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Responding of squirrel monkeys was maintained under a fixed-
interval schedule of food presentation in one group of subjects
or electric-shock presentation in a second group. Rates of re-
sponding were decreased in a dose-dependent manner by the
(-)-isomer of 6N-[1 -methyl-2-phenylethyl]-adenosine (PIA) under
both schedules. Caffeine shifted the (-)-PIA dose-effect curve to
the right in a dose-dependent manner. Single administrations of
1 5.0 mg/kg of caffeine had (-)-PIA-antagonist effects for up to
48 hr. Caffeine administered alone increased rates of responding
at intermediate doses, and decreased rates at the highest doses.
The increases in response rates produced by intermediate doses
of caffeine were appreciably diminished at 24 hr. Doses of (-)-

PIA that were inactive when administered alone had little effect
on the increases in response rate produced by caffeine. Doses
of (-)-PIA that decreased response rates when administered
alone attenuated the increase in response rates produced by

caffeine. Increases in response rates produced by (+)-amphet-
amine were altered by (-)-PIA similarly to the manner in which
(-)-PIA altered the effects of caffeine. Increases in response
rates produced by caffeine were altered by chlorpromazine sim-
ilarly to the manner in which (-)-PIA altered effects of caffeine.
When caffeine was administered daily, as one 1 5.0-mg/kg injec-
tion after experimental sessions, tolerance developed to the
response rate increaSing effects of caffeine. During the chronic
administration of caffeine, the (-)-PIA dose-effect curve was
shifted to the right to a degree comparable to the degree that
1 5.0 mg/kg of caffeine shifted the (-)-PIA dose-effect curve
when administered acutely. These results suggest that the psy-
chomotor stimulant effects of caffeine do not occur under all
conditions in which caffeine has adenosine-receptor antagonist
actions.

Prominent behavioral effects of caffeine in laboratory ani-

mals include increased locomotor activity (Dews, 1953; Snyder

et at., 1981) and increases in the frequency of occurrence of

learned behaviors (Davis et al., 1973; Skinner and Heron, 1937).
These effects, along with convulsions at high doses, are the
distinguishing features of psychomotor stimulant drugs (Kel-
leher, 1977). Recent studies have suggested that the psycho-

motor stimulant effects of caffeine are due to an antagonism of

the effects of endogenous adenosine at adenosine receptors in

brain (Snyder et at., 1981; Katims et al., 1983). These sugges-

tions have been made inasmuch as the brain concentrations at

which methyixanthines have psychomotor stimulant effects are
similar to those at which the drugs have antagonist actions at

adenosine receptors. Additionally, there is a correlation in
potencies of a variety of methyixanthines for increasing loco-

motor activity and for displacing [3H]cyclohexyladenosine from

A1-adenosine receptors (Snyder et al., 1981; Katims et al., 1983).

Several behavioral studies have confirmed that, as in vitro

(Sattin and Rall, 1970), caffeine can antagonize effects of
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adenosine and its analogs (Coffin and Carney, 1983; Glowa and

Spealman, 1984; Snyder et al., 1981; Sirochman and Carney,

1981). However, if effects of caffeine alone are due to its

antagonist actions at adenosine receptors, then they should be

attenuated when adenosine agonists are administered with

caffeine (Glowa and Spealman, 1984; Goldberg et al., 1985). A

few studies suggest that effects of caffeine are not altered by

adenosine receptor agonists. For example, rats trained in caf-

feine-discrimination procedures to emit one response after ad-

ministration of caffeine and an alternate response after admin-

istration of vehicle, show increased levels of drug-appropriate

responding with increasing caffeine dose. The adenosine analog

(-)-PIA failed to antagonize the discriminative effects of caf-

feine (Holloway et a!., 1985). In another study, alterations in
temporal patterns of responding in rats under fixed-interval

schedules produced by caffeine were not antagonized by (-)-

PIA (Goldberg et at., 1985).

The present study examined further the effects of interac-

tions of caffeine and (-)-PIA on responding maintained under

fixed-interval schedules. Of specific interest was the increase
in response rates under fixed-interval schedules produced by

ABBREVIATiON: PIA, 6N-[1-methyl-2-phenylethylj-adenosine.
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caffeine. Thus, the present study examined the increases in
response rates produced by caffeine when administered alone
and when administered with (-)-PIA. Because when adininis-
tered alone (-)-PIA decreases response rates, the alteration of
the effects of caffeine by (-)-PIA might be due to the addition
of these opposing effects, a physiological antagonism. There-
fore, the present study compared the effects of the interactions
of caffeine and (-)-PIA with the interactions of (+)-ampheta-
mine and (-)-PIA as well as the interactions of chlorpromazine
and caffeine. If the effects of combinations of caffeine and (-)-

PIA were a result of a physiological antagonism, then the three
interactions should not be appreciably different. Finally, stud-
ies were conducted of the effects of caffeine and (-)-PIA in
subjects rendered tolerant to the response-rate increasing ef-
fects of caffeine in order to determine if tolerance also develops
to the adenosine-antagonist effects of caffeine.

Methods

Subjects. Nine adult male squirrel monkeys (Saimiri Sciureus) were

studied. For those studied under schedules of food reinforcement, the
daily food ration (Purina Monkey Chow supplemented with Tekiad
Monkey Diet) was adjusted to maintain their body weights at 80 to

85% ofthose maintained duringunrestricted feeding. Water was always
available in the individual home cages. All monkeys had been studied

previously under experimental procedures similar to those described
below and had received injections of morphine, ethylketazocine and

naloxone no more frequently than once per week. In the initial stages

of the present study, caffeine and (-)-PIA effects were studied once
per week with opioids studied once per week; at least 3 days separated

injections (Katz and Goldberg, 1986). Subjects used for determinations
of effects of each drug alone or drug combinations under schedules of
food or electric-shock presentation are shown in table 1.

Apparatus. During experimental sessions, subjecta were seated and
restrained loosely about the waist in Plexiglas chairs (Barrett, 1985;
Hake and Azrin, 1963) which were placed within ventilated, sound-

attenuating chambers (model AC-3, Industrial Acoustics Co., Bronx,

NY) that were provided with continuous white noise to mask extra-

neous sounds. Mounted on the front panel of each chair was a response

key (model 121-05, BRS/LVE, Laurel, MD) on which a downward
force of at least 20 g produced an audible click and was recorded as a

TABLE I
Subjects studied with each drug and drug combination under the
fixed-interval schedules of food or electric-shock presentation

Drug Treatments Food Presentation Shock Presentation

(-)-PIA alone and S-52, S-266, S-980 8-181 ,S-280, S-580, S-880
wfth caff�ne

Caffeine alone and S-52, S-266, S-980 S-181 ,S-280, S-580, S-880
with (-)-PIA

Caff�ne with daily S-266, S-881 ,S-980 S-181 ,S-580, S-880
caffeine

(-)-PIA with daily S-266, 8-881 ,S-980 8-181 , S-580, S-880
caffeine

(-)-PIA with daily S-266, S-881 , S-980 S-181 , S-880
caffeine and
omissions

(-)-PIA with caf- S-52, S-881 S-i 81 , S-280, S-880

feine, 24 to 72 hr
-

(+)-Amphetamine S-52, S-54, S-881 S-i 81 ,S-280, S-880

sione and wfth
(-)-PIA

Caffeinewithchlor- S-52,S-54,S-881 S-181,S-280,S-880
promaz�e

a Caffeine with (-)-PIA doses: 0.04: 5-52, 8-266, S-980, S-181 .S-580, 5-880;
0.39: 5-52, 5-266, 5-980, 5-181, 5-280. 5-880; and 1.16: 5-52, 5-266, 5-980, 5-
181,5-880.

response. Mounted behind the clear front panel of the chair where
three pairs of stimulus lamps (7 w, 120 V a.c.) which were colored

differently and could be illuminated individually. A food-pellet dis-
penser (model D-1, Ralph Gerbrands Co. Arlington, MA) could deliver
190-mg food pellets (banana flavored, BioServ Inc., Frenchtown, NJ)
to a tray accessible through an opening in the front panel of the chair.
Below the seat of the chair was a stock which restrained the tail of the
monkey for presentation of electric shock (200-msec pulse, 5 mA, 650
V a.c., 60 Hz). Shock was delivered through a brass electrode which
rested on a shaved portion of the tail. Relatively low resistance contact
was ensured by coating the tail with electrode paste (EKG So!, Burton,
Parsons and Co., Washington, DC) and by delivering the shock through
a high in-series resistance.

Behavioral procedures. Key-press responding was maintained

under fixed-interval schedules of either food presentation or electric-

shock presentation during experimental sessions that were conducted
daily, 5 days/week. For monkeys responding under the schedule of food
presentation, the green stimulus lamps were illuminated and the first
response after the lapse of 180 sec produced a food pellet accompanied
by the extinguishing of the green lamps and a 200-msec flash of white
stimulus lamps. A 60-sec timeout period followed each food presenta-
tion during which all stimulus lamps were out and responding had no
scheduled consequences. Sessions ended after the 10th timeout period.

For monkeys responding under the schedule of electric-shock presen-
tation, the red stimulus lamps were illiniinated and the first response

after 180 sec produced electric shock accompanied by the extinguishing
of the red lamps and a 200-msec flash of white stimulus lamps. Each
shock was followed by a 1-mm timeout and sessions ended after the
10th timeout period.

Subjects studied under the schedule of electric-shock presentation
were trained initially to respond under schedules of shock postpone-
ment; when responding was well maintained (when few electric shocks
were presented) the schedule was changed to one in which responses
postponed shock and, in addition, the first response after 180 sec
produced shock. Subsequently, the shock postponement schedule was
removed and the sole consequence of responding was electric-shock

presentation. Several sessions later the timeout was added. This pro-
cedure follows that described by McKearney (1968).

Drugs and injection procedures. The base form of (-)-PIA
(Boehringer Mannheim Corp., New York, NY) was dissolved in 0.1 N
HC1 and diluted with saline (0.9% NaC1) to achieve the appropriate
concentration. The (-)-isomer of PIA shows the rectus absolute con-

figuration. Caffeine sodium benzoate (Sigma Chemical Co., St. Louis,
MO), (+)-amphetamine sulfate (Arenol) and chlorpromazine hydro-
chloride (Sigma) were dissolved in saline. Doses were injected i.m. (calf
or thigh) in a volume of 1.0 mi/kg b.wt. or less. Control injections were
similar volumes of saline. Drugs were injected i.m. (calf or thigh) 5 mm
before experimental sessions. When two drugs were administered, each
was injected in a different leg. All doses are expressed as mmuigr�s of
the base per kilogram of the body weight of the subject.

Effects of drugs administered before experimental sessions were,
throughout the study, assessed no more frequently than twice per week,
typically Tuesdays and Fridays. Either a noninjection- or vehicle-
control session, with characteristic rates and temporal patterns of
responding, preceded each session in which drug effects were assessed.
Vehicle-control sessions were conducted each Thursday and data from

these sessions served as the control reference. Doses of each drug or
drug combination were studied in a mixed sequence with a complete
dose-effect curve determined before another drug or drug combination
was studied. Doses of each drug or drug combination were studied once

or twice in each subject.
In some studies of effects of the two drugs in combination, caffeine

was administered 24, 48, or 72 hr before (-)-PIA. In these studies
experimental procedures were conducted as usual during the interim
between doses of caffeine and (-)-PIA.

In studies of chronic caffeine administration, doses of caffeine were
administered 7 days/week; on days on which experimental sessions
were conducted, caffeine was administered 2 to 3 hr after experimental
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sessions. For three monkeys (S-52, S-266 and S-980) studied under the
schedule of food presentation, the dose was initially 28.0 mg/kg. After

3 clays at th�� close one montcey (�-� I�aA stopped responding anJ was

losing weight. The dose was lowered to 15.0 mg/kg on the 4th day,
however, S-52 did not regain weight or resume responding within 2
days. Therefore, caffeine administration was stopped for 5-52 and S-
881 was used instead. The replacement subject, and all subjects studied
under the schedule of shock presentation, were given 15.0 mg/kg of
caffeine from the start of chronic administration. When effects of (-)-

Pbt or caffeine on responding were studied during the chronic caffeine
regimen, doses of either drug were administered i.m. 5 mm before
experimental sessions. When effects of caffeine doses lower than 15.0
mg/kg were administered before sessions, the remainder of the daily
caffeine dose was administered after the sessions.

In some studies of effects of (-)-PIA during the chronic caffeine
regimen, the usual dose ofcaffeine was omitted on 1 or 2 days preceding

experimental sessions in which effects of (-)-PIA were assessed. Cal-
feine administration was resumed in the afternoon of the day in which
(-)-PLA effects were assessed. Single-day omissions of caffeine were
studied no more frequently than twice per week. Two-day caffeine
omissions were studied no more frequently than once per week.

Measurement of effects. Overall rates of responding were com-
puted each session by dividing total responses by elapsed time for
individual subjects. Effects of drugs in individual subjects were consid-
ered significant when overall rate of responding after drug differed

from the average control response rate of that subject by at least ± 2
S.D.s. Response rates at each drug or drug combination are shown in
the figures as the mean of percentages of vehicle-control sessions for
all subjecta, and are referred to in the text as average response rates.

For comparisons of some dose-effect curves, analysis of variance and
linear regression techniques (Snedecor and Cochran, 1967) were used
to determine EDse values (the dose causing a decrease in response rates
to 50% of the control) and the 95% CL.

Results

Control performances. Under the fixed-interval schedules
of food or electric-shock presentation, performances were sim-
liar to those observed previously (Ferster and Skinner, 1957;
McKearney, 1968). At the start of the interval there was a
pause followed by increasing response rates up to food or shock
presentation (figs. 1 and 2; Control). Generally, pauses were
shorter and response rates higher under the schedule of electric-
shock presentation.

Effects of caffeine alone and in combination with (-)-

PIA. Caffeine when administered alone increased average rates

of responding under the fixed-interval schedules (fig. 3, filled
symbols). Significant increases in response rates occurred in
all subjects at doses of 1.5 and 5.0 mg/kg under the schedules
of food and shock presentation, respectively. A dose of 28.0

mg/kg decreased response rates significantly in all subjects
under the schedule of food presentation. A dose of 50.0 mg/kg
decreased response rates significantly in two of four subjects
under the schedule of shock presentation.

Under the schedule of food presentation, a low dose of (-)-

PIA (0.04 mg/kg) that by itself did not alter response rates
significantly in any subjects, slightly attenuated the increases
in average response rates produced by caffeine (fig. 3, left panel;
compare #{149}with is). Significant increases were obtained in only

one of the three subjects studied with a combination of 0.04
mg/kg of (-)-PIA and 1.5 mg/kg of caffeine. In combination

with doses of (-)-PIA (0.39 and 1.16 mg/kg) that decreased
response rates when administered alone, caffeine did not in-
crease average rates of food-maintained responding. Only one

of three subjects showed a significant increase at 0.39 mg/kg of

20 MINUTES

Fig. 1. Representative performances ofsquirrel monkey S-980 under the
fixed-interval 3-mm schedule of food presentation. Abscissae: time;
ordinates: cumulative responses. Slash marks represent presentations
of food. The cumulative curve resets to base at the beginning of each
fixed interval. Note that the decreases in response rates produced by
0.39 mg/kg of (-)-PIA were antagonized by 5.0 mg/kg of caffeine. Note
also that the temporal patterns of responding after the combination of
drugs are not appreciably different from those obtained after vehicle
injections.

(-)-PIA and 1.5 mg/kg of caffeine. All of the subjects showed
significant decreases in response rates after combinations of
1.16 mg/kg of (-)-PIA and 1.5 mg/kg of caffeine. Caffeine at
low to intermediate doses attenuated the decreases in average
response rates produced by (-)-PIA in a dose-related manner
(fig. 3; () and 0). Decreases in average response rates produced
by the highest dose of caffeine were not affected systematically

by the different (-)-PIA doses that were coadministered.
Under the schedule of shock presentation, a low dose of (-)-

PIA (0.04 mg/kg) that by itself did not alter response rates
significantly in any subjects, did not attenuate the increases in
average rates of responding produced by caffeine (fig. 3; right

panel; compare S with Es). Significant increases were obtained
in all subjects at 5.0 mg/kg of caffeine, the dose that produced
significant rate increases in all subjects when administered
alone. The 0.39-mg/kg dose of (-)-PIA, dose that decreased
average response rates when administered alone, also was gen-
erally ineffective in eliminating the increases in average rates
of shock-maintained responding produced by caffeine (fig. 3;
right panel; compare S and <>). At this dose combination,
significant increases in response rates were obtained in all

subjects at the 15.0-mg/kg dose of caffeine. Decreases in aver-
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Fig. 2. Representative performances of squirrel monkey S-181 under the
fixed-interval 3-mm schedule of electric-shock presentation. Abscissae:
time; ordinates: cumulative responses. Slash marks represent presen-
tations of shock. The cumulative curve resets to base at the beginning
of each fixed interval. Note that the decreases in response rates pro-
duced by 0.39 mg/kg of (-)-PIA were antagonized by 5.0 mg/kg of
caffeine. Note also that the increases in rates of responding after the
combination of drugs were not appredat�y different from those Obtained
after injection of 5.0 mg/kg of caffeine alone.

age response rates produced by the highest dose of caffeine
were either not affected systematically or decreased further by
the coadministration of (-)-PIA.

Figure 2 shows decreases in rates of shock-maintained re-
sponding produced by 0.39 mg/kg of (-)-PIA, effects of 5.0 mg/
kg of caffeine and the effects of the combination of those doses.
The increases in rates of responding produced by caffeine were
not appreciably altered by the coadministration of (-)-PIA.
Furthermore, the disruption in the temporal patterns of re-
sponding obtained with caffeine alone were also obtained when
the two drugs were given in combination. Compared to control
performances, after both caffeine alone and combinations of

caffeine and (-)-PIA, responding was initiated earlier in the

CAFFEINE DOSE (mg/kg)

Fig. 3. Effects of caffeine alone and in combination with (-)-PIA on
average rates of responding in squirrel monkeys under the fixed-interval
3-mm schedules of food or electric-shock presentation. Ordinates: aver-
age response rate expressed as a percentage of control (C) response
rates; abscissae: dose of caffeine in milligrams per kilogram, log scale.
Vertical bars above C show ± 1 S.D. of C values. S, effects of caffeine
administered alone. The unconnected open points above (-)-PIA show
effects of doses of (-)-PIA administered alone; open connected points
show effects of caffeine given in combination with corresponding doses

of(-)-PIA. Note that caffeine increased response rates and that the rate-
increasing effects of caffeine were only attenuated by doses (-)-PIA that,
when given alone, decreased response rates.

interval. Decreases in response rates produced by 50.0 mg/kg

of caffeine were either not affected or greater when (-)-PLA
was also administered.

The duration of effects of caffeine on overall rates of respond-
ing under the schedule of shock presentation are shown in
figure 4. When administered 5 min before the session, caffeine
increased response rates significantly in all subjects at 5.0 mg/
kg and in two of three subjects at 15.0 mg/kg. When caffeine
was administered 24 and 48 hr before the session, the increases

in average response rates were not as great (fig. 4, 0 and <>)
and were only significant in one subject at 15.0 mg/kg).

Effects of (-)-PIA alone and in combination with cal-

feine. Average rates of responding were decreased in a dose-

related manner by (-)-PIA (fig. 5; filled symbols). A dose of
0.39 mg/kg decreased response rates significantly under the

schedules of food or shock presentation in all subjects. Under

the schedule of food presentation, a dose of 5.0 mg/kg of
caffeine shifted the (-)-PIA dose about one-half log U to the
right (fig. 5, left panel). The ED�o value for (-)-PIA alone was
0.41 mg/kg (95% CL: 0.35-0.48 mg/kg); with 5.0 mg/kg of
caffeine the ED�,o value for (-)-PIA was 1.21 mg/kg (95% CL:
0.77-1.90 mg/kg). Figure 1 shows decreases in rates of food-
maintained responding produced by 0.39 mg/kg of (-)-PIA,
effects of 5.0 mg/kg of caffeine and the effects of the combi-

nation of those doses. The decreases in rates of responding
produced by (-)-PIA were restored to near control levels by
coadministration of caffeine. A higher dose of caffeine (15.0
mg/kg) also shifted the (-)-PIA dose-effect curve to the right

(fig. 5; left panel). This dose of caffeine decreased response
rates when administered alone. The ED� values for the parallel
portion of this curve was 1.71 mg/kg (95% CL: 0.71-4.12).

Under the schedule of shock presentation, a dose of 0.5 mg/
kg of caffeine shifted the (-)-PIA dose-effect curve less than
one-half log U to the right (fig. 5; right panel). The ED�,o values
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PIA with 15.0 mg/kg of caffeine was 6.30 mg/kg (95% CL:

3.07-12.94 mg/kg).

Under either condition, 15.0 mg/kg of caffeine antagon�zeci

the decreases in average response rates produced by 1.16 mgI
kg of (-)-PIA maximally when the two drugs were given in
combination 5 mm before the session and to a lesser extent
when caffeine was given at increasing lengths of time before
(-)-PIA (fig. 6). Significant decreases in all subjects under both
conditions were obtained at 1.16 mg/kg of (-)-PIA given alone.
When both (-)-PIA and caffeine were administered under the
schedule of food presentation, significant decreases in all sub-
jects were observed only when caffeine was given 48 hr before
(-)-PIA. Under the schedule of shock presentation, significant
decreases with combinations of 1.16 mg/kg of (-)-PIA and 15.0
mg/kg of caffeine were only obtained in one subject when
caffeine was given 72 hr before the (-)-PIA.

Effects of (-)-PIA in combination with (+)-ampheta-
mine. Under the schedule of food presentation, (+)-ampheta-
mine increased average response rates at an intermediate dose
(0.04 mg/kg); higher doses decreased average response rates

(fig. 7; left panel; S) Increases in response rates were signifi-
cant in all subjects at 0.04 mg/kg. A low, ineffective dose (0.04
mg/kg) of(-)-PIA attenuated the increases in average response
rates (fig. 7: left panel; compare #{149}and ti); increases in response
rates at 0.04 mg/kg of (+)-amphetamine with (-)-PIA were

only significant in one of the three subjects. Significant in-
creases in response rates were not obtained in any subjects at
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Fig. 4. Effects of caffeine on average rates of responding in squirrel
monkeys under the fixed-interval 3-mm schedule of electric-shock pres-
entation shown at different times after administration. Ordinates: average
response rate expressed as a percentage of control (C) response rates;
abscissae: dose of caffeine in milligrams per kilogram, log scale. The
vertical bar above C shows ± 1 S.D. of C values. #{149},effects of caffeine
administered 5 mm before sessions; 0, effects of caffeine given 24 hr
before the session; G, effects of caffeine given 48 hr before sessions.
Note that the increase in response rates produced by caffeine were
attenuated by 24 hr after injection and were eliminated 48 hr after
in�ction.

I i#{212}#{246}iPRESENTATION I SHOCK PRESENTATION

I5.0
0

(-)-PIA DOSE (mg/kg)

Fig. 5. Effects of (-)-PIA alone and in combination with caffeine (CAF)

on average rates of responding in squirrel monkeys under the fixed-
interval 3-mm schedules of food or electric-shock presentation. Ordi-
nates: average response rates expressed as a percentage of control (C)
response rates; abscissae: dose of (-)-PIA in milligrams per kilogram,
log scale. Vertical bars above C show ± 1 S.D. of C values. #{149},effects
of (-)-PIA administered alone. The unconnected open points above CAF
show effects of doses of CAF administered alone; open connected points
show effects of (-)-PIA given in combination with corresponding doses
of CAF. Note that CAF shifted the (-)-PIA dose effect curve to the right
of a degree that depended on the dose of CAF.

for (-)-PLA alone (0.41 mg/kg; 95% CL: 0.17-0.98 mg/kg) and
with 0.5 mg/kg of caffeine (0.73 mg/kg 95% CL: 0.39-1.38 mg/
kg) were not significantly different. A higher dose of caffeine
(15.0 mg/kg), which increased response rates when adminis-

tered alone, shifted the (-)-PIA dose-effect curve to the right
by about one log U (fig. 5; right panel). The ED� value for (-)-

TTr� � 1 TY{ I I 1

C�0 24 48 C�0 24 48 72
a. 9-

CAFFEINE PRETREATMENT TIME(HRS)
Fig. 6. Effects of caffeine on the decreases in response rates produced
by 1 .1 6 mg/kg of (-)-PIA as a fUnCtion of the time since caffeine
administration. Ordinates: average response rates expressed as a per-
centage of control (C) response rates: abscissae: caffeine pretreatment
time in hours. Vertical bars above C show ± 1 S.D. of C values. The
unconnected circle shows effects of (-)-PIA given alone, 5 mm before
the session. The connected points show effects of 15.0 mg/kg of caffeine
given at the respective number of hours before a session that followed
by 5 mm a (-)-PIA injection. Note that the antagonist effect of caffeine
was greatest when given at the same time as (-)-PIA under the schedule
of food presentation and diminished as a function of time since the
injection. Under the schedule ofshock presentation, caffeine antagonized
completely the effects of (-)-PIA for up to 48 hr after its injection.
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d-AMPHETAMINE DOSE(mg/kg)
Fig. 7. Effects of (+)-amphetamine alone and In com�nation with (-)-

PIA on average rates of responding in squirrel monkeys under the fixed-
interval 3-mn schedules of food or electric-shock presentation. Ordi-
nates: average response rates expressed as a percentage of control (C)
response rates; abscissae: dose of (+)-amphetamine in milligrams per
Idlogram, log scale. Vertical bars above C show ± 1 S.D. of C values.
., effects of (+)-amphetamine administered alone. The unconnected
open points above(-)-PIA show effects of doses of(-)-PIA administered
alone; open connected points show effects of (-)-P1A given in combine-
tiol) with corresponding doses of (+)-amphetamine. Note that the in-
creases in response rates produced by (+)-amphetamine were most
attenuated by doses of (-)-PIA that decreased response rates when
adm�ed aione.

any doses of (+)-amphetamine given in combination with
higher doses of(-)-PIA (0.39 and 1.16 mg/kg) that, when given
alone, decreased response rates (fig. 7; left panel; C> and 0).

Average rates of responding under the schedule of shock
presentation were increased by an intermediate dose of (+)-

amphetamine (0.07 mg/kg) and the increase was greater than
that under the schedule of food presentation. Higher doses
decreased average response rates (fig. 7; right panel; #{149}).In-
creases in response rates were significant in all subjects at 0.07
mg/kg. Low doses of (-)-PIA, that alone either did not affect
or decreased average response rates (0.04 and 0.12 mg/kg,
respectively), attenuated the rate-increasing effects of (+)-

amphetamine (fig. 7; right panel; compare circles and triangles
or diamonds). Increases in response rates were significant in
two of three subjects at 0.07 mg/kg of (+)-amphetamine with
0.04 mg/kg of (-)-PIA, and in only one subject at the higher
doses of (-)-PIA. Decreases in average response rates at high
doses of (+)-amphetamine were enhanced slightly by the coad-
ministration of (-)-PIA. At low to intermediate doses of (+)-

amphetamine, the decreases in average response rates produced
by (-)-PIA were reversed in a dose-dependent manner by (+)-

amphetamine.
Effects of chiorpromazine in combination with cal-

feine. Increases in average rates of food-maintained respond-
ing produced by caffeine were attenuated by chlorpromazine
administration (fig. 8; left panel). For example, 1.5 mg/kg of
caffeine administered alone increased response rates signifi-
cantly in two of three monkeys but did not increase response

1�Ti I I 11
C �0.5 1.5 5.0 28.0

e5 15.0
CAFFEINE DOSE (mg/kg)

Fig. 8. Effects of caffeine alone and in combination with chiorpromazine
(CPZ) on average rates of responding in squirrel monkeys under the
fixed-interval 3-mm schedules of food or electric-shock presentation.
Ordinates: average response rate expressed as a percentage of control
(C)response rates; abscissae: dose ofcaffeine in milligrams per kilogram,
log scale. Vertical bars above C show ± 1 S.D. of C values. S, effects
of caffeine administered alone. The unconnected open points above CPZ
show effects of doses of CPZ administered alone; open connected points
show effects of caffeine given in combination with corresponding doses
of CPZ. Note that caffeine increased response rates and that the rate-
increasing effects of caffeine under the schedule of food presentation
were attenuated by doses of CPZ that, when given alone, were inactive
or decreased response rates. Lh’ider the schedule of electric-shock
presentation, increases in response rates produced by caffeine were
most attenuated by doses of CPZ that, when given alone, decreased
response rates.

rates significantly in any monkeys when administered in com-
bination with any dose of chiorpromazine. Chlorpromazine was

less effective in attenuating the increases in average response
rates produced by caffeine under the schedule of shock pres-
entation. Doses of 0.01 and 0.03 mg/kg only slightly attenuated

the increases in average response rates produced by caffeine
(fig. 8; right panel; compare � and 0 to #{149}).Caffeine adminis-

tered alone at doses of 5.0 or 15.0 mg/kg, increased response
rates significantly in three or two ofthree subjects, respectively.
When administered with 0.01 mg/kg of chlorpromazine, signif-
icant increases in response rates were also obtained at those
doses in those subjects. At a chlorpromazine dose of 0.03 mg/
kg, significant increases in response rates were again obtained
at those doses in the same number of subjects. At a chlorpro-
mazine dose of 0.03 mg/kg, significant increases in response
rates were obtained in all subjects at 5.0 mg/kg of caffeine and
in one subject at 15.0 mg/kg. The increases in response rates
produced by caffeine were eliminated by 0.1 mg/kg of chiorpro-
marine, a dose that decreased response rates when administered
alone (fig. 8; right panel; squares).

Effects ofchronic caffeine administration. Daily admin-
istration of caffeine after experimental sessions generally did
not alter the control response rates (table 2). Effects of caffeine
on average response rates given before sessions during the
repeated administration of caffeine are shown in figure 9. In
contrast to effects obtained before chronic administration, un-
der either the schedule of food or electric-shock presentation,
low to intermediate doses (0.5 to 5.0 mg/kg) did not increase
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Fig. 9. Effects of caffeine before and during the daily administra-
tions of caffeine on average rates of responding in squirrel mon-
keys under the fixed-interval 3-mm schedules of food or electric-
shock presentation. Ordinates: average response rate expressed
as a percentage of control (C) response rates; abscissae: dose of
caffeine in milligrams per kilogram, log scale. Vertical bars above
C show ± 1 S.D. of C values. #{149},effects of caffeine administered
before the daily administrations of caffeine; effects of caffeine
given during the daily administrations of caffeine. Note that caf-
feine increased response rates before it was administered daily,
and that the rate-increasing effects of caffeine were not observed
when the drug was administered daily.
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CAFFEINE DOSE (mg/kg)

TA�LE 2

Average of control r.spon.. rats. (±1 S.D.) during th#{149}

dstsrminations of dose-effect curves bofors and during chronic
caffeine administration

8.� B�ore � Ca�

5-181 Shock 0.76
(0.14)

0.63
(0.10)

5-280 Shock 1.31
(0.22)

5-580 Shock 1.06
(0.09)

1.10
(0.12)

5-880 Shock 1.48
(0.26)

1.49
(0.22)

5-52 Food 0.37
(0.05)

5-54 Food 0.29
(0.05)

5-266 Food 0.27
(0.03)

0.26
(0.03)

5-881 Food 0.66
(0.09)

0.44
(0.06)

5-980 Food 0.54
(0.07)

0.45
(0.08)

average response rates. Higher doses generally decreased re-
sponse rates; under the schedule of shock presentation, the

highest dose decreased average rates to a greater extent than
before chronic caffeine administration (fig. 9; open symbols).
A significant increase in response rates was obtained in only
one subject at only one dose (1.5 mg/kg) during chronic caffeine
administration.

During the chronic administration of caffeine, (-)-PIA de-
creased average rates of responding maintained by either food
or electric-shock presentation (fig. 10, 0). The decreases in
response rates required higher doses than were necessary to
decrease response rates before chronic caffeine administration;
dose-effect curves for (-)-PIA were shifted to the right by 0.5
to 1 log Unit. (#{149},fig. 10, show effects of (-)-PIA before chronic
caffeine.) Furthermore, the ED� values were increased signifi-
cantly from 0.41 mg/kg under either schedule to 1.98 or 3.17
mg/kg under the schedules of food or shock presentation,
respectively (table 3). The degree of shift in the (-)-PLA dose-
effect curve approximated the degree to which 15.0 mg/kg of

caffeine shifted the (-)-PIA dose-effect curve before chronic
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#{231}�frrnc�4rnin�s�ation, �O, fig. 10, show effects of 15.0

ofcaffeine in combination with (-)-PIA before chronic caffeine

administration). In combination with 15.0 mg/kg of caffeine

before chronic administration, the ED� values for (-)-PIA
were 1.71 mg/kg (95% CL: 0.71-4.12 mg/kg) and 6.30 mg/kg

(95% CL: 3.07-12.94 mg/kg) under the food and shock sched-

ules, respectively, and not significantly different from those

obtained during the chronic administration of caffeine (table

3).

During the chronic caffeine regimen, a 1- or 2-day omission

of caffeine had no appreciable effects on response rates on the

following days (data not shown). Administration of (-)-PIA
before sessions after caffeine omissions decreased response
rates at doses that were comparable to those that decreased
rates when caffeine injections were not omitted. For example,

under the schedule of food presentation the ED� value for (-)-

PIA was 1.98 mg/kg when daily caffeine was not omitted and

1.27 and 1.45 mg/kg when caffeine injections were omitted for

1 or 2 days, respectively. Similar results were obtained under

the schedule of electric-shock presentation (see table 3).

Discussion

In the present study caffeine increased rates of responding
maintained in squirrel monkeys under fixed-interval schedules

of either food or electric-shock presentation. Caffeine also

antagonized the effects of the relatively selective A1-adenosine

receptor agonist, (-)-PIA. A number of reports have suggested
that the psychomotor-stimulant effects of methyixanthines
such as caffeine are due to their adenosine antagonist actions.
For example, the relative potencies of methyixanthines for

producing increases in locomotor activity were reported to be
well correlated with the relative potencies of the drugs for
displacement of [3H]cyclohexyladenosine from A1-adenosine
receptors (Snyder et at., 1981). Furthermore, several others

have reported that the behavioral effects of adenosine analogs,
like in vitro effects (Sattin and Rall, 1970), can be antagonized
by methyixanthines (e.g. Sirochman and Carney, 1981; Coffin

et al., 1984; Glowa and Spealman, 1984; Goldberg et at., 1985,

1986; Logan and Carney, 1984).

As noted previously, if the psychomotor stimulant effects of
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Fig. 10. Effects of (-)-PIA before and during the daily administrations of
caffeine on average rates of responding in squirrel monkeys under the
fixed-interval 3-mm schedules of food or electric-shock presentation.
OrdW�ates: average response rate expressed as a percentage of control
(C)response rates; abscissae: dose of(-)-PIA in milligrams per kilogram,
log scale. Vertical bars above C show ± 1 S.D. of C values. #{149},effects
of (-)-PIA admk�stered before the daily administrations of caffeine; 0,
effects of (-)-PIA given during the daily administrations of caffeine. 0,
effects of combinations of 30.0 mg/kg of caffeine with (-)-PIA before
daily administration of caffeine. Note that during daily adn*ustration of
caffeine the (-)-PIA dose-effect curve was shifted to the right by about
1 log U and that the shift was comparable to the shift produced by
combinations of (-)-PIA and caffeine before the daily administration of
caffeWie.

TABLE 3
ED,, valuss (with 95% CL) for decreases in response rates
produced by (-+PIA before and during the chronic administration
of 15.0 mg/kg of caffeine

The effects of(-)-PIA were determ�ed before and during chror�c adm�strabon of
caffeine after a day with a routine caffeine �jecbon (Od) �d after one-day (id) �
two-day(2d) omissions of caffeine.

Event Before Diiing Qironk� Caffeine
Miit�iingBehsvi� ctwonk:C&Ieine � id

Food 0.41 1.98 1.27 1.45
(0.35-0.48) (1 .30-3.00) (0.82-i .96) (0.43-4.95)

Shock 0.41 3.17 2.40 2.24
(0.17-0.98) (1 .33-7.55) (0.68-8.40) (0.05-96.27)

. Unear negness�n was not eignthcant.

methylxanthines are due to antagonist actions at adenosine
receptors, then the stimulant effects should be diminished when
an adenosine-receptor agonist is also administered (Glowa and
Spealman, 1984; Goldberg et al., 1985). In the present study
the increases in response rates under fixed-interval schedules
produced by caffeine were attenuated by the coadministration
of selected doses of (-)-PIA. However, effects of caffeine were
generally only diminished at doses of (-)-PIA that decreased
overall response rates when administered alone. Furthermore,
under the schedule of electric-shock presentation increases in
response rates produced by some combinations of caffeine and
(-)-PIA were as large as those observed after administration
of caffeine alone, even with doses of (-)-PIA that decreased

response rates when administered alone. Similar results were
obtained previously under fixed-interval schedules of food pres-
entation or termination of a stimulus and accompanying elec-

tric-shocks in squirrel monkeys (Glowa and Spealman, 1984)

and under fixed-interval schedules of food presentation in rats
(Goldberg et at., 1985). However, under one procedure increases
in rates of schedule-controlled responding produced by caffeine
were attenuated by coadministration of doses of (-)-PIA that
were inactive when administered alone (Glowa and Spealman,
1984). Under that procedure, responding was maintained by
termination of a stimulus accompanied by intermittent electric
shocks and punished by occasional response-produced electric
shocks. With the above punishment procedure as an exception,
increases in rates of responding produced by caffeine generally
are only attenuated, if at all, by doses of (-)-PIA that by
themselves decrease response rates.

Studies of methylxanthine effects other than increases in
rates of behavior generally have not found the effects to be
antagonized by adenosine analogs. For example, the decreases
in rates of schedule-controlled responding produced by caffeine
in the present study, and in others (e.g. Glowa and Spealman,
1984; Glowa et at., 1985, Goldberg et at., 1985), were not
attenuated by coadministration of (-)-PIA. Additionally, the

convulsant effects of the methylxanthine, theophylline, were

not antagonized by (-)-PIA (Dunwiddie and Worth, 1982). In
subjects trained with caffeine as a discriminative stimulus, (-)-

PLA did not antagonize the discriminative effects of caffeine
(Holloway et al., 1985). In contrast, in rats trained with (-)-

PIA as a discriminative stimulus, caffeine did antagonize the

effects of (-)-PIA (Spencer and Lal, 1983). These results as
well as the present findings confirm that caffeine can function
as an antagonist of the behavioral effects of adenosine-receptor
agonists, but provide little evidence for adenosine antagonism
as a mechanism for a variety of behavioral effects of caffeine.

Data on the time course ofthe psychomotor stimulant effects
of caffeine and the adenosine antagonist effects also suggest
that the two actions are independent. The psychomotor stim-
ulant effects were most pronounced on the session that followed
their administration immediately. In contrast, the antagonist
effects of caffeine were relatively long acting. Adenosine antag-
onist actions were observed up to 48 hr after caffeine adminis-
tration. Slow elimination of caffeine in squirrel monkeys has
been observed previously (Burg, 1975). Although the present
data are suggestive of the independence of the two effects of
caffeine, it is possible that tachyphylaxis developed to the
psychomotor stimulant effects of caffeine that were due to an
adenosine receptor antagonist action.

With the daily administration of caffeine, tolerance devel-

o_ to the increases in rates of operant responding produced
by caffeine. Previous studies have shown tolerance to the
increases in locomotor activity produced by caffeine (Holtzman,
1983: Ahlijanian and Takemori, 1986). Chronic administration
of caffeine has also been shown to produce changes in number,
but not affinity, of adenosine receptors (e.g., Fredhoim, 1982;
Ahlijanian and Takemori, 1986). Accordingly, there have also

been reports of supersensitivity to actions of adenosine analogs
after chronic caffeine administration. For example, Ahlijanian
and Takemori (1986) found an increase in potency of (-)-PIA
as a depressant of locomotor activity. Others have found an
increase in potency of adenosine for producing hypotension
(von Borstel et al., 1983). In contrast, the present study showed
(-)-PIA dose-effect curves shifted to the right by chronic
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caffeine administration. Inasmuch as the antagonist effects of
caffeine were apparent for relatively long duration, washout

periods of 24 and 48 hr were given before tests of (-)-PIA
effects. Even with washout periods of 48 hr there was no
indication of sensitivity to the effects of (-)-PIA on response
rates in the present study.

One result of the study of daily caffeine administration was

an indication that tolerance did not develop to the adenosine-
antagonist actions of caffeine. The shifts to the right in the
(-)-PIA dose-effect curves during the daily caffeine adminis-
tration approximated those obtained with acute caffeine and
(-)-PIA combination. Independence of the psychomotor-stim-
ulant effects and adenosine antagonist actions of caffeine are
supported further by the findings of tolerance to the increases
in operant responding without appreciable changes in the an-

tagonism of (-)-PIA during daily caffeine administration.
When two drugs given alone have opposing behavioral ef-

fects, the effects of the two drugs combined may be the result
of physiological antagonism. Because in the present study
antagonism of the effects of caffeine generally did not occur at
any doses of (-)-PIA that were inactive alone, the attenuation
of effects of caffeine only at active doses of (-)-PIA may be
due to the opposing effects of the two drugs. Therefore, the
present study examined the similarity of the interactions of
caffeine with (-)-PIA and caffeine with chiorpromazine, an-
other behaviorally active drug producing decreases in response
rates. As was found with (-)-PLA, the increases in response
rates produced by caffeine were attenuated by coadministration
of chiorpromazine at doses of chlorpromazine that alone de-
creased response rates. Furthermore, if the rate decreasing
effects of (-)-PLA account for its effectiveness in attenuating
the effects of caffeine, then (-)-PIA should attenuate the
increases in response rate produced by other psychomotor
stimulants similarly to the manner in which it attenuated the
effects of caffeine. Increases in response rates produced by (+)-

amphetamine were attenuated by doses of (-)-PIA that had
response-rate decreasing effects of their own. In general, the
shapes of the dose-effect curves for combinations of caffeine
and (-)-PIA were not appreciably different from the dose-
effect curves for combinations of caffeine with chlorpromazine
or for combinations of (+)-amphetamine with (-)-PIA. These
data suggest that instances of antagonism of the behavioral
effects of caffeine by (-)-PIA are due to a physiological antag-
onism and that although caffeine may be an effective antagonist
of the effects of adenosine-receptor agonists, the psychomotor

stimulant effects of caffeine may not be due to antagonist

actions at adenosine receptors.
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