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LAU, C. E., F. MA AND J. L. FALK. Oral and IP csffeine pharmacokinetics under a chronic food-limitation condi- 
tion. PHABMACOL BIOCHEM BEHAV 50(2) 245-252. W&-For food-limited rats. serum caffeine was urooortional 
to IP caffeine doses (10-40 mg/kg) for C_ and .&a under the curve [AUC(,,,,] , whereas the three dimethylxanihinh (DMX) 
metabolites of caffeine were disproportional over the dose range. Steady-state concentrations of caffeine and the three 
metabolites were evident at the 1 lth day of chronic, daily caffeine IP 20 mg/kg doses. Both caffeine and the three metabolites 
were dose proportional for C, and AUc&, ,,) by schedule-induced oral caffeine self-administration within the dose range 
taken (9-38 mg/kg). These results contrast with the nonlinear kinetics of caffeine reported for rats under ad lib conditions. 
Elimination rate constants (Q remained the same for the two routes, but apparent volume of distribution (AV,,) and 
clearance (Cl) were different. The order of the Kd values was caffeine > paraxanthine > theophylline > theobromine. The 
effects of linear vs. nonlinear caffeine pharmacokinetics may have distinct implications for the resulting pharmacodynamics. 

Caffeine pharmacokinetics Food deprivation Oral drug Schedule-induced polydipsia Dimethylxanthines 

CAFFEINE (1,3,7_trimethylxanthine) is the psychoactive Oral self-administration is the most common route by 
agent most widely self-administered by humans (17). It has which humans receive caffeine. The consumption pattern of 
pharmacologic effects as a central nervous stimulant, cardio- caffeine-containing beverages and foods may occur at one 
tonic, and diuretic (32,34). Caffeine is biotransformed to di- sitting or be spread throughout the day to yield approximately 
methylxanthines (DMXs), theobromine, paraxanthine, theo- equal intakes (36). Different consumption patterns may result 
phylline, and other metabolites through several enzymatic in different serum methylxanthine profiles. These different 
pathways. However, the P-450 cytochrome oxygenases play profiles are considered in the present study because they may 
a major role in the primary metabolism of caffeine (1,30). account for differences in long-term effects, such as the rate 
Dose-dependent or nonlinear kinetics have been reported in of development of tolerance (29). Caffeine absorption from 
rats (1,23,25) and humans (11,39), which suggests a saturation the gastrointestinal tract is rapid and complete (7). For oral 
of metabolic transformations. Caffeine also exhibits dose- and intravenous doses, plasma concentration curves were su- 
independent or linear kinetics at normal human intake levels perimposable after an initial absorption phase, which suggests 
(7,33). In animals, to study the effects of caffeine on behavior, that there is no important hepatic first-pass effect in humans 
a food-deprivation regimen is often used to implement a food- (3, 5) or animals (1). A schedule-induced drinking procedure 
reinforced behavioral baseline. In humans, food deprivation (13) was used that permitted oral-self administration of caf- 
or restriction can occur for cosmetic, health, or economic feine solutions to evaluate the pharmacokinetics of caffeine 
reasons. To best of our knowledge, almost all pharmacoki- after daily, 3-h sessions of caffeine drinking, and the results 
netic studies of caffeine have used free-feeding animals. Food were compared with those from the IP route. These two routes 
restriction for 28 days in male rats enhanced hexobarbital differ in the rate of exposure to the drug. Also, for the IP 
metabolism by increasing the hepatic microsomal metabo- route the drug is imposed by the experimenter, whereas with 
lizing enzymes (35). One of the aims of the present study schedule induction the drug is self-administered. Inasmuch 
was to investigate both acute and chronic caffeine pharmaco- as the three DMX metabolites of caffeine possess intrinsic 
kinetics by the IP route in food-limited rats, which were held pharmacologic activity (19,37,38) and contribute to the phar- 
to 80% of their free-feeding, adult weights by limiting food macodynamic effects of caffeine, their profiles were studied 
rations. concurrently. 

’ To whom requests for reprints should be addressed. 
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METHODS 

Dw 

Caffeine was purchased from Sigma Chemical Co. (St. 
Louis, MO). For the IP route experiments, caffeine was dis- 
solved in sodium benzoate (37.5 mg/ml) solution and adminis- 
tered in an injection volume of 1 ml/kg body wt. Doses were 
calculated as the base. 

Reagents, Serum Sampling, and High Performance Liquid 
Chromatography 

Theobromine, paraxanthine, and theophylline were pur- 
chased from Sigma Chemical Co. Other reagents were ob- 
tained from standard commercial sources. The serum sam- 
pling procedure and a sensitive serum microsample (lo-50 ~1) 
high performance liquid chromatography method used for the 
determination of caffeine and its metabolites have been de- 
scribed previously (26-28). Briefly, 50 ~1 of caffeine and the 
three DMX metabolite working standards or serum sample 
and 25 ~1 of internal standard, /3-hydroxyethyltheophylline (2 
pg/ml), were mixed with 1 M borate buffer pH 9.0 (100 ~1) in 
a 15ml conical centrifuge tube. Then, 1 ml of chloroform : 
ethanol (82.5 : 17.5) was added, and the result was mixed and 
centrifuged. The organic layer was evaporated to dryness and 
resuspended in 50 ~1 of mobile phase for separation on an 
Altex (San Ramon, CA) Ultrasphere Cl8 column (5-pm parti- 
cle size, 150 x 2.0 mm i.d). Absorbance at 270 nm was moni- 
tored on a Perkin-Elmer (Norwalk, CT) integrator LCI-100. 
The mobile phase was methanol-l% acetic acid-28 mM so- 
dium acetate buffer containing 1.4 mM tetrabutylammonium 
phosphate adjusted to pH 2.15 with 40% phosphoric acid 
(12 : 52 : 36, vol./vol./vol.). The flow rate was set at 0.3 ml/ 
min and operated at a pressure of 103 bar (1500 p.s.i.). 

Animals 

Eight adult male, albino rats of the Holtzman strain (Madi- 
son, WI) with a mean initial body weight of 385 g (range 
383-391) were housed individually in stainless-steel cages in a 
temperature-regulated room with a 12-h light-dark cycle 
(lights on at 0700-1900 h). 

Caffeine Oral Self-Administration by a Schedule-Induction 
Method 

Animals were given a daily 3-h experimental session in indi- 
vidual Plexiglas chambers (30 x 26 x 23 cm) as described 
previously (15). Each chamber was equipped with a stainless- 
steel food pellet receptacle and a drinking fluid reservoir that 
consisted of a stainless-steel ball-bearing spout attached to a 
Nalgene graduated cylinder. Fluid intakes were recorded to 
the nearest milliliter. Animals were weighed at the same time 
each day, a fluid cylinder was attached to the chamber, and 
for the next 3 h a 45-mg food pellet (Bio Serv, Frenchtown, 
NJ) was delivered automatically into each food receptacle ev- 
ery 60 s (an FT I-min schedule). Under this sort of food- 
delivery schedule, polydipsia occurs during each session (14). 
In the present experiment, the food-delivery schedule induced 
the oral self-administration of high volumes of caffeine solu- 
tions during each daily 3-h session. 

Procedure 

After establishing ad lib weights, animals were reduced to 
80% body wt. by limiting daily food rations, and held at these 
weights for the duration of the experiment. These experiments 

were executed in accordance with the Guide for the Care and 
Use of Laboratory Animals (NIH Publication No. 85-23, re- 
vised 1985). After weights were stabilized for 4 weeks, four 
animals received three acute IP caffeine doses in an ascending 
order: 10, 20, and 40 mg/kg. At least 4 days separated injec- 
tions. Blood samples (100 ~1) were collected at 0.33, 2, 3, 4, 8, 
11, 24, and 31 h. Ten days after the last acute caffeine dose, 
daily 20 mg/kg caffeine IP doses were administered to animals 
for 21 days. Blood samples were taken on the 11th and 21st 
day at the same time intervals as in the acute phase, except 
samples at 3 1 h were not taken for the 1 lth day. 

The second group of animals (n = 4) was used to study the 
serum caffeine concentration profiles under the schedule- 
induced oral self-administration procedure. Animals were 
given daily 3-h drinking sessions as described earlier. Initially, 
the session fluid available was distilled water (10 days), and 
then the self-administered dose of caffeine was sequentially 
increased by altering the drinking-solution solutes after several 
sessions at each level. Hourly intakes were recorded for each 
session, blood samples (100 ~1) were drawn immediately after 
selected sessions (i.e., after 3 h of drinking a caffeine solu- 
tion), and again at hours 4, 5,6,7, 11, 15, 19, and 24 after the 
start of the drinking session. Blood samples also were ob- 
tained at 1 and 2 h during a session, providing caffeine intakes 
remained as usual for the Znd-h point (i.e., not disrupted by 
the sampling procedure); otherwise, samples at some time 
points were obtained during sessions on different days. The 
number of sessions for which a particular caffeine solution 
was offered, and the blood sampling sessions, were: 0.05 mg/ 
ml caffeine (8 days, sampled on 6th day), 0.1 mg/ml caffeine 
(8 days, sampled on 6th day), 0.1 mg/ml caffeine in com- 
pound-solution vehicle [O.OSqo sodium saccharin and 1.5% 
glucose (9 days, sampled on 6th day)]. 

Data Analysis 

Elimination rate constants (K,,) were computed by log- 
linear regression analysis with assumption of a first-order, 
one-compartment, open model. The area under the curve was 
calculated by the trapezoidal method. Because K,, values of 
DMX metabolites could not be calculated precisely using the 
present sampling schedules, AUC,,,s only were calculated 
for caffeine and AUC ((rtlh$ were calculated for both caffeine 
and the DMX metabolites. The values reported as the maxi- 
mum concentration (C,d are the actual observed values for 
the sampling series. The bioavailability of the caffeine dose 
was considered to be equal to 1.0 at the dose levels used, as 
complete absorption of caffeine has been reported (7). Thus, 
the clearance (C&r or Cl,) of caffeine was calculated as the 
dose divided by the AUC+_,. The apparent volume of distri- 
bution (AVJ was calculated as Cl,, or Cl, divided by K,,. 
Neither Cls nor AV,s were calculated for the DMX metabo- 
lites. 

Statistical analyses of the serum concentration-time profile 
data were performed by repeated-measures, one-way ANOVA 
with treatment as the factor within subjects. ANOVA also 
was performed with repeated measures, one between and one 
within, for between-group comparisons. Appropriate paired 
t-tests also were calculated. 

Acute IP Caffeine 

RESULTS 

Serum concentration-time profiles and the kinetic parame- 
ters of caffeine and its metabolites, theobromine, paraxan- 
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thine, and theophylline at three acute caffeine doses (10, 20, 
and 40 mg/kg) are shown in Fig. 1 and Table 1. Serum caf- 
feine concentration peaked at the 3rd h for the three caffeine 
doses. Formation of the three metabolites reached a maximum 
at the 8th h for the lowest dose and at the 11th h with larger 
caffeine doses under the sampling schedules. The Kels for caf- 
feine at the three caffeine dose levels were not significantly 
different by a repeated-measures, one-way ANOVA. C-s, 
the AUC,,p and AUC,, h) s for caffeine were dose propor- 
tional for the three dose levels used. Unlike caffeine, C-s 
and the AUC,,,s for the three metabolites of caffeine were 
not dose proportional with respect to caffeine doses. Using 
the present sampling schedules, the estimated K,,s for theobro- 
mine and paraxanthine decreased with dose, whereas for theo- 
phylline it remained the same across the three doses. AV, and 
Clip values of caffeine were similar across the doses. 

100 
CAFFEINE 

0.01 . ,,,. ,_,.,. 1 
5 10 15 20 25 30 35 

10 
PARAXANTHINE 

Chronic IP Caffeine 

Table 2 shows the kinetic parameters for caffeine and its 
three DMXs during 21 days of 20 mg/kg IP administration. 
The Kels of caffeine for the 11th and 21st days were larger 
than for the acute dose [fl2,6) = 5.82; p < 0.051. Both par- 
axanthine and theophylline also showed higher values of K,, 
after the 11th injection, whereas theobromine remained the 
same during this chronic treatment. The AVd and Clip values 
of caffeine remained similar during this chronic dosing reg- 
imen. 

Chronic, Schedule-Induced Oral Self-Administration of 
Caffeine 

The mean hourly caffeine doses during the 3-h drinking 
sessions are shown in Fig. 2. The orally self-administered caf- 

0.01 ll_ 

5 10 15 20 25 30 35 

10 
THEOBROMINE 

0.01 I[, 

5 10 15 20 25 30 35 

10 
THEOPHYLLINE 

0.01 

5 10 15 20 25 30 35 

HOURS AFTER CAFFEINE ADMINISTRATION 

FIG. 1. Mean (SE) concentration-time profiles for serum caffeine and the three dimethylxanthine metabolites after caffeine (10-40 mg/kg, 
IP) administration. Samples were taken serially from tail tip. 
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Caffeine 

Theobromine 

Paraxanthine 

Theophylline 

TABLE 1 
PHARMACOKINETIC PARAMETERS FOR ACUTE IP CAFFEINE AT THREE DOSE LEVELS IN RATS (N = 4) 

A’JC,,,, h) AUC,,w C&P 
Dose (mg/kg) G,. b/ml) G/h (a!~ x h/ml) (pg x h/ml) AV, (liters/kg) (liters/h/kg) 

10 8.57 0.25 68.10 68.40 0.61 0.15 
(* 1.35) ( * 0.04) (k7.91) (rt8.03) (zk 0.03) (+ 0.02) 

20 18.81 0.23 163.55 169.18 0.53 0.12 
(+ 1.63) (*o.ol) (f. 19.13) (k20.53) (*OX%) (YtO.01) 

40 37.28 0.19 341.82 345.82 0.59 0.12 
(kO.80) (k0.02) (AZ 20.90) (k21.85) ( + 0.02) (kO.01) 

10 0.61 0.05 10.10 
(kO.10) (kO.01) (k-0.50) 

20 1.21 0.07 18.02 
(*0.31) (* 0.02) (k3.44) 

40 1.14 0.03 19.95 
(kO.13) (rtO.01) (& 1.43) 

10 1.13 0.19 12.57 
(kO.17) ( k 0.02) (kO.91) 

20 1.66 0.15 22.25 
(e 0.28) (t0.01) (* 3.47) 

40 2.31 0.12 30.65 
(kO.30) ( * 0.01) (k3.04) 

10 0.81 0.07 12.12 
(iO.10) ( * 0.01) (+0.59) 

20 1.16 0.07 18.72 
(k-0.16) (?O.Ol) (k2.10) 

40 1.84 0.06 29.27 
(* 0.22) (&O.Ol) (k2.36) 

feine doses were a linear function of time. The highest self- 
administered dose was effected by altering the vehicle, rather 
than by attempting to increase the concentration of the solu- 
tion. Rats ingested twice the volume when compound solution 
was used as the vehicle. Serum caffeine concentration-time 
profiles and the kinetic parameters of caffeine and its three 
metabolites are shown in Fig. 3 and Table 3. Caffeine concen- 
trations showed dose-related increases from the 1st h and 
reached Cmaxs at the end of the drinking session for the three 
orally self-administered caffeine doses. It is evident that the 
food pellets did not interfere with caffeine’s absorption and 
distribution. Formation of the three metabolites was apparent 
at the 1st h point of the drinking session and continued to 
form after drinking sessions. The K,, of caffeine for the 
8.8-mg/kg dose was smaller than for the two higher doses 
[F(2, 6) = 10.52; p < 0.051, whereas the K,, for 19.4 and 
37.9-mg/kg doses were not different from each other. Caf- 
feine and the three metabolites were dose proportional at the 
three dose levels, as indicated by their Cmaxs and AUC,,_,,s or 
AU&, ,+. AV, and Cl,, values of caffeine were similar 
across the oral doses. However, AV, and Cl values for oral 
caffeine were two to three times higher than for the IP route 
[F(l, 6) = 13.56; p < 0.05; F(1, 6)= 12.68; p < 0.05, re- 
spectively] . 

DISCUSSION 

In the present study, animals were maintained at 80% of 
their adult free-feeding body weights. This was done because 
schedule-induced drinking requires this deprivation condition, 
but also to permit comparison with the literature on the behav- 
ioral effects of caffeine, a literature that often uses behavior 
motivated by food deprivation as a baseline against which to 

ascertain the effects of caffeine. For this reason, the pharma- 
cokinetic functions were obtained under the same food- 
limitation condition. Caffeine is metabolized by hepatic mi- 
crosomal enzyme systems- that is, the cytochrome P-450 
monooxygenase system (1,30) with no significant contribution 
by other organs (18). Factors affecting these enzyme systems 
will affect the pharmacokinetics of caffeine. Little research 
could be located that explored the effect of chronic food- 
restriction conditions on drug metabolism. A chronic 45% 
food-restriction condition, compared with the ad lib condi- 
tion, enhanced drug metabolism by increasing hepatic micro- 
somal drug metabolizing enzymes, and produced a significant 
decrease in hexobarbital sleeping time in male rats (35). Pre- 
treatment of rats with 3_methylcholanthrene, an inducer of 
monooxygenase, reduced the AUC of caffeine by 96 and 81% 
after oral and IV caffeine administration, respectively (1). The 
elimination of caffeine also changed from nonlinear to an 
apparently first-order kinetics with K,, increased fourfold rela- 
tive to the value obtained from vehicle animals. Caffeine also 
can induce the P-450 system and thus increase its own metabo- 
lism (30). The K,, values of caffeine significantly increased 
during chronic IP and oral self-administration (Tables 2 and 
3). Furthermore, for the dose range of lo-40 mg/kg used in 
the present study, the C,,,=S and the AUCs of caffeine were 
dose proportional by both routes of administration and 
showed proportional relations. Thus, the linear kinetics of 
caffeine also may have resulted from increased drug- 
metabolizing enzymes in our food-limited rats. Saturation ki- 
netics have been found in rats not deprived of food at doses 
< 5 mg/kg and plasma concentrations of caffeine as low as 
2-4 pg/ml (1,9,25). 

Unlike caffeine, the C,,,J and the AUC~,,,,s for the three 



CAFFEINE KINETICS AND FOOD RATION 249 

9 40 - 

a 

&. 

35: 

30. 

i 25- 

n 20- 

TABLE 2 
PHARMACOKINETIC PARAMETERS FOR CHRONIC IP 20 mg/kg CAFFEINE AT DIFFERENT 

DAYS IN RATS (n = 4) 

Caffeine 
Acute 

1 lth day 

21st day 

Theobromine 
Acute 

1 lth day 

21st day 

Paraxanthine 
Acute 

1 lth day 

21st day 

Theophylline 
Acute 

11th day 

21st day 

Cm beg/ml) Wh 
AUC,,m, 

(pg x h/ml) AV, (liters/kg) (lite%kg) 

18.81 
(i 1.63) 

23.29 
(k1.42) 

23.29 
(k2.71) 

1.21 
(rtO.31) 

1.83 
( f 0.08) 

1.47 
(rtO.30) 

1.66 

( f 0.28) 
1.97 

( f 0.05) 
1.60 

(ltO.25) 

1.16 
(kO.16) 

2.01 
( f 0.04) 

1.71 
(ltO.21) 

0.23*7 
(*o.ol) 

0.27 
(rtO.01) 

0.26 
(ltO.01) 

0.07 
(*o.ol) 

0.07 

(*o.ol) 

0.06 
(rtO.01) 

0.15 

(*0.01) 

0.19 
(*o.ol) 

0.14 
(rtO.02) 

0.07 
(*o.ol) 

0.10 
(*o.ol) 

0.09 
(*O.Ol) 

163.55 
( f 19.13) 

181.35 
(i 17.80) 

170.77 
(k26.53) 

18.02 
(lt3.44) 

29.77 
(kO.26) 

25.26 
(*4.54) 

22.25 
(*3.47) 

24.47 
(* 1.19) 

22.58 
(rt3.44) 

18.72 
(rt2.10) 

29.87 
(k1.33) 

27.14 
(rt3.52) 

169.18 0.53 0.12 
(i20.53) (*to.%) (*o.ol) 

181.66 0.43 0.11 
( f 17.85) ( f 0.03) (*o.ol) 

171.78 0.55 0.12 
(*30.1) (+I 0.09) (*0.02) 

25.77 
(rt2.73) 

40.98 
(i4.21) 

36.98 
(k6.91) 

23.75 
(i 3.61) 

24.99 
(* 1.19) 

24.37 
(k3.69) 

24.55 
(*2.79) 

34.49 
(k1.78) 

33.47 
(*5.04) 

*Differs from 11th day @ < 0.05). 
?Differs from 21st day @ < 0.05). 

+ 0.05 Ill water 

+ 0.10 in water 
+ 0.10 in compound- 

1 2 3 

HOURS DURING SELF-ADMINISTRATION SESSION 

FIG. 2. Mean orally self-administered caffeine doses (SE) during 3-h 
schedule-induced drinking sessions. 

metabolites showed disproportional relations with respect to 
caffeine doses by the IP route, whereas these metabolites ex- 
hibited dose-proportional relations with oral self-administra- 
tion (Tables 1 and 3). In general, paraxanthine had the largest 
Ke, value of the three DMXs, whereas theophylline and theo- 
bromine showed the medium and smallest values, respectively, 
for this parameter for both routes of administration. These 
three DMXs are further metabolized primarily by demethyl- 
ation and oxidation by the liver (2,39). The N-demethylation 
pathway responsible for these metabolites is apparently still 
saturable by the IP route in food-limited rats. These methyl- 
xanthines may compete with each other for oxidizing enzyme 
sites. The linear relations of the three metabolites found in 
oral self-administration may result from either the slower rate 
of dose onset by 3-h ingestion than by bolus IP injection, or 
the increased Clpo value associated with the oral route. 

Caffeine, theophylline, and theobromine are all effective 
as diuretic agents. They can increase renal blood flow and 
glomerular filtration rate (34). Although caffeine is a highly 
metabolized drug with only about OS-3% excreted unchanged 
in urine under normal circumstances (4,7,33,39), high correla- 
tions have been found between caffeine renal clearance (C&J 
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and urine flow rate (4,6). Hence, under the schedule-induced 
oral self-administration condition, the increased urine flow 
rate may produce an increased caffeine Cl,, which would 
result in a lower AUC,.,,. The smaller values of 
AUC,,, for caffeine with oral self-administration may result 
from the larger values of Cl,. One animal in the oral group 
had much larger values of AVd for the two lower caffeine 
doses, which contributed to the larger standard errors for the 
group means. However, Kc, values of caffeine for this animal 
were not different from the other three animals. As caffeine 
plasma protein binding is very low, its change does not affect 
AV,, (9). The increased AV, values by the oral route may result 
from an increase in total body water after schedule-induced 
oral self-administration. 

We used a sensitive high performance liquid chromatogra- 
phy method to trace temporal concentration changes of caf- 
feine and its metabolites within the same animals. Using a 

CAFFEINE 

1 

0.1 

, 

+ 19.4 
+ 37.9 I 

1 I I I 1 I 1 
1234567 11 15 19 23th) 

PARAXANTHINE 

1234567 11 15 
1 

19 23 (h) 

SESSION POST-SESSION 

small species of animal, it is necessary to use a small serum 
sample size to maximize the number of samples permissible 
across the 24-h sampling time. If the K,, values were similar 
for caffeine and its metabolites, then all Ke,s could be calcu- 
lated accurately. However, as caffeine approaches the termi- 
nal phase of its elimination, the DMXs are still being formed. 
It is difficult, with a limited number of permissible samples, 
to characterize satisfactorily the K,,s for both caffeine and 
DMXs. Our main focus was to compare the pharmacokinetics 
of caffeine in chronic food-limited animals in the present 
study with information on the kinetics of ad lib animals as 
reported in the literature. Therefore, we chose our sampling 
times primarily to evaluate caffeine K,,s. Nevertheless, 
AUC,_,, ,,) values allowed us to compare the differences be- 
tween caffeine and its metabolites with two routes of adminis- 
tration. 

The results suggest, in general, that with increasing doses 

10 

I 

THEOBROMINE 

1 I I I 1 I I I I I 1 

1234567 11 15 19 23th) 
IO - 

i 

THEOPHYLLINE 

I , , , , , , , 
I I 

1234567 11 15 19 23th) 
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FIG. 3. Mean (SE) concentration-time profiles for serum caffeine and the three metabolites during and after 3-h schedule-induced oral 
caffeine self-administration sessions at three dose levels. Samples were taken serially from tail tip. 
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TABLE 3 
PHARMACOKINETIC PARAMETERS FOR SCHEDULE-INDUCED ORAL CAFFEINE SELF-ADMINISTRATION AT 

THREE DOSE LEVELS IN RATS (n = 4) 

Dose (mg/kg) Cmu es/m0 %/h 
AU%, h) 

(pg x h/ml) 
AU%.., C’, 

bg x h/ml) AV, (liters/kg) (liters/h/kg) 

Caffeine 8.8 
(* 1.6) 

19.4 

(*1.4) 
37.9 

(k3.6) 

Theobromine 8.8 
(* 1.6) 

19.4 
(* 1.4) 

37.9 
(k3.6) 

Paraxanthine 8.8 
(kl.6) 

19.4 
(* 1.4) 

37.9 
(k3.6) 

Theophylline 8.8 
(* 1.6) 

19.4 
(* 1.4) 

37.9 
(k3.6) 

4.47 
(* 1.23) 

8.83 
(* 1.64) 

18.97 
( f 2.70) 

0.55 
(*0.06) 

1.36 
( f 0.05) 

2.41 
(f0.17) 

0.47 
( f 0.07) 

1.15 
(*0.07) 

1.80 
(rtO.07) 

0.47 
( f 0.07) 

1.04 
( f 0.06) 

1.83 
( f 0.22) 

O.l8*t 
(rtO.01) 

0.26 

(*0.01) 
0.23 

(ztO.02) 

0.04 
(rtO.01) 

0.09 
( f 0.02) 

0.06 
(*0.03) 

0.12 
( f 0.02) 

0.15 
( f 0.02) 

0.14 

( f 0.03) 

0.08 
(*0.02) 

0.09 
( f 0.03) 

0.08 
( f 0.03) 

27.57 28.69 1.85 0.33 
(rt8.51) (*7.77) (*0.40) ( f 0.06) 

58.31 61.01 1.40 0.36 
( f 12.87) ( f 12.69) (*0.35) ( f 0.08) 

136.79 138.27 1.27 0.30 
( f 32.28) (lt31.72) (*0.12) ( f 0.05) 

9.79 
(*1.73) 

21.92 
(f2.17) 

42.92 
( f 4.64) 

5.85 
(k1.28) 

14.79 
( f 0.46) 

25.95 
(k3.24) 

(*FE) 
16.14 

(* 1.63) 
31.22 

(*4.31) 

*Differs from 19.4 mg/kg (p < 0.05). 
tDiffers from 37.9 mg/kg @ c 0.05). 

of caffeine, the K,, and Cl values remained similar for both 
routes of administration. These kinetic parameters were in the 
range found in rats when single doses were used (25,31,40). 
In the present study, caffeine kinetics exhibited proportional 
relations in terms of C, and AUC with respect to caffeine 
doses. During chronic treatment, Kds increased for both 
routes. The linear caffeine kinetics found in chronic food- 
limited rats contrasts with the nonlinear pharmacokinetics of 
ad lib rats. The difference between linear and nonlinear kinetics 
may have behavioral and clinical implications. In humans, high 
levels of caffeine consumption can lead to an accumulation of 
serum caffeine and its metabolites, the effects of which are not 
fully compensated by the development of tolerance (12). It was 
suggested that this accumulation might explain the nonlinear 
relation between caffeine dose and response with respect to ad- 
verse health effects, such as coronary artery disease (12). Caf- 
feine doses produced a bitonic function for locomotor activity 
in rodents (20,29,40). Tolerance to the stimulating effect of caf- 
feine on locomotor activity has been shown in rats (10,21,29). 
Blockade of adenosine receptors by caffeine results in upregula- 
tion of the receptors during chronic treatment with caffeine, but 
this alone cannot fully explain the tolerance (22). 

A pharmacologic effect may correlate better with the 
summed concentrations of the parent compound and its active 
metabolites than with parent drug concentration alone (24). 
Because the three DMX metabolites are all pharmacologically 

active, locomotor activity tolerance to caffeine may be a total 
methylxanthine dose-response phenomenon rather than a 
function of caffeine alone (29). Pharmacokinetically, caffeine 
and the DMXs will remain longer and lead to a higher concen- 
tration if caffeine kinetics are nonlinear. A relative depressant 
effect may result from increased concentrations of methylxan- 
thines, and that may partially account for the decrease in 
activity that is interpreted as tolerance. This notion was sup- 
ported by the finding that tolerance to the increased rate of 
locomotor activity produced by caffeine occurred in fewer 
days with daily IP 20 mg/kg caffeine doses than with chronic, 
daily oral caffeine self-administration, 36.5 mg/kg, in food- 
limited rats, whereas at lower oral doses no tolerance was 
observed (29). 

Tolerance was demonstrated even after 1 day of exposure 
to oral caffeine in ad lib rats (16), whereas tolerance occurred 
only after 13 days by oral-self administration at 36.5 mg/kg 
(range 34.3-39.2) in food-limited rats (29). Thus, the pharma- 
codynamics of caffeine may differ significantly between food- 
limited and ad lib animals because of differences in the phar- 
macokinetics between these two feeding regimens. 
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