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Abstract

Current evidence indicates that the acute locomotor stimulant effects of caffeine involve dopamine (DA) receptor activation; however, few
studies have investigated the role of DA receptors in mediating the development of tolerance to caffeine. Therefore, the present study was
designed to determine the degree to which DA receptors mediate the development of tolerance to the locomotor stimulant effects of caffeine.
Caffeine was examined alone and in combination with haloperidol (HAL), GBR 12909, nisoxetine and fluoxetine. HAL dose-dependently
and completely blocked the acute effects of caffeine on locomotor activity, and the highest dose of GBR 12909 enhanced the effects of
caffeine. Neither nisoxetine nor fluoxetine altered the effects of caffeine. HAL was infused via osmotic pumps (0.1 mg/kg/day) during a 14-
day regimen of chronic caffeine administered in a caffeinated drinking solution (~ 136 mg/kg/day). HAL did not block the development of
tolerance to the locomotor stimulant effects of caffeine, but did impair the recovery from tolerance following withdrawal of caffeine.
[*H]SCH 23390 (DA D;) binding sites were downregulated in the nucleus accumbens and striatum and were upregulated in the prefrontal
cortex of caffeine-treated vs. control rats; however, the affinity of [PH]SCH 23390 for these binding sites was unaltered. There were no
differences between the caffeine-treated and control rats in number or affinity of [°H]spiperone (DA D,) binding sites. These results suggest
that, although HAL did not alter the development of tolerance to caffeine, changes in DA D, receptors could be one component of the
mechanism underlying caffeine-induced tolerance. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Caffeine, a member of a class of compounds known as
methylxanthines, is widely consumed by humans in a
variety of foods, beverages and over-the-counter medicines
(Daly, 1993; Nehlig et al., 1992). Subjective effects often
reported following the consumption of caffeine include
increased energy, alertness and concentration (Griffiths
and Woodson, 1988; Griffiths et al., 1986), yet, little is
known about the effects of chronic caffeine administration
(see Griffiths and Mumford, 1995). In rodents, acute admin-
istration of caffeine produces reliable and concentration-
dependent locomotor stimulation (Daly et al., 1981; Snyder
et al., 1981), and chronic administration results in tolerance
to this effect and some degree of physical dependence
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(Ahlijjanian and Takemori, 1986; Holtzman, 1991; Holtz-
man and Finn, 1988). Thus, developing an understanding of
the mechanisms underlying the effects of chronic caffeine
administration is highly relevant to human health and to
drug development.

Although there is a high correlation between the acute
behavioral stimulant effects of caffeine and other methyl-
xanthines and their ability to antagonize adenosine receptors
(Daly et al., 1981; Snyder et al., 1981), little is known of the
mechanisms contributing to the development of tolerance to
the behavioral stimulant effects of caffeine. Current evi-
dence suggests that the behavioral stimulant effects of
caffeine may be the result of increased activity in dopami-
nergic neurotransmission, perhaps via dopamine (DA)-
adenosine interactions. For example, DA depletion with
reserpine or a-methyl-tyrosine (Finn and Holtzman, 1990)
and antagonism of DA D; and D, receptors (Garrett and
Holtzman, 1994a) attenuate the locomotor stimulant effects
of caffeine in rats. Locomotor stimulation produced by
various DA agonists is potentiated by caffeine and other
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adenosine receptor antagonists (Ferre et al., 1991a,b). More-
over, caffeine increases DA levels in the central nervous
system (Kirch et al., 1990; Morgan and Vestal, 1989),
although it shows no direct interactions with DA receptors
(Watanabe and Uramoto, 1986). Finally, there is an abun-
dance of evidence for both pre- and postsynaptic adenosine/
DA receptor interactions where adenosine acts to inhibit
dopaminergic activity. For example, adenosine A; receptor
activation decreases binding of DA to DA D, receptors and
blocks locomotor stimulation produced by DA D; receptor
agonists (Ferre et al., 1994a, 1996). Adenosine A, receptor
agonists inhibit DA D, receptor-mediated hyperactivity and
inhibit DA D, receptor binding (Dasgupta et al., 1996; Ferre
et al., 1991a,b, 1994b). Moreover, stimulation of adenosine
A4 receptors decreases affinity of DA D, receptors for DA
(Ferre et al., 1991c; Salim et al., 2000). Both A; and A
adenosine receptors attenuate methamphetamine-induced
overflow of DA in rat striatum (Golembiowska and Zylew-
ska, 1998). In addition, adenosine A; and DA D, receptor
activation and adenosine A, and DA D, receptor activation
have opposing effects on GABA release in rat striatum
(Corsi et al., 1999; Mayfield et al., 1999). Together, these
reports suggest that caffeine very likely stimulates motor
activity by blocking adenosine receptors and removing
adenosine-mediated inhibition of DA neurotransmission. If
this is indeed the mechanism underlying the behavioral
stimulant effects of the acute administration of caffeine, it
would be reasonable to propose that changes in the DA
system underlie tolerance to these effects. More specifically,
if repeated administration of caffeine results in chronic
stimulation of DA receptors, compensatory changes such
as DA receptor downregulation or decreased receptor—
effector coupling might occur.

To date, few studies have investigated the role of DA in
the development of tolerance to caffeine-induced behavioral
stimulation. Rats made tolerant to the locomotor stimulant
effects of caffeine are cross-tolerant to the locomotor stimu-
lant effects of either DA D, or D, receptor agonists (Garrett
and Holtzman, 1994b). Caffeine-tolerant rats are not, how-
ever, cross-tolerant to the locomotor stimulant effects pro-
duced by concurrent administration of DA D; and D,
agonists (Garrett and Holtzman, 1994b) or to other non-
xanthine behavioral stimulants such as p-amphetamine and
cocaine, whose effects are mediated at least in part by
concurrent activation of both DA D, and D, receptors (Finn
and Holtzman, 1987; Holtzman, 1991). Based on these data,
Garrett and Holtzman (1994b) proposed that tolerance to the
locomotor stimulant effects of caffeine is mediated by both
DA D, and D, receptors, even though cross-tolerance does
not occur to drugs that activate both of these DA receptor
subtypes simultaneously.

The present study was designed to investigate further the
role of DA receptors in the locomotor stimulant effects of
caffeine and tolerance to these effects in rats. Specifically,
we examined the effects of DA receptor activation with a
DA uptake inhibitor GBR 12909 and DA receptor blockade

with a DA receptor antagonist HAL on caffeine-induced
locomotor stimulation. Based on evidence that tolerance to
caffeine is mediated by both DA D; and D, receptors,
haloperidol (HAL) was coadministered with caffeine using
a chronic regimen to determine whether DA receptor block-
ade would block the development of tolerance to caffeine-
induced locomotor stimulation. Although HAL may show
some selectivity for DA D, receptors over DA D, receptors,
its behavioral profile suggests that it is still fairly non-
selective and serves our purposes in the present study.
Finally, the effects of chronic caffeine administration on
the binding parameters of both DA D; and D, receptors
were examined to determine whether compensatory changes
occur in the DA system that might underlie tolerance to the
locomotor stimulant effects of caffeine.

2. Materials and methods
2.1. Subjects

Male Sprague—Dawley rats (Charles River, Raleigh, NC)
weighing 300—-325 g at the start of the experiments were
used. Rats used in the acute testing experiment (n=8) were
housed in pairs in an environmentally controlled colony
room and were allowed continuous access to water in their
home cages. Rats used in the caffeine tolerance experiments
(n=32; 8 per group) were housed individually in a climate-
controlled cabinet where access to their drinking solution
was controlled via electronic timer connected with elec-
tronic bottle holders above each cage. All rats were main-
tained on a 12-h light/dark cycle and were allowed
continuous access to food in their home cages.

2.2. Apparatus

Locomotor activity was measured using eight Omnitech
Digiscan Activity Monitors (Omnitech, Columbus, OH).
Each rat was placed in an acrylic box (40 x40 cm)
surrounded by a framework of photobeams. The photo-
beams were designed in a 16 x 16-cm beam array around
the bottom of the box and 2.5 cm from the floor. Also, 16
photobeams were mounted 10.5 cm above the bottom
photobeams on the left and right sides of the box in order
to measure vertical locomotor activity. Locomotor move-
ments were determined by breaks in photobeams and were
converted into locomotor activity counts by a Digiscan
Analyser (Omnitech) that was interfaced with a microcom-
puter IBM PC clone).

2.3. Experiment 1

2.3.1. Acute locomotor activity tests

Rats were first habituated to the activity chambers for 30
min each day for 5 days prior to testing. Locomotor activity
tests were then conducted two times per week and were
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separated by at least 5 days to allow for recovery from
residual drug effects and to prevent the development of
tolerance to caffeine’s effects. Initially, on two separate
days, rats were given five consecutive injections of saline
40 min apart, and locomotor activity was measured during
the final 20 min of each interinjection interval in order to
obtain baseline data under a five-component, cumulative
dosing timeline. Following this, locomotor activity was
measured on two separate days following administration
of cumulative doses of caffeine (3—100 mg/kg ip) over five
components. The first component followed saline adminis-
tration and served as a baseline measure of locomotor
activity for that day. As described above, injections were
given every 40 min, and locomotor activity was measured
during the final 20 min of each component. Immediately
following each 20-min measuring period, rats were injected
with the next dose of caffeine that, when added to the
previous dose(s), equaled a dose one-half log unit greater
than the previous cumulated dose. For example, 3 mg/kg
followed by 7 mg/kg equals a cumulative dose of 10 mg/kg.
Rats remained in the locomotor test chambers at all times
except briefly when removed for injections.

The effects of caffeine (3.0-56 mg/kg), HAL (0.1-3.0
mg/kg), GBR 12909 (1.0—17.5 mg/kg), nisoxetine (0.1-3.0
mg/kg) and fluoxetine (0.1—3.0 mg/kg) were examined on
locomotor activity using the cumulative dosing procedure.
When testing drug combinations, a single dose of HAL,
GBR 12909, nisoxetine or fluoxetine instead of saline was
administered prior to redetermining the cumulative dose—
response curve for caffeine. These doses of HAL, GBR
12909, nisoxetine and fluoxetine combined with caffeine
were doses that did not produce any effects on locomotor
behavior when tested alone (lower doses of HAL and GBR
12909 alone not shown).

2.3.2. Data analysis

Locomotor activity was recorded and analyzed as total
horizontal activity counts. For the acute experiment, area
under the curve was calculated from the mean dose—
response curves for caffeine alone and in combination with
HAL, GBR 12909, nisoxetine and fluoxetine and were
compared using a one-factor ANOVA with a P value of .05.

2.4. Experiment 2

2.4.1. Caffeine tolerance locomotor activity tests

Rats were initially habituated to the locomotor activity
chambers, and dose—response curves were obtained for
caffeine as described for the acute testing. In addition, rats
were tested with a single dose of caffeine (30 mg/kg) on a
separate day for comparison with the effects of this dose of
caffeine during and after the tolerance regimen. Rats were
then water-deprived for 24 h in order to motivate them to
drink a caffeinated solution. Approximately 4 h prior to
reinstatement of access to drinking solutions, HAL-filled or
sham osmotic minipumps were surgically implanted in each

rat. The HAL pumps infused a dose of 0.1 mg/kg/day, the
highest dose that could be infused without general behav-
ioral disruption (personal observation). Access to drinking
solutions was reinstated on a schedule of 10 min access
every 6 h. Half the rats were given a caffeinated drinking
solution (1 mg/ml) and the other half were given tap water.
During the tolerance regimen, drinking bottles were
weighed daily to determine the amount of caffeine or water
consumed (1 g bottle weight=1 ml solution). Locomotor
activity was measured over two components every second
day for 12 days, the first component following saline
administration and the second following a single challenge
dose of caffeine (30 mg/kg). This testing schedule (Table 1)
allowed assessment of the development of tolerance to
caffeine in rats drinking the caffeinated solution without
producing tolerance in the control rats (drinking water). On
Day 20, osmotic pumps were removed and all rats were
given continuous access to water for the remainder of the
experiment. Caffeine (30 mg/kg) was tested on Day 24 or
approximately 4 days after removal of the pumps and
caffeinated drinking solution.

2.4.2. Surgical procedure

In the caffeine tolerance experiment, approximately 4 h
prior to the first access to caffeine or water drinking
solutions, rats were lightly anesthetized with Halothane
and osmotic minipumps (Model 2ML2, Alzet,, Palo Alto,
CA) were implanted subcutaneously through a small inci-
sion in the upper midregion of the back. Two groups of rats
(n=28) were implanted with empty pumps (sham pumps),
and two groups of rats were implanted with pumps that
delivered 0.1 mg/kg/day of HAL for 14 days. On Day 14,
rats were lightly anesthetized with Halothane, and the
pumps were removed through the original incision.

2.4.3. Data analysis

The effects of the challenge dose of caffeine (30 mg/kg)
were compared between groups prior to the start of the
tolerance regimen, on each test day during the tolerance

Table 1

Outline of events in caffeine tolerance experiment

Days 1-5 Rats habituated to locomotor test chambers for
30 min per day

Day 6 Rats tested following saline then 30 mg/kg of
caffeine (premeasure)

Day 7 Rats water-deprived for 24 h

Day 8 4 h prior to end of 24-h water-deprivation, rats

implanted with pumps
24 h after start of water-deprivation, rats given
access to drinking solution for 10 min every 6 h

Days 10, 12, 14, Rats tested following saline then 30 mg/kg

16, 18, 20 of caffeine
Day 20 Following test session, pumps were surgically
removed and continuous access to tap water was
reinstated (caffeine removed from drinking solution)
Day 24 Rats were tested following saline then 30 mg/kg

of caffeine (postmeasure)
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regimen, and on Day 24, 4 days after the end of the
tolerance regimen. Comparisons were made within groups
between the premeasures and measures taken on each test
day after using a two-factor ANOVA with repeated meas-
ures on one factor (test day), and post hoc analyses were
made using Tukey’s Multiple Comparison Test.

2.5. Experiment 3

2.5.1. Subjects

Subjects were male Sprague—Dawley rats of the same
approximate age and weight as rats used in the behavioral
experiments (n=80—100). Rats were housed in the same
manner as the rats used in the caffeine tolerance experiment.
After 24 h of water deprivation, half the rats were given
access to the same caffeinated drinking solution used in the
caffeine tolerance experiment and half were given access to
tap water for 10 min every 6 h for 14 days.

2.5.2. DA receptor binding

On Day 14 of scheduled access to caffeine or water,
approximately 2—3 h after the last access to caffeine, rats
were sacrificed by rapid decapitation. Brains were rapidly
removed and the prefrontal cortex, nucleus accumbens and
striatum were isolated by freehand dissection. Each tissue
was immediately placed in 40 vol. (milligram per gram
tissue weight) of ice cold Tris—HCI buffer (50 mM, pH 7.4)
and homogenized while on ice. The tissue was centrifuged
at 49,000 x g for 15 min (4°C).

[PHJSCH 23390 binding was determined using slight
modifications of the methods of Ferre et al. (1990). Protein
content for each sample was determined by the method of
Lowry et al. (1951) using bovine serum albumin as standard.
Incubations were carried out for 30 min at 37°C in the
presence of 0.039—10 nM [*H]SCH 23390 to determine
equilibrium binding constants (B,,.x and Kp). During com-
petition binding assays, samples were incubated for 30 min in
the presence of 1 nM [H]SCH 23390 and eight to nine
concentrations of DA ranging from 0.001 to 10 pM in 0.1%
ascorbic acid. ICs, values were determined in the presence
and absence of 1 pM guanesine trisphosphate (GTP). Incu-
bations were initiated by the addition of 100 (prefrontal
cortex) or 60 pg (nucleus accumbens and striatum) of protein
in a final assay volume of 1 ml. The incubation was
terminated by rapid filtration over GF/C filters presoaked in
50 mM Tris—HCI and washed three times with 4 ml of ice
cold Tris—HCI (50 mM). Nonspecific binding, defined by 1
pM cis-flupenthixol, was determined for every concentration
of [PH]SCH 23390. At a radioligand concentration of 1 nM,
nonspecific binding was approximately 36% of the total for
prefrontal cortex, 20% of the total for nucleus accumbens and
14% of the total for striatum. Radioactivity was determined
by liquid scintillation counting (Beckman LS 6500) at a
counting efficiency of 55%.

[*H]Spiperone binding was determined using modifica-
tions of the methods of Hess et al. (1988) and Kirch et al.

(1992). Protein content for each sample was determined and
incubations were carried out for 60 min at 30°C in the
presence of 4.7—600 pM [*H]spiperone to determine Buax
and Kp values. During competition assays, samples were
incubated with 0.1 nM [*H]spiperone and seven to nine
concentrations of DA ranging from 0.001 to 10 pM in
0.01% ascorbic acid. ICsy values were determined in the
presence and absence of 10 pM GTP. The incubations were
initiated by addition of 150 pg of protein for nucleus
accumbens and striatum tissue in a final assay volume of
3 ml. Incubations were terminated by rapid filtration over
GF/B filters presoaked in 50 mM Tris—HCI] and washed
three times with 4 ml of Tris—HCI (50 mM). Nonspecific
binding, defined by 1 uM butaclamol, was determined for
every concentration of [*H]spiperone. At a radioligand
concentration of 0.1 nM, nonspecific binding was approx-
imately 34% of the total for nucleus accumbens and 17% of
the total for striatum.

2.5.3. Data analysis

Radioligand binding saturation and competition curves
were analyzed by nonlinear regression analysis program
(PRISM, GraphPAD, San Diego, CA). By.x and Kp values
were determined for individual saturation curves and the
mean values+1 S.E.M. were calculated. Mean B,,,, and
Kp values for caffeine- and control-treated tissues were
compared within each brain region using a two-tailed
Student’s #-test. Significant differences were determined
by a P value <.05. ICsq values for one- or two-site best-
fit analysis were calculated and selected based on the best
fitting model. These values for caffeine- and control-
treated tissues were compared in the same manner as By«
and Kp values.

2.6. Drugs

The caffeine drinking solution was made with anhydrous
caffeine (Sigma, St. Louis, MO) dissolved in tap water in a
concentration of 1 mg/ml. Caffeine sodium benzoate and
HAL (Sigma) and nisoxetine and fluoxetine (Research
Biochemicals, Natick, MA) were dissolved in 0.9% saline.
GBR 12909 (Research Biochemicals) was dissolved in one
part desmethyl sulfoxide and two parts distilled water. All
drugs were administered intraperitoneally in a volume of 1
ml/kg body weight. Drug doses are expressed as the free
base. For binding experiments, [*H]SCH 23390 and
[*H]spiperone were obtained from Amersham Pharmacia
Biotech (Piscataway, NJ).

3. Results
3.1. Acute drug administration tests

Caffeine (3.0—100 mg/kg) produced a biphasic effect
on locomotor activity, with peak stimulant effects
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Fig. 1. The dose—effect curve for caffeine (3.0—-100.0 mg/kg) on
locomotor activity expressed as the mean (+1 S.E.M.) total horizontal
activity counts (n=8). The point above SAL represents the mean effect of
saline administration.

observed following 30 mg/kg (Fig. 1). The DA uptake
inhibitor GBR 12909 increased significantly locomotor
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activity, whereas the noradrenergic uptake inhibitor nisox-
etine and the serotonergic uptake inhibitor fluoxetine did
not alter locomotor activity compared to saline (Fig. 2A).
When combined with caffeine, the highest dose of GBR
12909 (1.0 mg/kg) enhanced the effects of caffeine on
locomotor activity, but neither nisoxetine nor fluoxetine
altered the effects of caffeine (Fig. 2B). The locomotor
stimulant effects of caffeine were dose-dependently atte-
nuated when caffeine was combined with HAL, with
complete antagonism at the highest dose of HAL (0.3
mg/kg; Fig. 3).

3.2. Caffeine tolerance and locomotor activity

Both control and caffeine-drinking rats consumed an
average of 41 ml of liquid daily. That equals approximately
136 mg/kg of caffeine consumed by each caffeine-drinking
rat daily over the 14-day period. Caffeine-drinking rats
implanted with sham pumps showed tolerance to the
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mg/kg mg/kg

e
XOSIN T°0+
XOSINQ T+
3ed
xony¢-0+
XONnL0 €+

Fig. 2. Panel A: The effects of caffeine (3.0—56.0 mg/kg), GBR 12909 (1.0—17.5 mg/kg), nisoxetine (0.1—-3.0 mg/kg) and fluoxetine (0.1-3.0 mg/kg) on
locomotor activity expressed as area under the mean dose—effect curve (n=8). The white bar above SAL represents the effect of saline administered in the
same cumulative manner as each of the drugs (* P <.05 compared to saline). Panel B: The effect of caffeine alone and in combination with various doses of
GBR 12909, nisoxetine and fluoxetine on locomotor activity expressed as area under the mean dose—effect curve (n=8; * P<.05 compared to caffeine alone).
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Fig. 3. Effects of HAL alone (inserted graph) and combined with caffeine on locomotor activity expressed as area under the mean dose—effect curve (n=8§;

* P<.05 compared to caffeine alone).

locomotor stimulant effects of the challenge dose of 30 mg/
kg of caffeine by Day 2 of exposure to caffeine (Fig. 4).
Water-drinking rats implanted with sham pumps did not
show tolerance to caffeine. Rats implanted with pumps
infusing 0.1 mg/kg HAL over 24 h for 14 days were
exposed to the same conditions and tests as rats implanted
with sham pumps. Caffeine-drinking rats with HAL pumps
showed tolerance to caffeine’s effects by Day 2 of exposure
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Area Under Curve

to caffeine, whereas water-drinking rats with HAL pumps
did not show tolerance to caffeine.

On Day 14 of chronic caffeine exposure, osmotic pumps
were removed and all rats were switched to tap water for
drinking and were retested with 30 mg/kg of caffeine 4 days
later. The rats with sham pumps that had received caffeine
for 14 days showed a loss of tolerance to caffeine by Day 4
following removal of caffeine from the drinking water (Fig.

Day 8 Day 10  Day 12 Post

Fig. 4. Effects of a 30-mg/kg challenge dose of caffeine before, during and after the chronic treatment regimen in rats with sham pumps drinking caffeine
(hatched bars), rats with HAL pumps drinking caffeine (dark bars), rats with sham pumps drinking water (white bars) and rats with HAL pumps drinking water
(shaded bars; n=8 per group). The bars above PRE represent the effects of 30 mg/kg of caffeine before pumps were implanted and caffeine was added to the
drinking solution. The bars above POST represent the effects of 30 mg/kg of caffeine 4 days after pumps were removed and caffeine was removed from the

drinking solution. * P<.05 compared to PRE activity levels.
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Fig. 5. Effects of chronic caffeine treatment on [PH]SCH 23390 binding
sites in tissue from rat prefrontal cortex (top), nucleus accumbens (middle)
and striatum (bottom). Rats were given scheduled access to a caffeinated
solution (caffeine) or drug-free tap water (control) for 14 days. Each point is
the mean of triplicate determinations from three (prefrontal cortex, striatum)
or four (nucleus accumbens) experiments. Mean B,,x and Kp values+1
S.E.M. are listed in the key for each graph. * P<.05 caffeine vs. control.

4). Rats with HAL pumps that had received caffeine for 14
days showed a slight loss of tolerance, although the loco-

motor stimulant effects of caffeine did not return to the level
observed in the prechronic test. Rats with sham and HAL
pumps that received only tap water to drink for 14 days
continued to show the same response to caffeine observed
prior to pump implantation.

3.3. Caffeine tolerance and DA receptor binding

Rats used for the binding experiments consumed an
average of 44 ml of tap water daily (control rats) or an
average of 35 ml of caffeinated solution daily (caffeine-
treated rats), which equals approximately 116 mg/kg of
caffeine consumed by each rat daily over the 14-day period.
Saturation analysis of binding of the DA D, receptor-
selective antagonist [PH]SCH 23390 and the relatively
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Fig. 6. Effects of chronic caffeine treatment on [*H]spiperone binding sites
in tissue from rat nucleus accumbens (top) and striatum (bottom). Rats were
given scheduled access to a caffeinated solution (caffeine) or drug-free tap
water (control) for 14 days. Each point is the mean of triplicate
determinations from three experiments. Mean B, and Kp values+1
S.E.M. are listed in the key for each graph.
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Table 2
DA displacement of [PH]SCH 23390 and [*H]spiperone binding in prefrontal cortex, nucleus accumbens and striatum
No GTP With GTP
ICso, ICso, % high affinity ICso, ICs0, % high affinity

[FPHJSCH 23390 (uM)
nucleus accumbens

caffeine-treated 0.18+0.01 0.88+0.03 53+3% 0.27+0.03 0.79+0.12 35+1°

control 0.26+0.06 0.71+0.10 59+7% 0.19+0.02 0.87+0.02 33+12°
striatum

caffeine-treated 0.20+0.06 0.89+0.02 67+4° 0.18+£0.01 0.89+0.002 57+6°

control 0.22+0.03 0.92+0.01 23+6° 0.45+0.21 0.73+0.19 23+6°
prefrontal cortex

caffeine-treated 0.82+0.28 1.05+£0.38

control 0.79+0.08 1.05+£0.17
[ H]spiperone (uM)
nucleus accumbens

caffeine-treated 0.22+0.03 0.36+0.08

control 0.12+0.02 0.21+0.05
striatum

caffeine-treated 0.23+0.10 0.67+0.40

control 0.58+£0.21 22+1.1

Mean (£ 1 S.E.M.) ICs, values for DA displacement of [°’H]SCH 23390 (M) and [*H]spiperone (4M) binding in prefrontal cortex, nucleus accumbens and
striatum from rats drinking (14 days) a caffeinated solution or tap water. Each value represents the mean of three or four assays. Correlation coefficient values
for [*H]SCH 23390 for two-site binding analysis (.99 +.01) reflect significantly better fit than for one-site binding analysis (.72 +.13) in nucleus accumbens
and striatum, but not in prefrontal cortex (one-site: .98 +.01; two-site: .99 +.01). Correlation coefficient values for [3H]spiper0ne for one-site (.95=+.05) and
two-site (.93 £.08) binding analyses were not significantly different for either nucleus accumbens or striatum, so ICs values for these binding sites are listed

under 1Cs,.
# No GTP vs. with GTP; P<.05.
Y Caffeine-treated vs. control; P<.05.

selective DA D, receptor antagonist [*H]spiperone was
determined in crude membrane fractions of prefrontal cor-
tex, striatum and nucleus accumbens of control and caf-
feine-treated rats.

The radioligand binding data indicate that chronic caf-
feine altered DA D, receptor expression, but not affinity,
and had no apparent effect on DA D, receptors. Specifically,
Bax values for specific [’H]SCH 23390 binding were
significantly decreased in the nucleus accumbens and stria-
tum and significantly increased in the prefrontal cortex of
caffeine-treated compared to control rats (Fig. 5). On the
other hand, Kp, values were not significantly changed in any
of these brain regions in caffeine-treated vs. control rats. No
significant differences between caffeine-treated and control
rats were observed for either By or Kp values for [*H]spi-
perone binding to striatal or nucleus accumbens membrane
preparations (Fig. 6). [*H]Spiperone binding in prefrontal
cortex was not measured.

Analysis of ICso values for displacement of [*H]SCH
23390 binding by DA revealed that there are probably two
binding sites or binding states (low and high affinity) in
nucleus accumbens and striatum, but not in prefrontal cortex
(Table 2). In striatum, the ratio of high- to low-affinity
binding states increased significantly in caffeine-treated
compared to control tissue both in the presence and absence
of GTP. No difference in this ratio was observed in the
nucleus accumbens of caffeine-treated vs. control rats. ICs
values for DA were not significantly different between

caffeine-treated and control tissue in any of the three brain
regions. Only a single affinity state was detected for DA
binding to sites labeled with [*H]spiperone. ICs, values for
DA displacement of [*H]spiperone binding were not differ-
ent between caffeine-treated and control tissue in either
nucleus accumbens or striatum (Table 2).

4. Discussion

Consistent with previous studies (Finn and Holtzman,
1986; Garrett and Holtzman, 1994a; Holtzman, 1983),
these data show that caffeine produces biphasic effects on
locomotor activity, increasing locomotor activity at lower
doses and decreasing this effect at higher doses. Acute
administration of the nonselective DA receptor antagonist
HAL produced a dose-dependent and complete antagonism
of the locomotor stimulant effects of caffeine. These data
are also consistent with previous reports that DA depletion
(Finn and Holtzman, 1990) and DA receptor blockade
(Garrett and Holtzman, 1994a) can block the locomotor
stimulant effects of acutely administered caffeine. Despite
the fact that acute caffeine administration alters extracellu-
lar concentrations of DA, norepinephrine and serotonin
(Daly, 1993), only the highest dose of the DA uptake
inhibitor GBR 12909 enhanced the effects of caffeine,
whereas the noradrenergic uptake inhibitor nisoxetine and
the serotonergic uptake inhibitor fluoxetine at comparable
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or higher doses did not. Although it is not clear why only
the highest dose of GBR 12909 enhanced the effects of
caffeine, together, these results strongly suggest that caf-
feine’s acute locomotor stimulant effects are, at least in
part, DA receptor-mediated.

In the present study, scheduled access to a caffeinated
drinking solution produced tolerance to the locomotor
stimulant effects of caffeine in a matter of a few days.
These data are consistent with earlier reports of rapid and
complete tolerance to the locomotor stimulant effects of
caffeine using a similar method of scheduled access to a
caffeinated drinking solution (Finn and Holtzman, 1986;
Garrett and Holtzman, 1994b; Holtzman, 1983). Concur-
rent chronic administration of HAL and caffeine did not
alter the development of tolerance to caffeine’s locomotor
stimulant effects in the present study. Other investigators
have reported that rats made tolerant to caffeine are not
cross-tolerant to other nonxanthine psychomotor stimu-
lants, most notably p-amphetamine and cocaine, that
produce locomotor stimulation by indirect activation of
DA receptors (Garrett and Holtzman, 1994b; Finn and
Holtzman, 1987; Holtzman, 1991). Moreover, Garrett and
Holtzman (1994b) showed that rats made tolerant to
caffeine are cross-tolerant to the locomotor stimulant
effects of either D; or D, DA receptor agonists when
administered separately, but not when administered con-
currently. If concurrent activation of DA D; and D, DA
receptors precludes cross-tolerance to caffeine, it is possi-
ble that concurrent blockade of DA D; and D, receptor
subtypes does something to prevent blockade of the
development of tolerance to caffeine. On the other hand,
since HAL does show more selectivity for DA D, recep-
tors over DA D, receptors, one must consider the possi-
bility that HAL is simply not effective enough at
antagonizing DA D, receptors, which seem to play a more
important role in mediating caffeine-induced tolerance as
suggested by the binding results.

Another possibility is that the dose of HAL infused
during chronic caffeine exposure was not high enough to
prevent the development of tolerance to caffeine. In the
present study, HAL was infused over 24 h to achieve a dose
of 0.1 mg/kg/day. Higher doses of HAL were not used in the
chronic experiment because a pilot experiment from our
laboratory showed that infusion of 0.3-mg/kg/day HAL
produced a general disruption in behavior in control rats.
It is noteworthy that studies reporting changes in extracel-
lular DA concentrations following chronic HAL treatment
(Ichikawa and Meltzer, 1990, 1991; Zhang et al., 1989) have
used higher doses than the present study and studies finding
no changes (Hernandez and Hoebel, 1989; Moghaddam and
Bunney, 1993). However, in the present study, higher doses
of HAL could not be infused without producing a general
disruption in behavior. Failure to adequately block DA
receptors in the present study might explain why chronic
HAL did not block caffeine-induced tolerance. Furthermore,
data from other pilot studies in our laboratory indicate that

more selective DA receptor antagonists such as SCH 23390
(D)) and eticlopride (D,) are not stable enough to be
continuously infused. Thus, HAL-induced DA receptor
blockade may not have been adequate to reveal the role of
DA receptors in mediating tolerance to caffeine’s locomotor
stimulant effects.

Interestingly, rats infused with HAL and drinking caf-
feine did not show a complete recovery from tolerance by
the fourth day after removal of the HAL pumps and the
caffeine. This indicates that chronic infusion of HAL
produces long-term effects on the mechanisms mediating
the locomotor response to acute caffeine. However, if this
were the case, one might expect to observe a decreased
response to the caffeine challenge tests in rats infused with
HAL and drinking water. Another possibility is that the
combination of HAL and caffeine produced changes in
these mechanisms that did not completely recover by the
postchronic test day. If recovery from tolerance to caffeine
involves DA D, receptors, any long-term changes in these
receptors due to chronic HAL administration could have
altered the recovery process. Evaluation of changes in DA
receptors in rats infused with HAL and drinking caffeine
should be able to address this possibility.

Other reports have indicated a pharmacologic specific-
ity of cross-tolerance to caffeine-induced locomotor stim-
ulation that is limited to methylxanthines and a few
nonxanthine stimulants, including theophylline and CGS
15943, respectively (Finn and Holtzman, 1987, 1988;
Holtzman, 1991). Similarities in the mechanisms between
these drugs and caffeine include blockade of adenosine
Ay and A, receptors. Although these reports suggest that
the main mechanism(s) underlying caffeine-induced toler-
ance are likely to be found in the adenosine receptor
system, there is little consensus on how adenosine
receptors mediate caffeine-induced tolerance. Ferre et al.
have gathered an impressive amount of evidence indicat-
ing an antagonistic interaction between adenosine and DA
receptors. Specifically, adenosine receptor antagonists
such as caffeine release a GABA- or acetylcholine-medi-
ated inhibition on DA D, and D, receptors in striatopal-
lidal and striatonigral neurons (see Ferre, 1997 for
review). The results of one study showed changes in
DA D,, but not DA D; receptor binding in rat striatum
by in vitro application of an adenosine agonist CGS
21680 (Ferre et al., 1991a). In contrast, the present data
indicate that DA D; receptors are significantly upregu-
lated in prefrontal cortex and downregulated in nucleus
accumbens and striatum, and that D, DA receptors are
not significantly changed in response to chronic in vivo
caffeine exposure. Of course, the method of exposure to
CGS 21680 and caffeine was considerably different
between these two studies and could easily explain the
inconsistent results.

Differential changes in DA neurotransmission between
prefrontal cortex and the mesolimbic regions of the
nucleus accumbens and striatum have been reported pre-
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viously in response to various dopaminergic drugs (Her-
nandez and Hoebel, 1989; Ichikawa and Meltzer, 1991;
Kuroki et al., 1999). Also, acute caffeine administration
inhibits mesolimbic—mesocortical projecting DA neurons,
but has no effect on DA neurons that project to the
striatum (Stoner et al., 1988). Furthermore, the motoric
effects of caffeine are believed to be mediated via adeno-
sine—DA interactions in terminal regions of nigrostriatal
neurons, whereas the cognitive effects of caffeine are
believed to be mediated via adenosine—DA interactions
in brain areas receiving input from mesolimbic—mesocort-
ical DA projecting neurons (see Ferre, 1997 for review).
Therefore, it is possible that the different regional changes
in DA D; receptors following chronic caffeine adminis-
tration in the present study are the result of different effects
of caffeine on DA neurons that project to these regions.
The fact that chronic caffeine administration significantly
alters DA D, receptors in the present study seems con-
sistent with the clear role of DA in mediating the acute
locomotor stimulant effects of caffeine.

It is conceivable that caffeine-induced DA D; receptor
downregulation in the striatum and nucleus accumbens is
the result of the removal of adenosine’s inhibitory effects
on DA D, receptors, thereby producing overstimulation of
these receptors. These data are consistent with some
behavioral reports that tolerance to caffeine confers
cross-tolerance to DA D; or D, agonists alone, but not
to DA D; and D, receptor agonists administered together
or to p-amphetamine and cocaine (Garrett and Holtzman,
1994b; Finn and Holtzman, 1987; Holtzman, 1991).
However, it remains unclear why DA D, receptor agonists
would show cross-tolerance to caffeine if DA D, recep-
tors are not altered in response to chronic caffeine
administration. Evidence for a functional interaction
between DA D; and D, receptors may shed some light
on this. For example, some studies have shown that
selective DA D; receptor antagonists can block the
locomotor stimulant effects of DA D, receptor agonists,
and, conversely, selective DA D, receptor antagonists can
block the locomotor stimulant effects of DA D, receptor
agonists (Barone et al., 1988; Garrett and Holtzman,
1994a; Mailman et al., 1984; Martin-Inverson et al.,
1988). A more recent report failed to show cross-toler-
ance between caffeine and a DA D, agonist, whereas
cross-tolerance was confirmed between caffeine and a DA
D, agonist (Jaszyna et al., 1998). The more recent study
is most consistent with the present findings that DA D,
receptors are not altered in response to chronic caffeine
administration and may explain the lack of cross-tolerance
between caffeine and other psychomotor stimulants such
as cocaine and p-amphetamine. In addition, two recent
reports indicate that the nonselective DA agonists, bro-
mocriptine and pergolide, both block development of
caffeine-induced tolerance on rotational behavior (Casas
et al., 1999; Prat et al., 2000). These reports indicate that
DA D, receptors may, indeed, be the key to changes in

the dopaminergic system in response to chronic caffeine,
and that tolerance to caffeine may be prevented by
blocking caffeine’s interactions with these receptors.

Despite the present evidence that changes in DA D,
receptors underlie the development of tolerance to caf-
feine, at least one other possible explanation remains
unchallenged. Jacobson et al. (1996) proposed an explan-
ation for caffeine-induced tolerance based on the biphasic
acute dose—response curve for caffeine. The low doses of
caffeine are presumed to increase locomotor activity by
antagonizing adenosine receptors, whereas high doses of
caffeine decrease locomotor activity by some other mech-
anism (possibly inhibition of phosphodiesterases). Chronic
caffeine administration may increase the threshold for the
stimulatory action of caffeine by increasing adenosine
receptor function, thereby allowing the depressant effects
of caffeine to override its stimulant effects. This could
also explain why tolerance to the locomotor stimulant
effects of caffeine is insurmountable.

In conclusion, these results provide further evidence that
DA receptor activation is probably the chief mechanism
underlying the acute stimulatory effects of caffeine on
locomotor activity. Even though HAL infusion concurrent
with caffeine administration did not block the development
of tolerance to caffeine-induced behavioral stimulation,
there were clear changes in DA D; receptors in the striatum,
nucleus accumbens and prefrontal cortex in rats treated
chronically with caffeine. Thus, specific changes in DA
D, receptor numbers are possible candidates for the mech-
anism underlying tolerance to the locomotor stimulant
effects of caffeine.
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