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821–826, 1999.—Periadolescence in the rat [postnatal day (PND) 35–50] is
an important but understudied period of neurobehavioral development. In this experiment, an ongoing survey of the effects
of quinpirole in developing rats was completed by the addition of periadolescent rats to the range of ages tested. PND40 or 50
rats were injected subcutaneously with the dopamine D

 

2

 

/D

 

3

 

 receptor agonist, quinpirole (0.0, 0.02, 0.2, or 2.0 mg/kg), and
their locomotor activity was recorded. Periadolescent rats showed adult-like locomotor responses to either the 0.2 or 2.0 mg/
kg doses of quinpirole, i.e., the responses were biphasic with respect to time: early suppression of locomotion followed by
later activation within a single test session. In younger female rats (PND40) but older male rats (PND50), the lowest dose of
quinpirole suppressed activity early in the test session but did not increase it later. In male rats, the magnitude of locomotor
activation declined with age. Taken together with previous data from this laboratory, these results suggest that periadolescent
rats exhibit locomotor responses that fall along a continuum from a high level of activation just after weaning to a low level of
activation in early adulthood. © 1999 Elsevier Science Inc.
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In the present experiment, the locomotor effects of the
dopamine D

 

2

 

 receptor subfamily agonist, quinpirole, were
tested in periadolescent rats to compare the behavior of this
age group with previously published data on younger and
older rats tested in this laboratory (42–44). Also in this exper-
iment, gender differences in the responses to quinpirole in de-
veloping and adult rats were analyzed.

The period from postnatal days (PND)35–50 is defined as
“periadolescence” in rats; this is the stage during which rats
reach sexual maturity, sex hormone circulation arrives at
adult levels, and vaginal opening occurs in females (3,28,36).
This developmental stage is not commonly studied, despite
striking differences in behavior, physiology, and neurotrans-
mission between younger and older rats (6,36,39,44). Some
studies indicate that periadolescent rats are unique with re-
gard to psychopharmacological measures, such as a particular
hyposensitivity to the behavioral effects of dopamine agonists
(7,25,36). Conversely, some investigators have recorded a hy-
persensitive response to environmental novelty in periadoles-
cent rats (36), although others have not (5,8–10,25). It would
be useful to chart changes in locomotor activation throughout
ontogeny, including the periadolescent period, because they
may be applicable to research on the profound changes in hu-
man behavior and psychopharmacology taking place at that
stage. Especially interesting is the study of dopamine trans-

mission, given its involvement in locomotion, stress, reward-
related behaviors, and schizophrenia (12,26,31,32,34,35).

The early ontological development of behavioral re-
sponses to dopaminergic drugs has been well investigated in
rats from before birth to approximately PND30. In this labo-
ratory, locomotor responses to the dopamine D

 

2

 

 receptor sub-
family agonist, quinpirole, have been recorded in PND10, 20,
30, and 60 male and female rats placed in a novel environment
(42–44). PND10 and 20 rat pups exhibit locomotor activation
in response to a wide dose range of quinpirole. Older rats
(PND30 and 60) exhibit locomotion that is biphasic with re-
spect to both dose and time. Low doses of quinpirole result in
locomotor suppression relative to activity levels following ve-
hicle injections, whereas higher doses suppress activity ini-
tially after drug injection and then increase activity later in a
single test session [Figs. 1 and 2E and F; (16,43)]. The dura-
tion of quinpirole-induced locomotor suppression is greater
in PND60 rats compared with PND30, while the level of acti-
vation is lower (44). Whereas sex differences in locomotor re-
sponding do not occur in rat pups PND30 and younger,
PND60 female rats are more active than males in response to
quinpirole injection (42).

In the present experiment, periadolescent male and female
rats (PND40 and 50) were injected with quinpirole, and their
locomotor activity in a novel environment was recorded. The
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aim of the study was twofold: 1) to complete the survey of
quinpirole-induced locomotion in developing rats in our labo-
ratory’s paradigm; and 2) to investigate further the possibility
that periadolescent rats are hyposensitive to dopaminergic
drugs.

 

METHODS

 

Sprague–Dawley rats were bred in this laboratory, with
dams and sires obtained from Zivic Miller Laboratories, Inc.
(Portersville, PA). When the offspring reached either 40 or 50
days of age, quinpirole hydrochloride (Research Biochemi-
cals International, Natick, MA) was injected subcutaneously
at the nape of the neck in one of several doses (0, 0.02, 0.2, or
2.0 mg/kg) in a volume of 1.0 ml/kg. Saline served as the vehi-
cle. Immediately after the injection, each animal was placed
individually in a novel environment (an Omnitech Digiscan
Animal Activity Monitor). Each monitor was a 41.91 

 

3

 

 41.91

 

3

 

 30.48-cm Plexiglas cage with a wire-mesh floor. Photocell
beams projected across the arena. They were spaced 2.54 cm
apart such that 16 beams crossed side to side and 16 beams
front to back, all 3 cm above the mesh floor. A Digiscan Ana-
lyzer recorded photocell beam interruptions, and the total
distance traveled (cm) was analyzed in 15-min intervals
throughout the 2-h test session. A one-way, sound-attenuated
observation glass in the wall of the testing room enabled ex-
perimenter observation of the subjects from an adjacent labo-
ratory room. The experiment was conducted in accordance
with the NIH Guide to Care and Use of Laboratory Animals.

Statistical analyses consisted of multiple-factor analyses of
variance (ANOVAs) and post hoc comparisons between
groups. Two-way ANOVAs using dose and time as factors
were conducted for each age and gender group. If a signifi-
cant interaction was revealed, then one-way ANOVAs were
conducted at each time interval using dose as the main factor.

Subsequently, Duncan’s Test was used for individual dose
comparisons. Each animal was tested only once.

 

RESULTS

 

As published previously (44), PND30 rat pups responded
to subcutaneous quinpirole injections in a dose- and time-
dependent manner (Fig. 1). The low dose (0.02 mg/kg) de-
creased the distance traveled relative to the control group for
the first 15-min interval. The midrange dose (0.2 mg/kg) sup-
pressed the distance traveled early in the test session and in-
creased it later. The high dose (2.0 mg/kg) significantly in-
creased the distance traveled at the 30 and 120 min intervals.
A two-way ANOVA confirmed these results with significant
effects of dose, 
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(3, 36) 
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 6.485, 

 

p

 

 

 

5

 

 0.001, and a dose 

 

3

 

 time
interaction, 

 

F

 

(21, 252) 

 

5

 

 5.177, 

 

p

 

 

 

,

 

 0.001. Other data have
shown that there are no gender differences in locomotor re-
sponding to quinpirole or another dopamine D

 

2

 

 receptor sub-
family agonist, 7-hydroxy-dipropylaminotetralin (7-OH-
DPAT) in PND30 rat pups (19,44).

In PND40 rats, quinpirole injection resulted in gender-,
dose-, and time-dependent locomotor effects (Fig. 2A and B).
In females but not males, the low dose of 0.02 mg/kg quin-
pirole inhibited the initial locomotion exhibited by the con-
trol group upon placement in the novel environment. In both
males and females, the 0.2 and 2.0 mg/kg doses suppressed lo-
comotion early in the test session and increased it above the
level of the control group later in the session. A two-way
ANOVA for male subjects revealed a significant interaction
between the factors of dose and time interval, with time inter-
val as a repeated measure, 

 

F

 

(21, 147) 

 

5

 

 11.19, 

 

p

 

 

 

,

 

 0.001. A
significant main effect of dose was also revealed, 

 

F

 

(3, 21) 

 

5

 

4.37, 

 

p

 

 

 

,

 

 0.05, as was a significant effect of time, 

 

F

 

(7, 147) 

 

5

 

20.28, 

 

p

 

 

 

,

 

 0.001. For female subjects, a two-way interaction
between dose and time was significant, 

 

F

 

(21, 168) 

 

5

 

 10.44,

 

p

 

 

 

,

 

 0.001, as was the main effect of dose, 

 

F

 

(7, 168) 

 

5

 

 11.01,

 

p

 

 

 

,

 

 0.001. Follow-up testing with one-way ANOVAs and
Duncan’s test exposed significant drug effects on the total dis-
tance traveled at specific time intervals (as marked in Fig. 2A
and B).

In 50-day-old rats, locomotor responses to quinpirole also
depended on gender, drug dose, and time after drug injection
(Fig. 2C and D). In males, all three doses of quinpirole signif-
icantly decreased initial activity, but none increased activity
later in the test session. In females, the 0.2 and 2.0 mg/kg
doses of quinpirole suppressed initial activity, and the
midrange dose of 0.2 mg/kg also increased activity later in the
session. A two-way ANOVA for male subjects revealed a sig-
nificant interaction between the factors of dose and time in-
terval, with time interval as a repeated measure, 

 

F

 

(21, 112) 

 

5

 

8.01, 

 

p

 

 

 

,

 

 0.001. A significant main effect of time was also re-
vealed, 

 

F

 

(7, 112) 

 

5

 

 22.87, 

 

p

 

 

 

,

 

 0.001. For female subjects, a
two-way interaction between dose and time was significant,

 

F

 

(21, 98) 

 

5

 

 4.94, 

 

p

 

 

 

,

 

 0.001, as were the main effects of dose,

 

F

 

(3, 13) 

 

5

 

 4.68, 

 

p

 

 

 

,

 

 0.05, and time, 

 

F

 

(7, 98) 

 

5

 

 6.47, 

 

p

 

 

 

,

 

 0.001.
Follow-up testing with one-way ANOVAs and Duncan’s test
exposed significant drug effects on the total distance traveled
at specific time intervals. (Results are marked in Fig. 2C
and D.)

As also published previously (44), locomotor responses of
PND60 rats to quinpirole depended on drug dose and time
and after drug injection (Fig. 2E and F). In males, the only
significant effect of quinpirole was a late increase in distance
traveled after the 2.0-mg/kg dose. In females, the two higher
doses suppressed initial activity and the high dose also in-

FIG. 1. Total distance (cm) traveled by PND30 rats (n 5 10/group)
in a 2-h test session after injection with quinpirole. Error bars are
omitted for clarity. Significant differences from the saline-injected
control group are indicated (*p , 0.05, **p , 0.01). [Figure reprinted
from Van Hartesveldt et al. (44) with permission from Elsevier.]
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FIG. 2. Total distance (cm) traveled by PND40 male (A, n 5 6–7/group) and female (B, n 5 7/group), PND50 male (C, n 5 3–6/group) and
female (D, n 5 4–5/group), PND60 male (E, n 5 4–6/group) and female (F, n 5 4–6/group) rats in a 2-h test session after injection with quin-
pirole. Significant differences from the saline-injected control group are indicated (*p , 0.05, **p , 0.01). [Graphs E and F reprinted from Van
Hartesveldt et al. (44) with permission from Elsevier.]
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creased activity later in the session. In males, a two-way
ANOVA revealed a significant interaction between the fac-
tors of dose and time, 

 

F

 

(21, 112) 

 

5

 

 4.47, 

 

p

 

 

 

,

 

 0.001, as well as a
significant main effect of time, 

 

F

 

(7, 112) 

 

5

 

 14.17, 

 

p

 

 

 

,

 

 0.001. In
females, the two-way interaction between dose and time was
significant, 

 

F

 

(21, 112) 

 

5

 

 6.49, 

 

p

 

 

 

,

 

 0.001, as were the main ef-
fects of dose, 

 

F

 

(3, 16) 

 

5

 

 6.73, 

 

p

 

 

 

,

 

 0.005, and time, 

 

F

 

(7, 112) 

 

5

 

7.72, 

 

p

 

 

 

,

 

 0.001. The results of follow-up testing are marked in
Fig. 2E and F.

 

DISCUSSION

 

By providing data on the locomotor behavior of rats in pe-
riadolescence, the present results complete a survey of the on-
togenic sequence of dose–response patterns to subcutaneous
injections of quinpirole (43,44). The data suggest that loco-
motor responses of periadolescent rats are not unique, but
rather fall along the developmental continuum in which the
level of quinpirole-induced locomotor activation decreases,
especially in males, and the duration of quinpirole-induced lo-
comotor suppression increases, as animals mature (42). Spe-
cifically, the ontogenetic sequence of responses includes: 1)
locomotor activation only at PND10, induced by a wide dose
range of quinpirole; 2) high magnitude of activation induced
by high doses of quinpirole at PND20; 3) appearance of the
biphasic response at PND30, including the onset of suppres-
sion of initial activity (Fig. 1); 4) continuation of the locomo-
tor suppressive phase, diminished magnitude of subsequent
activation, and the appearance of significant gender differ-
ences at PND40 and 50 (Fig. 2A–D); and 5) relatively low
magnitude of activation induced by the high dose of the ago-
nist at PND60 in males and the requirement of a higher dose
of quinpirole to increase locomotion in PND60 females than
in younger females (Fig. 2E and F). In all cases, locomotor ac-
tivation induced by the dopamine D

 

2

 

 receptor subfamily ago-
nist is characterized by a “stiff-legged” exploration of the test
chamber, i.e., the rats’ hind legs are abnormally extended dur-
ing locomotion. Stationary motor stereotypies are not seen
following quinpirole administration. Locomotor suppression
is characterized by a frozen stance.

With respect to locomotion induced by nonspecific cate-
cholamine receptor agonists, periadolescent rats have been
shown to be uniquely hyposensitive in comparison with older
and younger rats, but the effect is not ubiquitous. For exam-
ple, PND34–38 rats exhibited less locomotion than PND18–
22 and PND45–49 rats in response to amphetamine (24). In
addition, periadolescent rats (PND35) showed less locomo-
tion than younger rats (PND14 and 21) in response to cocaine
(37) or apomorphine (33). However, it is not clear that
PND45–49 rats in the first study above would be considered
older than the periadolescent stage, and thus, they may not
constitute an appropriate group for comparison. Further-
more, PND37 or 49 rats injected with 2.0 mg/kg amphetamine
exhibited more matrix crossings than age-matched controls,
whereas younger rats (PND25) required a higher dose of 5.0
mg/kg amphetamine to increase matrix crossings above con-
trol levels (38). These periadolescent rats were thus actually
more sensitive than weanlings to the dopamine receptor ago-
nist, in terms of dose responsivity. Also in that study, the
maximal number of amphetamine-induced matrix crossings
was higher at PND25 than PND37, but was similar at PND37
and 49, perhaps supporting the presently proposed gradual
developmental decline in magnitude of dopamine agonist-in-
duced locomotor activation. Periadolescent rats have not
shown hyposensitivity in neural responses to cocaine or

nomifensine either. These two inhibitors of catecholamine re-
uptake blocked acetylcholine overflow from striatal slices of
periadolescent rats and adult rats to the same degree, despite
a lesser locomotor response to amphetamine shown by the
periadolescent rats (7). The equivocal nature of the results on
this topic may be attributed to differences in the precise age
of experimental subjects, pharmacological activity of the ago-
nists, parameters of the testing situations, or the lack of both
younger and older age groups in the same testing conditions
for comparison [as acknowledged by Spear and Brick (36)].

In the present study, the periadolescent group was brack-
eted by age groups well outside the periadolescent range; all
animals were tested within the same experimental paradigm,
all were given the same drug, and behavior was recorded con-
tinuously for 2 h postinjection. In this case, the periadolescent
response was indeed lower in magnitude than that of younger
animals, as recorded previously. However, this lower level of
responding appeared to be a part of a developmental progres-
sion of declining sensitivity to the locomotor activating effects
of quinpirole, rather than a unique hyposensitivity to dopa-
mine receptor agonists. These results may indicate a develop-
mental dissociation between locomotor responding to stimu-
lation of both dopamine D

 

1

 

 and D

 

2

 

 receptor subfamilies (via
indirect or mixed dopamine receptor agonists), on the one
hand, and selective stimulation of the dopamine D

 

2

 

 receptor
subfamily, on the other hand. This idea is supported by the
hypothesis of Bolanos et al. (7) that D

 

1

 

 receptor stimulation
may be disproportionately influential over neural activity and
behavior compared with D

 

2

 

 receptor stimulation during peri-
adolescence. Removal of dopamine D

 

1

 

 receptor subfamily
stimulation by using a selective D

 

2

 

 receptor subfamily agonist
could, therefore, result in locomotion that does not show
unique periadolescent characteristics.

The present effects concerning novelty-induced locomo-
tion in saline-injected control groups are consistent with oth-
ers showing comparable levels of motor activity in periadoles-
cent and adult rats placed in a novel environment (5,7–10,25).
The activity of saline-injected control groups declined only
slightly between 30 and 60 days of age under the present con-
ditions. The general pattern of novelty-induced activation was
the same in control groups of all ages; it included initial explo-
ration of the test monitor for approximately 20 min, followed
by habituation and low levels of activity.

Gender differences are common in studies of motor activ-
ity. Female rats are generally more responsive than males to
the locomotor activating effects of both novelty and dopa-
mine agonists (4,25). This effect has its ontological onset
around or just after puberty, and increases thereafter
(9,10,38). Accordingly, in this study, the midrange dose of
quinpirole increased the activity of PND40 female rats,
whereas the high dose was required to increase the activity of
PND40 male rats. Also, PND50 females were more prone to
locomotor activation by the mid-range dose of quinpirole
than males of the same age, and females were less susceptible
to locomotor suppression by the low dose of quinpirole.
Moreover, by PND60, female rats were also slightly more
sensitive than males to the locomotor suppressive effects of
quinpirole. Differences in novelty-related stress or drug me-
tabolism may underlie the gender-dependent effects. The
higher level of variability in the female subjects may reflect an
influence of the estrous cycle on the responses to quinpirole.
More substantial gender differences in the present study may
have been obscured by odors in the test chambers influencing
each gender differentially [Omnitech/Accuscan, personal com-
munication; (4)].
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Pharmacological evidence points to the nucleus accum-
bens as the anatomical seat of locomotor activity induced by
novelty or dopamine receptor agonists (22,26,29). Given
quinpirole’s pharmacological action as a dopamine D

 

2

 

/D

 

3

 

 re-
ceptor agonist, developmental changes in locomotor respond-
ing to the drug may be expected to correlate with changes in
expression of dopamine receptors in the nucleus accumbens.
However, dopamine D

 

2

 

 receptor levels peak transiently be-
tween PND25 and 60 in male rats, and remain steady and
comparable across genders from PND60 to 120 (2). Thus, re-
sponses to quinpirole, which peak at PND20, decline gradu-
ally into adulthood, and are more robust in female rats than
males, starting at approximately PND40 do not parallel
changes in D

 

2

 

 receptor binding. D

 

3

 

 receptor levels in the nu-
cleus accumbens rise from PND14 to 21, but only to approxi-
mately 40–45% of the level in PND60 rats (39). This pattern
does not correlate with changes in the activational effect of
quinpirole either, although it could be related to quinpirole-
induced locomotor suppression. Furthermore, D

 

1

 

 receptor
levels could influence responding to a D

 

2

 

/D

 

3

 

 receptor agonist,
but they increase substantially from PND25 to 40 in both
males and females, and are maintained at higher levels in
males than females into adulthood (2). Consequently, quin-
pirole-induced activation that peaks at PND20 does not cor-
relate either positively or negatively with changes in dopa-
mine D

 

1

 

 receptor expression. Here again, though, the D

 

1

 

receptor expression could be related to the quinpirole-induced
locomotor suppression that appears first at approximately 3
weeks of age and increases into adulthood, more robustly for
males than females (42). Dopamine receptor affinity does not
change across ontogeny (2,39), and many other aspects of
dopamine neurotransmission reach adult levels before peria-
dolescence (27), meaning that the gradual changes in dopa-
mine-related behaviors are likely to involve more complex
mechanisms. For example, there are ontological changes in

transmission of the amino acid, glutamate, which indicate that
glutamate could also be involved in the presently reported de-
velopmental changes in locomotor behavior (11,20,21,40).

Periadolescent developments in dopamine system function
and their modulation by other neurotransmitters are interest-
ing, mainly because of their hypothesized roles in neuropsy-
chiatric disorders (12,15,45,46) and drug abuse (23,48,49). For
example, symptoms of schizophrenia change from barely dis-
cernable childhood motor dysfunctions to profound postpu-
bertal psychological dysfunctions (30,45), possibly due to pe-
riadolescent maturation of corticofugal glutamate projections
into the mesolimbic dopamine system (47). Moreover, human
experimentation with drugs of abuse most often begins during
adolescence, and it is not clear that this phenomenon is solely
a function of societal trends that enable humans to obtain
abused drugs for the first time at that stage (17). Develop-
mental changes in neurotransmission in the nucleus accum-
bens may contribute to the ontological onset of recreational
drug use. An additional reason to investigate psychopharma-
cology in adolescent subjects is to develop age- and gender-
appropriate pharmacological treatments for psychological
disorders (13,41). This is especially important in the current
era of increased diagnosis of teenage anxiety, depression, and
psychotic disorders in youth of both genders (14,18), and this
decade in which the Food and Drug Administration of the
United States government is requiring more appropriate test-
ing of drugs for prescription to pediatric patients (1).

 

ACKNOWLEDGEMENTS

 

The authors would like to thank Ms. Bonnie McLaurin for her ex-
cellent technical assistance. This research was supported by a White-
hall Foundation grant to C.V.H.

 

REFERENCES

 

1. Regulations requiring manufacturers to assess the safety and
effectiveness of new drugs and biological products in pediatric
patients; Final rule. Fed. Reg. 63:66631–66672; 1998.

2. Andersen, S. L.; Rutstein, M.; Benzo, J. M.; Hostetter, J. C.;
Teicher, M. H.: Sex differences in dopamine receptor overpro-
duction and elimination. Neuroreport 8:1495–1498; 1997.

3. Andrews, W. W.; Mizejewski, G. J.; Ojeda, S. R.: Development of
estradiol-positive feedback on luteinizing hormone release in the
female rat: A quantitative study. Endocrinology 109:1404–1413;
1981.

4. Archer, J.: Rodent sex differences in emotional and related
behavior. Behav. Neurobiol. 14:451–479; 1975.

5. Bauer, R. H.; Duncan, D. L.: Differential effects of 

 

d

 

-amphet-
amine in mature and immature rats. Physiol. Psychol. 3:312–316;
1975.

6. Bolanos, C. A.; Garmsen, G. M.; Clair, M. A.; McDougall, S. A.:
Effects of the kappa-opioid receptor agonist U-50,488 on mor-
phine-induced place preference conditioning in the developing
rat. Eur. J. Pharmacol. 317:1–8; 1996.

7. Bolanos, C. A.; Glatt, S. J.; Jackson, D.: Subsensitivity to dopa-
minergic drugs in periadolescent rats: A behavioral and neuro-
chemical analysis. Brain Res. Dev. Brain Res. 111:25–33; 1998.

8. Bronstein, P. M.: Open-field behavior of the rat as a function of
age: Cross-sectional and longitudinal investigations. J. Comp.
Physiol. Psychol. 80:335–341; 1979.

9. Campbell, B. A.; Lytle, L. D.; Fibiger, H. C.: Ontogeny of adren-
ergic arousal and cholinergic inhibitory mechanisms in the rat.
Science 166:635–637; 1969.

10. Campbell, B. A.; Teghtsoonian, R.; Williams, R. A.: Activity,
weight loss, and survival time of food-deprived rats as a function
of age. J. Comp. Physiol. Psychol. 54:216–219; 1961.

11. Campochiaro, P.; Coyle, J. T.: Ontogenic development of kainate
neurotoxicity: Correlates with glutamatergic innervation. Proc.
Natl. Acad. Sci. USA 75:2025–2029; 1978.

12. Carlsson, A.; Hansson, L. O.; Waters, N.; Carlsson, M. L.: Neu-
rotransmitter aberrations in schizophrenia: New perspectives and
therapeutic implications. Life Sci. 61:75–94; 1997.

13. Carrey, N.; Kutcher, S.: Developmental pharmacodynamics:
Implications for child and adolescent psychopharmacology. J.
Psychiatr. Neurosci. 23:274–276; 1998.

14. Cassidy, L. J.; Jellinek, M. S.: Approaches to recognition and
management of childhood psychiatric disorders in pediatric pri-
mary care. Pediatr. Clin. North Am. 45:1037–1052; 1998.

15. Csernansky, J. G.; Bardgett, M. E.: Limbic-cortical neuronal
damage and the pathophysiology of schizophrenia. Schizophr.
Bull. 24:231–248; 1998.

16. Eilam, D.; Szechtman, H.: Biphasic effect of D-2 agonist quinpirole on
locomotion and movements. Eur. J. Pharmacol. 161:151–157; 1989.

17. Estroff, T. W.; Schwartz, R. H.; Hoffmann, N. G.: Adolescent
cocaine abuse. Addictive potential, behavioral and psychiatric
effects. Clin. Pediatr. 28:550–555; 1989.

18. Fombonne, E.: Increased rates of psychosocial disorders in youth [see
comments]. Eur. Arch. Psychiatr. Clin. Neurosci. 248:14–21; 1998.

19. Frantz, K.; Babcock, D.; Van Hartesveldt, C.: The locomotor
effects of a putative dopamine D3 receptor agonist in developing
rats. Eur. J. Pharmacol. 302:1–6; 1996.



 

826 FRANTZ AND VAN HARTESVELDT

 

20. Greenamyre, T., Penny, J. B.; Young, A. B.; Hudson, C.; Silber-
stein, F. S.; Johnston, M. V.: Evidence for transient perinatal
glutamatergic innervation of globus pallidus. J. Neurosci. 7:1022–
1030; 1987.

21. Insel, T. R.; Miller, L. P.; Gelhard, R. E.: The ontogeny of excita-
tory amino acid receptors in rat forebrain—I. 

 

N

 

-methyl-

 

D

 

-aspar-
tate and quisqualate receptors. Neuroscience 35:31–43; 1990.

22. Kalivas, P. W.; Churchill, L.; Klitenick, M.: The circuitry mediat-
ing the translation of motivational stimuli into adaptive motor
responses. In: Barnes, C. D.; Kalivas, P. W., eds. Limbic motor
circuits and neuropsychiatry. Boca Raton, FL: CRC Press; 1993:
237–287.

23. Koob, G. F.: Drug abuse and alcoholism. Overview. Adv. Phar-
macol. 42:969–977; 1998.

24. Lanier, L. P.; Isaacson, R. L.: Early developmental changes in the
locomotor response to amphetamine and their relation to hippo-
campal function. Brain Res. 126:567–575; 1977.

25. Laviola, G.; Wood, R. D.; Kuhn, C.; Francis, R.; Spear, L. P.:
Cocaine sensitization in periadolescent and adult rats. J. Pharma-
col. Exp. Ther. 275:345–357; 1995.

26. Le Moal, M.; Simon, H.: Mesocorticolimbic dopaminergic net-
work: Functional and regulatory roles. Physiol. Rev. 71:155–234;
1991.

27. Lin, M. Y.; Walters, D. E.: Dopamine D2 autoreceptors in rats
are behaviorally functional at 21 but not 10 days of age. Psycho-
pharmacology (Berlin) 114:262–268; 1994.

28. Losada, M. E.; Carbone, S.; Szwarcfarb, B.; Moguilevsky, J. A.:
Amino acid levels in the hypothalamus and response to 

 

N

 

-methyl-

 

D

 

-aspartate and/or dizocilpine administration during sexual matu-
ration in female rats. Neuroendocrinology 57:960–964; 1993.

29. Mogenson, G. J.; Brudzynski, S. M.; Wu, M.; Yang, C. R.; Yim,
C. C. Y.: From motivation to action: A review of dopaminergic
regulation of limbic–nucleus accumbens–ventral pallidum–pedun-
culopontine nucleus circuitries Involved in limbic-motor integra-
tion. In: Barnes, C. D.; Kalivas, P. W., eds. Limbic motor circuits
and neuropsychiatry. Boca Raton, FL: CRC Press; 1993:193–236.

30. Russell, A. T.: The clinical presentation of childhood-onset
schizophrenia. Schizophr. Bull. 20:631–646; 1994.

31. Salamone, J. D.: The behavioral neurochemistry of motivation:
Methodological and conceptual issues in studies of the dynamic
activity of nucleus accumbens dopamine. J. Neurosci. Methods
64:137–149; 1996.

32. Salamone, J. D.: The involvement of nucleus accumbens dopa-
mine in appetitive and aversive motivation. Behav. Brain Res.
61:117–133; 1994.

33. Shalaby, I. A.; Spear, L. P.: Psychopharmacological effects of low
and high doses of apomorphine during ontogeny. Eur. J. Pharma-

col. 67:451–459; 1980.
34. Smith, G. P.; Schneider, L. H.: Relationships between mesolimbic

dopamine function and eating behavior. Ann. NY Acad. Sci.
537:254–261; 1988.

35. Smith, J. K.; Neill, J. C.; Costal, B.: Bidirectional effects of
dopamine D2 receptor antagonists on responding for a condi-
tioned reinforcer. Pharmacol. Biochem. Behav. 57:843–849; 1997.

36. Spear, L. P.; Brake, S. C.: Periadolescence: Age-dependent
behavior and psychopharmacological responsivity in rats. Dev.
Psychobiol. 16:83–109; 1983.

37. Spear, L. P.; Brick, J.: Cocaine-induced behavior in the develop-
ing rat. Behav. Neural Biol. 26:401–415; 1979.

38. Spear, L. P.; Shalaby, I. A.; Brick, J.: Chronic administration of
haloperidol during development: Behavioral and psychopharma-
cological effects. Psychopharmacology (Berlin) 70:47–58; 1980.

39. Stanwood, G. D.; McElligot, S.; Lu, L.; McGonigle, P.: Ontogeny
of dopamine D3 receptors in the nucleus accumbens of the rat.
Neurosci. Lett. 223:13–16; 1997.

40. Subramaniam, S.; McGonigle, P.: Regional profile of develop-
mental changes in the sensitivity of the 

 

N

 

-methyl-

 

D-aspartate
receptor to polyamines. J. Neurochem. 62:1408–1415; 1994.

41. Tosyali, M. C.; Greenhill, L. L.: Child and adolescent psycho-
pharmacology. Important developmental issues. Pediatr. Clin.
North Am. 45:1021–1235; 1998.

42. Van Hartesveldt, C.: Temporal and environmental effects on
quinpirole-induced biphasic locomotion in rats. Pharmacol. Bio-
chem. Behav. 58:955–960; 1997.

43. Van Hartesveldt, C.; Cottrell, G. A.; Potter, T.; Meyer, M. E.:
Effects of intracerebral quinpirole on locomotion in rats. Eur. J.
Pharmacol. 214:27–32; 1992.

44. Van Hartesveldt, C.; Meyer, M. E.; Potter, T. J.: Ontogeny of
biphasic locomotor effects of quinpirole. Pharmacol. Biochem.
Behav. 48:781–786; 1994.

45. Walker, E. F.: Developmentally moderated expressions of the
neuropathology underlying schizophrenia. Schizophr. Bull. 20:453–
480; 1994.

46. Weickert, C. S.; Weinberger, D. R.: A candidate molecule
approach to defining developmental pathology in schizophrenia.
Schizophr. Bull. 24:303–316; 1998.

47. Weinberger, D. R.: Implications of normal brain development for
the pathogenesis of schizophrenia. Arch. Gen. Psychiatry 44:660–
669; 1987.

48. White, F. J.; Hu, X. T.; Zhang, X. F.: Neuroadaptations in nucleus
accumbens neurons resulting from repeated cocaine administra-
tion. Adv. Pharmacol. 42:1006–1009; 1998.

49. Wise, R. A.: Drug-activation of brain reward pathways. Drug
Alcohol. Depend. 51:13–22; 1998.


