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Abstract

We have recently shown a synergistic effect between caffeine and the dopamine D receptor agonist, bromocriptine, on contralateral2

rotational behavior in unilaterally 6-hydroxydopamine-denervated rats. In addition, we found that bromocriptine prevented caffeine-in-
duced tolerance to this behavior following repeated treatment. In the present study, we investigated whether or not the dopamine D1

Ž . Ž . Ž .receptor agonist, " -phenyl-2,3,4,5-tetrahydro- 1H -3-benzazepine-7,8-diol SKF 38393 , presented similar characteristics. Different
Ž . Žgroups of rats received simultaneous injections of either vehicle plus vehicle, caffeine 40 mgrkg plus vehicle, SKF 38393 0.5, 1, 2,

. Ž .and 4 mgrkg plus vehicle, or caffeine plus SKF 38393 0.5, 1, 2, and 4 mgrkg for 5 consecutive days, and both ipsilateral and
contralateral rotational behavior was measured. Results showed that, on the first day of treatment, caffeine produced significantly more

Ž . Ž .rotational behavior than did a low dose of SKF 38393 0.5 mgrkg , and significantly less turning than at higher doses 2 and 4 mgrkg .
Ž .Combined treatment with caffeine and a high dose of SKF 38393 4 mgrkg produced significantly more rotational behavior than did

caffeine plus vehicle. With repeated administration, caffeine produced sustained tolerance to its effects on rotational behavior, whereas
Ž .SKF 38393 did not. In the groups treated with low doses of SKF 38393 0.5, and 1 mgrkg plus caffeine, tolerance was observed while

Ž .in the groups that received high doses of SKF 38393 2 and 4 mgrkg plus caffeine, no tolerance was observed to rotational behavior.
These results suggest that maximal stimulation of dopamine D receptors may be needed to prevent the tolerance effects of caffeine in1

this animal model. This finding may have clinical relevance to the therapeutic treatment of Parkinson’s disease. q 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Methylxanthines such as caffeine, theophylline and
theobromine show psychostimulant properties in both hu-

Žmans and animals see Garrett and Griffiths, 1997 for a
.review . In animals, these properties are evidenced by their

Ž .ability to increase locomotor activity Nehlig et al., 1992 ,
Žto produce reinforcing effects Dworkin et al., 1993; Grif-

.fiths and Mumford, 1995 , and to potentiate the reinforcing
and locomotor stimulant properties of dopamine receptor

Ž .agonists Schenk et al., 1994; Misra et al., 1986 . Several
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mechanisms of action have been proposed to explain the
psychostimulant effects of caffeine and other methylxan-

Ž .thines for a review see Garrett and Griffiths, 1997 . These
Žinclude phosphodiesterase inhibition Fuxe et al., 1978;

. ŽCardinali, 1980 , catecholamine release Berkowitz et al.,
. Ž1970 , direct action on dopamine receptors Ungerstedt et

al., 1981; Casas et al., 1988, 1989a,b; Ferre et al., 1990;´
.Garrett and Holtzman, 1994a, 1995 , intracellular mobi-

2q Ž .lization of Ca Daly, 1993 , direct antagonism on adeno-
Žsine A and A receptors Daly et al., 1981; Snyder et al.,1 2

1981; Fredholm et al., 1983; Nehlig et al., 1992; Fred-
.holm, 1995 , and indirect modulation of dopamine recep-

Žtors through blockade of adenosine receptors Ferre et al.,´
.1991; Fredholm, 1995 .

There is a vast amount of data emphasising the role of
the dopaminergic system in the psychostimulant properties
of methylxanthines. For instance, in humans it has been
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shown that methylxanthines decrease the levels of pro-
Ž .lactin in healthy non-pregnant women Casas et al., 1989a ,

as well as the undesirable extrapyramidal side-effects of
Žneuroleptics in the treatment of schizophrenia Casas et al.,

.1989b . In animals, biochemical studies have shown that
caffeine modifies dopamine release in various brain re-

Žgions Govoni et al., 1984; Morgan and Vestal, 1989;
.Okada et al., 1996 , and paraxanthine, a major metabolite

w3 xof caffeine in humans, displaces the binding of H SCH
Ž Ž .23390 R q -7-chloro-8-hydroxy-3-methyl-1-phenyl-

.2,3,4,5-tetrahydro-1H-3-benzazepine from rat membrane
Ž .slices Ferre et al., 1990 . Behavioral data from animals´

with unilateral nigrostriatal 6-hydroxydopamine lesions
demonstrate that methylxanthines, similarly to direct
dopamine receptor agonists, induce long-lasting contralat-

Žeral rotational behavior Ungerstedt et al., 1981; Herrera-
Marschitz et al., 1988; Casas et al., 1989c,d; Garrett and

.Holtzman, 1995 . Selective dopamine D receptor antago-2

nists block this behavior, while selective dopamine D1
Ž .receptor antagonists do not Garrett and Holtzman, 1995 ,

or only partially block rotational behavior in denervated
Ž .rats Ferre et al., 1992 . These findings argue for a specific´

role for dopamine D receptors in caffeine-induced rota-2

tional behavior.
Caffeine can also produce its acute effects through

adenosine–dopamine receptor interactions. Adenosine A1

and A receptors are co-localized in the striatum with2A
Ždopamine D and D receptors, respectively Schiffmann1 2

.et al., 1991; Fink et al., 1992; Ferre et al., 1996 , where´
Ž .they interact in an opposing manner Ferre et al., 1997 .´

Indeed, functional postsynaptic interactions on striatal ef-
ferent neurons have been evidenced for both adenosine

Ž .A rdopamine D receptors Ferre et al., 1991 , and´2 2
Žadenosine A rdopamine D receptors Abbracchio et al.,1 1

.1987; Ferre et al., 1994 . Hence, caffeine, by blocking´
adenosine receptors in the striatum, is able to increase
dopaminergic function. All these data suggest that meth-
ylxanthines may be effective in the treatment of Parkinson’s
disease. However, one of the limitations for their introduc-
tion in the clinic is the rapid development of tolerance to

Ž .their psychostimulant effects Evans and Griffiths, 1992 .
In rodents, repeated administration of caffeine has been

shown to produce tolerance to its locomotor activating
Ž .effects Finn and Holtzman, 1987 , and to the development

of contralateral rotational behavior in unilateral 6-hydroxy-
Ž .dopamine-denervated rats Watanabe et al., 1982 . The

exact mechanisms through which tolerance to caffeine is
produced, however, have yet to be established. Since the
acute psychostimulant effects of caffeine may be mediated
through adenosinerdopamine receptor interactions, it may
be possible that the tolerance effects of caffeine on con-
tralateral rotational behavior in denervated rats may also
involve adaptive changes in these receptors during re-
peated caffeine administration. Thus, it has been shown
that adenosine receptor supersensitivity may underlie caf-

Žfeine tolerance effects Fredholm, 1982; Hawkins et al.,

.1988; Kaplan et al., 1993 , although other evidence argues
Ž .against this hypothesis Holtzman et al., 1991 . Interest-

ingly, changes in dopamine receptors following chronic
treatment with caffeine have not yet been directly estab-
lished, while behavioral and biochemical data point to the

Ž .involvement of the g-aminobutyric acid GABA neuro-
Žtransmitter system in caffeine tolerance Mukhopadhyay

.and Poddar, 1998 , as well as of the cholinergic system
Ž .Casas et al., 1999a .

We have recently provided evidence showing that toler-
ance to caffeine-induced contralateral rotational behavior
in denervated rats can be prevented by continuous co-ad-
ministration of caffeine with the dopamine D receptor2

Ž .agonist, bromocriptine Casas et al., 1999b . This finding
supports the involvement of dopamine D receptors in the2

development of tolerance to caffeine, and suggests that
caffeine may be very effective in the treatment of Parkin-
son’s disease if it is co-administered with a dopamine D2

receptor agonist. The aim of the present study was to
further investigate the mechanisms by which tolerance to
caffeine occurs after repeated treatment. For that purpose,
we studied whether or not the dopamine D receptor1

Ž . Ž .agonist, " -phenyl-2,3,4,5-tetrahydro- 1 H -3-benzaze-
Ž .pine-7,8-diol SKF 38393 , would prevent the tolerance to

caffeine-induced contralateral rotational behavior in 6-hy-
droxydopamine-denervated rats when administered sub-
chronically.

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats were used in all groups.
Ž .Initially, the rats 150"10 g were housed eight to a cage

Ž .59=38=20 cm , with free access to rat chow and water.
They were kept in a temperature-controlled environment
Ž . Ž .21"18C on a 12-h lightrdark cycle lights on at 8 a.m.
when they were not in experimental sessions. This experi-
ment was carried out in compliance with the European
Communities Council Directive of November 24, 1986
Ž .86r609rEEC for care and use of laboratory animals.

2.2. Surgical procedure

Rats weighing 150"10 g were anaesthetized with a
Ž .sodium pentobarbital solution 40 mgrkg i.p. and placed

in a David Kopf stereotaxic frame with the incisor bar set
Ž .at 2.4 mm Konig and Klippel, 1963 . The animals were¨

injected unilaterally into the left hemisphere with 8 mg of
Ž6-hydroxydopamine HCl calculated as free base, Sigma,

.USA in 4 ml of physiological saline with 0.2% ascorbic
acid using a Hamilton syringe with a conically shaped
needle with maximum diameter 0.4 mm. The rate of
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infusion was 1 mlrmin. The infusions were aimed at the
Žmedial forebrain bundle A: y4.4, L: y1.2, V: y7.8 mm,

.calculated from bregma and dura . This lesion has been
shown to produce extensive unilateral denervation of the

Ždopaminergic nigrostriatal system Ungerstedt, 1971; Her-
.rera-Marschitz and Ungerstedt, 1984 . After surgery, rats

were housed four to a cage for the remainder of the
experiment.

2.3. Animal selection

In order to select the successfully denervated animals,
thirty days post-surgery all rats were challenged with a low

Ž .dose of apomorphine 0.05 mgrkg s.c. four times at a
Ž .1-week interval between treatments Casas et al., 1999c .

Ž .Rats showing fewer than 500 half-turns 1808 in 1 h
during the last two tests with apomorphine were not
included in the study. Several authors have demonstrated
that at least 90% dopamine depletion is needed for this
dose of apomorphine to induce contralateral rotational

Žbehavior Hefti et al., 1980; Ungerstedt and Herrera-
.Marschitz, 1981; Hudson et al., 1993 .

2.4. Drugs

Ž .SKF 38393 HCl RBI, Natick, USA , apomorphine
Ž .HCl, and caffeine anhydrous Sigma, Spain were diluted

in physiological saline. All doses were calculated as free
Ž .base and injected subcutaneously s.c. in a volume of 1

mlrkg of body weight.

2.5. General procedure

Seventy-nine rats were randomly divided into 10 groups
and received the following substances. Group 1: SKF

Ž . Ž .38393 0.5 mgrkg plus vehicle ns7 ; Group 2: SKF
Ž . Ž . Ž .38393 0.5 mgrkg plus caffeine 40 mgrkg ns9 ;

Ž . Ž .Group 3: SKF 38393 1 mgrkg plus vehicle ns8 ;
Ž . Ž .Group 4: SKF 38393 1 mgrkg plus caffeine ns6 ;
Ž . Ž .Group 5: SKF 38393 2 mgrkg plus vehicle ns8 ;
Ž . Ž .Group 6: SKF 38393 2 mgrkg plus caffeine ns8 ;
Ž . Ž .Group 7: SKF 38393 4 mgrkg plus vehicle ns7 ;
Ž . Ž .Group 8: SKF 38393 4 mgrkg plus caffeine ns8 ;

Ž .Group 9: caffeine plus vehicle ns10 ; Group 10: vehicle
Ž .plus vehicle ns8 . Each day, the animals were placed

Žindividually into plastic hemispheric bowls 40 cm in
.diameter , attached to a harness and connected to photo-

electric detectors. Following a 20-min habituation period,
the rats were given simultaneous injections of either SKF
38393 or vehicle plus caffeine or vehicle, and rotational
behavior was measured. Both contralateral and ipsilateral

Ž .half-turns 1808 were recorded for 12 h using a computer-
Ž .ized system Panlab, Spain . Treatments were given once

daily for five consecutive days. Twelve-hour sessions were

carried out in order to ensure that the entire period of
caffeine action was measured.

2.6. Data analysis

Statistical comparisons were made using the SPSSrPC
Ž .q computer program SPSS, USA . Significance of differ-

ences between groups for contralateral and ipsilateral rota-
tional behavior for the 5 days of treatment was evaluated

Ž .using the multivariate analyses of variance MANOVA .
Post-hoc comparisons following significant interactions
were made using the Contrast options of MANOVA in all
cases.

3. Results

3.1. Contralateral rotational behaÕior

Fig. 1 shows the contralateral rotational behavior fol-
Ž .lowing administration of caffeine 40 mgrkg plus vehicle,

Ž .different doses of SKF 38393 0.5, 1, 2 and 4 mgrkg plus
vehicle, caffeine plus different doses of SKF 38393, or
vehicle plus vehicle. Overall statistical analysis for the five
days of treatment revealed a significant main effect of dose

Ž .of SKF 38393: DOSE F 4,69 s65.39, P-0.001, a sig-
Ž .nificant main effect of days of treatment: DAYS F 4,276

s28.84, P-0.001, no significant effect of caffeine treat-
ment, and a significant interaction between these three

Ž .factors: DOSE=CAFFEINE=DAYS F 16,276 s2.63,
P-0.002.

Post-hoc analysis for each day of treatment showed
that, on the first day, caffeine plus vehicle produced
significantly more contralateral rotational behavior than

Ž .did vehicle plus vehicle P-0.003 . SKF 38393 produced
contralateral rotational behavior in a dose-dependent man-

Ž .ner where high doses 1, 2, 4 mgrkg induced signifi-
Ž .cantly more turning than did vehicle–vehicle P-0.003 .

As compared to caffeine plus vehicle, SKF 38393 plus
vehicle produced significantly more rotational behavior at

Ž .the dose of 2 and 4 mgrkg P-0.001 , and less rota-
Ž .tional behavior at the dose of 0.5 mgrkg P-0.001 .

Combination treatment with caffeine plus SKF 38393 pro-
duced significantly more rotational behavior than did caf-
feine plus vehicle only at the dose of 4 mgrkg of SKF

Ž .38393 P-0.001 , but no significant differences were
observed with respect to SKF 38393 plus vehicle, reveal-
ing the lack of synergism between these two substances at
the doses tested under acute conditions.

On the second day of treatment, the group treated with
caffeine plus vehicle produced significantly less rotational

Žbehavior with respect to the first day of treatment P-
.0.009 , revealing the development of behavioral tolerance.

SKF 38393, on the other hand, produced a transitory
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Ž . Ž . ŽFig. 1. Effects of repeated treatment with SKF 38393 0.5, 1, 2 and 4 mgrkg plus vehicle, caffeine 40 mgrkg plus vehicle or SKF 38393 0.5, 1, 2 and
. Ž . Ž) .4 mgrkg plus caffeine 40 mgrkg on contralateral rotational behavior in unilateral 6-hydroxydopamine-denervated rats. The asterisks denote

Ž . Ž . Ž .significant differences P-0.05 from the vehicle plus vehicle-treated controls, and the plus q signs denote significant differences P-0.05 from the
vehicle plus caffeine-treated group.

decrease in rotational behavior as compared to that on the
first day of treatment, but only at the dose of 2 mgrkg
Ž .P-0.007 . However, this level of rotational behavior

was still superior to that observed with vehicle–vehicle
Ž .P-0.006 . SKF 38393 plus vehicle produced signifi-
cantly more turning behavior than did caffeine plus vehicle

Ž . Ž . ŽFig. 2. Effects of repeated treatment with SKF 38393 0.5, 1, 2 and 4 mgrkg plus vehicle, caffeine 40 mgrkg plus vehicle or SKF 38393 0.5, 1, 2 and
. Ž .4 mgrkg plus caffeine 40 mgrkg on ipsilateral rotational behavior in unilateral 6-hydroxydopamine-denervated rats.
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Ž .at all the doses tested P-0.05 . Combined treatment
with caffeine and SKF 38393 produced significantly more
rotational behavior than did caffeine plus vehicle only at

Ž .the dose of 4 mgrkg P-0.001 , and significantly less
rotational behavior than SKF 38393 plus vehicle at the

Ž .doses of 0.5, 1, and 4 mgrkg P-0.05 .
On days three to five, caffeine still produced tolerance

to its effects on rotational behavior. Significantly more
rotational behavior was induced by SKF 38393 plus vehi-

Ž .cle than by vehicle–vehicle P-0.008 , or by caffeine
Ž .plus vehicle P-0.02 at all the doses tested. Lower

Ž .doses of SKF 38393 0.5 and 1 mgrkg in combination
with caffeine produced less rotational behavior than did

Ž .SKF 38393 0.5 and 1 mgrkg plus vehicle, whereas
Ž .higher doses of SKF 38393 2 and 4 mgrkg produced

Žsimilar levels of turning behavior relative to SKF 38393 2
.and 4 mgrkg plus vehicle, and significantly more turning

Ž .than did caffeine plus vehicle P-0.002 .

3.2. Ipsilateral rotational behaÕior

Fig. 2 shows the ipsilateral rotational behavior follow-
Ž .ing administration of caffeine 40 mgrkg plus vehicle,

Ž .different doses of SKF 38393 0.5, 1, 2 and 4 mgrkg plus
vehicle, caffeine plus different doses of SKF 38393, and
vehicle plus vehicle. A very small amount of ipsilateral
rotational behavior was observed in the different groups of
rats. Overall statistical analysis for the 5 days of treatment
revealed a significant main effect of dose of SKF 38393:

Ž .DOSE F 4,69 s6.05, P-0.001. Post-hoc analysis re-
Ž .vealed that low doses of SKF 38393 0.5 and 1 mgrkg

produced less turning behavior than did higher doses of
Ž . Ž .SKF 38393 2 and 4 mgrkg P-0.04 . No significant

main effects for caffeine, days of treatment, nor significant
interactions between factors were found.

4. Discussion

The present results are consistent with previous data
ŽHerrera-Marschitz et al., 1988: Casas et al., 1989c,d;

.Garrett and Holtzman, 1995 showing that a single admin-
istration of caffeine produces more contralateral than ipsi-
lateral rotational behavior in 6-hydroxydopamine dener-
vated rats. Similarly, in the present study we confirmed
previous observations that the dopamine D receptor ago-1

nist, SKF 38393, produces dose-dependent contralateral
Žrotational behavior Paul et al., 1992; Jiang et al., 1993;
.Morelli et al., 1994 , and very little ipsilateral turning.

The results obtained after acute combined treatment
with SKF 38393 and caffeine indicate that these two
substances show some interactive effects since caffeine
potentiates the effects of low doses of SKF 38393, and
high doses of SKF 38393 potentiate the effects of caffeine.
However, no clear synergistic action was observed since

caffeine did not potentiate the effects of high doses of SKF
38393. This lack of synergism was surprising considering
the evidence showing that selective adenosine A and A1 2A

antagonists potentiate the rotational behavior produced by
Ždopamine D receptor agonists in denervated rats Pinna et1

.al., 1996; Popoli et al., 1996 . Thus, our results are in line
with previous conclusions that caffeine-induced rotational
behavior in denervated rats may not be mediated only by

Žblockade of adenosine receptors in the striatum Garrett
.and Holtzman, 1995 . Furthermore, they suggest that, un-

der certain conditions, caffeine-induced turning behavior
may be mediated by other mechanisms of action not
related to postsynaptic adenosine—dopamine receptor in-
teractions. In this regard, there are biochemical data con-
firming this possibility for adenosine A rdopamine D2 2

interactions by showing a lack of synergism between
Žcaffeine and dopamine D receptor agonists Svenningsson2

.et al., 1995; Svenningsson and Fredholm, 1997 .
When caffeine was repeatedly co-administered with

SKF 38393, it appeared to inhibit the rotational behavior
Ž . Žinduced by low doses of " -SKF 38393 0.5 and 1

.mgrkg . These results were confirmed in a separate exper-
iment showing that caffeine also inhibited the rotational

Ž .behavior produced by a low dose 0.4 mgrkg of the
Ž . Žactive enantiomer of q SKF 38393 unpublished obser-

.vations . Taken together, these results suggest strongly that
the caffeine-induced inhibition of the effect of low doses
of SKF 38393 on contralateral rotational behavior in this
animal model is due to a specific interaction between these
two substances.

One possible explanation for this effect is that overstim-
ulation of dopamine D receptors following combined1

treatment with caffeine and SKF 38393 produces rapid
desensitization of these receptors. In line with this idea are
the data showing that repeated treatment with dopamine D1

agonists in this animal model results in receptor desensiti-
zation of D responses, which correspond to changes in1

dopamine D receptor levels in the striatum and substantia1
Ž .nigra pars reticulata Engber et al., 1993 . However, our

results show that this receptor desensitization can be coun-
teracted with repeated co-administration of high doses of
SKF 38393 and caffeine.

The results showing that only high doses of SKF 38393
prevent the observed tolerance to the effects of caffeine on
rotational behavior suggest that maximal stimulation of
dopamine D receptors may be needed for this effect to1

occur in this animal model. The results also imply that
dopamine D receptors may play a role in the behavioral1

tolerance to caffeine-induced effects following repeated
treatment. In this respect, it has been shown that tolerance
to the locomotor stimulant effects of caffeine is mediated

Žby both dopamine D and D receptor sub-types Garrett1 2
.and Holtzman, 1994b . In our study, however, we did not

find a clear dose–response effect of SKF 38393 with
respect to the prevention of tolerance. In addition, since
both caffeine and SKF 38393 were administered systemi-
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cally, we cannot rule out completely the possibility that
metabolic interactions may have contributed to the effects
observed in this study. Therefore, further studies must be
undertaken in order to confirm the participation of the
dopamine D receptor sub-type in caffeine-induced toler-1

ance to rotational behavior in denervated rats.
These results, together with our previous data showing

that the selective dopamine D receptor agonist,2

bromocriptine, prevents tolerance to caffeine-induced rota-
Ž .tional behavior Casas et al., 1999b , are relevant to the

introduction of methylxanthines in the treatment of Parkin-
son’s disease since they suggest that one of the major
limitations for their clinical use namely, tolerance to their
psychostimulant effects, can be counteracted. In general,
our results suggest that this may be achieved preferentially
with dopamine D rather than D receptor agonists. Fi-2 1

nally, our data agree with one clinical study demonstrating
the relative efficacy of theophylline as an adjuvant of

Ž .levodopa in parkinsonian patients Mally and Stone, 1994 .
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