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NIKODIJEVIC, O., K. A. JACOBSON AND J. W. DALY. Locomotor activity in mice during chronic treatment with
caffeine and withdrawal. PHARMACOL BIOCHEM BEHAV 44(1) 199-216, 1993. — Chronic ingestion of caffeine by mice
caused a marked reduction in locomotor exploratory activity. At least 4 days of withdrawal were required to restore activity
to normal levels. Stimulatory effects of injected caffeine were lower in chronically treated mice and the biphasic dose-
response (stimulatory followed by depressant) curve for injected caffeine was left shifted. Seven days of withdrawal were
required before the dose-response curve to caffeine was identical to that of control mice. The depressant effects of a potent
xanthine phosphodiesterase inhibitor, 1,3-dipropyl-7-methylxanthine, were blunted in caffeine-treated mice. The depressant
effects of A;- and A,-selective adenosine analogs were enhanced after chronic caffeine. There was little or no effect of chronic
caffeine on the stimulatory effects of dopaminergic agents (amphetamine, caffeine), while both depressant and stimulatory
effects of cholinergic agents (nicotine, oxotremorine, scopolamine) were reduced. The results indicate that chronic caffeine
affects functions of adenosine and cholinergic receptors related to regulation of locomotor exploratory activity.
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THE behavioral stimulant activity of caffeine is widely recog-
nized, but the underlying mechanism of action remains poorly
defined. At present, it is in general accepted that caffeine, at
least in part, owes its behavioral stimulant activity to blockade
of adenosine receptors (2). Caffeine and other stimulant xan-
thines block adenosine receptors and reverse the depressant
effects of adenosine analogs (4,19,27,29,39,42). Adenosine
analogs appear capable of eliciting behavioral depression
through activation of either A; or A, adenosine receptors
(37,38). Indeed, chronic ingestion of caffeine results in an
upregulation in levels of adenosine receptors (7,16,20,21,35).
Remarkably, caffeine and other xanthines are more potent in
reversing the depressant effects of adenosine analogs in vivo
than in causing behavioral stimulation of locomotor explor-
atory activity when administered alone (27). Further, caffeine
can become a behavioral depressant at higher doses. It has
been suggested that the behavioral depressant effects of caf-
feine and other xanthines are due to inhibition of a cyclic
adenosine monophosphate (cAMP) phosphodiesterase (9). Fi-
nally, the well-known ability of caffeine to mobilize intracellu-
lar calcium {cf. (5,44) and ref. therein], leading perhaps to
enhanced release of neurotransmitters, cannot be completely

ignored in seeking the mechanisms underlying the central ac-
tions of caffeine.

Chronic effects of caffeine, leading to tolerance, are well
known in man and rodents (1,10,22-24,32). The mechanism(s)
underlying such tolerance, as well as the withdrawal syn-
drome, are not well understood. The increase of levels of
adenosine receptors after chronic caffeine (7,16,20,21,35) sug-
gests upregulation of adenosine receptor-mediated functions
as a basis for caffeine tolerance. A number of points argue
against such a simple explanation: First, in rats the tolerance
to caffeine can appear insurmountable (16); second, there are
no clear precedents for loss of antagonist potency after
chronic administration of a competitive receptor antagonist.
Thus, tolerance suggests that caffeine may be enhancing activ-
ity in certain central pathways through blockade of adenosine
receptors normally inhibitory to neurotransmitter release and
that such an enhanced activity may result in the downregula-
tion of the neurotransmitter receptors subserving such path-
ways, resulting in an “insurmountable” tolerance to caffeine.
Caffeine does appear to have effects on function of dopamin-
ergic (10,15,18,43) and cholinergic systems (12,36) in rodents.
The present study focused on the effects of chronic ingestion

! Requests for reprints should be addressed to Dr. John W. Daly, Building 8, Room 1A-17, NIH, Bethesda, MD 20892,

199



200

of caffeine and then withdrawal on locomotor exploratory
activity in mice and on the effects of caffeine, adenosine ana-
logs, and dopaminergic and cholinergic agents on locomotor
activity in control and chronically caffeine-treated animals.
Chronic caffeine enhanced behavioral responses to adenosine
analogs, reduced behavioral responses to cholinergic agents,
and had little effect on behavioral responses to dopaminergic
agents.

METHOD

Animals

Adult, male mice of the NIH Swiss strain, weighing 25-30
g, were used. Mice were 5 weeks old when received. Mice were
kept for 5-7 days at NIH before the start of any experiment.
The groups of 12-15 mice per cage were housed and kept on a
12 dim lighting:12 dark cycle in the animal holding room.
Mice were given free access to standard food pellets and water.
In chronic caffeine-treated groups, a caffeine solution (1 g/1
water) was provided instead of drinking water during the time
prescribed by the experiment. Before testing, mice were habit-
uated for 24 h in the laboratory monitoring room on a 12 dim
lighting:12 dark cycle. Each mouse was used only once in the
activity monitor except for the chronic caffeine time curve
experiments, where the same animals were monitored for the
locomotor activity on successive days. Each experimental
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group of caffeine-treated mice had a control group of water-
treated mice. The liquid intake in both groups were compara-
ble: 27.1 + 1.7 ml/day/10 animals (n = 8) for controls and
26.7 + 1.1 ml/day/10 animals (n = 8) for caffeine treatment
over the first 7 days of treatment. This corresponds to about
100 mg/kg/day caffeine. Caffeine-treated animals appeared
normal and healthy. Weights were 24.4 + 1.3 (n = 14) and
25.1 + 1.3 (n = 10) for caffeine-treated and control mice
after 7 days of treatment.

Drugs

Compounds were obtained from the following sources:
caffeine (free base, Matheson, Coleman and Bell, Cincinnati,
OH); N°-cyclohexyladenosine (CHA), N-ethylcarboxamido-
adenosine (NECA), ( ~)nicotine tartrate, mecamylamine HCl,
3-isobutyl-1-methylxanthine (IBMX), and oxotremorine ses-
quifumarate (Research Biochemicals, Inc., Natick, MA);
(- )scopolamine HCI (Sigma Chemical Co., St. Louis, MO);
(—)amphetamine sulfate (Smith, Kline and French Labs, Phil-
adelphia, PA); cocaine HC! (Nederlandsche Cocainefabriek,
The Netherlands). APEC and 1,3-dipropyl-7-methylxanthine
was synthesized as described (14,25).

Drug Administration

Drugs were dissolved in a 1:4 v/v mixture of Emulphor
EL-620 (Rhone-Poulenc Chemicals Corp., Wayne, NJ) and
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FIG. 1. Effects of chronic caffeine ingestion on locomotor activity in mice. (O), control;
(®), chronic caffeine. Locomotor activity was determined at 2, 6, 12, 24 h and 2-18 days
after initiation of chronic caffeine ingestion. Four separate groups of mice were used for the
first 24 h, while only one group was monitored consecutively on each of the following days.
Control groups were monitored at the same time of day and at the same number of hours or
days of the experiment with chronic caffeine. Values are means + SEM (n = 6-15).
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FIG. 2. Locomotor activity in mice after chronic ingestion of caffeine followed by withdrawal.
Effects of 1-10 days of withdrawal on locomotor activity of mice that had chronically ingested
caffeine for 7 days. Each day represents a separate group of mice and each had a control group
monitored at the same time of day and same number of experimental days. Values are means
+ SEM (n = 6-24 for chronic caffeine and n = 49 for controls).

phosphate-buffered saline. The same mixture was used as a
vehicle for the injection in control animals. All drugs were
administered intraperitoneally in a volume of 5 ml/kg body
weight. Immediately after injection, the mouse was placed in
the middie of the activity monitor cage (see below).

Behavioral Evaluation

Effects of chronic caffeine treatment and withdrawal either
alone or in combination with injected drugs on locomotor
exploratory activity were investigated as follows: Individual
mice were placed in a Digiscan Activity Monitor (Omnitech
Electronics Inc., Columbus, OH) connected with a Digiscan
Analyzer and an IBM-compatible computer. The activity
monitor cages (40 X 40 x 30.5 cm) were surrounded by hori-
zontal and vertical sensors not detectable by mice. Data collec-
tion was begun 10 min after the mouse was placed in the
middle of the open-field activity monitor except for experi-
ments with 1,3-dipropyl-7-methylxanthine and IBMX, where
data collection was begun after 5 min.

Multivariant locomotor data were collected over a specified
period of time. Two nonequivalent parameters were analyzed,
namely, horizontal activity, which represents the total number
of beam interruptions in the horizontal direction, and total
distance traveled, which represents the distance in centimeters
traveled by the mouse, in a particular period of time. There
was a high degree of correlation between horizontal activity
and total distance traveled; therefore, only the data for total

distance are presented. The testing of mice was performed
individually in a sound- and light-controlled area between
7:00 a.m. and 1:00 p.m. Data collected over three consecutive
intervals of 10 min were analyzed for the overall 30-min period
and are presented as mean + SEM. The number of mice for
each experimental point varied from 6-49. Statistical analysis
was performed by Student’s ¢-test.

The details of caffeine treatment and withdrawal periods
are provided in the legends to each figure. All groups of caf-
feine-treated mice had a corresponding control group from
the same shipment of mice and were tested at the same time
of day and the same experimental day as caffeine-treated
mice. In experiments involving IP injections, all mice were
used in only one such experiment and controls consisted of
injection with vehicle.

RESULTS

Locomotor Activity During Chronic Cqaffeine Treatment of
Mice and Withdrawal

The locomotor activity of mice measured for a 30-min test
period between 7:00 a.m. and 1:00 p.m. during 18 days of
caffeine treatment (1 g/1 drinking water) is presented in Fig.
1. There was an increase in total distance traveled during the
first 12 h of caffeine ingestion. At 2 h, there was a 44%
increase, at 6 h a 26% increase, and at 12 h a 50% increase.
By 24 h, locomotor activity had returned to control levels.
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Ingestion

FIG. 3. Effects of caffeine injections on locomotor activity of mice after chronic caffeine
ingestion. Locomotor activity was determined after IP injection of vehicle (hatched bars) or 20
mg/kg caffeine (solid bars) IP in control mice and in mice after chronic ingestion of caffeine
for 4, 7, and 14 days followed by 2 h of withdrawal. Each day represents a separate group of
mice with an appropriate control group. Values are means + SEM (n = 6-39).

Thereafter, there was a gradual decrease in locomotor activity
during days 2-4, followed by an increase of locomotor activity
during days 5-6, and then stabilization at levels significantly
below the controls activity from days 7-18 (p < 0.02-0.001).

Two days of withdrawal after 5, 14, 21, and 29 days of
chronic caffeine treatment had no significant effect on loco-
motor activity compared to mice with no withdrawal. This is
based upon a comparison of activity in mice with no with-
drawal (see Fig. 1) vs. activity in mice after 2 days of with-
drawal (see Fig. 4 below). After 7 days of chronic caffeine
treatment, 4 days of withdrawal was required before locomo-
tor activity approached control levels (Fig. 2). The activity
was now not significantly lower than control levels (p < 0.2).

Effect of Ingestion of Caffeine on Locomotor Activity of
Mice During Chronic Caffeine Treatment and Withdrawal

IP injection of caffeine (20 mg/kg) to mice that had been
chronically treated with caffeine for 4, 7, or 14 days, followed
by a 2-h withdrawal period, caused significantly less stimula-
tion of locomotor activity (p < 0.05-p < 0.001) than in con-
trol mice (Fig. 3). In mice chronically treated with caffeine
for 5-29 days, followed by 2 days of withdrawal, IP injection
of caffeine elicited a stimulation of locomotor activity similar
to that in control mice (Fig. 4). The effects of injected caffeine
on locomotor activity in mice chronically treated with caffeine
for 7 days, followed by 1-7 days of withdrawal, are presented

in Fig. 5. There was significantly less response to injected
caffeine after 7 days of chronic caffeine and no withdrawal,
but after 1-4 days of withdrawal the stimulatory effects of
injected caffeine were similar to those in control mice. After 7
or 10 days of withdrawal, the response to injected caffeine
appeared reduced compared to control.

Dose-response relationships for acute administration of
caffeine to control mice and to mice after chronic caffeine
treatment and during withdrawal are presented in Figs. 6-8.
There was an apparent left shift in the overall dose-response
curves for caffeine both after chronic treatment with caffeine
(Figs. 6A and 6B) and after 2 h of withdrawal (Figs. 7A and
7B). After 2 days of withdrawal, there was a less pronounced
left shift in the dose-response curve (Figs. 8A and 8B). Only
after 7 days of withdrawal was the dose-response curve to
injected caffeine similar to that of controls (Figs. 8C and 8D).

Effects of Xanthine Phosphodiesterase Inhibitors on
Locomotor Activity of Mice

The dose-dependent depressant effects of IBMX and 1,3-
dipropyl-7-methylxanthine on locomotor activity in mice are
shown in Fig. 9. Chronic caffeine treatment appeared to sig-
nificantly reduce the depressant effects of 1,3-dipropyl-7-
methylxanthine, in particular at a low dose of 1 mg/kg (p <
0.05). 1,3-Dipropyl-7-methylxanthine, a homolog of caffeine,
was more potent than IBMX.
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FIG. 5. Effects of caffeine injections on locomotor activity in mice during withdrawal from
chronic caffeine. Locomotor activity was determined afer IP injection of vehicle (open bars) or
either 10 mg/kg caffeine (hatched bars) or 20 mg/kg caffeine (solid bars) to control mice and to
mice after chronic ingestion of caffeine for 7 days followed by 0-10 days of withdrawal. Each day
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FIG. 4. Effects of caffeine injections on locomotor activity of mice after chronic caffeine
ingestion followed by withdrawal. Locomotor activity was determined after IP injection of
vehicle (hatched bars) or 20 mg/kg caffeine (increase over vehicle indicated by open bars) to
control mice or chronic caffeine-treated mice. Chronic ingestion of caffeine was for 5, 14, 21,
and 29 days, followed by 2 days of withdrawal. Bars corresponding to chronic caffeine-treated
mice are indicated by a star on the x-axis. Each day represents a separate group of mice.
Values are means + SEM. (n = 6-17).
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represents a separate group of mice with an appropriate control group. Values are means + SEM.

(n = 4-49).
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FIG. 6. Dose-response curve for effects of caffeine injections on locomotor activity of mice
after chronic caffeine ingestion for 4 days. Locomotor activity was determined after intraperi-
toneal injection of various doses of caffeine to control mice and mice after chronic ingestion
of caffeine for 4 days with no withdrawal. Each point represents a separate group of mice
with an appropriate control group. (A) Total distance traveled. (B) Percent of locomotor
activity relative to mice injected with vehicle. Each point represents a separate group of
mice with an appropriate control group. Values are means + SEM (n = 6-39). An EDy; for
stimulation of locomotor activity in control mice can be estimated at about 20 mg/kg, while
an EDy, for chronic caffeine-treated mice can be estimated at about 2 mg/kg.



CHRONIC CAFFEINE AND LOCOMOTOR ACTIVITY

7000
T
E 6000 A
(-]
(]
= 5000 -
£
L
° 4000 -
2
(4
>
g
= 3000 - })\
[ ] i
(2]
c
s 2000 -
2
o
] 1000 -
o
[ E
e I ————rrry v —r
0 10 100
Caffeine Dose (mg/kg, IP)
100
so4 B
_ e
82 '
25 40 1
2o 4
[
85 20 4
§ & 1 A
59 07
E’ﬁ -20 1
] 1
v -40 -
-601
.80 j',L S ———
0 10 100

Caffeine Dose (mg/kg, IP)

FIG. 7. Dose-response curve for effects of caffeine injections on locomotor activity of mice
after chronic caffeine ingestion for 7 days. Locomotor activity was determined as described in
the legend to Fig. 6 in control mice and in mice after ingestion of caffeine for 7 days. (A)
Total distance traveled. (B) Percent of locomotor activity relative to mice injected with vehicle.
Values are means + SEM (n = 6-25).
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FIG. 8. Dose-response curve for effects of caffeine injections on locomotor activity of mice
after chronic caffeine ingestion and withdrawal. Locomotor activity was determined as de-
scribed in the legend to Fig. 6 in control mice and in mice after injestion of caffeine for 7 days
followed by either (A, B) 2 days of withdrawal (C, D) 7 days of withdrawal. (A, C) Total
distance traveled. (B, D) Percent of locomotor activity relative to mice injected with vehicle.
Values are means + SEM (n = 6-25). (continued)
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Effect of Adenosine Analogs on Locomotor Activity Before
and After Chronic Treatment of Mice With Caffeine

The A,-selective adenosine analog N°-cyclohexyladenosine
elicited a greater percentage reduction in locomotor activity in
mice chronically treated with caffeine for 7 days as compared
to control mice (Fig. 10). For example, a dose of 30 ug/kg
NS-cyclohexyladenosine caused a 22% depression in control
mice (p < 0.05) and a 44% depression in mice chronically
treated with caffeine (p < 0.001). However, the potency of
N*-cyclohexyladenosine was not markedly altered. After 2
days of withdrawal from caffeine, N°-cyclohexyladenosine at
60 ug/kg appeared to cause less reduction in locomotor activ-
ity except in mice chronically treated for only 5 days with
caffeine (Fig. 11). For example, in control mice this dose
caused a 33% depression of locomotor activity (p < 0.01),
while in mice treated with caffeine for 29 days followed by 2
days of withdrawal the same dose caused a 16% depression,
not statistically significant.

The A,-selective adenosine analog APEC elicited a greater
reduction of locomotor activity in mice chronically treated
with caffeine, followed by 2 h of withdrawal, as compared to
control mice (Fig. 12). For example, a dose of 3 ug/kg APEC
caused a 30% depression in control mice and a 55% depres-
sion in mice chronically treated with caffeine (p < 0.001).
APEC appeared more potent in caffeine-treated mice. APEC
at 16 pug/kg also caused a greater reduction in focomotor activ-
ity as compared to control mice in mice chronically treated
with caffeine for 14 and 60 days followed by 1 day of with-
drawal (Fig. 13).

The potent but nonselective adenosine analog NECA elic-
ited a greater reduction of locomotor activity in mice chroni-
cally treated with caffeine for 7 days (Fig. 14). This was most
evident at a dose of 1 ug/kg, where NECA caused a 27%
reduction in control mice (p < 0.05) and a 64% reduction in
caffeine-treated mice (p < 0.001).

Effect of Amphetamine and Cocaine, Agents Affecting
Central Dopaminergic Function, on Locomotor Activity
Before and After Chronic Treatment of Mice with Caffeine

Both amphetamine and cocaine had similar stimulatory ef-
fects on locomotor activity in caffeine-treated and control
mice (Figs. 15 and 16). At low doses, the effects of amphet-
amine were somewhat reduced and the effects of cocaine
somewhat enhanced in mice chronically treated with caffeine.
Amphetamine at 0.1 mg/kg caused a 45% stimulation in con-
trol mice (p < 0.001) and an insignificant 8% stimulation in
mice chronically treated with caffeine. Cocaine at 3.0 mg/kg
caused an insignificant 18% stimulation in control mice and
a 66% stimulation in mice chronically treated with caffeine
(p < 0.001).

Effects of Nicotine, Oxotremorine, and Scopolamine,
Agents Affecting Central Cholinergic Function, on
Locomotor Activity Before and After Chronic Treatment of
Mice With Caffeine

The nicotinic agonist nicotine at 1 mg/kg caused a marked
reduction in locomotor activity in control mice (p < 0.01)
but not in mice chronically treated with caffeine (Fig. 17).
Similarly, the muscarinic agonist oxotremorine at 0.02 mg/kg
caused a marked reduction in locomotor activity only in con-
trol mice (Fig. 17). Scopolamine, a nonselective muscarinic
antagonist, had a stimulatory effect on locomotor activity at
1 mg/kg in both control and chronically caffeine-treated mice
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(Fig. 17). But, there was a clear decrease in potency of scopol-
amine in chronically treated mice (Fig. 18). The EC,, of sco-
polamine as a stimulant was estimated as 0.19 mg/kg in con-
trol mice and 0.35 mg/kg in mice chronically treated with
caffeine.

DISCUSSION

Tolerance to the behavioral stimulant effects of caffeine
after chronic ingestion of caffeine is a well-known phenome-
non in rats (10,22-24,32,40). In most such studies, there have
not been significant changes in basal locomotor activity in
chronically caffeine-treated animals prior to challenge by
acute administration of caffeine. In contrast, in the present
study chronic ingestion of caffeine was found to cause a sig-
nificant reduction in locomotor activity in NIH Swiss strain
male mice (Fig. 1). The depression became maximal during
the first 5 days of caffeine ingestion (48% reduction at 4 days),
then partially reversed, but never recovered to control levels
during the period from 6-18 days (30% reduction at 10 days).
It is unknown whether this significant and reproducible de-
pression is entirely a species- or strain-specific phenomenon
or whether it also is linked to caffeine dosage levels or assay
paradigms. The depression was relatively long lasting during
withdrawal, suggesting that long-lasting changes in central
function had occurred rather than a simple drug-related ef-
fect, which should reverse rapidly through clearance of caf-
feine. Indeed, about 4 days were required before locomotor
activity approached control levels (Fig. 2). Such a depression
complicates assessment of the degree of tolerance to caffeine
(see below) but does provide an opportunity to assess possible
central functions or pathways involved in such a depression.
Agents affecting adenosine-, dopamine- and acetylcholine-
dependent functions and/or pathways have been probed be-
cause there is evidence that caffeine does affect such pathways
(see below).

Chronically caffeine-treated mice did exhibit a lower loco-
motor activity compared to controls when injected with caf-
feine (Fig. 3). However, in terms of percent stimulation of
basal activity there was no tolerance (Figs. 6B and 7B). In-
deed, the most remarkable effect was the pronounced left shift
in the caffeine dose-response curves, that is, caffeine-treated
animals were more, not less, sensitive to the stimulatory ef-
fects of caffeine. The second (depressant) phase of the dose-
response curve to caffeine also seemed to begin at somewhat
lower doses in caffeine-treated mice.

Unlike the 4 days required for recovery from the chronic
effects of caffeine on basal locomotor activity (Fig. 2), rein-
statement of a normal response to injected caffeine appeared
nearly complete after 2 days (Fig. 8A). However, comparison
of the percentage response suggests that recovery is not fully
complete after 2 days of withdrawal (Fig. 8B) but is complete
only after 7 days of withdrawal (Fig. 8D).

The left shift in the dose-response curves for caffeine after
chronic treatment with caffeine can complicate measurements
of tolerance based upon a single injected dose of caffeine. For
example, in NIH Swiss strain mice tolerance to caffeine might
have been judged to be complete and insurmountable only if
doses of 20 or 30 mg/kg or greater were studied (see Fig. 7).
Interpretation of the marked left shift of the caffeine dose-
response curve suggests that the pathways underlying the stim-
ulatory effects of caffeine are more readily blocked by caf-
feine in chronically treated animals and that rather than be-
coming tolerant mice are now “sensitized.” To probe whether
or not the second depressant phase of the caffeine dose-re-
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sponse curve also might be affected, a xanthine, 1,3-dipropyl-
7-methylxanthine, that has only depressant effects on locomo-
tor activity was studied. It has been proposed that the
depressant effects of this and other depressant xanthines are
due to potent inhibition of a cAMP phosphodiesterase (9).
The depressant effects of IBMX also were determined. There
appeared to be a significant reduction in the depressant activ-
ity of the 1,3-dipropyl-7-methylxanthine in caffeine-treated
mice (Fig. 9), although the initial depression in basal locomo-
tor activity complicates any interpretation. Thus, any conclu-
sions as to altered levels or roles of cAMP phosphodiesterases
after chronic caffeine treatment would be premature. The 1,3-
dipropyl-7-methylxanthine was 10-fold more potent than
IBMX as a behavioral depressant in mice (Fig. 9) but is only
2-fold more potent as an inhibitor of the rat brain cAMP
phosphodiesterase (9). Differing degrees of penetration into
the brain, with IBMX presumably penetrating less well than
the trisubstituted homolog of caffeine 1,3-dipropyl-7-
methylxanthine [cf. (42)], probably are the basis for such a
difference in relative potencies in vitro compared to in vivo.
IBMX is well known as a behavioral depressant in rodents
(9,27,39,42,45). Remarkably, IBMX becomes a behavioral
stimulant when administered with a depressant dose of an
adenosine analog (27,42). IBMX also becomes a stimulant
when administered with a depressant dose of caffeine (39).
Such interactions are not understood and require additional
study. It is of interest that IBMX alone has stimulant proper-
ties in monkeys (11).

The depressant effects of adenosine analogs were enhanced
in mice chronically treated with caffeine. These included an
A-selective agonist, N°-cyclohexyladenosine (Fig. 10), an A,
selective agonist, APEC (Fig. 12), and an A,/A;-nonselective
agonist, NECA (Fig. 14). Such a heightened response to aden-
osine analogs is consonant with the known upregulation of A,
and A, adenosine receptors in the brain of caffeine-treated
rodents (7,13,16,20,21,35) and in the ability of either A, or A,
receptors to subserve behavioral depression in mice (38). In
only one study (24) did chronic treatment of rats with caffeine
not cause an increase in brain A, receptors. The increase in
depressant activity of N°®-cyclohexyladenosine or APEC ap-
peared to be reversed after, respectively, <2 or 1 days of
withdrawal (Figs. 11 and 13). This rapid reversal is in contrast
to a reported sustained elevation of A, receptors in rats for at
least 15 days after caffeine withdrawal (6,47).

Dopaminergic systems have been implicated in the central
actions of caffeine (10,15,26,43) and, therefore, effects of two
agents, amphetamine and cocaine, known to act via dopamine
pathways were investigated in control and caffeine-treated
mice. Amphetamine is a well-known behavioral stimulant act-
ing through direct release of dopamine from central dopamin-
ergic neurons (31). Caffeine can potentiate behavioral stimu-
lant effects of amphetamine (28,41,46) and apomorphine (28),
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a directly acting dopamine agonist. In the present study,
chronic treatment of mice with caffeine had little effect on
the stimulation of locomotor activity elicited by various doses
of amphetamine (Fig. 15A). There was, however, a somewhat
lessened response to a low dose of amphetamine (Fig. 15B).
Cocaine, like amphetamine, causes behavioral stimulation
through interaction with the dopaminergic system. Cocaine
does so by potentiating the effects of endogenous dopamine
through inhibition of reuptake of dopamine (31). Caffeine
can potentiate the behavioral stimulant responses to cocaine
(34). In mice chronically treated with caffeine, there was no
significant increase in the potency of cocaine as a behavioral
stimulant (Fig. 16A) although there was a greater percentage
increase in locomotor activity by cocaine in chronically caf-
feine-treated mice, in particular at low doses of cocaine (Fig.
16B). Further studies are required before any conclusions are
warranted. However, the data with both amphetamine and
cocaine suggest some changes in dopaminergic function in
mice chronically treated with caffeine.

There is limited evidence that cholingeric systems are in-
volved in the action of caffeine (12,36). Nonetheless, adeno-
sine analogs inhibit central release of acetylcholine (8,17,36)
and cholinergic agonists and antagonists have effects on loco-
motor activity (3,18,30,33). Therefore, both nicotinic and
muscarinic agents were investigated in control and caffeine-
treated mice.

In mice chronically treated with caffeine, the depressant
effects of a nicotine agonist, nicotine, at 1 mg/kg and of a
muscarinic agonist, oxotremorine, at 0.02 mg/kg were abol-
ished (Fig. 17). The results suggest that heightened cholinergic
activity in the brain might underlie the behavioral depression
of mice chronically treated with caffeine. If so, then a compet-
itive cholinergic antagonist should be less potent in causing
behavioral stimulation. This prediction was confirmed with
the muscarinic antagonist scopolamine, which although caus-
ing the same maximal stimulation of locomotor activity in
control and caffeine-treated mice (Fig. 17) was significantly
less potent in the latter group (Fig. 18).

The present data suggest that chronic treatment of mice
results in a behavioral depression partially due to an increase
in cholinergic activity in brain. The relationship of the behav-
ioral depression to heightened sensitivity to low doses of caf-
feine and alterations in adenosine receptor functions is un-
clear. The results provide the basis for further delineation of
the mechanism(s) and pathways affected by chronic adminis-
tration of caffeine.
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