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ABSTRACT 

There is considerable concern over the widespread use of 
caffeine during and after pregnancy. We have therefore examined 
the effect of perinatal caffeine use on the vulnerability of the 
immature brain to hypoxic ischemia (HI). Rat pups were exposed 
to caffeine during the first 7 d after birth by addition of a low or 
a high dose (0.3 or 0.8 g/L) of caffeine to the drinking water of 
their dams. At 7 d the pups were exposed to unilateral carotid 
occlusion + exposure to 7.70% oxygen for 100 min. The extent 
of HI brain damage was evaluated 2 wk after the insult. The 
effects of caffeine on A, and A,, receptors, A, mRNA and A,, 
mRNA, were examined by receptor autoradiography and in situ 
hybridization. Caffeine, theobromine, theophylline, and paraxan- 
thine were analyzed in plasma of separate animals. Exposure to 
caffeine reduced HI brain damage from 40.3 rt 3.2% in controls 
to 29.8 ? 4.0% (p < 0.05) in low dose and 33.7 2 3.9% (NS) 
in the high dose group. The A, receptor density measured as 
[3~]-1,3-dipropyl-8-cyclopentyl xanthine ([?HI-DPCPX) bind- 

Caffeine is widely consumed by women during pregnancy 
and immediately thereafter (1) and it is used, together with its 
metabolite theophylline, in the treatment of premature apnea 
(2). Furthermore, the fetus and the newborn become exposed 
because caffeine crosses the placenta (3,4) and diffuses into the 
breast milk (5). Caffeine affects several systems in the body, 
e.g. the renal, respiratory, cardiovascular (6), gastrointestinal, 
and the C N S  (7,8). Caffeine is metabolized in the liver (9), and 
the metabolites are then excreted in the urine. The metabolism 
is much slower in neonates than in adults: tl12 in infants is 
50-103 h (7,10, 11) and tIl2 in adults is 2-6 h (7, 12). Several 
recent reports have raised concern about the safety of caffeine 
use during and after pregnancy (13). 
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ing was not significantly affected after low dose caffeine but 
increased in the brain of rat pups in the high dose group. The A,, 
receptor density measured as [3~]-2[p-(2-carbonylethyl)- 
phenethylaminol-5'-N-ethylcarboxamidoadenosine ( f 3 ~ ] - c ~ S  
21680) binding and the expression of A, mRNA and A,, mRNA 
were not altered by caffeine treatment. In conclusion, low dose 
caffeine exposure (plasma levels corresponding to umbilical cord 
plasma in newborns of coffee-consuming mothers) reduced HI 
brain damage by 30% in 7-d-old rats. This ameliorating effect 
could not be accounted for by up-regulation of adenosine recep- 
tors. (Pediatr Res 38: 312-318, 1995) 

Abbreviations 
HI, hypoxic ischemia 
DPCPX, 1,3-dipropyl-8-cyclopentyl xanthine 
CGS 21680, 2[p-(2-carbonylethy1)-phenethylaminol-5'-N- 
ethylcarboxamidoadenosine 

Caffeine is a receptor antagonist for the endogenous nucle- 
oside adenosine. Adenosine influences various transmitter sys- 
tems in the CNS: noradrenaline, dopamine, serotonin, acetyl- 
choline, y-aminobutyrate, and glutamate (14). Adenosine also 
has neuroprotective actions during ischemia (15-20). The  ex- 
tracellular concentration of adenosine increases rapidly during 
ischemia (21, 22), and the number of adenosine receptors 
decreases promptly (23,24). In the adult brain, chronic caffeine 
treatment, which leads to up-regulation of adenosine receptors, 
reduces ischemic damage (25), whereas acute exposure (recep- 
tor antagonistic effect) increases ischemic damage (26). The  
purpose of this study was to extend present knowledge to the 
neonatal setting, considering the common situation of fetal and 
neonatal caffeine exposure (1). Adenosine receptors appear and 
are functional at an early ontogenetic age (27, 28). There are 
four types of adenosine receptors, A,, A,,, A,,, and A,, all of 
which are expressed in the brain (29). A ,  and A,, receptors are 
the most likely targets for caffeine actions. Exposure of neo- 
natal rats to high amounts of caffeine given by gavage during 
postnatal d 2-6 increases the binding and effect of an A, 
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receptor agonist (30). We investigated the effect of treating the 
pregnant and lactating female rat with caffeine on the extent of 
HI brain damage in their offspring. In addition, binding of the 
A, receptor ligand [%I]-DPCPX and the A,, receptor ligand 
[ 3 ~ ] - ~ ~ ~  21680, and adenosine receptor A, and A,, mRNA 
were examined, because earlier studies have suggested that 
caffeine-induced neuroprotection is explained by up-regulation 
of adenosine (A,) receptors (25). 

METHODS 

Experimental procedures. Fifteen pregnant Wistar F rats 
and their litters were used. Anhydrous caffeine was obtained 
from Sigma Chemical Co. (St. Louis, MO). The experiments 
were designed to allow the dam to adapt to caffeine exposure 
before the start of the experimental period. Therefore a prenatal 
dose was included in the drinking water in different concen- 
trations (0, 0.3, and 0.8 g/L) throughout gestational d 8-21. 
Postnatally, pups were exchanged between three darns (receiv- 
ing 0, 0.3, and 0.8 g/L) so that 113 stayed with their biologic 
dam and 213 were divided between the remaining two. Dams 
were given 0 (control), 0.3 (low dose), and 0.8 (high dose) g/L 
of caffeine, respectively, during postnatal d 1-7. The dams 
accepted and fed pups from other litters. The daily intake of 
water was measured in all groups. 

In the morning of d 7 the dams were given water without 
caffeine and the pups were exposed to HI as follows. The pups 
were anesthetized with halothane (2.5-3.0% for induction and 
1.0-1.5% for maintenance) in a mixture of nitrous oxide and 
oxygen (1:l). The left common carotid artery was dissected 
and cut between double ligatures of silk sutures (6-0). The 
duration of anesthesia was <10 min. After the surgical proce- 
dure, the wounds were infiltrated with a local anesthetic. The 
pups were left to recover for at least 1 h. The litters were then 
placed in a chamber perfused with a humidified gas mixture 
(7.70 t 0.01% oxygen in nitrogen) for 100 min. The temper- 
ature in the gas chamber was kept at 36.5 t 0.2"C. After 
hypoxic exposure the pups were returned to their biologic dams 
and allowed to recover without caffeine treatment until post- 
natal d 21. All animal experiments were approved by the 
Ethical Committee of Goteborg (no. 131-93). 

Evaluation of brain damage. At postnatal d 21 the pups 
were anesthetized with thiopental, and the brains were ex- 
tracted. The brainstem and cerebellum were removed from the 
forebrain. The two cerebral hemispheres were separated and 
weighed on a high precision balance (Mettler Instruments AG, 
Greifensee, Switzerland, sensitivity i 0.1 mg). The brain 
damage was expressed as ipsilateral hemisphere weight deficit 
as percent of the contralateral hemisphere (31). A satisfactory 
correlation has been shown in earlier studies between brain 
weight and other measures of injury (31-35). 

Evaluation of plasma concentration of caffeine. Three 
biologic litters, 1.e. the pups born to the same dam, were killed 
on postnatal d 7 without exposure to HI. After decapitation, 
blood was collected in heparinized plastic tubes and centri- 
fuged. The concentration of caffeine and the caffeine metabo- 
lites theophylline, theobromine, and paraxanthine in plasma 
were analyzed immediately after caffeine withdrawal and 5 h 

after, corresponding to peak plasma levels and plasma levels at 
the time of hypoxic exposure. The HPLC system used did not 
separate theophylline and paraxanthine well, and the results are 
presented as the sum of the two metabolites. 

Sections. Brains from the three biologic litters mentioned 
above were dissected and frozen in dry ice-chilled dimethyl- 
butane. Evaluation of [ 3 ~ ] - ~ ~ C ~ ~  binding, [ 3 ~ ] - ~ ~ ~  21680 
binding, and adenosine receptor mRNA was done on coronal 
sections cut with a Leitz cryostat at the following anterior to 
posterior levels: +7.5, +6.5, +5.6, +4.4, +2.6, +1.6, +1.2, 
and f0 .8  mm from a plane 4.1 mm posterior to the bregma. 
Sections 10 p m  thick were thaw-mounted on gelatin-coated 
slides for quantitative receptor autoradiography. Sections 14 
p m  thick were thaw-mounted on poly-.L-lysine (50 pg/mL)- 
coated slides for in situ hybridization. 

Receptor autoradiography. Sections were preincubated in 
170 mM Tris-HCl buffer containing 1 mM EDTA and 2 U/mL 
adenosine deaminase at 37°C for 30 min. To study binding to 
A, receptors the protocol described by Parkinson and Fred- 
holm (36) was followed. Sections were washed twice for 10 
min at 23OC in 170 mM Tris-HC1 buffer containing 1 mM 
MgC1,. Incubations were performed for 2 h at 23°C in Tris- 
HCI buffer containing 0.5 mM ["I-DPCPX (120 C,/mmol, 
DuPont, Sweden), 2 U/mL adenosine cieaminase, and 1 mM 
MgCl,. Nonspecific binding was defined by 100 p M  (R)- 
phenylisopropyladenosine. The experiments were carried out 
in the presence or absence of 100 ,uM GTP to convert all 
receptors to the low affinity state for agonists and in that way 
removing "cryptically" bound endogexlous adenosine (36). 
Sections were then washed twice for 5 min each in ice-cold 
Tris-HC1, dipped quickly three times in ice-cold distilled water, 
and dried at 4OC over a strong fan. Films were apposed to the 
dried sections for 3 wk. 

To study binding to adenosine A,, receptors the procedure 
described by Johansson et al. (37) was Followed. After prein- 
cubation sections were washed twice for 10 min at 23'C in 170 
mM Tris-HC1 buffer containing 10 mM MgCl,. Incubations 
were performed for 120 min at room temperature in Tris-HC1 
buffer containing 10 nM [ 3 ~ ] - ~ ~ S  21680 (43 C,/mmol, Du- 
Pont), 2 U/mL adenosine deaminase, and 10 mM MgCl,. 
Nonspecific binding was defined by 20 p M  2-chloroadenosine 
(Sigma Chemical Co.). The sections were washed twice for 5 
min in ice-cold Tris-HCl, dipped quickly twice in ice-cold 
distilled water, and dried at 4OC over a strong fan. The sections 
were apposed to film for 5 wk. 

In situ hybridization for A, and A,, receptor mRNA. The 
48-mer A, adenosine receptor probe was complementary to 
nucleotides 985-1032 of the rat A, receptor (37). The 44-mer 
A,, probe was complementary to nucleotides 916-959 of the 
dog RDC8 cDNA (37). The oligodeoxyribonucleotides were 
radiolabeled using terminal deoxyribonucleotidyl transferase 
(Amersham Corp., UK) and 3 5 ~ - d ~ ~ ~  (Amersham) to a spe- 
cific activity of about 10 cpmlpg. Slide-mounted sections were 
hybridized in a cocktail containing 50% formamide (Baker, 
Sanford, ME), 4 X SSC, 1 X Denhardt's solution, 1% Sarko- 
syl, 0.02 M NaPO, (pH 7.0), 10% dextran sulfate, 0.5 mg/mL 
yeast tRNA (Sigma Chemical Co.), 0.06 M dithiotreitol, 0.1 
mg/inL sheared salmon sperm DNA, arid 10 cpm/mL probe. 
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After hybridization for 16 h at 42OC the sections were washed 
four times for 15 min each in 1 X sodium chloride-sodium 
citrate at 55°C (A, probe) or 45°C (A,, probe), then dipped 
briefly in water, 60%, 95%, and 99.5% ethanol and air-dried. 
Finally the sections were apposed to Hyperfilm p-max from 
Amersham for 1-4 wk. 

Statistics. Factorial Anova with Fisher correction was used 
for statistical analyses of brain damage evaluation. Differences 
in mortality were evaluated with 2 and Yates' correction. 
Independent t test and multivariate analysis of variance in the 
Systat Inc. (Evanston, IL) program were used for analyzing the 
results from quantitative receptor autoradiography and irz situ 
hybridization. Statistical significance was expressed as "p < 
0.05, ""p  < 0.01, and *":":p < 0.001. 

RESULTS 

Efects of prenatal exposure to cafeine. The experiments 
were designed to evaluate the effects of postnatal exposure to 
caffeine. Thc purpose of the prenatal exposure was merely to 
adapt the dams to caffeine. Prenatal exposure to caffeine may 
also affect HI brain damage. To avoid this confounding influ- 
ence, postnatal treatment groups were composed of similar 
number of pups from each of the three prenatal exposure 
groups. Retrospective analysis showed that the brain damage 
was not different in the low dose prenatal exposure group (30.4 
+ 1.9% weight deficit of the contralateral hemisphere) com- 
pared with the control group (30.5 2 2.1%). However, there 
was a tendency to more extensive brain damage in pups 
prenatally exposed to high dose caffeine than prenatal control 
pups (45.2 + 1.1% and 30.5 & 2.1%, respectively, NS) (Table 
1). Moreover, dams in the high dose group appeared stressed, 
and their pups were dehydrated, growth retarded, and suffered 
from a higher mortality (Table 1). 

General comparison between the postnatal exposure 
groups. The mortality was low (0-2%) after HI in the control 
and caffeine-treated groups (Table 2). The body weight and 
contralateral hemispheric weight at the time of sacrifice and 
daily water intake were also similar in the low dose and the 
control group (Table 2). On the contrary, in the high dose 
group the body weight and the weight of the contralateral 
hemisphere tended to be lower (NS) and the water intake was 
lower ( p  < 0.001). 

The mean daily intake of caffeine pre- and postnatally by the 
dams in the low dose group was 8.8 mg and 16.5 mg in the high 
dose group. Peak plasma concentration of caffeine in the pups 

Table 1. Data for the three prenatal exposure jiroups 

Group 

Control 0.3 giL 0.8 glL 
Measurement (II = 37)" (n = 54) (n = 56) 

Brain damage (%) 30.5 i 4.47 30.4 t- 3.5 45.2 i- 2.4 
Body weight at birth (g) 6.1 + 0.1 6.0 ? 0.1 5.0 + 0.6 
Weight of contralateral 520.8 i- 8.6 537.0 t 5.5 518.2 t 5.3 

hemisphere (mg) 
Mortality day 0-21 (%) 21.6 20.4 48.2 

' n = numbcr o l  animals. 
'1 Mean + SEM. 

Table 2. Data for the three postnatal exposure groups 

Group 

Control 0.3 g/L 0.8 glL 
Measurement (n = 39)" (n = 50) (n  = 50) 

Brain damage (96) 40.3 i- 3.27 29.8 2 4.0 33.7 ? 3.9 
Body weight at 3 weeks (g) 27.6 i 0.9 28.7 t 0.8 23.9 F 1.0 
Weight of contralateral 533.5 i 7.2 533.0 t 5.1 506.3 t 7.5 

hemisphere (mg) 
Daily intake of water 29.7 i 1.4 29.2 + 0.5 20.7 t 0.9""" 

(mliday and 10 pups) 
Mortality day 7-21 (96) 0 2.0 2.0 

after HI insult 

.L n = number of animals. 
Mean 5 SEM. 

" * *  p < 0.001. 

was 0.26 -+ 0.031 mgiL (mean t- SEM) in the low dose group 
and 0.014 -+ 0.0078 mgiL in the control group. Peak plasma 
concentration of theophylline and paraxanthine was 0.58 -+ 
0.037 mg/L (mean 2 SEM) in the low dose group and 0.039 t- 
0.010 mg/L in the control group. Plasma concentrations of 
caffeine, theobromine, theophylline, and paraxanthine at the 
time of HI are given in Table 3. 

Brain damage in the postnatal exposure groups. Two 
weeks after HI, infarction and selective neuronal necrosis 
occurred in the cerebral cortex, thalamus, hippocampus, and 
striatum of the left hemisphere (ipsilateral hemisphere) (Fig. 
1). Brain damage, >5% weight deficit of the ipsi- compared 
with contralateral hemisphere, developed in 96% of the control 
pups, i.e. 4% devoid of damage, compared with 27% in the low 
dose group and 17% in the high dose group. The mean brain 
damage amounted to 40.3 -+ 3.2% in the control, 29.8 -+ 4.0% 
in the low dose and 33.7 2 1.7% in the high dose group, i.e. the 
brain injury was reduced by 30% ( p  < 0.05) in the pups treated 
with low dose caffeine compared with controls (Fig. 2). Ac- 
cording to the above mentioned, high dose caffeine (pre- and 
postnatally) severely affected the health of the pups. However, 
even if all the pups prenatally exposed to high dose caffeine 
were excluded, there was a 38% reduction ( p  < 0.05) of brain 
damage in the low dose group (24.1 t- 4.7%) compared with 
control (38.6 -+ 3.9%). 

Changes in adenosine receptors. There was a high density 
of ["I-DPCPX binding in the cortex and in hippocampus, as 
expected. The binding in absence of GTP was lower than that 
observed in the presence of GTP in cortex (Table 4) and in 
hippocampus (not shown), in agreement with previous findings 
in adult animals (36). Optical densities were measured in 
hippocampus regions CAI and CA3, dentate gyrus, and in 

Table 3. Plasma concentrations of methylxanthines in pups at time 
,for HI 

Methylxanthinc 
Group 

( m a )  Control 0.3 glL 0.8 g/L 

Caffeine 0.000 t 0.00* 0.22 t 0.054 0.64 t 0.00 
Theophylline and 0.000 ? 0.00 0.45 2 0.099 1.09 t 0.031 

Paraxanthine 
Theobromine 0.021 t 0.00 0.42 t 0.1 1 0.98 t 0.00 

The different doses indicate postnatal exposure groups. 
* Mean ? SEM. 
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Figure 1. The distribution of the brain damage is shown by hematoxylin- 
eosin staining at postnatal d 21. Shown is the infarction and selective neuronal 
necrosis in the (A) cerebral cortex, thalamus, and hippocampus and (B) 
striatum of the left hemisphere. 

frontal and parietal cortex. Caffeine-treated rat pups showed a 
similar amount of [ 3 ~ ] - ~ ~ ~ ~ ~  binding to CAI and CA3 
regions of the hippocampus as their controls (Table 5). In the 
cortex, the [ 3 ~ ] - ~ ~ ~ ~ ~  binding was not significantly affected 
by caffeine treatment either when GTP-treated or untreated 
slices were examined (Table 4). However, in both groups there 
was a tendency toward increased binding, and when sections 
studied in the presence and absence of GTP were pooled, there 
was a significant difference between controls and pups in the 
high dose group (p < 0.05). Pups in the low dose group did not 
exhibit increased [ 3 ~ ] - ~ ~ ~ ~ ~  binding (Fig. 3A). 

A,  mRNA was distributed mainly in the cortex and in 
hippocampus as shown earlier (37). The amounts in hippocam- 
pus CAI, CA3,'dentate gyrus, and cortex were quantified. No 
significant differences between groups were seen in either 
region (Fig. 3B shows the results from cortex). 

Adenosine A,, receptors were studied by [ 3 ~ ] - ~ ~ ~  21680 
binding. This ligand is an agonist, and therefore experiments in 
the presence and absence of GTP were less meaningful. Be- 
cause these binding sites as well as the corresponding mRNA 
are enriched in the striatum (37), the measurements were 
confined to this region. As seen in Fig. 3C there were no major 
changes in striatal A,, receptors. There were similarly no 
differences in A,, receptor mRNA between treatments (Fig. 
30).  

DISCUSSION 

The published reports of prevention of ischemic damage in 
adults by adenosine receptor agonists and uptake inhibitors 

Brain damage 
(hemisphere weight deficit 

as % of contralateral) 

Figure 2. The effect of caffeine (0.3 or 0.8 glL) on the degree of brain 
damage. Brain injury was evaluated by weighing the brains 2 wk after HI, and 
brain damage was expressed from the ipsilateral hemisphere weight deficit as 
a percentage of contralateral hemisphere weight. Values are set as mean t 
SEM. 

Table 4. Binding of [ 3 ~ ] - ~ ~ ~ ~ ~  to cortical adenosine A ,  
receptors after treatment with diferent doses of caffeine postnatally 

Postnatal treatment group 

Control 0.3 g/L 0.8 g/L 
( n = 6 ) "  ( n = 1 0 )  ( n = 4 )  

[3H]-DPCPX binding + GTP 42.9 5 5.87 49.2 i 2.2 55.6 i 4.1 
['HI-DPCPX binding - GTP 27.6 i 2.3 32.7 i 2.4 41.2 i 3.9 
Change from controls + GTP +14.7% +29.6% 
Change from controls - GTP +18.5% +49.3% 

Results are from animals prenatally exposed to 0.3 g/L caffeine in the 
drinking water. For other prenatal treatment, see Figure 3. Optical densities 
were converted to fmollmg with microscales. The results are combined mea- 
surements from two levels (+6.5 and +2.5 mm from bregma, anterior to 
posterior) 

* n = number of experiments. 
t Mean i SEM. 

have led to the conclusion that adenosine may act as a protec- 
tive agent (15, 38, 39). Much less is known about the situation 
in neonatal animals. Studies of neonatal HI have shown a 
reduction of brain damage with the adenosine uptake inhibitor 
propentofylline (40). However, propentofylline has effects that 
might be unrelated to adenosine, e.g. inhibition of oxygen free 
radicals and Ca2+ homeostasis, which could be relevant (41). 
The aim of the present study was to evaluate the role of 
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Table 5 .  Binding of [-'HI-DPCPX to I?ippocat7zpal adenosine A,  
receptors ufter treatnzelzt with different doses of caffeine postrzatally 

Postnatal treatment group 

Control 0.3 g/L 0.8 giL 
( iz  = 3)$ (n = 5) (n  = 5) 

CAI 56.3 -t 3 .0 t  56.9 + 3.9 68.3 2 6.9 
CA3 79.9 2 7. I 70.1 ? 7.4 73.4 5 2.4 

Rcsults are from animals prenatally exposed to 0.3 glL caffeine in the 
drinking water. Similar results wcre obtained in the animals that had no 
prcnalal caffeine cxposure, hut the number of observations in this group was 
smaller and is thcrcfore not shown. Optical densities were convertcd to 
fmolimg with microscales. The rcsults are measurements at a level +1.6 mm 
from bregma (anterior to posterior). Rcsults obtained only in the presence of 
GTP arc shown. 

* n = number of animals. 
t Mean 2 SEM. 

adenosine receptors further with respect to HI brain damage by 
chronic exposure to caffeine before the insult. 

The major finding was a rcduction of brain damage in both 
groups treated with caffeine compared with the control 
group-a reduction that was significant for the low dose group 
(30%) (Fig. 2). Considering that caffeine is a weak, nonselec- 
tive antagonist for adenosine receptors (12) and that the extra- 
cellular levels of endogenous adenosine during ischemia are 
high (22), the remaining extracellular levels of caffeine are 
expected to possess a negligible effect on adenosine receptors 
during HI. This is particularly true in the low dose group. In the 
group reared by dams fed 0.8 g/L caffeine, some receptor 
antagonism may occur. It is possible that this could contribute 
to the smaller beneficial effect in this high dose group. 

The control and the low dose groups were similar with 
respect to confounding factors recorded (Table 2). This indi- 
cates that the low dosage of caffeine did not affect the growth 
of the body or the weight gain of the contralateral hemisphere. 
In contrast, the groups exposed to the high caffeine concentra- 
tion were different (Table 2). These dams were hyperactive and 
the weight gain of the pups was deficient. These results corre- 
spond to earlier clinical studies on growth retardation in infants 
exposed to high concentrations of caffeine (1, 13). There was 
even a tendency toward more extensive brain damage after 
prenatal high dose of caffeine compared with controls. Due to 
the multiple side effects of caffeine this trend is difficult to 
interpret and may well be secondary to dehydration and/or 
malnutrition (42, 43). 

Because the only known effect of caffeine in the concentra- 
tion achieved here is blockade of adenosine receptors and 
because adenosine appears to be cerebroprotective, the mech- 
anism behind the protection after long term caffeine treatment 
is obscure. In a study on gerbils long term caffeine treatment 
was associated with an up-regulation of adenosine A, receptors 
(25). However, the reduction of brain damage in the low dose 
group had no clear correlation with changes in A, receptors or 
in A, receptor mRNA. The group of neonatal pups exposed to 
low dose caffeine in breast milk showed no differences in 
['HI-DPCPX binding or adenosine receptor A, mRNA levels 
compared with unexposed animals. Our failure to demonstrate 
any change in adenosine receptors is likely to be related to the 

dose of caffeine used. In studies where up-regulation has been 
found after oral caffeine treatment, a plasma concentration of 
about 20 mg/L was achieved (37). We used doses which gave 
plasma concentrations in the 0.2-1 mg/L range. The present 
data are in complete agreement with results in mice where oral 
treatment with low doses of caffeine, producing plasma con- 
centrations of 0.2-1 mg/L, had marked adaptive effects that 
were not associated with any change in receptor binding (44). 
Thus we conclude that the effects observed in this study are 
unlikely to be due to an increased transmission through A ,  
receptors. 

The reduction of brain damage in our model also cannot be 
related to influence of the A,, receptors. The A,, receptors are 
predominantly located on neurons in the dopamine rich regions 
of the brain and not in the cortical regions most affected by the 
ischemic damage (45). Furthermore, there were no major 
changes in A,, ligand binding or in A,, receptor mRNA levels. 

Instead our working hypothesis is that caffeine, by blocking 
actions of endogenous adenosine, alters transmission in, e.g. 
glutamate-related and y-aminobutyric acid-related pathways 
and that this induces adaptive changes that eventually may 
prove beneficial. It is known that caffeine treatment does 
induce adaptive changes in several types of receptors (46). 
Several of the affected transmitters (excitatory amino acids, 
y-aminobutyric acid) (32-34, 47) have been implicated in 
cerebroprotection. It is also known that acute, as well as 
chronic, administration of caffeine induces changes in several 
immediate early genes, including c7fos (48). Because the prod- 
uct of immediate early genes acts as a transcription factor, 
several consequent changes can be anticipated. Irrespective of 
what the precise mechanism proves to be, it is likely that the 
cerebroprotective effect of long term caffeine treatment can be 
related to changes in susceptibility to seizures, spreading de- 
pression, or other forms of hyperexcitation, whereas acute 
administration of caffeine has the opposite effect (44). 

Caffeine exposure to neonates may be clinically important. 
We have concentrated on a rat pup model that mimics the 
common situation of a pregnant or just delivered mother who 
drinks coffee and therefore passively exposes her fetus or child 
to caffeine. The developmental age of 7-d-old rats with respect 
to brain maturation corresponds to a near term human fetus 
(49). In our study the plasma concentrations of caffeine were 
similar to those seen in umbilical cord plasma in newborns of 
mothers consuming coffee (0.5-2 mg/L) (7). The plasma con- 
centrations also resemble the levels in infant serum in studies 
with breast-fed infants and caffeine-exposed mothers (5, 11). In 
spite of these circumstances, extrapolation from rat to man is 
difficult, and the net effect of caffeine exposure may be different 
in a clinical setting. Nevertheless, the present finding that low 
dose administration of caffeine reduced ischemic brain damage 
is intriguing, and studies on pregnant women with different 
coffee consumption or newborns receiving caffeine as a treat- 
ment for apnea may be warranted. The importance of further 
investigation is also indicated by the tendencies toward an 
increased distress of pups born to dams that consumed a higher 
dose of caffeine. 
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Figure 3. Adenosine A, and A,, receptor binding and mRNA expression in rat pups exposed to caffeine, pre- and postnatally. Measurements were made at  f1.6 
m m  (cortex) and +4.4 m m  (striatum) from bregma (anterior to posterior). For binding quantification, OD was  converted to fmol/rng with microscales. Values 

are set  as mean 2 SEM.  Treatments are shown along the x axis where the first figure indicates the prenatal exposure and the second figure indicates the postnatal 
exposure. Number  of measurements indicated in parentheses. ( A )  ["HI-DPCPX binding in cortex; (B) adenosine receptor A ,  m R N A  in cortex; (C) [%I-CGS 

21680 binding in striatum; and (D) adenosine receptor A,, m R N A  in striatum. 

REFERENCES 

1. Watkinson B, Fried PA 1985 Maternal caffeine use before, during and after pregnancy 
and effects upon offspring. Neurobehav Toxicol Teratol 7:9-17 

2. Aranda JV, Turmen T 1979 Methylxanthines in apnca of prematurity. Clin Perinatol 
6:87-108 

3. Maikel R, Snodgrass W 1973 Physicochemical factors in maternal-fetal distribution 
of drugs. Toxic Appl Pharmacol 26:218-230 

4. Ikeda GJ, Sapienza PP, McGinnis ML, Bragg LE, Walsh JJ, Collins TXF 1982 Blood 
level of caffeine and results of fetal examination after oral administration of caffeine 
to pregnant rats. J Appl Toxicol 2:307-314 

5. Ryu JE 1985 Caffeine in human milk and in serum of breast fed infants. Dev 
Pharmacol Ther 8:329-337 

6. Fredholm BB, Sollevi A 1986 Cardiovascular effects of adenosine. J Clin Physiol 
6:1-21 

7. Neims A, vonBorste1 RW 1983 Caffeine: Metabolism and biochemical mechanisms 
of action. Nutr Brain 6:l-30 

8. Arnaud MJ 1987 The pharmacology of caffeine. Progr Drug Res 31:273-313 
9. Berthou F, Ratansavanh D, Riche C, Picart D, Voirin T, Guillouzo A 1989 Compar- 

ison of caffeine metabolism by slices, microsomes and hepatocyte cultures from adult 
human liver. Xenobiotica 19:401-417 

10. Aldrige A, Aranda JV, Neims AH 1979 Caffeine metabolism in the newborn. Clin 
Pharmacol Ther 25:447-453 

11. Parsons WD, Neims AH 1981 Prolo~iged half-life of caffeine in healthy term newborn 
infants. J Pediatr 98:640-641 

12. Daly JW 1993 Mechanism of action of caffeine. In: Garattini S (eds) Caffeine, Coffee 
and Health. Raven Press, New York, pp 97-150 

13. Eskenazi B 1993 Caffeine during pregnancy: Grounds for concern. JAMA 270:2973- 
2974 

14. Fredholm BB, Dunwiddie TV 1988 How does adenosine inhibit transmitter release? 
Trends Pharmacol Sci 9:130-134 

15. Evans MC, Swan JH, Meldrum BS 1987 An adenosine analogue, 2-chloroadenosine, 
protects against long term development of ischemic cell loss in the rat. Neurosci Lett 
83:287-292 

16. vonLubitz DKJE, Dainbrosia JM, Kempski 0, Redniond DJ 1988 Cyclohexyl aden- 
osine protects against neuronal death following ischemia in the CAI region of gerbil 
hippocampus. Stroke 19:1133-1139 

17. Dragunow M, Faull R 1988 Neuroprotective effects of adenosine. Trends Pharmacol 
Sci 9:193-194 

18. Marangos PJ, vonLubitz DKJE, Daval JL, Deckert J 1990 Adenosine: Its relevance to 
the treatment of brain ischemia and trauma. Prog Clin Rcs 361:331-349 

19. Miller LP, Hsu C 1992 Therapeutic potential of adenosine receptor activation in 
ischemic brain injury. J Neurotrauma 9563-577 

20. Rudolphi KA, Schubert P, Parkinson FE, Fredholm FIB 1992 Neuroprotective role of 
adenosine in cerebral ischemia. Trends Pharmacol Sci 13:439-445 

21. Berne RN, Rubio R, Curnish RR 1974 Release of adenosine from ischemic brain. Circ 
Res 35:262-271 

22. Hagberg H, Andersson P, Lacarewicz J, Jacobson 1, Butcher S, Sandberg M 1987 
Extracellular adenosine, inosine, hypoxanthine, and xanthine in relation to tissue 
nucleotides and purines in rat striatuin during transient ischemia. J Neurochem 
49:227-23 1 

23. Lce KS, Tetzlaff W, Kreutzberg GW 1986 Rapid downregulation of hippocampal 
adenosine ieceptors following brief anoxia. Brain Res 380:155-158 



318 BONA ET AL. 

24. Adtn U,  LindstrGm K, Bona E, Hagbcrg H, Fredholm BB 1994 Changcs in adenosine 
receptors In the neonatal rat brain following liypoxic ischemia. Mol Brain Res 
23354-358 

25. Rudolphi KA, Keil M, Fastbom J, Fredholm BB 1989 lschac~nic damage in gerbil 
hippoc;~mpus is reduced follow~ng uprcgulation of  adenosine (Al )  rcccptors by 
caffeine Lrcatrnent. Ncurosci Lctl 103:275-280 

26. Rutlolphi KA, Keil M, Grome JJ 1990 Adenosine-a pharmacological concept for the 
trcatmcnt of cerebral ischemia? In: Krieglstein J, Ohc~pichler H (eds) Pharmacology 
of Cerebral Ischemia. Wissenschaftliche Vcrlagsgesellschaft mbM, Stuttgart, pp 
439-448 

27. Guillet R 1990 Neonatal caffeine exposure alters adenosinc receptor control of 
locomotor activity. Dev Pharmacol Ther 15:94-100 

28. Psarropoulou C, Kostopoulos G, Haas H 1990 An electrophysiological study of the 
ontogcnesis of adenosine rcccptors in the CAI area of rat hippocampus. Dev Brain 
Res 55: 147-150 

29. Frcdholm BB, Abbracchio MP, Bur~istock G, Daly JW, Haidcn TK, Jacobson KA, 
Lcff P, Williams M 1994 Nomenclature and classification of purinoceptors. Pharma- 
col Rev 46:143-156 

30. Guillet R, Kcllogg C 1991 Nconatal cxposure to therapeutic caifeinc alters the 
ontogeny of adenosine A1 receptors in brain of rats. Neuropharmacology 30:489-496 

31. AndinC P, Thordstcin M, Kjell~ner I, Nordborg C, Thiringer K, Wennberg E, I-Iagbcrg 
H 1990 Evaluation of brain damage in a rat model of neonatal hypoxic-ischemia. J 
Neurosci Mcthods 35:253-260 

32. Gilland E, Puka-Sundvall M, AndinC P, Bona E, Hagbcrg tl 1994 Hypoxic-ischemic 
in tile neonatal rat brain: Effects of prc- and post-treatment with tlic glutamate release 
inhibitor BW1003C87. Dev Brain Rcs 83:79-84 

33. Hagberg H, Gilland E, Dicmer NH, AndinC P 1994 Hypoxia-ischemia in the neonatal 
rat brain: Histopathology after post-treatment with NMDA and non-NMDA receptor 
antagonists. Biol Neonate 66:206-213 

34. McDonald JW, Roeser NF, Silvcrstcin FS, Johnston MV 1989 Quantitative assess- 
ment of neuroprotection against NMDA-induced brain injury. Exp Neurol 106:289- 
296 

35. Towfighi J ,  Huusman C, Vannucci RC, Heitjan DF 1994 Eflcct of unilateral perinatal 
iiypoxic-isclicmic brain damagc on tlic gross development of opposite cerebral 
hemisplicrc. Biol Neonate 65:108-118 

36. Parkinson FE, Frcdholm BB 1992 Magnesium-dependent enhancement of endogc- 
nous agonist binding to adcnosinc A1 receptors: A complicating factor in quantitat~ve 
autoradiography. J Neurochcm 58:941-950 

37. Johansson B, Ahlberg S, van dcr Ploeg I, BrenC S, Lindefors N, Persson H, Frcdholm 
BB 1993 Effect of long term caffeine treatment on A1 and A2 adenosine receptor 
binding and on mRNA levels. Naunun Schmiedebergs Arch Pharmacol 347:407-414 

38. Dux E, Fastbom 1, Ungerstcdt U, Rudolphi KA, Frcdholm BB 1990 Protective effect 
of adcnosinc and a novel xantliine derivative propentofylline on tlie cell damage aftcr 
bilateral carotid occlusion in the gerbil hippocampus. Brain Rcs 5 16:248-256 

39. DeLeo J, Toth L, Schubcrt P, Rudolphi K, Kreutzberg GW 1987 Ischemia-induced 
neuronal cell death, calcium accun~ulatio~i and glial response in tlie hippocampus of 
the Mongolian gerbil and protection by p~opentofylline (HWA 285). J Ccrcb Blood 
Flow Mctab 7.745-752 

40. Hagberg H, Andin6 P, Frcdholm BB, Rudolphi KA 1990 Effect of the adenosine 
uptake inhibitor propentofylline on extracellular adenosinc and glutarnate and eval- 
uation of its neuroprotective efficacy aftcr ischcmia in neonatal and adult rats. In: 
Krieglstein J, Obcrpichlcr H (eds) Pharmacology of Ccrcbral Ischemia. Wissen- 
schaftlichc Verlagsgesellschaft mbl-i, Stuttgarl, pp 427-437 

41. DcIno J, Schubert P, Krcutzbcrg GW 1988 Propentofylline (I-IWA 285) proiccls 
hippocampal neurons of Mongolian gerbils against ischcmic damage in the presencc 
of an adenosinc antagonist. Neurosci Lett 84307-31 1 

42. Chiswick ML 1985 Intrauterine growth retardation. Br Med J 291:845-848 
43. Yager JY, Heitjan DF, Towfiglii J ,  Vannucci RC 1992 Effect of insulin-induced and 

Casting hypoglycemia on perinatal hypoxic-iscliem~c brain damagc. Pcdiatr Res 
31:138-142 

44. Georgicv V, Johansson B, Fredholm BB 1993 Long-tcrm calfeine treatment leads to 
a dccreaseri susceptibility to NMDA-inducctl clonic seizures in mice without changes 
in adenosine A l  receptor ~iumber. Brain Rcs 612:271-277 

45. Rudolphi KA, Schubert P, Parkinson FE, Frcdholm BB 1992 Adenosine and brain 
ischemia. Cerebrovasc Brain Metab Rev 4:346-369 

46. Shi D, Nikodijevic 0 ,  Jacobson KA, Daly JW I993 Chronic caffeine alters the density 
of adenosine, adrcncrgic, cholinerg~c, GABA, and serotonin rcccptors and calcium 
channels in mouse brain. Cell Mol Ncurobiol 13:247-261 

47. Stcrnau LL, Lust WD, Ricci AJ, Ratchcson R 1980 Role for y-aminohutyric acid in 
selective vulnerability in gerbils. Stroke 20:281-287 

48. Johansson B, Lindstrom K, Frcdholm BB 1994 Differences ill the regional and 
cellolar localization o i  c-fas nmRNA induced by i~mphctrtminc, cocaine and caffeine in 
the rat. Ncuroscicncc 59:837-849 

49. Romijn HJ, I-Iofman MA, Gramsbergen A 1991 At what age is tlic developing 
cerebral cortex of the rat comparable to that of the full-term ncwborn human baby'! 
Early H u ~ n  Dev 26:61-67 


	The Effect of Long Term Caffeine Treatment on Hypoxic-Ischemic Brain Damage in the Neonate
	ABSTRACT
	Abbreviations

	METHODS
	RESULTS
	DISCUSSION
	REFERENCES


