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Abstract 

Caffeine produces antinociception in the formalin test at lower doses than in thermal threshold tests. In this study, we examined (a) the 
effect of formalin concentration on the action of caffeine, and (b) the relative involvement of adenosine A l and A 2 receptors in the action 
of caffeine. Formalin 1%, 2% and 5% produces a concentration-dependent increase in flinching behaviour in rots. At 5% formalin, the 
ECso for caffeine in reducing phase 2 responses (16-60 min following formalin injection) is 40 mg/kg,  but at 2%, this is reduced to 5 
mg/kg.  There is no further shift using 1% formalin. Caffeine has a more pronounced effect on phase 2A (16-36 min) than on phase 2, 
with significant effects being observed at lower doses. Both 8-cyclopentyltheophylline (A l selective) and 3,7-dimethyl-l-propargyl- 
xanthine (A 2 selective) produce a dose-related inhibition of 1.5% formalin flinching behaviours between 1-10 mg/kg. Both agents also 
produce locomotor stimulation over this dose range, but significant effects occur only at 10 mg/kg.  These results indicate that 
antinocieeption by caffeine shows a high dependence on stimulus intensity. At 1-2% formalin, doses of caffeine that produce 
antinociception are now in the range that corresponds to normal human dietary and therapeutic intake levels. Both antinociception and 
locomotor stimulation appear to be dependent on activation of adenosine A i receptors, as effects of 3,7-dimethyl- 1-propargylxanthine are 
observed only at a dose which blocks adenosine A I receptors in addition to A 2 receptors. 
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1. In t roduc t ion  

Caffeine is widely used as an adjuvant analgesic in 
combination with non-steroidal anti-inflammatory drugs 
a n d / o r  acetaminophen (Laska et al., 1984; Forbes et al., 
1991; Schachtel et al., 1991; Ward et al., 1991; reviewed: 
Sawynok and Yaksh, 1993). In animal studies, caffeine has 
intrinsic antinociceptive properties in threshold tests (Per- 
son et al., 1985; Malec and Michalska, 1988) and in 
inflammatory tests (Siegers, 1973; Seegers et al., 1981; 
Sawynok et ai., 1995). Activity is generally seen at lower 
doses in the latter tests. In the formalin test, caffeine 
exhibits an even greater sensitivity in the early part of  the 
second phase (Sawynok et al., 1995). This could be due to 
(a) a preferential role of  adenosine (caffeine is understood 
to act as an adenosine receptor antagonist) during the 
initial phase of  the inflammatory component of  the forma- 
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lin response, or (b) an effect of  adenosine only at certain 
intensities of  stimulation whereby the early rising phase 
can be considered a milder stimulus. In support of  (a), 
endogenous amines, kinins and prostaglandins have been 
proposed to play a role only at certain stages of  the 
inflammatory process (DiRosa et al., 1971; Neil et al., 
1987); adenosine has recently been proposed to be a 
significant anti-inflammatory autocoid (Cronstein, 1994). 
In support of  (b), the intrathecal administration of methylx- 
anthines produces hyperalgesia only under low intensities 
of  stimulation in the tail flick test (Jurna, 1984; Sawynok 
et al., 1986), while an adenosine kinase inhibitor produces 
antinociception only at a lesser intensity of stimulation in 
the formalin test (Poon and Sawynok, 1995). In the present 
study, we have evaluated the actions of  caffeine at differ- 
ent formalin concentrations to determine the role of  stimu- 
lus intensity in allowing for the expression of  antinocicep- 
tive properties of  this agent. The use of  a lower formalin 
concentration has been considered previously in the con- 
text of ethical considerations (Tjolsen et al., 1992), and it 
has been argued that the milder stimulus intensity is useful 
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Fig. 1. Dose-related increases in f l inching responses produced  by increas- 

ing concentrat ions o f  formalin fol lowing s.c. injection into the dorsal 

h indpaw of  the rat. Values are mean for n = 6 per  group,  with bars 

indicting S.E.M. Cumula t ive  responses presented in the body  of  the 

figure, with the t ime course in the inset. 

for detecting the activity of mild analgesics (Hunskaar et 
al., 1985; Shibata et al., 1989; Rosland et al., 1990). 

Caffeine is a non-selective adenosine A~ and A 2 recep- 
tor antagonist with comparable affinity at both receptors, 
but lacks activity at the recently described adenosine A 3 

receptor (Daly, 1993; Fredholm et al., 1994). While adeno- 
sine can have complex effects on pain transmission, facili- 
tating it at peripheral nerve endings and inhibiting it within 
the spinal cord and at supraspinal sites (reviewed: Sawynok, 
1991), the analgesic properties of caffeine have been at- 
tributed to supraspinally mediated actions. This inference 
is based on the observations that neither the peripheral nor 
spinal administration of caffeine produce antinociception 
in the formalin test (Malmberg and Yaksh, 1993; Sawynok 
et al., 1995; Doak and Sawynok, 1995; Poon and Sawynok, 
1995), while manipulation of central monoamine systems 
can alter the antinociceptive action of caffeine (Sawynok 
and Reid, 1995). The relative involvement of adenosine A t 
and A 2 receptor blockade in the antinociceptive action of 
caffeine is unknown. In this study, we have administered 
the selective adenosine A~ receptor antagonist 8-cyclo- 
pentyltheophylline (CPT) (130-fold selectivity, Bruns et 
al., 1986) and the somewhat selective adenosine A 2 recep- 
tor antagonist 3,7-dimethyl-l-propargylxanthine (DMPX) 
(4- to 20-fold selectivity, Ukena et al., 1986) and deter- 
mined their effects in the formalin test. Although more 
selective adenosine A z antagonists are available, their use 
in behavioural paradigms has been hampered by their 
limited solubility. Locomotor activity for CPT and DMPX 
was also monitored in an attempt to determine if changes 
in formalin behaviours might be contingent on changes in 
locomotor behaviour (Tj¢lsen et al., 1992). 

2. Material and methods 

2.1. An imals  

Male Sprague-Dawley rats from Charles River Labora- 
tories weighing 150-275 g were used. They were housed 
in groups of 2-3  in a room maintained at 21-23°C with 
free access to food and water on a 12/12 h light cycle. 
Each animal was used only once. 

2.2. Formal in  test 

Rats were pretreated with different doses of caffeine, 
CPT or DMPX, and then habituated to the Plexiglas 
observation chamber (approximately 30 x 30 X 30 cm) for 
20 min prior to the experiment. The experiment was 
commenced by the s.c. injection of 20 /zl formalin 1%, 
1.5%, 2% or 5% as indicated in individual experiments 
into the dorsal hindpaw of the rat. The rat was then 
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Fig. 2. Ant inocicept ion produced  by caffeine in the 5%, 2% and 1% 

formalin test in rats. Values are mean + S.E.M. for n = 6 per group.  5% 
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Fig. 3. Time-response curves indicating the selective phase 2A inhibition produced by caffeine in the 2% formalin test in rats. Values depict means 
(n = 6); error bars omitted in the interest of clarity. 

returned to the observation chamber and the number of  
flinches (includes shakes, shivers, lifts) determined in 2 
min bins over the 60 min observation period. Two animals 
were observed at a time in alternate bins. These interval 
values as well as a cumulative response over the 60 min 
interval are reported. Data for phase 2A (16-36  min 
following formalin injection) and phase 2 (16 -60  min) are 
reported. While there are effects of  caffeine on phase 1 
flinching, these effects are not systematically dose-related 
(Sawynok et al., 1995; Fig. 3) and are not reported quanti- 
tatively in this study. The animals were killed by anaes- 
thetic overdose at the end of  the experiment. 

2.3. Locomotor stimulation 

Locomotor activity was assessed by determining the 
cumulative number of quadrant crossings of the square 
chamber during the 60 min observation period. 

2.4. Plethysmometry 

Paw volume was determined using a commercial 
plethysmometer (Ugo Basile). Paw swelling was assessed 
by volume displacement following immersion of  the hind- 
paw to the junction of  the hairy and non-hairy skin. Both 
the injected and contralateral non-injected paw volumes 
were determined in triplicate three times at 10 min inter- 
vals to establish a baseline, then again at 20, 40, 60, 120 
and 180 min following formalin injection. These trials 
were conducted in a separate group of  animals. 

2.5. Drugs 

Caffeine was dissolved in normal saline, while CPT and 
DMPX were dissolved in 0.02 N NaOH. Drugs were 
administered in a volume of  1 m l / 2 0 0  g body weight. 
Appropriate vehicle controls were used for each treatment. 
Formalin was diluted in normal saline. Caffeine and forma- 
lin (37% formaldehyde) were obtained form the Sigma 
Chemical Co. and CPT and DMPX from Research Bio- 
chemicals. 
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Fig. 4. Inhibition of phase 2A formalin responses in the rat by 8-cyclo- 
pentyltheophylline (CPT) and 3,7-dimethyl- 1-propargylxanthine (DMPX). 
n = 6 per group. * P < 0.05, * * P < 0.01. 
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2.6. Statistics 

Statistical significance was determined by analysis of 
variance followed by the Student-Newman-Keuls test. All 
statistical processing was performed on raw data values. 

3. Results 

3.1. Role of stimulus intensity in antinociception by caf- 
feine 

The s.c. injection of formalin 1%, 2% and 5% produces 
a dose-related increase in the number of flinches observed 
in phase 1 (0-12 min), phase 2A (16-36 min) and phase 2 
(16-60 min) following the formalin injection (Fig. 1). 
Caffeine produces a dose-related inhibition of the 5% 
formalin response with an ECs0 of approximately 40 
mg/kg.  It exhibits a greater sensitivity in phase 2A than in 
phase 2, producing significant effects at lower doses (Fig. 
2). When 2% formalin is used, the dose-response curve is 
shifted considerably to the left (ECs0 5 mg/kg  for phase 
2), and the enhanced phase 2A versus phase 2 sensitivity is 
retained (Fig. 2). There is no further increase in sensitivity 
using 1% formalin (Fig. 2). Fig. 3 illustrates the time-re- 
sponse relationship for caffeine at 2% formalin. For subse- 
quent experiments, a concentration of 1.5% formalin was 
selected. 

A determination of changes in paw volume induced by 
1.5% and 5% formalin by plethysmometry did not reveal 
any significant difference in the degree of paw swelling 
(increased to 115-125%, P < 0.001 at each post-injection 

40 
Vehicle (0.02N NaOH) .~ 

3s • H" CPT 
rE3 ~ DMPX 
(.gZ 30 ~ .  CPT/DMPX . ~ * * *  

~ CAFFEINE / y * * *  
2s 

if- . 

b-- 20 
Z 
< 
I~ 15 
D 
< 

0 10 

0 I i ~ ~ 

VEH 1 3 10 

DOSE (mg/kg) 

Fig. 6. Locomotor stimulation produced by CPT and DMPX. n = 6 per 
group  except  for  the combina t ion  C P T / D M P X  group  where n = 3. 

P < 0.5, * * * P < 0.001 compared  to vehicle value. 

interval) by the two concentrations of formalin over a 180 
min observation interval (n = 6 per group, data not shown). 

3.2. Role of adenosine A 1 and A 2 receptors in the 
antinociceptive action of caffeine 

CPT produces antinociception at 10 mg/kg  but not at 
1-3 mg/kg  (Fig. 4). In this case, phase 2A responses 
exhibit only a slightly greater degree of inhibition com- 
pared to phase 2 responses (cf. Fig. 5). With DMPX, 
antinociception is observed with 3 and 10 mg/kg,  but 
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there is essentially no phase 2A versus phase 2 difference 
observed ( Figs. 4 and 5). 

3.3. Role of  adenosine A l and A z receptors in locomotor 
stimulation 

Locomotor activity was monitored simultaneously with 
formalin observations. Both CPT and DMPX produce 
dose-related increases in locomotor activity (Fig. 6). At 10 
mg/kg,  the degree of activation for each agent is similar 
to that observed with caffeine. Simultaneous administra- 
tion of 3 mg/kg  of each antagonist appears to produce an 
additive effect (Fig. 6). 

4. Discussion 

The use of a lower intensity of stimulation in the form 
of a lower concentration of formalin (2% vs. 5%) has 
revealed that caffeine is now effective in producing 
antinociception at considerably lower doses (ECs0 5 
mg/kg  compared to 40 mg/kg). Two possibilities were 
considered to account for the previously observed greater 
sensitivity of phase 2A compared to phase 2 of the forma- 
lin test (Sawynok et al., 1995): a significant role of 
adenosine only in the early stages of the response, or a 
selective effect on the rising phase at a lower intensity of 
stimulus. At the lower concentration of formalin (2%), a 
selective phase 2A effect is still observed even though the 
magnitude of the latter phase responses now corresponds 
to the 5% early phase responses. This suggests the former 
possibility is the more likely explanation for the effect of 
caffeine. Adenosine has been proposed to be an anti-in- 
flammatory autocoid released peripherally under condi- 
tions of inflammation (Cronstein, 1994). The administra- 
tion of selective adenosine A~ and A 2 receptor antagonists 
can have opposing influences on the phase 2 pain signal in 
the formalin test (Doak and Sawynok, 1995), indicating 
that endogenously generated adenosine can modulate the 
pain signal under inflammatory conditions. There is little 
data on the disposition of adenosine under inflammatory 
conditions in central compartments. However, in chronic 
inflammation following administration of complete 
Freund's adjuvant, there is an increase in uric acid levels 
in the spinal cord (Weil-Fugazza et al., 1986), and this 
could reflect an upregulated spinal purine system under 
these conditions. The spinal administration of both adeno- 
sine analogs (Malmberg and Yaksh, 1993; Poon and 
Sawynok, 1995) and an adenosine kinase inhibitor (Poon 
and Sawynok, 1995) produces antinociception in the for- 
malin test, indicating the adenosine sensitivity of this 
compartment in inflammation. Interestingly, the adenosine 
analog L-phenyl-isopropyladenosine also exhibits a greater 
inhibition of phase 2A activity (Malmberg and Yaksh, 
1993) while the activity of the adenosine kinase inhibitor 
exhibits a marked dependence on stimulus intensity (Poon 
and Sawynok, 1995). 

The dose of caffeine used in analgesic formulations in 
North America ranges from 16 to 250 mg (USPDI, 1993; 
CPS, 1994). This is similar to doses ingested following 
consumption of 1-2 cups of caffeinated beverages such as 
tea or coffee (30-85 mg/cup) (Graham, 1978; Barone and 
Roberts, 1984). The upper range of these doses correspond 
to human intake doses of up to 5 mg/kg.  The observation 
that caffeine now produces significant antinociception at 
these doses may be highly relevant to normal human 
intake levels of caffeine, and provide a useful model for 
explaining just how caffeine does produce antinociception. 
In different dose ranges, caffeine appears to produce 
antinociception by different mechanisms (Sawynok et al., 
1995). 

The antinociceptive effect of caffeine has been ascribed 
to actions at supraspinal sites (see Introduction), but little 
is known about the details (specific sites or mechanisms) 
of such actions. In this study, we determined if the action 
of caffeine could be mimicked by a selective adenosine A l 
receptor antagonist (CPT) and a somewhat selective adeno- 
sine A 2 receptor antagonist (DMPX). CPT has 130-fold 
selectivity (Bruns et al., 1986) and is considered a suitable 
A~-selective antagonist. Accordingly, up to 30 mg/kg,  
CPT selectively blocks locomotor depression produced by 
adenosine A l but not A 2 receptor agonists (Bruns et al., 
1988). DMPX has 4- to 20-fold selectivity (Ukena et al., 
1986), and has some utility as an A 2 adenosine receptor 
antagonist. Thus, DMPX blocks locomotor depression pro- 
duced by a nonselective adenosine A I and A 2 receptor 
agonist (N 6-ethylcarboxamide adenosine) at doses 10 times 
lower that it blocks locomotor depression produced by a 
selective A I adenosine receptor agonist (cyclohexyl- 
adenosine) (Seale et al., 1988). It appears that at doses up 
to 1 mg/kg,  this agent has A 2 adenosine receptor selectiv- 
ity, but at 10 mg/kg  it can block both receptors. Our 
results indicate that at a selective adenosine A 2 receptor 
blocking dose, DMPX lacks antinociceptive activity, while 
CPT in doses that have adenosine A~ receptor selectivity 
produces antinociception. DMPX is only active at a dose 
that blocks adenosine A~ receptors in addition to A 2 
receptors. These results implicate adenosine A~ receptors 
in the central antinociception produced by caffeine in the 
formalin test. Interestingly, the peripheral coadministration 
of CPT with formalin produces an enhancement of forma- 
lin responses (Doak and Sawynok, 1995) (probably due to 
blockade of a local antinociceptive action due to adenosine 
A~ receptor activation; Taiwo and Levine, 1990; Karlsten 
et al., 1992), providing support for the notion that the 
effect of CPT observed following systemic administration 
is centrally mediated. 

The conclusion that caffeine and CPT, via inhibition of 
adenosine A I receptors, produce a centrally mediated 
antinociception presents a paradox. Thus, both the 
supraspinal and spinal administration of adenosine analogs 
produces antinociception (Herrick-Davis et al., 1989; re- 
viewed: Sawynok, 1991), and this has been attributed to 
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activation of adenosine A~ receptors (Karlsten et al., 1991). 
This issue will need to be resolved by a more detailed 
examination of the effects of supraspinally administered 
adenosine agonists and antagonists into discrete brain sites. 

Caffeine produces a biphasic effect of locomotor stimu- 
lation, stimulating it at doses of up to 30-40 mg/kg,  but 
inhibiting it at higher doses (e.g. Finn and Holtzman, 1987; 
Seale et al., 1988; Kaplan et al., 1992). Stimulation is 
attributed to blockade of adenosine receptors, while inhibi- 
tion results from phosphodiesterase inhibition (Snyder et 
al., 1981; Choi et al., 1988). There has been some debate 
over the relative involvement of adenosine A~ and A 2 
receptor blockade in locomotor stimulation (Bruns et al., 
1988; Durcan and Morgan, 1989). Both receptor subtypes 
are now proposed to be involved in this effect, with a 
synergy expressed between the two classes of agonists 
(Nikodijevi~ et al., 1991) and antagonists (Jacobson et al., 
1993) in mice. In this study, we observed that both CPT 
and DMPX produced a significant increase in locomotor 
activity at 10 mg/kg  in rats, as observed previously for 
these agents in mice (Nikodijevi6 et al., 1990; Seale et al., 
1988). However, DMPX at a dose that selectively blocks 
A 2 receptors (1 mg/kg)  was inactive. This suggests a 
greater involvement of adenosine A~ receptors in this 
action. In the present study with rats, the interaction 
between CPT and DMPX appears additive at the 3 mg/kg  
dose, and the effect of the non-selective dose of DMPX is 
no greater than that of caffeine (which is also non-selec- 
tive) at doses that are maximally effective (cf. Seale et al., 
1988). Of greatest importance for this study is that obser- 
vations with locomotor stimulation do not suggest that 
inhibition of the behavioral expression of formalin re- 
sponses is secondary to a non-specific motor stimulation 
which occludes flinching responses, as antinociception is 
not necessarily dependent on the copresence of a locomo- 
tor stimulation. Other studies have similarly reported that 
stimulants such as cocaine and amphetamine can produce 
antinociception in the formalin test (Lin et al., 1989; 
Morgan and Franklin, 1991) without implicating changes 
in motor activity in such actions. 
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