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Amphetamine-induced enhancement of neostriatal in vivo microdialy-
sate dopamine content in rats, quinpirole-primed as neonates. P. NOWAK,
R. BRUS, R.M. KOSTRZEWA. Pol. J. Pharmacol., 2001, 53, 319–329.

Amphetamine (AMPH)-induced sensitization of central dopamine (DA)
receptors, produced by repeated AMPH treatments, is associated with in-
creased AMPH-induced DA release in the rat forebrain. However, for DA
receptor sensitization produced by repeated DA receptor agonist treatments,
the effects on forebrain DA release are not known. The objective of our
study was to determine this. DA receptor sensitization was produced by ad-
ministering the DA D

�
agonist quinpirole (50 �g/kg/day) to rats, from the 1st

to 11th days after birth – a process known as ‘priming’. When these rats
were tested at 3 months, DA receptor sensization was manifested as in-
creased quinpirole-induced yawning. We also found that AMPH (1.0 mg/kg,
ip) acutely induced a 5-fold greater increase in DA content in the neostriatal
in vivo microdialysate of these quinpirole-primed rats (vs. controls), accom-
panied by a reduction in dihydroxyphenylacetic acid (DOPAC) and homova-
nillic acid (HVA) levels in the microdialysate. Conversely, an acute injection
of quinpirole · HCl (100 �g/kg, ip) reduced the microdialysate contents of
DA, DOPAC and HVA to comparable levels in quinpirole-primed and con-
trol rats. Therefore, we can conclude that long-lived DA receptor sensitiza-
tion, produced by repeated DA D

�
agonist treatments in ontogeny, is associ-

ated with enhanced AMPH-induced DA release in the neostriatum in adult-
hood, but is not accompanied by evident alteration in quinpirole-induced DA
release.
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Abbreviations: AMPH – amphetamine, DA –
dopamine, DOPAC – 3,4-dihydroxyphenylacetic
acid, HVA – homovanillic acid, MAO – monoamine
oxidase, 6-OHDA – 6-hydroxydopamine

INTRODUCTION

Repeated treatment with many psychostimulants
(e.g. amphetamine [AMPH], apomorphine, bromo-
criptine, cocaine, quinpirole) produces an increased
response, or sensitization to the drug-induced effect
[5, 11, 18, 19, 29, 31, 43–46]. This phenomenon
has received much experimental attention, sparked
in part by the hypothesis that psychostimulant-
-induced sensitization and psychopathologies such
as psychosis, mania, post-traumatic stress disorder,
panic disorder and addiction, result from similar
mechanisms [11, 38]. Several studies now indicate
that sensitization of central dopamine (DA) recep-
tors develops subsequent to repeated injection of
AMPH or cocaine, and this is demonstrated by in-
creased DA release in the striatum and other parts
of mammalian brain [8, 23, 42, 47]. Previously, we
found in male rats treated for the first 28 days after
birth with the DA D0 agonist quinpirole, that there
was seemingly life-long sensitization of central DA
D0/D� receptors [4], manifested as enhanced quin-
pirole-induced yawning behavior and motor beha-
viors in adulthood [26–29]. Moreover, these beha-
vioral alterations occurred in the absence of a chan-
ge in the B��1 and K� for striatal DA D0 receptors
[26]. The mechanism underlying DA D0 receptor
sensitization is thus unknown. To explore the neu-
rochemical basis for DA D0 receptor sensitivity, we
performed an in vivo microdialysis study in rats
which demonstrated enhanced quinpirole-induced
yawning, to determine if there was an alteration in
extraneuronal DA level in the striatum following
acute treatment with either AMPH or quinpirole.
Our findings indicate that there is an AMPH-en-
hanced increase in the level of DA in the striatal
microdialysate of quinpirole-primed rats in which
DA D0 receptor sensitization occurs, but that en-
hanced behavioral responses to quinpirole are unre-
lated to DA content in the microdialysate. Prelimi-
nary results were presented elsewhere [34].

MATERIALS and METHODS

Female Wistar dams and their offsprings were
housed at 22 ± 1°C, under a 12 h light : 12 h dark

schedule, with free access to tap water and pelleted

food (Altromin, Lage, Germany). Newborn male

rats were treated daily ip with quinpirole · HCl (50

�g/kg, salt form) or saline (0.9% NaCl, 1.0 ml/kg)

from the 1st to 11th days after birth.
In 2-month-old male rats yawning behavior was

observed in a quiet, well-ventilated, and well-lighted

room by the same experienced observer. Each rat

was placed in a single clear plastic cage and al-

lowed at least 30 min for acclimation. Two rats

(one control and one quinpirole-primed) were ob-

served at the same time. Afterwards, each rat was

injected ip with saline vehicle and observed for

60 min, beginning immediately after injection. At

the end of this session, each rat was injected ip with

a challenge dose of quinpirole · HCl (25 �g/kg) and

observed for another 60 min. Because of marking

on rats, the observer was aware of the treatment

group of each rat during the test session. The same

rats were challenged ip on subsequent days with in-

creasing doses of quinpirole · HCl (50 and 100 �g/

kg), one dose per day, and were similarly observed.

The above procedure was performed to determine

if DA receptor supersensitivity developed. For de-

tails see Kostrzewa et al. [27] and Brus et al. [4].
An in vivo microdialysis study was subsequent-

ly performed on the primed and non-primed rats

that were awake and freely moving during the pro-

cedure [49, 54]. Male 3-month-old Wistar rats were

first placed in a stereotaxic frame. Under anesthesia

[diazepam (Polfa), 10.0 mg/kg, ip and ketamine

(Parke-Davis), 80.0 mg/kg, ip], the dermis overly-

ing the skull was shaved and incised, and a small

burr hole was drilled, to allow implantation of the

dialysis probe into the right striatum, and coordi-

nates with respect to skull bregma were set accord-

ing to the stereotaxic atlas of Paxinos and Watson

(A, 0.7; L, 3.0 and V, 7.0 mm) [36]. Two stainless

steel screws were mounted to the cranium and the

whole assembly was fixed in place with dental ce-

ment (Duracryl Plus, Spofa, Praha). On the follow-

ing day, the ends of the probe were connected with

teflon tubes and perfused continuously at 2.0 �l/min

(Microdialysis pump, Harvard Apparatus Model

22, GB) with artificial cerebrospinal fluid: 145 mM

NaCl (Merck), 2.7 mM KCl (Fisher), 1.0 mM

MgCl0 · 6H0O (Aldrich), 1.2 mM CaCl0 · 2H0O

(Aldrich), 2.0 mM Na0HPO� (Fluka), phosphoric

acid (Fluka) ad pH 7.4. Starting 1 h later, the sam-

ples were collected every 20 min. Afterwards, the

samples were injected directly onto an MD 150/RP-
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-18 column (150 × 3 mm, 3 �m, ESA, USA) of the

HPLC system Model 5200A with electrochemical

detector (Gard Cell +500 mV, electrode E1 +240

mV; 1000 nA/V, electrode E2 –175 mV; 5 nA/V)

and Coluchem II data analysis system, ESA, USA.

Original mobile phase was used (MD-TM Mobile

Phase, ESA, USA). After taking three baseline

samples at 20 min intervals, rats were injected ip

with D,L-AMPH sulfate (1.0 mg/kg, salt form) or

quinpirole · HCl (100 �g/kg, salt form) (DA D0 re-

ceptor agonist), and brain microdialysis sampling

was continued. Samples were collected and injected

on the column every 20 min for the next 180 min.

Final results of the DA, DOPAC and HVA analysis,

in picograms (pg) in 20 �l capacity of loop, were

expressed as a percent of the mean of the 3 pre-

AMPH samples. At the end of the study, the posi-

tion of the probe in the striatum was verified.
To determine if DA receptor sensitization might

have occurred after acute quinpirole treatments

in adulthood, one additional experiment was per-

formed. Two-month-old rats were injected ip with

saline 1.0 ml/kg, and then with three increasing

doses of quinpirole · HCl (25, 50 and 100 �g/kg,

one dose per day), and numbers of yawns were

recorded as above. The in vivo microdialysis study

was then performed as above in these rats, at three

months.

All biogenic amines for standards, D,L-AMPH
sulfate and quinpirole · HCl were purchased from
Sigma Chem. Co., St. Louis, MO, USA. In this pa-
per dosage of quinpirole refers to the salt form (hy-
drochloride).

Statistical analysis

Data from each behavioral and biochemical
study were analyzed by one-way ANOVA, and the
post-ANOVA test of Neuman-Keuls. Differences
between groups were considered to be significant if
the p value was < 0.05.

RESULTS

In two-month-old male rats that were treated
with quinpirole for the first 11 days from birth, the
number of yawns was not different from that of the
vehicle-treated group during the 60-min interval af-
ter injection of saline. In this instance, both groups
had a mean incidence of yawning of one to two
(Fig. 1). A challenge dose of quinpirole increased
yawning behavior in both groups of rats, with the
maximal yawning number in each group occurring
at a quinpirole dose of 50 �g/kg. However, quin-
pirole-induced yawning was increased to a much
greater extent in rats that were ontogenically pri-
med. For this group, yawning was greater at each
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Fig. 1. Quinpirole-induced yawning in adult controls (×–×) and in neonatally quinpirole-primed male rats (�–�). Priming was pro-
duced by daily injections of quinpirole · HCl (50 �g/kg/day), administered to neonatal rats (P1-P11). The control group received sa-
line vehicle instead of quinpirole. Results for each group are the mean ± SEM of 7 rats. * p < 0.01; ** p < 0.005



different challenge dose of quinpirole (25 to 100
�g/kg, ip), vs. the control group (p < 0.02 to 0.005)
(Fig. 1).

The in vivo microdialysis study was performed
on the above control and quinpirole-primed rats
(tested for increased quinpirole-induced yawning
in adulthood), and on a parallel group of quinpiro-
le-primed rats which was not tested for quinpirole-

induced yawning in adulthood. The basal striatal
microdialysate level of DA was similar in controls
and quinpirole-primed groups (quinpirole-challen-
ge in adulthood or no adult testing) (6.51 and 5.45
pg/20 �l, respectively) (Fig. 1). However, AMPH
(1.0 mg/kg ip) effects were much different in con-
trol and quinpirole-primed groups. In control rats
AMPH increased the microdialysate level of DA
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Fig. 2. Effect of amphetamine (1.0 mg/kg ip) on concentration of DA in microdialysate of the striatum in (a) control rats (�–�),
(b) neonatally quinpirole-primed rats (see Fig. 1) (�–�), and in the group of (c) control rats that were primed in the 2nd postnatal
month with three daily treatments of successively increasing doses of quinpirole · HCl (25, 50 and 100 �g/kg ip, respectively) (*–*).
Results for each group are the mean ± SEM of 6 or 7 male rats. * p < 0.05; + p < 0.01. � Amphetamine injection

Fig. 3. Effect of amphetamine (1.0 mg/kg ip) on concentration of DOPAC in microdialysate of the striatum in (a) control rats (�–�),
(b) neonatally quinpirole-primed rats (�–�), and in a group of (c) control rats that were primed in adulthood (*–*). For other details
see legend of Fig. 2. � Amphetamine injection



by 286% at 40 min, with a gradual return to pre-
treatment levels over the next 140 min (Fig. 2). In
quinpirole-primed rats that were not quinpirole
challenged in adulthood, AMPH increased the mi-
crodialysate level of DA by an even greater amount,
1005% at 40 min (p < 0.001). At the end of obser-
vation, DA concentration in the microdialysate was
higher vs. the control group (p < 0.05) (Fig. 2). In
the rats that were tested in adulthood for quinpiro-
le-induced yawning (i.e. three doses of quinpirole),

AMPH increased the microdialysate level of DA
at 40 min by 467% (p > 0.05 vs. control group)
(Fig. 2).

In this study, microdialysate levels of DOPAC
and HVA were also analyzed. AMPH reduced the
microdialysate levels of DOPAC in all three groups,
but to a lower extent in rats that had been quin-
pirole-challenged in adulthood (p < 0.05, from 40
to 100 min) (Fig. 3). In contrast, the microdialysate
level of HVA was similar among the three groups
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Fig. 4. Effect of amphetamine (1.0 mg/kg ip) on concentration of HVA in the microdialysate of the striatum in (a) control rats (�–�),
(b) neonatally quinpirole-primed rats (�–�), and in a group of (c) control rats that were primed in adulthood (*–*). For other details
see legend of Fig. 2. � Amphetamine injection

Fig. 5. Effect of quinpirole (100 �g/kg ip) on concentration of DA in microdialysate of the striatum in (a) control rats (�–�), (b) neo-
natally quinpirole-primed rats (�–�), and in a group of (c) control rats that were primed in adulthood (*–*). For other details see
legend of Fig. 2. * p < 0.05 for group “a” (controls) vs. group “c” (rats that were quinpirole-primed as adults). � Quinpirole injection



after AMPH, with the maximum level occurring
from 80 to 100 min (Fig. 4). These groups did not
differ statistically from one another.

When control rats were challenged in adulthood
with quinpirole (100 �g/kg, ip), the microdialysate
level of DA was reduced, by a maximum of 50 to
60% in the period from 60 to 180 min (Fig. 5). The
reduction in the microdialysate level of DA in
quinpirole-primed rats was only about 40% in the
period from 80 to 100 min.

The microdialysate level of DOPAC was also
reduced in all three groups following a quinpirole
test dose (100 �g/kg, ip), with the maximum effect
occurring at 140–160 min (Fig. 6). The smallest ef-
fect was in quinpirole-primed rats that had been
tested in adulthood for quinpirole-induced yawning.
In this group, microdialysate DOPAC levels were
different from control at 100, 140 and 180 min.

The microdialysate level of HVA was reduced
by about 30% in the control group following a quin-
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Fig. 6. Effect of quinpirole (100 �g/kg ip) on concentration of DOPAC in microdialysate of the striatum in (a) control rats (�–�),
(b) neonatally quinpirole-primed rats (�–�), and in a group of (c) control rats that were primed in adulthood (*–*). For other details
see legend of Fig. 2. * p < 0.05 for group “a” (controls) vs. group “c” (rats that were quinpirole-primed as adults). � Quinpirole injection

Fig. 7. Effect of quinpirole (100 �g/kg ip) on concentration of HVA in microdialysate of the striatum in (a) control rats (�–�),
(b) neonatally quinpirole-primed rats (�–�), and in a group of (c) control rats that were primed in adulthood (*–*). For other details
see legend of Fig. 2. * p < 0.05 for group “a” (controls) vs. group “c” (rats that were quinpirole-primed as adults). � Quinpirole injection



pirole test dose (100 �g/kg, ip), starting 80 min
after treatment, and persisting through the end of
observation (Fig. 7). In the neonatally quinpirole-
primed group, the test dose of quinpirole in adult-
hood did not influence the microdialysate level of
HVA across the entire period of observation. In rats
that were tested in adulthood for quinpirole-indu-
ced yawning, the test dose of quinpirole increased
HVA in the microdialysate by about 20% at 20–40
min (Fig. 7).

DISCUSSION

The most important finding of this study is that
ontogenetic quinpirole priming produced sensitiza-
tion to AMPH in adulthood. Moreover, this super-
sensitization phenomenon may be permanent, as it
is obvious, even months after the last quinpirole
treatment. Previously, it had been shown that suc-
cessive treatments with AMPH or cocaine would
sensitize to later doses of these substances. Conse-
quently, it appears that the long-lasting sensitiza-
tion produced by repeated quinpirole treatments re-
sembles effects of repeated AMPH or cocaine.

The behavioral effects of the psychostimulant
AMPH are believed to be mediated primarily by its
effects on dopaminergic neurotransmission, and
more specifically on its capacity to increase the DA
concentration in the synaptic cleft [6]. In vitro stu-
dies have demonstrated that AMPH may facilitate
dopaminergic neurotransmission via a number of
mechanisms, including direct release of DA from
nerve terminals, inhibition of DA uptake, and inhi-
bition of monoamine oxidase-B (MAO-B) activity
[6]. Both in vivo voltametry and brain microdialy-
sis studies demonstrated an increase in DA eflux
after AMPH, which attained its maximum response
20–40 min after injection, and with concomitant re-
duction in DOPAC and HVA eflux [6, 13, 14, 25,
35]. In the present experiment, we confirmed the
above findings, showing that microdialysis levels
of DA, DOPAC and HVA are respectively altered.
But it must be added that microdialysis probes are
located relatively far from release sites (i.e. indivi-
dual nerve endings), although the measured con-
centrations do represent extrasynaptic neurotrans-
mitter levels which reflect volume transmission
that occurs in the neostriatum. Electrodes in volt-
ametry procedures are located closer to release
sites, and provide an opportunity to assess synaptic
and perisynaptic neurotransmitter release and clear-

ance [21]. Besides, AMPH appears to release pref-

erentially a newly synthetized pool of DA, and

membrane DA carrier may be involved in its action

on DA efflux [6].
Quinpirole treatment reduces DA, DOPAC and

HVA release, as determined by in vivo voltametry

and microdialysis techniques [3, 30, 32, 39, 40]. In

the present experiment we confirmed the above

findings.
Repeated treatment with psychostimulants leads

to an increase in the drug-induced behavioral re-

sponse, and this is termed behavioral sensitization

[37]. Quinpirole is one of the dopaminergic stimu-

lants which preferentially activates DA D0/D� cen-

tral receptors. Its acute injection in rats induces

hyperlocomotion in the open field and produces

some oral stereotypies [9, 10, 45, 46]. Quinpirole,

especially when given repeatedly, induces highly

stereotyped or perseverative patterns of behavior,

which can also have long-lasting consequences for

undrugged behavior [12, 43, 45, 46]. The number

of injections, rather than the interval between them,

predominantly controls the development of loco-

motor sensitization to quinpirole [45]. We also found

that four single injections of quinpirole (one-week

intervals) to adult rats enhanced locomotor and

rearing behavior [5].
We previously established our model of quinpi-

role-induced DA receptor supersensitization. New-

born rats, when injected repeatedly from birth with

quinpirole (3.0 mg/kg/day for 28 days), displayed

enhanced quinpirole-induced yawning [26] and

quinpirole-induced vertical jumping [28], the indi-

cators of DA receptor supersensitization. Secondly,

when rats were treated with quinpirole · HCl (50

�g/kg/day) from the 1st to 11th days after birth,

there was again greater quinpirole-induced yawn-

ing behavior in adulthood, when compared to the

control (saline, 1.0 ml/kg/day from the 1st to 11th

days of postnatal life) [27]. In the present experi-

ment we used our second model to develop quinpi-

role sensitization of central DA receptors in rats.

When neonatally quinpirole-primed rats were in-

jected with AMPH as adults, there was a 5-fold in-

crease in DA release in the striatum as compared to

the control, accompanied by reduced DOPAC and

HVA release. By this, we demonstrate another (and

characteristic) phenomenon associated with the

central DA receptor sensitization.
Behavioral sensitization to AMPH is likely to be

a product of any of the following four phenomena:
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1) subsensitization of the ventral tegmental area

(VTA) (A10) presynaptic DA D0 autoreceptors,

2) AMPH-induced enhancement of DA release,

3) up-regulation of the DA transporter, and 4) su-

persensitization of postsynaptic DA D0 receptors.
1) Subsensitization of DA D0 autoreceptors in VTA

Somatodendritic autoreceptor subsensitivity de-

velops within 3 or 4 days, following daily AMPH

treatments [51]. This event is thought to be essen-

tial for behavioral sensitization to AMPH [1, 16,

41], and arises even if AMPH is administered di-

rectly into the VTA [24, 48]. However, DA autore-

ceptor subsensitization per se is not believed to

produce behavioral sensitization to AMPH [51].
2) AMPH-induced enhancement of DA release

Subsensitization of DA D0 autoreceptors in

VTA is accompanied by increased activity of A10

dopaminergic neurons [15, 50], and this process

may be primarily responsible for behavioral sensi-

tization [51].
3) Up-regulation of the DA transporter

This effect has been observed after repeated co-

caine administration to rats [20, 33], and a process

of this type may account for a several-day delay in

AMPH-induced enhancement of DA release [51].

In mice with a deletion in the gene for the DA

transporter, extracellular DA level is 5-fold higher

and is maintained over longer period [22].
4) Supersensitization of postsynaptic DA D0 re-
ceptors

Enhanced DA release by more active A10 neu-

rons may prime postsynaptic D0 receptors [1, 16, 17,

51]. Using ex vivo voltammetry, Muscat et al. [32]

have shown that quinpirole can replicate AMPH in

producing behavioral sensitization and in enhanc-

ing DA release in thin tissue sections of nucleus ac-

cumbens. On the basis of our study described in

this paper, it is similarly reasonable to conclude

that the behavioral sensitization (enhanced quinpi-

role-induced yawning), produced by repeated quin-

pirole treatments in rats, and with the observed en-

hancement of later AMPH-induced release of DA

in the neostriatum, was accompanied by subsensiti-

zation of DA D0 autoreceptors in VTA and by overt

supersensitization of postsynaptic DA D0 recep-

tors. Further studies with intra-striatal and intra-

-VTA AMPH (or quinpirole) will provide the means

for testing this hypothesis.
Nevertheless, support for the latter hypothesis

derives from the current study. Otherwise, it might

appear that the quinpirole and AMPH effects are

contradictory, as AMPH treatment is associated

with enhanced extraneuronal (i.e. microdialysate)

level of DA while quinpirole treatment is associa-

ted with reduced extraneuronal level of DA. It is

notable that a low dose of AMPH does produce

yawning, as per quinpirole in this and other studies,

thereby indicating similar behavioral effect at ap-

propriate dosage. Apparently, either DA (released

by AMPH) or quinpirole action at DA receptors ac-

counts for the behavioral response (i.e. yawning),

suggesting that these two substances evoke their ef-

fects in a similar manner. If this is the case, the

reduced release of DA after acute quinpirole treat-

ment would be immaterial, as quinpirole would be

acting directly at D0 receptors, instead of DA.

Therefore, postsynaptic receptor supersensitization

must occur, in order to adequately account for com-

parable behavioral outcomes of quinpirole and

AMPH despite their opposite effects on extraneu-

ronal DA.
Despite inherently different mechanisms of ac-

tion, it is likely that quinpirole and AMPH ulti-

mately affect the same process which results in the

supersensitization phenomenon. AMPH is known

to enhance release of DA from presynaptic dopa-

minergic nerves and prolong DA synaptic effects

by competitively inhibiting the DA transporter.

These effects result in prolonged action of high lev-

els of DA on DA receptors, which is thought to be

an underlying mechanism of sensitization. On the

other hand, acute quinpirole treatments produce

temporarily high levels of this DA agonist at the

same population of DA receptors affected by

AMPH treatment. Thus, repeated agonist action at

DA receptors can lead to sensitization, regardless

of whether the natural transmitter (DA) or an un-

natural agent (quinpirole, a DA agonist) is involv-

ed. Because DA acts at both D and D0 DA recep-

tors, while quinpirole is selective for D0 sites, the

AMPH-induced sensitization process could addi-

tionally invoke D receptor-related events. Evi-

dence for this comes from earlier studies by Bjijou

et al. [2], who found that a D blocker prevented

AMPH behavioral sensitization, and by Wolf and

Xue [52], who found that repeated D (but not D0)

agonist treatments in the VTA could replicate ef-

fects of AMPH on glutamate efflux [7], and that

a D blocker could prevent this AMPH effect. It ap-

pears that glutamate release, produced by AMPH-

-induced formation of reactive oxygen species, is

a part of AMPH sensitization [53].
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In summary, these studies demonstrate that the
DA D0 agonist quinpirole produces long-lived be-
havioral sensitization (enhanced quinpirole-indu-
ced yawning) and that this phenomenon is associ-
ated with increased AMPH-induced efflux of DA,
assessed by analysis of in vivo microdialysates. In
this sense, quinpirole-induced behavioral sensitiza-
tion is analogous to AMPH-induced sensitization,
which has a similar neurochemical profile, i.e. en-
hances AMPH-induced DA efflux. However, quin-
pirole produces its effects by direct action at D0 re-
ceptors while AMPH produces its effects indirectly
by releasing DA onto D0 and D receptors.
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