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Summary 
Repeated postnatal caffeine treatment of rat pups led to transient developmental 

changes in cortical epileptic afterdischarges. To know if physiological cortical 

functions are also affected transcallosal evoked potentials were studied. 

Rat pups of the Wistar strain were injected daily with caffeine (10 or 20 mg/kg s.c.) 

from postnatal day (P) 7 to P11, control siblings received saline. Cortical 

interhemispheric responses were tested at P12, 18, 25 and in young adult rats. 

Amplitude of initial monosynaptic components was evaluated in averaged responses. 

Single pulses as well as paired and frequency (five pulses) stimulations were used.  

Developmental rules – highest amplitude of responses in 25-day-old rats, potentiation 

with paired and frequency stimulation present since P18 - were confirmed. Caffeine-

treated rats exhibited transient changes: single responses were augmented in P25 if 

high stimulation intensity was used, paired-pulse and frequency responses were 

higher in experimental than in control animals at P12, the opposite change was 

observed in 18- and more markedly in 25-day-old rats. No significant changes were 

found in adult animals, monosynaptic transcallosal responses represent a simple and 

robust system. 

The developmental profile of described changes did not exactly correspond to 

changes in epileptic afterdischarges supporting the possibility that afterdischarges did 

not arise from early monosynaptic components of responses. In spite of transient 

nature of changes they can reflect delayed or more probably modified brain 

development. 
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Introduction 
Caffeine is among the most widely consumed neuroactive substances; it possesses 

strong stimulatory effects (Nehlig et al. 1992). In addition, it is used in neonatal 

medicine (Millar and Schmidt, 2004), and in particular, in the treatment of apneic 

episodes in premature infants (Comer et al., 2001). Therefore consequences of early 

postnatal administration of caffeine mostly focused on seizure susceptibility were 

studied. Convulsants suppressing GABAergic inhibition are less active in adult rats 

injected with caffeine at postnatal days (PD) 2-6 (Guillet 1995, Guillet and Dunham 

1995) as well as in immature rats receiving caffeine at PD 7-11 (Tchekalarova et al. 

2007). Decreased convulsant action of theophylline (a compound of aminophylline) 

acting as an antagonist of adenosine receptors was also found (Tchekalarova et al. 

2007). Opposite effect, i.e. augmentation of convulsant potency was found for 

agonists of ionotropic glutamate receptors N-methyl-D-aspartate and kainic acid 

(Tchekalarova et al. 2010a). Because of these controversive results changes of 

epileptic afterdischarges elicited by low-frequency cortical stimulation were studied in 

our laboratory. An increased duration of afterdischarges was found in 12-, 18- and 

25-day-old rats but not in young adults (Tchekalarova et al. 2006). The epileptic 

afterdischarges are characterized by spike-and-wave rhythm in the EEG and 

accompanying clonic seizures of head and forelimb muscles (Mareš and Kubová 

2006). Spike-and-wave rhythm is generated by corticothalamocortical mechanism 

(Avanzini et al.1992, Steriade 2005). It matures during the third postnatal week in rats 

(Mareš et al. 1982). To analyze what is the role of cerebral cortex in the changes of 

these epileptic phenomena we decided to study cortical interhemispheric 

(transcallosal) evoked potentials in rats after repeated caffeine administration. The 

first components (first positive and first negative wave - P1N1) represent a pure 

cortical phenomenon - monosynaptic activation of symmetrical area of the opposite 

hemisphere realized by callosal pathway; components with longer latency have 

different generators (Chapman et al. 1998, Grafstein 1959, Teskey and Valentine 

1998) and are highly variable in freely moving rats. The monosynaptic components 

are stable therefore they can be used for evaluation of cortical excitability. In addition, 

simple potentiation phenomena – paired-pulse potentiation and frequency 

potentiation can be demonstrated with these evoked responses. These phenomena 

not only give an information about a dynamics of cortical function but may also serve 
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as a measure of cortical development – paired-pulse potentiation develops between 

postnatal days 12 and 18 whereas frequency potentiation was found only at P25 

(Mareš et al. 1993). Single evoked responses as well as both types of potentiation 

were used in our laboratory to study changes induced by status epilepticus (Mareš et 

al. 2005). These studies demonstrated their validity as developmental indexes and 

therefore we used them in the present study. 

 

Methods 
 

Animals 

The experiments were performed in male Wistar rats. The litters were formed from 10 

male rat pups on postnatal day (P) 1 (day of birth was counted as day 0). The 

animals were kept with their mothers under standard conditions (12/12 h light/dark 

cycle, temperature 22±1oC, humidity 50-60%). Food and water were freely available 

with the exception of test periods. Weaning took place at the age of 28 days. The 

experiments were approved by Animal Care and Use Committee of the Institute of 

Physiology, Academy of Sciences of the Czech Republic to be in agreement with 

Animal Protection Law of the Czech Republic as well as European Community 

Council directives 86/609/EEC. 

Caffeine treatment 

Rat pups in each litter were randomly assigned to one control and two experimental 

groups. Starting at P7 the animals in the experimental groups received injections of 

caffeine (Sigma, St.Louis, MO, 10 or 20 mg/kg s.c. in a volume of 1 ml/kg b.w.) for 5 

days. Control siblings were injected with the same volume of saline.  

Surgery  

Cortical stimulation and recording silver ball electrodes were implanted to young adult 

rats at the age of 60 days under pentobarbital anesthesia. Stimulation electrodes 

were placed over sensorimotor cortical area of the right hemisphere at coordinates 

AP +1 and -1; L 2.5 mm, recording electrodes over left hemisphere – sensorimotor 

area (AP 0; L 2.5 mm), parietal association area (AP 3; L 3 mm), occipital visual area 

(AP 6; L 4 mm) – and an occipital electrode also over the right hemisphere. 

Reference electrode was inserted into nasal bone, grounding electrode over 

cerebellum. The electrodes were connected to a female plug and the whole assembly 
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was fixed to the skull by means of two screws and dental acrylic. The experiment was 

performed after one-week rest, i.e. at P 67. 

Epidural silver flat electrodes were implanted to rat pups on the day of experiment 

(P12, P18 or P25) under ether anesthesia. Coordinates for electrodes were 

calculated from adult values using bregma-lambda distance as reference value. 

Surgery lasted 10-12 min, the animals were allowed to recover for at least one hour 

and only then the experiments started. 

Stimulation and recording 

Stimulator with constant current output was used to deliver 1-ms biphasic pulses. 

Single pulses with intensities increasing stepwise from 0.2 mA were used to estimate 

threshold for elicitation of a clear-cut response, then two and three times this intensity 

was also used. The threshold found during this stimulation series served as a 

background for two-times threshold intensity applied for paired and frequency 

stimulations. Paired pulses were applied with interpulse intervals of 20, 50, 70, 100, 

125, 160, 200, 250, 300, 350, 400, 500, 750 and 1000 ms. Frequency stimulation 

was formed by five pulses with interpulse intervals of 100, 125, 160, 200 and/or 300 

ms. Responses were amplified, digitalized at a rate of 1 kHz and saved on a harddisc 

of the system (Kaminskij Biomedical Systems, Prague). Eight responses were always 

averaged and the amplitude difference between peaks of the first positive (P1) and 

first negative (N1) waves of the response was evaluated and their latency was 

measured (Fig.1). The amplitude of the first response in the paired-pulse and 

frequency paradigm was taken as 100% and the relative amplitude of subsequent 

responses was calculated.  

Statistics 

The data were analyzed by a two-way analysis of variance (ANOVA) with factors age 

(only immature animals were compared) and treatment followed by a post-hoc 

Tukey’s test (SigmaStat® SPSS). The level of significance was set at p<0.05. 

 

 

Results 
 

Single responses (Fig.2) 

The amplitude of the initial positive and negative components of the interhemispheric 

responses elicited by threshold intensity of stimulation was influenced by the age 
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(amplitude was higher in P25 rats than in the other age groups [F(3,108)=5.85, 

p<0.001] but not by caffeine treatment. Furthermore, two-way ANOVA revealed age 

by treatment interaction [F(6,108)=2.659, p=0.02]. Comparison for age factor within 

group treated with the 20-mg/kg dose of caffeine also showed a significant increase 

of amplitude at P25 vs. P12 and P18 (p<0.001). 

Stimulation with two times threshold intensity demonstrated age by treatment 

interaction [F(6,110)=2.189, p=0.045]. Comparison for age factor within the 20-mg/kg 

caffeine group again showed significantly higher amplitude in P25 rats than in the 

other two age groups. 

Stimulation with the three times threshold intensity resulted in significant effects of 

both factors (age and caffeine treatment) on amplitude of P1N1 complex 

[F(3,108)=6.6, p<0.001] and [F(2,108)=4.93, p=0.009], respectively. Two way 

ANOVA revealed age by treatment interaction [F(6,107)=3.61, p=0.003). Post-hoc 

analysis showed an augmentation of responses as a result of caffeine treatment in 

P25 rats (10-mg/kg group – p=0.002, 20-mg/kg group – p=0.003). 

Latencies of either wave did not significantly differ among age groups and they were 

not changed in caffeine-pretreated animals. 

Paired-pulse responses (Fig.3) 

Under control conditions, ratio of the second (testing) to the first (conditioning) 

response varied as a function of age. The youngest group (P12) exhibited only 

paired-pulse depression, the amplitude of the testing response did never exceed the 

amplitude of the conditioning one. Paired-pulse potentiation was present with short 

interstimulation intervals in all older groups and its expression increased with age. 

The developmental differences were statistically significant in responses with the 

interpulse intervals from 50 to 200 ms and also 350 and 400 ms. Maximal 

potentiation of the second response was reached with the two shortest interpulse 

intervals (143% in P18, 129% in P25 and 190% in P60).  

Caffeine treatment effect on paired-pulse responses was demonstrated with the 

interpulse intervals of 160, 200 and 250 ms [F(2,107)=3.18, p=0.047; F(2,109)=4.16, 

p=0.018; F(2,107)=2.99, p=0.049, respectively]. Two-way ANOVA revealed age by 

treatment interaction with 100 [F(6,107)=2.45. p=0.03], 200 [F(6,109)=3.21, p=0.006], 

300 [F(6,107)=2.25, p=0.045], 400 [F(6,107)=4.91, p<0.001] and 500 [F(6,107)=3.5, 

p=0.004] ms. Post-hoc analysis showed that caffeine treatment during P7-P11 

elicited an enhancement of relative amplitude of the testing responses in P12 rats in 
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300-ms (p=0.012), 350-ms (p=0.048), and 500-ms intervals (p=0.007) in the 10-

mg/kg group and in 300-ms (p=0.047) and 500-ms intervals (p=0.048) in the 20-

mg/kg group. On the contrary, paired-pulse depression was found in caffeine-treated 

18- and 25-day-old animals. The depression was observed in both 18-day-old 

caffeine-treated groups with interpulse intervals 350 (p=0.048 and 0.046 for 10- and 

20-mg/kg groups, respectively) and 400 ms (p<0.001 for both groups). Either 

caffeine-treated group of 25 days old rats exhibited paired-pulse depression at 

intervals of 200 (p=0.033 and 0.049, respectively), 250 (p=0.029 and 0.003, 

respectively) and 500 ms (p=0.027 and 0.016, respectively). In addition, there was a 

significant depression of the second response with 160-ms interval in the 20-mg/kg 

group of 25-day-old rats (p=0.036). The only significant change in adult rats was an 

augmented potentiation of the second response with 100-ms interval in the 10-mg/kg 

group (p=0.002). 

Frequency responses (Fig.4) 

Two-way ANOVA revealed age and treatment effects for the relative amplitude of the 

second response in intervals 100, 125, 160 and 200 ms; and a treatment effect for 

300 ms. Age by treatment interaction was registered in interpulse intervals 125, 200 

and 300 ms. Post-hoc comparison demonstrated that there were no significant 

differences between control and caffeine-treated P12 animals with the exception of 

an increased ratio of the second to the first response at 300-ms interval in the 10-

mg/kg group and at 125-ms interval in the 20-mg/kg group (Fig.3). The significant 

differences in P18 animals were only with the 160-ms interval. Either dose of caffeine 

increased the ratio of the second, third and fifth response to the first one. Relative 

amplitude of the fourth response was significantly increased in the 10- but not 20-

mg/kg group (data not shown). Caffeine-treated 25-day-old rats exhibited a decrease 

of ratio of the second, third, fourth and fifth response to the first one. Level of 

statistical significance for the second response was reached with interstimulus 

intervals of 100, 125 and 200 ms in the 10-mg/kg group and of 125, 200 and 300 ms 

in animals receiving the higher dose. The third response was significantly decreased 

with intervals of 125 ms in the lower dose group and 100, 125 and 300 ms in the 20-

mg/kg group. The decrease of the relative amplitude of the fourth response was 

significant with 100-ms interval in either dose group, with 200 ms in the lower and 

300 ms in the higher dose group. Similar results were found for the fifth response 
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only the depression with the 100-ms interval did not reach the level of significance in 

the 10-mg/kg group (Fig.4).  

There were no significant differences in adult animals (data not shown). 

 

 

Discussion 
 

Control animals in the present experimental series exhibited developmental changes 

as described in our previous studies – an increase in amplitude of responses and an 

appearance of paired-pulse potentiation between postnatal days 12 and 18 and 

frequency potentiation in the course of the third postnatal week (1993) as well as no 

marked changes in latencies (Mareš et al. 1975). Callosal connections of 

somatosensory cortical region are mature before the end of the second postnatal 

week as demonstrated morphologically (Ivy and Killackey 1981, Wise and Jones 

1976) as well as electrophysiologically (Mareš et al. 1975, Seggie and Berry 1973, 

Wilson and Racine 1983). Later development of potentiation phenomena indicates an 

involvement of other connections maturing at different developmental stages – 

corticocortical and corticothalamic axons are born at different embryonic periods 

(Arimatsu and Ishida 2002). Ipsilateral corticocortical pathways mature during the 

third postnatal week (Nicolelis et al. 1991) or corticothalamic connections a little 

earlier (Scheibel et al. 1976). More complicated potentiation phenomena – short-term 

and long-term potentiation also appear duting the third week of postnatal life (after 

P16 and P18, respectively – Wilson and Racine 1983). 

Repeated caffeine administration from P7 to P11 resulted in phasic changes 

expressed especially in paired-pulse and frequency potentiation. Augmentation of 

some responses in the 12-day-old animals might be due to overlasting presence of 

caffeine. Excitatory action of acute administration of caffeine was demonstrated since 

early postnatal stages (Holloway 1982). There are pharmacokinetic data 

demonstrating that catabolism of exogenous drugs is slow in the first two weeks of 

life of rats (e.g. Morselli 1983). In contrast to the youngest group, 18- and especially 

25-day-old rats exhibited suppressed potentiation of paired and frequency 

responses. Failure of potentiation in these age groups might signify a developmental 

delay. Early components of transcallosal responses represent summation of 

excitatory postsynaptic potentials generated by activation of AMPA/kainate receptors 
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(Chapman et al. 1998, Werk and Chapman 2003) therefore further analysis should 

be focused on this system. We cannot explain at present frequency-dependent 

distribution of changes. Longer intervals which are affected in 12-day-old animals 

may reflect higher fatigability of responses in younger animals and a shift of changes 

to shorter interpulse intervals during the third and fourth postnatal week may be due 

to a decrease in fatiguability as demonstrated in classical studies (Mysliveček 1970, 

Rose and Ellingson 1970). 

Cortical epileptic afterdischarges were changed differently in the 10- and 20-mg/kg 

caffeine immature rats. Immature rats with lower dose of caffeine exhibited 

proconvulsant effect whereas postnatal administration of the 20-mg/kg dose resulted 

in higher thresholds and shorter duration of cortical afterdischarges. Differences 

between these effects and present results might be due to the fact that epileptic 

afterdischarges are formed on a basis of late components of evoked responses 

which were not analyzed in the present study. What was common for both studies 

was a transient nature of changes - at the age of 67 days no significant changes 

were observed. This developmental change is in agreement not only with cortical 

afterdischarges (Tchekalarova et al. 2006) but also with a decline of long-term 

potentiation after the 5th postnatal week. It was demonstrated in auditory (Hogden 

and Dringenberg 2009) as well as visual cortex (Jang et al. 2009). In spite of 

transient nature of changes possible delay and/or more probably modification of brain 

development should be taken into account. Repeated postnatal caffeine 

administration modifies adenosine receptors (Guillet and Dunham 1985). Because A1 

and A2A receptors which are present in the brain exhibit opposite effects, the final 

result is probably a complicated interplay of these two types of adenosine receptors. 
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Text to Figures 

1. Averaged cortical interhemispheric response from a 25-day-old rat. Waves P1 and 

N1 are marked to show what was evaluated. The whole curve represents 20 ms 

before and 300 ms after stimuli. Amplitude scale on the left in microvolts. 

2. Single interhemispheric (transcallosal) responses. Amplitude of the initial positive-

negative complex of the interhemispheric responses of 12-, 18-, 25- and 60-day-

old rats (from top to bottom). Abscissae – stimulation with threshold (1T), two (2T) 

and three (3T) times threshold current intensities; ordinates – amplitude in 

milivolts. Individual columns – see inset. Asterisks denote significant difference in 

comparison with the corresponding responses in control animals. See the transient 

increase in amplitude of responses at the age of 25 days in a group with 20-mg/kg 

doses of caffeine. 

3. Paired-pulse interhemispheric responses. Relative amplitude of the second 

(testing) response induced by paired-pulse stimulation. Abscissae – interpulse 

intervals; ordinates – ratio of the second to the first response. Other details as in 

Fig.1. Depression of the second response was found at some interpulse intervals 

in 18- and 25-day-old rats. 

4. Interhemispheric responses elicited by a series of five stimuli. Amplitude of the 

2nd, 3rd, 4th and 5th response in relation to the amplitude of the first response 

taken as 100%. Left column – rats 12 days old, right column – rats 25 days old. 

From top to botom: intervals between pulses 100, 125, 160, 200, and 300 ms. 

Other details as in Fig.1. The older group exhibits a suppression of frequency 

potentiation. 
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