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FREDHOI.M, B. B., M. HERRERA-MARSCHITZ, B. JONZON, K. LINDSTROM AND U. UNGERSTEDT. On the 
me~'hanism by whi~'h methylxanthitws t'nh~n~'~, apotnorphine-indt~t'ed rotation behaviour in the rat. PHARMACOL 
BIOCHEM BEHAV 19(3) 535-541. 1983.--Methylxanthines, such as caffeine and theophylline, potentiate the rotation 
behaviour induced by dopamine receptor agonists in rats with unilateral lesions of the nigro-striatal pathway. In the present 
study we have examined the possibility that interaction with central adenosine mechanisms could influence rotation 
behaviour. Under in vitro conditions adenosine and N';-phenylisopropyl-adenosine (PIA) stimulate cyclic AMP accumula- 
tion. This effect was enhanced by the phosphodiesterase inhibitor rolipram, but blocked by alkylxanthines such as caffeine. 
theophylline and, particularly. 8-phenyl-theophylline. Rotation behaviour induced by apomorphine (0.05 mg/kg), was 
inhibited by PIA and rolipram and by a low dose of the adenosine deaminase inhibitor EHNA (2 mg/kg). By contrast. 
theophylline and 8-phenyl-theophylline caused a potentiation. The former drug stimulated rotation behaviour per se, while 
the latter did not. 8-Phenyl-theophylline entered the brain poorly and its concentration in brain it was less than 1/10 of 
theophylline. It is concluded that theophylline does not potentiate rotation behaviour secondarily to inhibition of phos- 
phodiesterase. Antagonism of endogenous adenosine may partly explain the effect of methylxanthines. Possibly, some as 
yet unknown mechanism may also contribute to the effects of xanthine-derivatives on rotation behaviour. 

Cyclic AMP Adenosine Dopamine receptors Alkylxanthines/pharmacokinetics 

M E T H Y L X A N T H I N E S  such as caffeine and theophylline 
arc known to increase spontaneous motility in rats [3, 21, 
331. In rats with unilateral lesions of the nigro-neostriatal 
dopamine pathway apomorphine and L-DOPA have been 
shown to induce contralateral rotation [35]. It was shown by 
Fuxe and Ungerstedt [19] that caffeine and theophylline in- 
duce Ionglasting rotation behaviour of a similar kind 
as that produced by the dopamine receptor stimulating 
agents. Moreover,  the methylxanthines were found to 
enhance the rotation induced by apomorphine, L-DOPA and 
pirebidil (Et-495). The rotation induced by amphetamine, 
which occurs in the opposite direction, was also potentiated 
by caffeine [19]. Dopamine is capable of stimulating cyclic 
AMP formation in the rat striatum [22], and the methylxan- 
thines are phosphodiesterase inhibitors [6]. The potentiation 
of  rotation behaviour was therefore assumed to be secondary 
to a potentiated cyclic AMP accumulation in relevant effec- 
tor cells [19]. This finding was supported when it was shown 
that a more potent phosphodiesterase inhibitor, isobutyl- 
methylxanthine, was more potent as a stimulator of rotation 
behaviour [1 I] and by the finding that intrastriatal injections 
of cyclic nucleotides cause rotation [27]. Other evidence was 
more difficult to reconcile with the hypothesis. Thus, already 
Fuxe and Ungerstedt [19] showed that the potent phos- 

phodiesterase inhibitor papaverine did not potentiate rota- 
tion behaviour, and it was later shown that it may actually 
inhibit such behaviour [1 I]. Furthermore, still other potent 
phosphodiesterase inhibitors like ICI 63197 actually inhib- 
ited the rotation [I]. It was also found that various ergot- 
derivates, which show weak and inconsistent stimulation of 
cyclic AMP formation, caused rotation behaviour [17,18]. 
This rotation was markedly potentiated by isobutyl- 
methylxanthine. Finally, it was found that methylxanthines 
in the doses needed to produce rotation behaviour did not 
reach concentrations in the brain sufficient to cause signifi- 
cant inhibition of phosphodiesterase activity [I 1]. 

The methylxanthines are not only inhibitors of cyclic 
AMP hydrolysis but they also antagonize the effects of 
adenosine on specific adenosine receptors [10]. Such an in- 
hibition is found at considerably lower concentrations than 
those required to block phosphodiesterase. It has therefore 
been suggested that at least some of the actions of methyl- 
xanthines may be caused by adenosine antagonism [2, 8, 10]. 
For example, recent data obtained in the rat hippocampus 
have provided evidence that the action of methylxanthines 
on neuronal excitability is in fact due to this latter mech- 
anism of action [7]. 

We have therefore further studied the mechanism behind 
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the effect of methylxanthines on apomorphine induced rota- 
tion behaviour in the rats. To this end we have used a 
number of relatively selective pharmacological tools. Rolip- 
ram, ZK 62711, is a potent inhibitor of cyclic AMP 
hydrolysis lacking effects on adenosine levels or adenosine 
effects [29]. 8-Phenyl-theophylline is a theophylline deriva- 
tive with an increased potency as an antagonist of adenosine 
receptors but with a reduced potency as a phosphodiesterase 
inhibitor 17,31 ]. Erythro-9-(2-hydroxy-3-nonyl)adenine, 
EHNA, is an antagonist of adenosine deaminase [28] which 
is able to enhance the levels of endogenous adenosine in 
some tissues and body fluids [ 141. Phenylisop- 
ropyladenosine, finally, is an adenosine analogue with a high 
potency on certain types of adenosine receptors [26, 30, 32, 
38]. Using these drugs and more classical methylxanthines 
we find that the ability to influence the rotation behaviour of 
rats induced by apomorphine may be related to the ability to 
antagonize the effects of endogenous adenosine, but not 
to the ability to block cyclic AMP [12,16]. 

METHOD 

Materials 

The following compounds were used: Theophylline, as 
the ethylene-diamine salt, and caffeine from ACO (Sweden); 
3-isobutyl-l-methylxanthine from Calbiochem; Rolipram, 
ZK 62711, a gift from Schering AG, Berlin; EHNA a gift 
from Burroughs-Wellcome, Research Triangle Park, NC; 
L-N';-phenyl-isopropyl-adenosine (L-PIA) from Boehringer, 
Mannheim; 8-phenyl-theophylline from Calbiochem (dis- 
solved in an aqueous solution of tetra-phenyl-boronate). All 
drugs were injected IP in a volume of less than I ml, using 
appropriate solvents as controls. 

['~C]-Adenosine 145 mCi/mmol) and 2,8 (3HI-adenosine 
(36.2 Ci/mmol) were obtained from New England Nuclear. 
[:~H]-Adenosine 5-triphosphate (19 Ci/mmol) and ["C]- 
adenosine 5-monophosphate (51 mCi/mol) were obtained 
from the Radiochemical Centre, Amsterdam. Other chemi- 
cals were reagent grade from various suppliers. 

In Vitro Studies 

Male Sprague Dawley rats (180-250 g) were killed by de- 
capitation, the hypothalamus rapidly dissected out and sliced 
(0.26 mm thickness) in a MclIwain tissue chopper. The slices 
were preincubated for 15+45 rain in fresh Krebs Ringer Bi- 
carbonate buffer, with the following composition (raM): 
NaCI 118, KCI 4.85, KH2PO., 1.15, MgSO~ 1.15, CaCI~ 2.5, 
NaHCO:~ 14.7 pH 7.5 containing I1.1 mM glucose, and 
gassed with 95c~ O2 and 5c'A COe. In the experiments with de- 
creased pH the buffer had the following composition (mM): 
NaCI 130.4, KCI 4.85, KH~PO~ 1.15, MgSO, 1.15, CaClz 2.5, 
NaHCO:~ 2.3, Glucose ii .1.  Three slices were placed in a 2 
ml plastic tube containing 1 ml fresh buffer. Drugs were 
added in a total volume of 50/xl. After incubation for 10 rain 
the incubation was stopped by addition of 100 /.tl 10tY)~ 
trichloracetic acid and by placing the tubes in an ice-water 
bath. The slices were homogenized by sonication. The 
protein free supernatants after centrifugation were extracted 
three times with water saturated ether and frozen until assay 
for cyclic AMP content by the method of Brown e ta / .  [4]. 
The protein content of pellets was determined by Biuret rea- 
gent using bovine serum albumin as standard. 

Release of purines was studied in 20 similar slices, prein- 
cubated with 20 p, Ci ('sC)adenosine, for 40 min at 37°C. The 

slices were placed in superfusion-chambers 1151. After wash- 
ing for 45 min, 5 rain samples were taken. The distribution of 
radioactivity was studied by TLC on prefabricated sheets of 
PEl-cellulose (Merck, Darmstadt) using n-butanohactic 
acid:water (2:1:1) as running phase. Those parts of the 
chromatogram that corresponded to the position of unla- 
belled carriers were cut out and the radioactivity determined 
by liquid scintillation spectrometry. 

Uptake and metabolism of purines were studied by super- 
fusing hypothalamic slices with pulses of [:~H]-ATP, ["~(;]- 
AMP and [:~H]-adenosine. The superfusates were chromato- 
graphed on TLC as described above. 

Brain atul Plasma Levels o f  Methylxanthines 

Male Sprague Daw]ey rats weighing 150-250 g were used. 
In most of the experiments the rats received an IP injection 
of the respective methylxanthine in 0.5-1.0 ml. In some ex- 
periments the drugs were given orally by gavage. At indi- 
cated times the rats were killed by decapitation. Blood was 
collected from the severed neck and rapidly centrifuged. The 
plasma was deproteinized with l:10 volume 4 M perchloric 
acid. When 8-phenyl-theophylline was to be determined. 70 
percent acetonitrile was added. The brains were removed 
and the hippocampus, hypothalamus, cerebral cortex, 
striatum and cerebellum dissected out. These brain regions 
were weighed and homogenized in 20 volumes 0.4 M per- 
chloric acid. An aliquot of the supernatant after centrifuga- 
(ion was neutralized with I:10 w~lume 4 M K(-)H and 1:20 
volume 1 M Tris. The samples were stored at -20°C until 
assay. Before assay the samples were centrifuged for 5 rain 
in a Beckman Microfuge at approximately 10,0(~)×g. The 
contents of the methylxanthines were assayed by reversed 
phase HPLC, using a Waters Model 440 solvent delivery 
system, a UK6 injector, a Model 400 UV-spectrophotometer 
and a 30 cm p,-Bondapack Cz~ columns with a 5 cm guard 
column. The solvent system used for the assay of theophyl- 
line and caffeine was 0.02 M phosphate buffer, pH 3.5. 
acetonitrile (90:10); for isobutylmethylxanthine-phosphate 
buffer, acetonitrile (80:20): for 8-phenyl-theophylline phos- 
phate buffer, acetonitrile, methanol (60:20:20). Under these 
conditions their respective retention times (rain) were: 
theophylline 5.6, caffeine 9.4, isobutyl-methylxanthine 7.7, 
8-phenyl-theophylline 9.2 The recovery (percentl of the 
methylxanthines from brain ( 10 nmol added during homoge- 
nization) were theophylline 71, IBMX 80, caffeine 81 and 
8-phenyl-theophylline 64, Extraction into toluene or 
propropanol/chloroform gave considerably lower recoveries. 
Addition of acetonitrile (10 percent) to the PCA slightly en- 
hanced recovery. Recovery (percent) from plasma was: 
Theophylline 82, caffeine 81, isobutyl-methylxanthine 86 and 
8-phenyl-theophylline 56. 

Studies o f  Rotation Behaviour 

Sprague Dawley male rats weighing between 160 and 180 
g were housed four to a cage with access to rat chow and 
water ad lib. They were maintained in a controlled environ- 
ment on a 12 hr light-dark cycle when they were not used in 
experiments. 

The rats were placed in a stereotaxic David Kopf frame 
and anaesthetized by letting them breathe freely a mixture of 
air and halothane. The rat skull was oriented according to the 
K6nig and Klippel atlas [23]. Eight /xg of 6-OHDA (calcu- 
lated as the base) was injected in 4 ~1 of saline solution 
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during 4 min into the left bundle of the dopamine axons just 
anterior to the mesencephalic dopamine cell bodies into the 
area ventralis tegmenti. The coordinates were 4.4 mm behind 
and 1.2 mm lateral to Bregma and 7.8 mm below the brain 
surface measured from the pia matter. This lesion exten- 
sively denervates the forebrain dopamine innervated areas 
according to our previous studies [34]. The injections were 
made with a blunt steel needle with a diameter of 0.4 mm. 

In order to select the successfully denervated animals, 
rats were challenged with a very low dose of apomorphine 
(0.05 mg/kg SC) 2 weeks after the 6-OHDA injection, and 
then this testing was repeated with at least one week's  inter- 
val until rats showed a clear and stable pattern of rotation. 
Only rats showing a two-peaks pattern of rotation (i.e., an 
initial rapid increase in rate of turning, followed by a period 
of a lower rate of turning control and, finally, a second peak 
of high rate of rotat ion--see Figs. 4 and 5) were used in the 
experiments, since we have previously found that rats with 
this pattern have the lowest concentrations of  dopamine in 
the striatum on the 6-OHDA injected side [36,37]. Rotation 
was recorded in a rotometcr. The rats were connected to the 
movement detector by a steel wire attached to a harness 
consisting of a 15 mm wide cloth band fitted over the chest of 
the animals. They were allowed a half an hour habituation 
period in the rotometers before every drug experiment. Each 
18(1 ° right or left turn gave a count that was fed into a PCS 
super pack 180 microcomputer for intermediate storage and 
display. After completion of the experiments the data were 
transferred via a RS-232 interface to a Wang 2200 minicom- 
puter for permanent storage on diskettes. The rotational be- 
haviour of each individual was plotted as number of 360 ° 
turns/min for the entire duration of the induced behaviour. 

An A-B-A block-design (where A refers to a control 
period and B to a period of drug treatment, see Figs. 4 and 5) 
was used to study the ability of successive increasing dose of 
theophylline (10 and 25 mg/kg), Rolipram (1 and 5 mg/kg), 
8-phenyl-theophylline (5, 10 and 20 mg/kg), L-phenyliso- 
propyl-adenosine 10.2, 2.0 and 5.0/xmol/kg) and EHNA (2,5 
mg/kg) to modify the rotational behaviour induced by the 
standard dose of  apomorphine of 0.05 mg/kg SC. An interval 
of at least one week was used between the control and in- 
teraction trials. During the interaction trials, drugs were in- 
jected 1P 30 min before apomorphine. 

Apomorphine HCI (Apoteksbolaget, Sweden) was dis- 
solved in warm physiological saline and given in a dose re- 
ferred to the free base and injected subcutaneously in a vol- 
ume of I ml/kg into the left flank. Theophylline (Teofylamin. 
ACO) was diluted from injection ampoulles, Rolipram, 
8-phenyl-theophylline and EHNA were diluted to reach the 
concentration of 5 ml/kg body weight and injection IP. 

Mean and S. E. M. were calculated and expressed in terms 
of % of the control values. F-ANOVA test was used to 
analyse the dose-response interactions, followed by paired 
Studenrs  t-test for individual comparisons. 

R E S U I . T S  

In Vitro k,~rperimettts 

In order to characterize the drugs used in the itt vil.o 
experiments we determined their effects on the accumulation 
of cyclic AMP in rat hypothalamic slices. Hypothalamic 
slices were used in these experiments because they gave 
more reproducible measurements of endogenous cyclic AMP 
than did striatal or hippocampal slices. However,  principally 
similar findings were obtained also in slices from these brain 
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FIG. I. Dose-dependent increase in cyclic AMP content of hypotha- 
lamic slices of the rat in the presence and absence of 0.1 mM 
theophyllinc. Mean_+s.e.m. n=8. 

regions (results not shown). The basal level of cyclic AMP 
was 19_+2 pmol/mg protein (mean_+s.e.m., n=20). 
Theophylline and caffeine produced a concentration de- 
pendent decrease in cyclic AMP content. At 1 mM concen- 
tration the levels were 7_+3 and 13_+4 pmol/mg, respectively. 
Adenosine, 2-chloro-adenosine and N'Lphenyl-isopropyl- 
adenosine dose-dependently increased cyclic AMP levels. 
At 0. I mM concentration of these drugs the corresponding 
levels of cyclic AMP were 123_+15, 166_+23 and 184_+12 
pmol/mg, respectively. The effect of adenosine (0. I mM) was 
dose-dependently inhibited by theophylline and caffeine. 
Half-maximal inhibition was seen at about 3× 10 :' M for both 
drugs. 8-Phenyl-theophylline was some 30 times more po- 
tent. By contrast, the non-methylxanthine phospho- 
diesterase inhibitor, rolipram, ZK 62,71 I, at 5× 10-:' M con- 
centration caused a significant enhancement of the effect of 
adenosine and an elevation of the basal cyclic AMP level (35 
vs. 4-fold). The effect of ZK 62,711 was still more 
pronounced at 0.5 mM concentration when the basal level of 
cyclic AMP was increased more than 10-fold. Even under 
these circumstances adenosine caused a dose-dependent in- 
crease in cyclic AMP levels, which was antagonized by 
theophylline (Fig. I). The effect of adenosine (10 ~ M) was 
significantly lower at an acid pH (6.6) compared to normal 
pH (7.4) (642_+2()2 and 1257_+270 pmol/mg, respectively, in 
the presence of  5×10 ;~ M ZK 62,7111. The effect of 
theophylline was inhibited at low pH. 

In three separate experiments hypothalamic slices were 
labelled with l:~Hl-adenine and thereafter superfused. When 
EHNA was included in the medium at a concentration of 1 
gM there was a slight increase in the amount of radioactivity 
recovered as adenosine from 4_+1 [71 to 6_+1 [51 percent 
(/)<0.05). Theophylline ( I mM) did not increase the recovery 
of adenosine. 
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FIG. 2. Concentration of theophylline (theo). caffeine (caff). 
isobutylmethylxanthine (IBMX) and 8-phenyl-theophylline (gPhe-t) 
in rat plasma at different times after IP administration after adminis- 
tration of 20, 20, 5 and 10 mg/kg, respectively, at 0-time. No signifi- 
cant levels (below I nmol/ml) of either xanthine was obtained in 
0-time samples. The first three drugs were dissolved in saline, while 
the last was dissolved in 0.03% tetraphenyl-boronate in saline. 
Mean±S.D. of 3-5 determinations. 

Metabol ism of labelled adenosine  to inosine, hypoxan-  
thine and uric acid was inhibited by I /xM E H N A .  The ratio 
of  labelled adenosine metabol i tes  to labelled adenosine was 
18_+4 percent  in control  perfusions and 11_+3 percent  in the 
presence  of  1/zM E H N A  (,o<0.05). Such inhibition was seen 
i r respect ive of  whe ther  labelled ATP,  A M P  or adenosine 
was superfused ove r  the slices. 

Levels o f  Methylxanthmes in Brain 

In order  to be able to determine the potencies  of  methyl- 
xanthines in brain it was essential  to de termine  their  brain 
concentra t ion.  For  compar ison  the concent ra t ions  in plasma 
were  determined.  The  concentra t ion  in plasma of caffeine, 
theophyl l ine ,  i sobu ty l -methy lxan th ine  and 8-phenyl-  
theophyl l ine  given in the amounts  20, 20, 5 and 10 
mg/kg, IP, respect ively ,  are shown in Fig. 2. Thc regional 
distribution in the brain is shown in Fig. 3. Since the levels in 
plasma and brain are similar no at tempt was made to correct  
for the contr ibution by regional blood content  to the meas- 
ured brain levels  (less than 10 percent).  For  8- 
phenyl- theophyl l ine  there were  no clear  regional differences.  
Fur thermore ,  the levels  after more than I hour could not be 
determined with any certainty as the levels were at the 
detect ion-l imit  (close to 2 nmol//xg protein). 8- 
Phenyl- theophyl l ine  was not significantly broken down to 
theophyll ine.  Samples  o fep id idymal  adipose tissue tended to 
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FIG. 3. Regional distribution of alkylxanthincs in the rat brain. 
x--cortex, O--hippocampus, 41.--hypothalamus, II--striatum. 
ZJ--cerebellum. For details see text and legend to Fig. 2. Means; For 
graphical reasons s.e.m, is indicated only for some points, but there 
were no maior differences between regions or in the intraregion 
variability. Thcophylline, n -4 ;  caffeine, n=4; IBMX, n-3:  
8-phenyl-theophylline, n ~ 3. 

show large peaks,  suggesting that the drug might accumulate  
in fat, but adipose tissue contains interfering materials with a 
chromatographic  behaviour  similar to that of  8- 
phenyl- theophyl l ine ,  making quanti tat ive est imates  of  the 
amounts  deposi ted in fat difficult. The  levels of  8- 
phenyl- theophyl l ine fell rapidly be tween 0.5 and I hour (Fig. 
3). Also for theophyll inc and IBMX the level in brain was 
highest at 0.5 hour after administrat ion,  while caffeine levels 
peaked be tween  1 and 2 hours after administrat ion.  For  all 
three methylxanthines  the highest levels were found in cere- 
bral cor tex,  while the levels in o ther  regions were 60--85 
percent  of  those in cerebral  cortex.  The levels in striatum 
wcrc only -'/3 of  that in cerebral  cortex.  Metabolism of  caf- 
feine to theophyll ine (or paraxanthine) was not important 
since in only 6 samples (of 80) could theophyll ine peaks 
higher than 5 percent of  the caffine peak in the same sample 
be detected.  The ratio between amounts  in plasma and cere- 
bral cor tex (at I hour) was lowest for caffeine (1.65) followed 
by 8-phenyl- theophyll inc (1.7), thcophyll ine (3.1) and IBMX 
(7.8 ml g '). The relative brain concent ra t ions  of  caffeine, 
theophyll ine and IBMX agree well with that reported by 
Snyder  (,t a/. [32] for mouse  brain. Similarly the distribution 
of  caffeine be tween plasma and brain agrees well with that 
reported by Latni ct ,I. [24}. 

Rotatiop~ Bchaviottr 

Actiott,~ q/apomorplfitte ahmr. The two-peak pattern of  
rotation noticed previously [35] in successfully 6 -OHDA dc- 
nervated rats is shown in Figs. 4 and 5. It is also seen that 
within each group of  animals the extent of  this rotation was 
very reproducible.  On the average,  apomorphine  (0.05 
mg/kg) caused a total rotation amounting to 715+ 18 turns 
(n = 14). The total durat ion of  the rotation avcraged 76_+3 min 
in the same rats. 
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FIG. 4. The effect of L-PIA 2/xmol/IP and rolipram 5 mg/kg (IP) on 
the rotation induced by apomorphine 0.05 mg/kg. The shaded dia- 
gram shows the mean of the individual rotometer recordings in 7 
animals (turns/rain on the ordinate; time on the abscissae). The bar 
graph shows the total number of turns and the s.e.m. (ordinate-- 
total No. of turns). For experimental details see Methods section. 
represents a significant difference in total number of turns (p <0.01). 

Actions of theophy/line. In agreement with previous re- 
ports [11, 17, 19, 37] we found that theophylline per se 
caused a dose-dependent stimulation of rotation behaviour 
(Table I). This rotation is of long duration, relatively low 
intensity and shows characteristics that makes it different 
from both apomorphine and ergot-type dopamine receptor 
agonists [17, 18, 37]. As shown in "Fable I. pretreatment with 
theophylline enhanced the total number of turns induced by 
apomorphine. At the higher dose used, the enhancement 
could be ascribed mainly to the addition of a potent effect of 
theophylline. At the lower dose (10 mg/kg) the observed 
30-+26 percent enhancement (based on percental changes in 
each individual experiment, p<0.05) could not be entirely 
explained by a stimulatory effect of theophylline alone (Ta- 
ble I). As shown in Fig. 5 the rotation induced by apomor- 
phine + theophylline was much larger than that due to 
apomorphine alone. We have also in that figure illustrated 
the effect of theophylline alone. The experiments were, 
however, not designed in such a way that the effect of 
apomorphine on top of theophylline could be evaluated 
statistically. The results given in Table 1 are from separate 
experiments using separate rats. 

A('tion ofrolipram. The potent cyclic AMP phosphodies- 
terase inhibitor rolipram significantly depressed the apomor- 
phine induced rotation behaviour. At a dose of I mg/kg a 
34_+8 percent inhibition was found and at 5 mg/kg a 39--_9 
percent inhibition. The effect of 5 mg/kg rolipram is shown in 
Fig. 4. 

Action of 8-phenyl-theophylline. 8-Phenyl-theophylline, 
which is a highly potent adenosine antagonist that is almost 
devoid of phosphodiesterase inhibitory effect [7,31], caused 
a slight enhancement of  the rotation induced by apomor- 
phine. At 5 mg/kg the apomorphine response was 108_+8, at 

TABLE 1 
ROTATION BEHAVIOUR INDUCED BY APOMORPHINE AND 

THEOPHYLLINE, ALONE AND IN COMBINATION 

Dose 
Drug (mg/kg) Total turns 

Apomorphine 0.05 715 '- 18 (24) 
Theophylline 10 95 +_ 21 (8) 
Theophylline 25 1296 .+_ 198 (8) 
Apomorphine 0.05 
~- Theophylline l0 896 ± 66 (4) 
+ Theophylline 25 1595 _+ 198 (4) 

Mean +_ s.e.m. Numberofexperimental animals within parenthesis. 
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FIG. 5. The effect of theophylline 25 mg/kg (IP) and 8- 
phenyl-theophylline 20 mg/kg (IP) on apomorphine induced rotation 
behaviour. The effect of theophylline alone is shown by the open 
curve. The shaded area thus represents the effect of apomorphine 
after theophylline. For explanations see legend to Fig. 4. 

10 mg/kg it was 127_ + 15 and at 20 mg/kg 133- + 19 percent of 
control (,0<0.05). The effect of the highest dose is shown in 
Fig. 5. It is seen that 8-phenyl-theophylline tended to 
enhance the trough between the two peaks and to enhance 
the second peak. 

Actions of L-PIA and EHNA. L-PIA given alone tended 
to produce profound muscle relaxation in the animals, but 
they were not asleep. This is in agreement with previous 
results in both rats [38] and mice [32]. It caused a potent, 
dose-dependent inhibition of apomorphine-induced rotation. 
At a dose of 0.2/~mol/kg it inhibited the rotation by 30-+4, at 
2 /zmol/kg by 45_+10 and at 5 /~mol/kg by 55-+12 percent 
(n=4). The response to 2 /zmol/kg is shown in Fig. 4. It is 
seen that L-PIA abolishes the first peak of rotation com- 
pletely and considerably blunts the second peak. 

The adenosine deaminase inhibitor EHNA had small ef- 
fects. At 2 mg/kg it reduced the rotation by 32-+5 percent. 
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Five mg/kg, by contrast ,  was essential ly ineffective (15 + _ II 
percent) .  

DISCUSSION 

The present  study has provided further support  for the 
not ion that inhibition of  cyclic A M P  hydrolysis  is not the 
mechan ism by which methylxanthines  such as theophyll ine 
and caffeine enhance  the actions of  dopamine  receptor  
agonists .  Thus,  the se lect ive  cyclic A M P  phosphodies terase  
inhibitor  rolipram reduced rather than enhanced  rotation. 
This is in agreement  with earl ier  results of  Arbuthnot t  ct  al.  
[ 1 ] using some o ther  non-methylxanthine  phosphodies te rase  
inhibitors.  When considered together  with o ther  ev idence  
al luded to in the introduction this finding strongly indicates 
that the mechanism behind the methylxanthine  effect must 
be sought e lsewhere .  

The  present  results tend to support  the previously made 
suggest ion that endogenous  adenosine  may inhibit rotation 
behav iour  [9]. Thus,  L-PIA which is a potent  agonist at 
adenosine  receptor  of  the AI - sub type  [5, 26, 32] caused a 
marked behavioural  depress ion.  Very recent ly Green and 
coworkers  demonst ra ted  that the intrastrial injection of  an 
adenosine  analogue caused inhibition o f  apomorphine  ac- 
tions in that striatum, leading to a rotation behaviour  [20]. 
The levels of  endogenous  adenosine in rat brain are high 
enough to cause act ivat ion of  adenosine receptors  [39]. 
E H N A  caused only a slight reduct ion of  the rotation be- 
haviour  in agreement  with the finding that it causes only 
limited changes in the concent ra t ion  of  free diffusible 
adenosine  in the brain [38]. 8-Phenyl- theophyll ine,  which is 
quite se lect ive  as an antagonist  of  adenosine action [30]. 
could mimic the actions of  theophyll ine.  As a compet i to r  for 
adenosine  binding sites [5], as an antagonist  of  adenosine 
act ions on cyclic A M P  in hippocampal  slices [13] on 
adenosine  act ion in fat cells [24] and on adenosine action on 
interictal spike act ivi ty  in h ippocampus  [7] 8- 
phenyl- theophyl l ine  was some 30-60 t imes more potent  
than theophyll ine.  In the present study 10 mg/kg 8- 
phenyl- theophyl l ine  gave an effect that was approximate ly  
equivalent  with that observed  with 25 mg/kg theophyll ine.  
The pharmacokinet ic  results shown in Fig. 3 indicate that the 
brain levels o f  8-phenyl- theophyll ine were  10-20 t imes lower  
than those of  theophyl l ine  at an equivalent  dose.  The plasma 
levels  may be some 20 times lower.  Hence ,  our results 

suggest that 8-phenyl- theophyll ine may be 25-50 times more 
potent  than theophyll ine,  in good agreement  with the above 
ment ioned relative potencies  in different in vi tro systems.  

Theophyl l ine  and caffeine are known to produce  rotation 
behaviour  per se. 8-Phenyl-theophylline per se caused little or  
no stimulation of  rotation behaviour  on the o ther  hand. The 
explanat ion does not seem to reside in the fact that 
8-phenyl- tbeophyll ine is a poorer  inhibitor of  cyclic A M P  
hydrolysis  [30] since select ive inhibitors o f  the enzyme  
caused no stimulation of  rotation behaviour  ([I] and present 
results). On the o ther  hand, level of  8-phenyl- theophyll ine in 
brain may have been insufficient and the duration of  its pres- 
ence in the brain may have been too short to have produced 
any stimulation per se. The present and earl ier  results [19,36] 
suggest that potentiat ion of  apomorphine- induced rotation 
may require lower  doses  than does  induction of  rotation be- 
haviour  by the methylxanthine  alone. The findings of  Snyder  
ct al. [31] in mice suggest a relationship be tween potency of  
various alkylxanthines as adenosine receptor  antagonists 
and as st imulators o f  motor  behaviour  in mice. There are 
several  possible ways that adenosine may modulate rotation 
behaviour  and hence that methylxanthines  could exert  their 
action via adenosine mechanisms.  First of  all adenosine may 
interfere with the release dopamine and other  transmitters 
that are o f  importance in this behaviour  19]. Secondly,  there 
may be a direct inhibitory effect of  adenosine on dopamine 
receptor  mediated effects in the str iatum 128]. Finally, 
adenosine may cause a general behavioural  depression that 
reduces i.a. rotation behaviour  (cf., [ 111. The present results 
do not lend themselves  well to a clarification of  which of  
these potential  mechanisms is the more important.  Fur- 
thermore,  the possibility also exists that stimulation of  motor  
behaviour  by caffeine and theophyll ine is unrelated to either 
phosphodies terase  inhibition or  adenosine receptor  antago- 
nism and that it is due to some as yet uncharacter ized mech-  
anism of  action. 
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