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(4) 835–840, 2000.—The purpose of this study was to deter-
mine whether chronic exposure to amphetamine during the preweanling period causes enduring changes in behavioral and
neuronal functioning. In two experiments rats were injected with saline or amphetamine (2.5 or 5.0 mg/kg) on postnatal days
(PD) 11–15. Rats then received a challenge injection of saline or 2.5 mg/kg amphetamine on PD 23 or PD 90 and locomotor
activity was measured. After behavioral assessment, rats were killed, and their dorsal striata and nucleus accumbens were dis-
sected and later assayed for protein kinase A (PKA) activity. Interestingly, amphetamine treatment during the preweanling
period produced an enduring decline in dorsal striatal and accumbal PKA activity that was still apparent in adulthood. These
reductions in PKA activity were not related to the occurrence of locomotor sensitization, because rats did not exhibit a sensi-
tized locomotor response when challenged with amphetamine at PD 23 or PD 90. © 2000 Elsevier Science Inc.
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IN adult rats, chronic treatment with psychostimulants alters
neuronal functioning in a variety of ways. For example, re-
peated treatment with amphetamine or cocaine produces
long-term changes in cyclic adenosine monophosphate
(cAMP) signal transduction systems (1,4,9,30,39). These psy-
chostimulant-induced changes in cAMP functioning include
modifications in G-protein sensitivity (4,10,33,36,37), subunit
levels (27,38), adenylyl cyclase activity (1,9,30), and protein
kinase A (PKA) activity (8,9,39). The mechanisms responsi-
ble for these alterations in cAMP functioning have not been
determined, but it is possible that they are due to changes in
dopamine D

 

1

 

-like receptor sensitivity. Evidence supporting
this idea is threefold: first, D

 

1

 

-like receptors play an impor-
tant role in mediating the neural effects of psychostimulants

(6); second, acute D

 

1

 

-like receptor stimulation increases ade-
nylyl cyclase activity (18,34); and, third, repeated amphet-
amine treatment decreases D

 

1

 

-stimulated adenylyl cyclase ac-
tivity (1,30). Thus, repeated psychostimulant administration
may lead to a desensitization of D

 

1

 

-like receptors and, ulti-
mately, a decrease in DA-stimulated adenylyl cyclase activity.
Such changes in adenylyl cyclase activity would presumably
affect other important components of the cAMP signal trans-
duction system, including cAMP levels and PKA activity.

Besides affecting these various neuronal processes, re-
peated psychostimulant treatment produces a phenomenon
called behavioral sensitization, which is manifested as an
augmented behavioral response to a stimulant drug (17,29).
Both young and adult rats exhibit behavioral sensitization
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(17,21,22,29,40,43), although the sensitization exhibited by
younger animals may differ from adults in some important re-
spects (13,20,22,41). For example, there is contradictory evi-
dence concerning the persistence of behavioral sensitization
in young rats, with some researchers reporting that a sensi-
tized locomotor response will persist for at most a few days
after final drug exposure (13,20,22,41), whereas other re-
searchers have found that sensitization will persist for sub-
stantially longer periods (35,44). Although many explanations
for behavioral sensitization have been proposed, there is ac-
cumulating evidence indicating that stimulant-induced alter-
ations in cAMP mechanisms are necessary for behavioral sen-
sitization (1,9,24,39). It has not been determined, however,
whether ontogenetic changes in the functioning of cAMP sig-
nal transduction systems are responsible for age-dependent
differences in behavioral sensitization.

The purpose of the present study was to determine
whether exposure to amphetamine during the preweanling
period produces enduring changes in behavioral and neuronal
functioning that persist across an extended drug abstinence
period. More specifically, rats were repeatedly administered
amphetamine or saline during the preweanling period and
then challenged with amphetamine or saline at either postna-
tal day (PD) 23 or PD 90. On these test days both locomotor
activity and PKA activity were assessed. Locomotor activity
was measured to assess the presence of a sensitized behav-
ioral response. PKA activity was measured because it is a
reliable index of intracellular cAMP functioning (14,42), and
is known to be altered by repeated psychostimulant treat-
ment (26).

 

METHOD

 

Animals

 

A total of 112 rats of Sprague–Dawley descent (Harlan,
Indianapolis, IN) were born in the vivarium at California
State University, San Bernardino. Litters were culled to 10
pups at 3 days of age. Rats tested at PD 23 were housed with
their littermates and dam until testing, whereas rats tested at
PD 90 were weaned at PD 25 and housed with same-sexed lit-
termates. Care was taken to ensure that an equal number of
male and female rats were placed in each experimental condi-
tion. Food and water were available ad lib. The colony room
was maintained at 22

 

2

 

24

 

8

 

C, and kept under a 12 L:12 D cy-
cle. Subjects were treated according to the National Institute
of Health guidelines for the care and use of laboratory ani-
mals (“Principles of Laboratory Animal Care,” NIH Publica-
tion #85-23).

 

Drugs

 

S(

 

1

 

)-amphetamine sulfate (Research Biochemicals, Nat-
ick, MA) was dissolved in saline and injected intraperito-
neally (IP) at a volume of 5 ml/kg for preweanling rats and at
1 ml/kg for adult rats.

 

Procedure

Experiment 1. 

 

Starting at PD 11, 32 male rats and 32 fe-
male rats were pretreated with saline or amphetamine (2.5
mg/kg, IP) in their home cage for 5 consecutive days. After 7
or 74 abstinence days (i.e., on PD 23 or PD 90), rats were
given a challenge injection of saline or amphetamine (2.5 mg/
kg, IP). Immediately after being injected, rats were placed in
white plywood activity chambers (30 

 

3

 

 30 

 

3

 

 42 cm) with lines

dividing the floors into four equal quadrants. After 5 min, line
crosses (a measure of horizontal locomotor activity) were
measured continuously across a 30-min testing session. Rats
were killed 30 min after testing and their dorsal striata (i.e.,
caudate-putamen) were dissected and frozen at 

 

2

 

80

 

8

 

C until
time of assay. In summary, four groups of rats (

 

n

 

 

 

5

 

 16) were
pretreated and challenged with the following sequence of
drugs (pretreatment–challenge): saline–saline, amphetamine–
saline, saline–amphetamine, and amphetamine–amphetamine.
These four groups were further subdivided with half of the
rats receiving their challenge injection at PD 23 and the other
half at PD 90 (

 

n

 

 

 

5

 

 8 per group).

 

Experiment 2. 

 

Starting at PD 11, 24 male rats and 24 fe-
male rats were pretreated with saline or amphetamine (2.5 or
5.0 mg/kg, IP) in their home cage for 5 consecutive days. Af-
ter 7 or 74 abstinence days (i.e., on PD 23 or PD 90), rats were
given a challenge injection of amphetamine (2.5 mg/kg, IP).
Immediately after being injected, rats were placed in white
plywood activity chambers proportioned according to body
length (PD 23: 17 

 

3

 

 17 

 

3

 

 24 cm; PD 90: 30 

 

3

 

 30 

 

3

 

 42 cm). Af-
ter 5 min, line crosses were measured continuously across a
120-min testing session. Rats were killed immediately after
testing, and their dorsal striata and nucleus accumbens were
dissected and frozen at 

 

2

 

80

 

8

 

C until time of assay. In sum-
mary, three groups of rats (

 

n

 

 

 

5

 

 16) were pretreated with sa-
line, 2.5 mg/kg amphetamine, or 5.0 mg/kg amphetamine.
These three groups were further subdivided with half of the
rats receiving their challenge injection at PD 23 and the other
half at PD 90 (

 

n

 

 

 

5

 

 8 per group).

 

PKA Assay

 

Frozen tissue sections were placed in homogenization
buffer [50 mM HEPES (pH 7.4), 10 mM MgCl

 

2

 

, 10 mM ben-
zamide, 100 ng/ml leupeptin, 100 ng/ml aprotinin, 1 mM
EDTA, and 1 mM EGTA] and homogenized using a hand-
held homogenizer. Protein concentrations were determined
using the Bio-Rad Protein assay (Bio-Rad Laboratories, Her-
cules, CA), based on the method of Bradford (3), using bo-
vine serum albumin as a standard. Duplicate tissue homoge-
nates containing 4 

 

m

 

g of protein for each subject were
incubated for 3 min at 30

 

8

 

C in phosphorylation buffer [50 mM
Tris (pH 7.4), 10 mM MgCl

 

2

 

, 1 mM EDTA, 1 mM EGTA,
and 10 mM DTT] containing 15 

 

m

 

g of histone and 50 

 

m

 

M
[

 

g

 

-

 

32

 

P]ATP (ICN, Costa Mesa, CA). The buffer also con-
tained either 8-bromo-cyclic AMP (5 

 

m

 

M) or PKI (5 

 

m

 

g/reac-
tion). Following incubation, the phosphorylation mixture was
blotted on phosphocellulose filter paper. The filter paper was
washed for 90 min, air dried, and then placed in scintillation
fluid and quantified by liquid scintillation spectrophotometry.
cAMP-dependent PKA activity was defined as the difference
between PKA activity in the presence of 8-bromo-cAMP and
that measured in the presence of PKI.

 

Statistical Analyses

 

To assess drug-induced behavioral effects, line cross data
from Experiment 1 were analyzed using two 2 

 

3

 

 2 (pretreat-
ment drug 

 

3

 

 challenge drug) ANOVAs, whereas line cross
data from Experiment 2 were analyzed using two 3 

 

3

 

 8 (pre-
treatment drug 

 

3

 

 15-min time blocks) ANOVAs. Separate
ANOVAs were done for each age group. In each of these
analyses litter effects were controlled by using within-litter
statistical procedures (i.e., a within analysis using one value/
condition/litter) (45). To assess sex-induced behavioral ef-
fects, line cross data from both experiments were reanalyzed
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with sex being included as a factor in the statistical analyses.
In these analyses, litter effects were not controlled through
statistical procedures because there was not a sufficient num-
ber of subjects per litter to provide one male and female rat
for each drug and age group. In all cases, however, only one
subject per litter was placed into a particular group.

For both statistical and presentation purposes PKA data
were transformed to percent of saline controls [see (16,28,
39)]. PKA data from Experiment 1 were analyzed using two
2 

 

3

 

 2 (pretreatment drug 

 

3

 

 challenge drug) randomized
block ANOVAs, whereas PKA data from Experiment 2 were
analyzed using two one-way (pretreatment drug) randomized
block ANOVAs. A total of four to six assays were done for
each experiment, with each assay being treated as a separate
block. This procedure allowed for the variance between as-
says to be removed from the analysis (19). Each PKA assay
included tissue samples from only one litter; thus, litter was
treated as a random factor in these statistical analyses. Addi-
tional statistical analyses showed that PKA activity did not
vary according to sex, so these data are not presented in the
Results section. Post hoc analysis of line cross and PKA data
was made using Dunnett and Tukey tests (

 

p

 

 

 

,

 

 0.05).

 

RESULTS

 

Experiment 1

 

Rats challenged with 2.5 mg/kg amphetamine on PD 23 or
PD 90 had more line crosses than rats challenged with saline
(see Fig. 1), [challenge drug main effect, PD 23, 

 

F

 

(1, 7) 

 

5

 

244.76, 

 

p

 

 

 

,

 

 0.001; PD 90, 

 

F

 

(1, 7) 

 

5

 

 115.91, 

 

p

 

 

 

,

 

 0.001]. Am-
phetamine (2.5 mg/kg) pretreatment on PD 11

 

2

 

15 did not af-
fect the locomotor activity of rats tested on PD 23 or PD 90.
Separate statistical analyses showed that female rats had
more line crosses than male rats when the test day occurred at
PD 90 (see Table 1) [sex main effect, 

 

F

 

(1, 24) 

 

5

 

 5.37, 

 

p

 

 

 

,

 

0.05]. There were no sex differences when rats were tested at
PD 23 (see Table 1).

Amphetamine (2.5 mg/kg) pretreatment on PD 11

 

2

 

15 sig-
nificantly reduced the dorsal striatal PKA activity of rats
tested on PD 23 or PD 90 (see Table 2), [pretreatment drug
main effect, PD 23, 

 

F

 

(1, 9) 

 

5

 

 6.66, 

 

p

 

 

 

,

 

 0.05; PD 90, 

 

F

 

(1, 9) 

 

5

 

9.51, 

 

p

 

 

 

,

 

 0.05]. Amphetamine-induced reductions in PKA ac-
tivity were apparent in rats given a test day injection of either
saline or amphetamine.

 

Experiment 2

 

Once again, amphetamine (2.5 or 5.0 mg/kg) exposure on
PD 11

 

2

 

15 did not affect the locomotor activity of rats tested
on PD 23 or PD 90 (see Fig. 2). Line crosses of both age
groups increased across the first 45 min of testing and then
declined over the remainder of the testing session, [time main
effect, PD 23, 

 

F

 

(7, 49) 

 

5

 

 30.83, 

 

p

 

 

 

,

 

 0.001; PD 90, 

 

F

 

(7, 49) 

 

5

 

45.52, 

 

p

 

 

 

,

 

 0.001]. When tested at PD 90, female rats exhibited

FIG. 1. Mean line crosses of rats given a challenge injection of saline
or amphetamine (2.5 mg/kg, IP) on the test day. Rats had been pre-
treated with saline (open bars) or 2.5 mg/kg amphetamine (cross-
hatched bars) for 5 consecutive days starting on PD 11. Testing
sessions lasted 30 min and occurred on PD 23 or PD 90. *Significantly
different from rats given a challenge injection of saline on the test day
(p , 0.05).

 

TABLE 1

 

MEAN LINE CROSSES (

 

6

 

SEM) OF MALE AND FEMALE RATS
GIVEN A CHALLENGE INJECTION OF SALINE OR
AMPHETAMINE (2.5 mg/kg, IP) ON THE TEST DAY

Sex

Challenge Drug Males Females

 

PD 23
Saline 28.25 (

 

6

 

20.8) 27.25 (

 

6

 

10.2)
Amphetamine 413.50 (

 

6

 

11.3) 458.38 (

 

6

 

8.5)
PD 90

Saline 32.12 (

 

6

 

7.4) 42.12 (

 

6

 

22.5)*
Amphetamine 127.75 (

 

6

 

17.2) 195.25 (

 

6

 

13.8)*

Testing sessions lasted 30 min and occurred on PD 23 or PD 90.
These are the same rats as shown in Fig. 1.

*Significantly different from male rats (

 

p

 

 

 

,

 

 0.05).

 

TABLE 2

 

DORSAL STRIATAL PKA ACTIVITY (

 

6

 

SEM) OF RATS KILLED
30 MIN AFTER TESTING ON PD 23 OR PD 90

Drug Administration
(Pretreatment–Challenge)

PKA Activity

PD 23 PD 90

 

Saline–Saline 100.0 (

 

6

 

39.2) 100.0 (

 

6

 

8.1)
Amphetamine–Saline 80.3 (

 

6

 

39.9)* 67.3 (

 

6

 

8.5)*
Saline–Amphetamine 101.6 (

 

6

 

54.0) 98.8 (

 

6

 

14.1)
Amphetamine–Amphetamine 66.7 (

 

6

 

31.7)* 80.5 (

 

6

 

9.8)*

Rats were pretreated with saline or amphetamine (2.5 mg/kg, IP)
for 5 consecutive days starting on PD 11, and given a challenge injec-
tion of saline or amphetamine (2.5 mg/kg, IP) on the test day. PKA
activity (nmol/min/mg protein) data are expressed as percent of sa-
line–saline controls.

*Significantly different from saline-pretreated rats (

 

p

 

 

 

,

 

 0.05).
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more line crosses than male rats (see Fig. 3) [sex main effect,

 

F

 

(1, 18) 

 

5

 

 11.76, 

 

p

 

 

 

,

 

 0.01; sex 

 

3

 

 time interaction, 

 

F

 

(7, 126) 

 

5

 

6.35, 

 

p

 

 

 

,

 

 0.001]. Line crosses of rats tested at PD 23 did not
vary due to sex (see Fig. 3).

When assayed on PD 90, dorsal striatal PKA activity was
depressed in rats given 2.5 or 5.0 mg/kg amphetamine on PD
11–15 (see Table 3)[pretreatment drug main effect, 

 

F

 

(2, 10) 

 

5

 

5.75, 

 

p

 

 , 0.05]. Similarly, amphetamine (2.5 or 5.0 mg/kg) ex-
posure on PD 11–15 significantly reduced the accumbal PKA
activity of rats tested on PD 90 (see Table 3) [pretreatment
drug main effect, F(2, 10) 5 7.18, p , 0.05]. Early exposure to
2.5 mg/kg amphetamine, but not 5.0 mg/kg amphetamine, de-
creased the dorsal striatal PKA activity of rats tested on PD
23 [pretreatment drug main effect, F(2, 10) 5 9.69, p , 0.01].
It is uncertain why only the lower dose of amphetamine af-
fected dorsal striatal PKA activity in these younger animals.
On the same test day (i.e., PD 23), PKA activity in the
nucleus accumbens was not affected by amphetamine pre-
treatment.

DISCUSSION

The purpose of the present study was to determine
whether repeated exposure to amphetamine during the
preweanling period would produce long-term alterations in
PKA activity and locomotor activity (i.e., induce behavioral
sensitization). Rats given amphetamine on PD 11–15 had re-
duced levels of dorsal striatal PKA activity when measured at
PD 23 and PD 90. Early amphetamine exposure (2.5 or 5.0
mg/kg) also reduced PKA activity in the nucleus accumbens

at PD 90, but not at PD 23. The reason for this ontogenetic
difference is uncertain, although the overproduction of ac-
cumbal D1-like receptors at this age (25) may be involved.
That early amphetamine exposure produced long-term reduc-
tions in PKA activity is interesting, and could be caused by a
persistent desensitization or downregulation of D1-like recep-

FIG. 2. Mean line crosses of rats given a challenge injection of
amphetamine (2.5 mg/kg, IP) on the test day. Rats had been pre-
treated with saline (open circles), 2.5 mg/kg amphetamine (filled tri-
angles), or 5.0 mg/kg amphetamine (filled squares) for 5 consecutive
days starting on PD 11. Testing sessions lasted 120 min and occurred
on PD 23 or PD 90.

FIG. 3. Mean line crosses of male (open circles) and female (filled
circles) rats given a challenge injection of amphetamine (2.5 mg/kg,
IP) on the test day. Testing sessions lasted 120 min and occurred on
PD 23 or PD 90. These are the same rats as shown in Fig. 2. *Signifi-
cantly different from male rats (p , 0.05).

TABLE 3
DORSAL STRIATAL AND ACCUMBAL PKA ACTIVITY (6SEM)

OF RATS KILLED IMMEDIATELY AFTER TESTING
ON PD 23 OR PD 90

Drug Administration
(Pretreatment)

PKA Activity

PD 23 PK 90

Dorsal striatum
Saline 100.0 (620.8) 100.0 (610.2)
Amphetamine (2.5 mg/kg) 59.3 (611.3)* 76.2 (68.5)*
Amphetamine (5.0 mg/kg) 89.0 (621.6) 80.6 (69.1)*

Nucleus accumbens
Saline 100.0 (624.1) 100.0 (618.3)
Amphetamine (2.5 mg/kg) 92.6 (620.0) 77.2 (615.3)*
Amphetamine (5.0 mg/kg) 111.9 (627.6) 70.3 (610.0)*

Rats were pretreated with saline or amphetamine (2.5 or 5.0 mg/
kg, IP) for 5 consecutive days starting on PD 11, and given a chal-
lenge injection of amphetamine (2.5 mg/kg, IP) on the test day. PKA
activity (nmol/min/mg protein) data are expressed as percent of saline
controls.

*Significantly different from saline-pretreated rats (p , 0.05).



AMPHETAMINE AND PKA ACTIVITY 839

tors. The cAMP-dependent PKA pathway is positively cou-
pled to D1-like receptors (18,34), so desensitization of these
receptors could decrease PKA activity. Consistent with this
idea, nondevelopmental studies have shown that repeated
amphetamine treatment depresses striatal D1-stimulated ade-
nylyl cyclase activity (1,30). Alternatively, amphetamine-
induced reductions in PKA activity could be caused by a per-
sistent sensitization or upregulation of D2-like receptors. The
cAMP-dependent PKA pathway is negatively coupled to D2-
like receptors (18,34), so sensitization of these receptors
would also decrease PKA activity. Evidence consistent with
this explanation is available, as a haloperidol-induced upregu-
lation of D2-like receptors decreases both basal and DA-stim-
ulated adenylyl cyclase activity (32). Presumably, these reduc-
tions in adenylyl cyclase activity would depress both cAMP
levels and PKA activity. Regardless of the explanation, the
present results show that amphetamine exposure during the
preweanling period produces a long-term decrease in striatal
and accumbal PKA activity.

The behavioral relevance of this amphetamine-induced
decline in PKA activity is uncertain, because rats did not
show a sensitized behavioral response when challenged with
amphetamine after either 7 or 74 drug abstinence days (i.e.,
on PD 23 or PD 90). Of course, it is possible that the decline
in PKA activity may have been responsible for the lack of be-
havioral sensitization at PD 23 and PD 90, but this seems un-
likely, because stimulant-induced reductions in striatal adeny-
lyl cyclase are correlated with robust stereotyped sensitization
in adult rats (1). Interestingly, Nestler and colleagues (39)
have shown that adult rats treated chronically with cocaine
exhibit enhanced PKA activity in the nucleus accumbens, but
not in the dorsal striatum. Thus, stimulant-induced increases,
but not decreases, in accumbal PKA activity may be impor-
tant for the expression of locomotor sensitization (24,39).

In the behavioral sensitization literature there is conflict-
ing evidence about whether young rats will exhibit a sensi-

tized locomotor response after more than a few drug absti-
nence days (13,20,22,35,41,44). When these studies are
considered together, it appears that young rats are capable of
showing behavioral sensitization after an extended abstinence
period (7 days or more) if given a substantial number of drug
pretreatments in a novel test chamber (35,44). Persistence of
the sensitized response is typically not observed when either
few drug administrations are given (22) or when the drug is
not administered in a novel test environment (13,20,35,41,44).
It is possible that either, or both, of these factors were respon-
sible for the lack of behavioral sensitization in the present
study.

Although dorsal striatal and accumbal PKA activity did
not vary according to sex, there was evidence of age-depen-
dent sex differences when locomotor activity was examined.
Specifically, female rats exhibited more locomotor activity
than male rats when testing occurred at PD 90, but not at PD
23. This pattern of results has been reported many times be-
fore, as adult female rats typically show more locomotion and
rotational behavior than adult males (5,12,31). Young rats, in
contrast, do not exhibit sex-related differences in locomotor
activity until between 6–8 weeks of age (7,11,15).

In summary, the results of this study show that chronic am-
phetamine treatment during the preweanling period causes
enduring changes in dorsal striatal and accumbal PKA activ-
ity. It does not appear that these alterations in PKA activity
are necessary for the occurrence of locomotor sensitization;
however, it is unknown whether amphetamine-induced
changes in PKA activity impact reward-related learning, ad-
diction, or memory processes [see (2,23,26)].

ACKNOWLEDGEMENTS

We thank My Nhia Yang for helping with the PKA assays. This
work was partially supported by a grant from the National Institute of
Health (MH 5775301) to Cynthia A. Crawford, and an ASI research
grant (CSUSB) to Arturo Zavala.

REFERENCES

1. Barnett, J. V.; Segal, D. S.; Kuczenski, R.: Repeated amphet-
amine pretreatment alters the responsiveness of striatal dopamine-
stimulated adenylate cyclase to amphetamine-induced desensitiza-
tion. J. Pharmacol. Exp. Ther. 242:40–47; 1987.

2. Beninger, R. J.; Miller, R.: Dopamine D1-like receptors and
reward-related incentive learning. Neurosci. Biobehav. Rev.
22:335–345; 1998.

3. Bradford, M. M.: A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72:248–254; 1976.

4. Byrnes, J. J.; Weinstein, D. M.; Wallace, L. J.: Robust sensitiza-
tion to amphetamine following intra-VTA cholera toxin adminis-
tration. Synapse 25:335–344; 1997.

5. Camp, D. M.; Robinson, T. E.; Becker, J. B.: Sex differences in
the effects of early experience on the development of behavioral
and brain asymmetries in rats. Physiol. Behav. 33:433–439; 1984.

6. Clark, D.; White, F. J.: Review: D1 dopamine receptor-the search
for a function: A critical evaluation of the D1/D2 dopamine
receptor classification and its functional implications. Synapse
1:347–388; 1987.

7. Concannon, J. T.; Schechter, M. D.: Hyperactivity in developing
rats: Sex differences in 6-hydroxydopamine and amphetamine
effects. Pharmacol. Biochem. Behav. 14:5–10; 1981.

8. Crawford, C. A.; Drago, J.; Watson, J. B.; Levine, M. S.: Effects
of repeated amphetamine treatment on the locomotor activity of
the dopamine D1A-deficient mouse. Neuroreport 8:2523–2527;
1997.

9. Crawford, C. A.; McDougall, S. A.; Meier, T. L.; Collins, R. L.;
Watson, J. B.: Repeated methylphenidate treatment induces
behavioral sensitization and decreases protein kinase A and
dopamine-stimulated adenylyl cyclase activity in the dorsal stria-
tum. Psychopharmacology (Berlin) 136:34–43; 1998.

10. Cunningham, S. T.; Kelley, A. E.: Hyperactivity and sensitization
to psychostimulants following cholera toxin infusion into the
nucleus accumbens. J. Neurosci. 13:2342–2350; 1993.

11. Diaz, R.; Ögren, S. O.; Blum, M.; Fuxe, K.: Prenatal corticoster-
one increases spontaneous and d-amphetamine induced locomo-
tor activity and brain dopamine metabolism in prepubertal male
and female rats. Neuroscience 66:467–473; 1995.

12. Forgie, M. L.; Stewart, J.: Sex differences in the locomotor-acti-
vating effects of amphetamine: Role of circulating testosterone in
adulthood. Physiol. Behav. 55:639–644; 1994.

13. Fujiwara, Y.; Kazahaya, Y.; Nakashima, M.; Sato, M.; Otsuki, S.:
Behavioral sensitization in the rat: An ontogenic study. Psycho-
pharmacology (Berlin) 91:316–319; 1987.

14. Greengard, P.: Neuronal phosphoproteins: Mediators of signal
transduction. Mol. Neurobiol. 1:81–119; 1987.

15. Hyde, J. F.; Jerussi, T. P.: Sexual dimorphism in rats with respect
to locomotor activity and circling behavior. Pharmacol. Biochem.
Behav. 18:725–729; 1983.

16. Joseph, A.; Kumar, A.; O’Connell, N. A.; Agarward, R. K.;
Gwosdow, A. R.: Interleukin-1 alpha stimulates dopamine
release by activating type II protein kinase A in PC-12 cells. Am.
J. Physiol. 269:1083–1088; 1995.



840 CRAWFORD ET AL.

17. Kalivas, P. W.; Stewart, J.: Dopamine transmission in the initia-
tion and expression of drug- and stress-induced sensitization of
motor activity. Brain Res. Rev. 16:223–244; 1991.

18. Kebabian, J. W.; Calne, B. B.: Multiple receptors for dopamine.
Nature 277:93–96; 1979.

19. Kirk, R. E.: Experimental design, 2nd ed. Pacific Grove, CA:
Brooks/Cole; 1982:237–298.

20. Kolta, M. G.; Scalzo, F. M.; Ali, S. F.; Holson, R. R.: Ontogeny of
the enhanced behavioral response to amphetamine in amphet-
amine-pretreated rats. Psychopharmacology (Berlin) 100:377–
382; 1990.

21. McDougall, S. A.; Collins, R. L.; Karper, P. E.; Watson, J. B.;
Crawford, C. A.: Effects of repeated methylphenidate treatment
in the young rat: Sensitization of both locomotor activity and ste-
reotyped sniffing. Exp. Clin. Psychopharmacol. 7:208–218; 1999.

22. McDougall, S. A.; Duke, M. A.; Bolanos, C. A.; Crawford, C. A.:
Ontogeny of behavioral sensitization in the rat: Effects of direct
and indirect dopamine agonists. Psychopharmacology (Berlin)
116:483–490; 1994.

23. Micheau, J.; Riedel, G.: Protein kinases: Which one is the mem-
ory molecule? Cell. Mol. Life Sci. 55:534–548; 1999.

24. Miserendino, M. J. D.; Nestler, E. J.: Behavioral sensitization to
cocaine: Modulation by the cyclic AMP system in the nucleus
accumbens. Brain Res. 674:299–306; 1995.

25. Murrin, L. C.; Zeng, W.: Ontogeny of dopamine D1 receptors in
rat forebrain: A quantitative autoradiographic study. Dev. Brain
Res. 57:7–13; 1990.

26. Nestler, E. J.; Aghajanian, G. K.: Molecular and cellular basis of
addiction. Science 278:58–63; 1997.

27. Nestler, E. J.; Terwilliger, R. Z.; Walker, J. R.; Sevarino, K. A.;
Duman, R. S.: Chronic cocaine treatment decreases levels of the
G protein subunits Gia and Goa in discrete regions of rat brain. J.
Neurochem. 55:1079–1082; 1990.

28. Roberson, E. D.; English, J. D.; Adams, J. P.; Selcher, J. C.; Kon-
dratick, C.; Sweatt, J. D.: The mitogen-activated protein kinase
cascade couples PKA and PKC to cAMP response element bind-
ing protein phosphorylation in area CA1 of hippocampus. J. Neu-
rosci. 19:4337–4348; 1999.

29. Robinson, T. E.; Becker, J. B.: Enduring changes in brain and
behavior produced by chronic amphetamine administration: A
review and evaluation of animal models of amphetamine psycho-
sis. Brain Res. Rev. 11:157–198; 1986.

30. Roseboom, P. H.; Hewlett, G. H. K.; Gnegy, M. E.: Repeated
amphetamine administration alters the interaction between D1-
stimulated adenylyl cyclase activity and calmodulin in rat stria-
tum. J. Pharmacol. Exp. Ther. 255:197–203; 1990.

31. Savageau, M. M.; Beatty, W. W.: Gonadectomy and sex differ-

ences in the behavioral responses to amphetamine and apomor-
phine of rats. Pharmacol. Biochem. Behav. 14:17–21; 1981.

32. Schettini, G.; Ventra, C.; Florio, T.; Grimaldi, M.; Meucci, O.;
Marino, A.: Modulation by GTP of basal and agonist-stimulated
striatal adenylate cyclase activity following chronic blockade of
D1 and D2 dopamine receptors: Involvement of G proteins in the
development of receptor supersensitivity. J. Neurochem.
59:1667–1674; 1992.

33. Self, D. W.; Terwilliger, R. Z.; Nestler, E. J.; Stein, L.: Inactivation
of Gi and Go proteins in nucleus accumbens reduces both cocaine
and heroin reinforcement. J. Neurosci. 14:6239–6247; 1994.

34. Sibley, D. R.; Monsma, F. J.: Molecular biology of dopamine
receptors. Trends Pharmacol. Sci. 68:97–106; 1992.

35. Snyder, K. J.; Katovic, N. M.; Spear, L. P.: Longevity of the
expression of behavioral sensitization to cocaine in preweanling
rats. Pharmacol. Biochem. Behav. 60:909–914; 1998.

36. Steketee, J. D.; Kalivas, P. W.: Sensitization to psychostimulants
and stress after injection of pertussis toxin into the A10 dopa-
mine region. J. Pharmacol. Exp. Ther. 259:916–924; 1991.

37. Steketee, J. D.; Striplin, C. D.; Murray, T. F.; Kalivas, P. W.: Pos-
sible role for G-proteins in behavioral sensitization to cocaine.
Brain Res. 545:287–291; 1991.

38. Striplin, C. D.; Kalivas, P. W.: Robustness of G protein changes
in cocaine sensitization shown with immunoblotting. Synapse
14:10–15; 1993.

39. Terwilliger, R.; Beitner-Johnson, D.; Sevarino, K. A.; Crain, S. M.;
Nestler, E. J.: A general role of adaptations in G-proteins and the
cyclic AMP system in mediating the chronic actions of morphine
and cocaine on neuronal function. Brain Res. 548:100–110; 1991.

40. Tirelli, E.; Ferrara, M.: Neonatal and preweanling rats are able to
express short-term behavioral sensitization to cocaine. Eur. J.
Pharmacol. 328:103–114; 1997.

41. Ujike, H.; Tsuchida, K.; Akiyama, K.; Fujiwara, Y.; Kuroda, S.:
Ontogeny of behavioral sensitization to cocaine. Pharmacol. Bio-
chem. Behav. 50:613–617; 1995.

42. Wallas, S. I.; Greengard, P.: Protein phosphorylation and neu-
ronal function. Pharmacol. Rev. 43:299–349; 1991.

43. Wood, R. D.; Tirelli, E.; Snyder, K. J.; Heyser, C. J.; LaRocca, T. M.;
Spear, L. P.: Evidence for behavioral sensitization to cocaine in
preweanling rat pups. Psychopharmacology (Berlin) 138:114–123;
1998.

44. Zavala, A. R.; Nazarian, A.; Crawford, C. A.; McDougall, S. A.:
Cocaine-induced behavioral sensitization in the young rat. Psy-
chopharmacology (Berlin), (in press).

45. Zorrilla, E. P.: Multiparous species present problems (and possi-
bilities) to developmentalists. Dev. Psychobiol. 30:141–150; 1997.


