much
more speculative possibility that decreased dopamine D1-
stimulated adenylyl cyclase activity in limbic brain could
explain, in part, compulsive drug craving, which can occur
in some chronic methamphetamine users (1).

Previously, we reported that concentrations of the dopa-
mine D1 receptor were selectively increased in the post-

mortem nucleus accumbens subdivision of the striatum
of 12 of the 16 methamphetamine users examined in the
present study (17). We now find, however, that despite the
increased receptor levels, a functional, and probably more
biologically relevant, index of dopamine D1 receptor activ-
ity is below normal in the nucleus accumbens as well as in
two other subdivisions in which dopamine D1 receptor
number was normal. This discrepancy between receptor
number and function suggests that caution should be em-
ployed in predicting functional changes in receptor activ-
ity from differences in receptor and G protein concentra-
tion. In this regard, the previous reports of changes in
several components of the dopamine D2 receptor system
in brain tissue of methamphetamine users, e.g., a trend for
decrease in D2 receptor protein levels (17, 35) and de-
creased inhibitory G protein (33), need to be extended to
include assessment of whether these changes actually af-
fect D2 receptor-mediated activity. Unfortunately, how-
ever, because of high intersubject variability in our post-
mortem brain study, we were unable to develop a valid
procedure that could assay dopamine D2 receptor-inhib-
ited adenylyl cyclase activity in autopsied brain homoge-
nates (Tong and Kish, unpublished observations).

We suspect that changes in activity of different dopa-
mine (e.g., D1, D2) and nondopamine receptor systems
underlie some of the behavioral effects of psychostimu-
lant drugs. Our data provide the first functional data in hu-
man brain suggesting that the dopamine D1 receptor
might be one of the systems involved in mediating as yet
undetermined aspects of methamphetamine-induced be-

FIGURE 2. Maximal Extent of Dopamine Stimulation of Adenylyl Cyclase Activity in Postmortem Brain Tissue of Metham-
phetamine Users and Comparison Subjects 

a Significant difference between groups (F=22.3, df=1, 33, p<0.001).
b Significant difference between groups (F=13.4, df=1, 33, p=0.001).
c Significant difference between groups (F=12.3, df=1, 33, p=0.001).

0

10

20

30

40

50

60

Comparison
subjects (N=21)

Methamphetamine
users (N=16)

Temporal
Cortex

Frontal
Cortex

  Nucleus
Accumbensc

PutamenbCaudatea

M
a
xi

m
a
l 
D

o
p

a
m

in
e
 S

ti
m

u
la

ti
o

n
 (
%

)



902 Am J Psychiatry 160:5, May 2003

DOPAMINE RECEPTORS AND METHAMPHETAMINE

http://ajp.psychiatryonline.org

havior. Clinical studies of pharmacological agents modify-
ing dopamine D1 receptor function in methamphetamine
users will establish the biological significance of our neu-
rochemical findings.
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