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Abstract :  Effects of caffeine on arithmetic skill test and hemodynamic effects were
investigated after drinking caffeine-free or caffeine-containing (180 mg) coffee. The
development of tolerance in habitual coffee-drinkers was also examined. A double-blind
study of 417 healthy medical university students (22.4+2.1 years old) was carried out. Ten
rounds of the arithmetic tests were performed; the first four rounds before, and the
subsequent six rounds after a coffee-break. Each round was composed of three 1-min
arithmetic tests and two 1-min rests between the tests. The arithmetic skill per round was
averaged. Simultaneously, heart rate and blood pressure were also measured once a round.
The mean value of arithmetic skill at the 4th round before coffee-break was 86.7+3.9,
min (n=417). The heart rate and mean blood pressure were 73.7+3.3 beats,”min and 85.7
+3.8 mmHg. As compared with caffeine-free group (n=205), caffeine-containing groups
had a significant enhancement of arithmetic skill at 45 to 60 min later. The mean blood
pressure increased at 15 to 90 min, but the heart rate was unaffected. Simultaneously, the
serum concentration of caffeine increased from 0.940.3 to 4.3+1.6 ug/ml (n=12, P<
0.01) at 45-60 min after coffee (180 mg caffeine)-drinking. Habitual coffee-drinkers
reduced the stimulations of arithmetic skill and mean blood pressure, as compared with non-
habitual coffee-drinkers. These results indicate that a cup of coffee (containing 180 mg
caffeine) enhances the arithmetic skill and modulates the hemodynamic actions, presum-
ably resulting from stimulation of the central and sympathomimetic nervous systems. A
tolerance to caffeine’s actions also develops in habitual coffee-drinkers.
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INTRODUCTION

Caffeine (1, 3, 7-trimethylxanthine) contained in coffee, cocoa or tea has been consumed for
the past 5-6 centuries and more. Epidemiologic studies for the public health consequences of
caffeine intake have already been performed. In general, a cup of coffee contains approximate-
ly 100-120 mg of caffeine®. After oral consumption, almost 90% of caffeine is absorbed from
the stomach® and the peak plasma concentration is observed at approximately 30 to 60 min®=%.
The effective plasma concentration is in a range of 5 to 10 xg,/ml. Caffeine stimulates the
central nervous system, and too much coffee disturbs sleep and heart rhythms. Caffeine(75 to
100 mg) also causes auditory and visual evoked responses®”, and increases reading speed and
speech rate®—19,
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In isolated hearts, caffeine modulates the ionic currents and action potentials, which affects
the developmental tension and the sinus rhythm!*~'®. In canine Purkinje fibers and rabbit sino-
atrial (SA) nodal cells, caffeine (0.5-10mM) caused initially positive inotropic and
chronotropic effects, and subsequently negative inotropic and chronotropic effects. The initial
positive effects resulted from enhancements of Ca?* release from sarcoplasmic reticulum (SR)
and the L-type Ca?*' current due to accumulation of cAMP by phosphodiesterase (PDE)
inhibition. The subsequent negative effects were presumably due to production of cellular
calcium overload by re-uptake blockade of Ca?* into SR by caffeine itself. This is strongly
supported by the evidence that a dysrhythmia induced by triggered activities, such a delayed
and early afterdepolarizations (DAD and EAD) or transient inward and inward tail currents,
occurred under the depressant conditions!*'»1617

The aim of the present study is to examine, using a double blind method, whether a change
in arithmetic skill is produced after coffee-drinking (caffeine-free or caffeine-containing), and
also whether habitual coffee-drinkers develop a tolerance for caffeine’s effects. Simultaneous-
ly, we sought to examine the hemodynamic effects on heart rate (IR) and blood pressure
(BP).

MATERIALS AND METHODS

Measurement of arithmetic performance

The arithmetic skill test of 417 medical university students was investigated, according to the
methods developed by Sakuma'®. The test was done in the afternoon. Students (22.4+2.1
years old) were told not to take caffeine-containing beverages at lunch time before the test. A
double-blind study was carried out, in which caffeine-free or caffeine (180 mg)-containing
coffee was taken after the 4th round test. Each group was 205 students, and seven students did
not have coffee during the tests. Each round every 15 min was composed of three arithmetic
tests for 1 min and two rests for 1 min, as shown in Fig. 1. An arithmetic skill test for 1 min
was simply an addition using an Uchida-Kraepelin’s test (Japan Psychotech. Ins. Co. Tokyo,

PROCEDURE
—45 min Ist Kraepelin test
—30 min 2nd Kraepelin test
—15min 3rd Kraepelin test
0 min 4th Kraepelin test
Coffee break
15 min 5th Kraepelin test
30 min 6th Kraepelin test
45 min 7th Kraepelin test
60 min 8th Kraepelin test
75 min 9th Kraepelin test
90 min 10th Kraepelin test

Fig. 1. Procedure of Kraepelin tests. The tests were carried out four times (—45 to
0 min) before, and six times (15 to 90 min) after coffee-drinking. One round
of test was composed of three times-Kraepelin tests for 1 min.
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Japan). The average value of three arithmetic tests in a round was represented. The first
(—45min) to fourth (0 min) round tests were carried out for the subjects to become skilled in
the arithmetic test. After coffee-drinking, the arithmetic tests were repeated 6 rounds more
every 15 min. The values are normalized by taking those at the 4th round as 10094, because the
values of all the students, and also of the other 7 students without coffee-drinking during the
tests, became almost steady at the 4th round. The significance of differences was assessed with
ANOVA and Student’s ¢-test for paired data. Values are presented as mean+S.E.M.
Measurements of heart rate and blood pressure

Heart rate (HR) and blood pressure (BP) were measured using a digital pressometer (Ei and
Dei, UA-732, Tokyo, Japan) once a round (after three arithmetic skill tests). The mean blood
pressure (MBP) was calculated by an equation; diastolic pressure + (systolic pressure-
diastolic pressure) X1,73.
Serum concentration of caffeine

Blood was taken from 24 students before and at 45-60 min after coffee-drinking and from 3
students who had no coffee during the tests. The serum sampling procedure and a sensitive
high-performance liquid chromatography method were used for the determination of caffeine
and other xanthines, according to previous reports'®2®. Caffeine and other xanthines working
standards (50u1), and serum sample containing internal standard (25x1) and g-hydroxyethyl-
theophyllne (2 xg,/ml) were mixed with 100 ¢l of 1 M borate buffer at pH 9.0 in a 15ml
conical centrifuge tube. Then, 1 ml of chloroform and ethanol (82.5 :17.5) was added and
centrifuged. The organic layer was evaporated to dryness and suspended in 50 1 of mobile
phase for depuration on an Altex Ultrasphere C 18 column (5 gm particle size, 150 X2.0 mm 1.
d., San Ramon, CA). The eluate from the column was monitored at 273 nm absorbance on a
liquid chromatograph (Shimazu, LC-6 A, Kyoto, Japan). The mobile phase was methanol and
0.05% acetic acid (1:4), and 28 mM sodium acetate buffer, 1.4 mM tetrabutylammonium
phosphate (at pH 2.15) and 40% phosphoric acid (12 : 52 : 36). The flow rate was set at 0.3
ml/min or operated at a pressure of 103 bar (1500 p.s.i.). Caffeine was eluated by 35%
methanol.
Coffee-making

Caffeine-free instant coffee (Nescafe red-label, Nestle Co., Tokyo) was used. A cup of
coffee (150 ml) was regularly made with a full spoon of the coffee (1.7-1.8 g), one of sugar and
one of creaming powder (Creama, Yukijirushi Co., Tokyo). But the instant coffee contained
0.88 mg, g of caffeine from our analysis. In the caffeine-containing coffee, caffeine (180 mg)
was added into a half of 410 cups at random. The cups were numbered by a controller, and it
was impossible to distinguish between caffeine-containing or caffeine-free coffee.

RESULTS

Effects on arithmetic skill

The arithmetic skill test was administered before and after drinking caffeine-free coffee for
205 students or caffeine (180 mg)-containing coffee for 205 students. Before coffee-drinking at
-45 to 0 min, arithmetic skills in both groups increased round by round. The average value of
all the students (n=417) was 86.7%3.9 per min. Figure 2 shows the time-dependent changes
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Fig. 2. Effect of caffeine on arithmetic skill before and after a coffee-drinking. Time-
dependent changes in the arithmetic skill were shown. The averaged scores
for three times-Kraepelin tests in one round are plotted. Data in caffeine-free
and caffeine-containing groups were calculated by taking fourth test (0 min)
as a base. Columns used are 180 mg caffeine (open, n=205) and caffeine-free
(shadow, n=205). * : P<0.05, with respect to control values. #: P<0.05, in
comparison between both groups.
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Fig. 3. Hemodynamic actions of caffeine before and after a coffee-drinking. Data in
caffeine-free and caffeine (180 mg)-containing groups were taken the fourth
test (0 min) as a bese. A : Time-dependent changes in the heart rate (HR).
B: Time-dependent changes in the mean blood pressure (MBP). Columns
used are 180 mg caffeine (open, n=205) and caffeine-free (shadow, n=205).
* 1 P<0.05, with respect to control values. #: P<0.05, in comparison
between both groups.
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in arithmetic skill in the caffeine-free and -containing groups. The values are calculated by
taking those at the 4th round as a control. After coffee-drinking, skills in the caffeine-
containing group and even in the caffeine-free group were significantly increased at 45-90 min
later. In comparison between both groups, significant effective responses were also observed
at 45 to 90 min in the caffeine-containing group (P<0.05). No students in the caffeine and
non-caffeine groups complained of any symptons.

The arithmetic errors were shown as a ratio; a number of errors,total mumber of arithme-
tic skill, in 3 tests for a round. The mean ratio at the 4th round in all the students was 0.025
+0.002% (m=417). The ratios in both groups decreased round by round, but not significantly.

No change in the factors occurred in the seven students who did not have any drinks (or
coffee) during the tests.

Effect on heart rate

The heart rate (HR) decreased time-dependently before and after coffee-drinking, indepen-
dent of coffees with and without caffeine. The HR reached an almost steady state at the 4th
round, and the average value was 73.7+3.3 beats,/min (n=417). After drinking coffee, the
HR decreased further in both groups, bot not significantly. Figure 3A shows the summarized
values. Seven students who had no coffee did not show any changes. The difference between
both groups was not significant.

Effects on blood pressure

Blood pressure (BP) also fell during the three tests before coffee-drinking. The average

values of systolic and diastolic BPs were 118.2+4.5 and 69.2+3.5 mmHg (n=410) at the
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Fig. 4. Development of tolerance for caffeine’s actions. Data in caffeine-free and
caffeine (180 mg)-containing groups were taken the fourth test (0 min) as a
base. A : Arithmetic skill. B: Mean blood pressure. Columns used are non-
habitual coffee-drinkers (open, n=146) and habitual coffee-drrinkers
(shadow, n=59). * : P<0.05, with respect to control values. #: P<0.05, in
comparison between both groups.
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Non-habitual coffee-drinkers A

o Before coffee

B After coffee
(n=6)

Habitual coffee-drinkers
Caffeine 180mglz

sk

Caffeine free
0 1 2 3 4 5 6

Serum concentration of caffeine (ug/ml)

Fig. 5. Serum concentrations of caffeine before and after a coffee-drinking. Columns
are before coffee (white) and after coffee-drinking (shadow). Values are
represented as mean+SEM (n=6). **P<(.01, with respective to control
value. Blood was drawn before and 40 min after coffee-drinking.

fourth round, and the MBP was 85.7+3.8 mmHg. Caffeine increased both the systolic and
diastolic BPs. As shown in Fig. 3B, a significant increase in the MBP was observed after 15-
90 min in the caffeine-containing group, but not at all the rounds in the caffeine-free group.
Seven students without coffee had no effect. The difference between both groups was signifi-
cant at all times (15-90 min) (P<0.05).
Comparison between habitual and non-habitual drinkers of coffee

Among all the students, we examined whether a tolerance for caffeine’s actions develops in
habitual coffee-drinkers. The 146 habitual coffee-drinkers in the caffeine-containing coffee
group (n=205) usually have 3.5+1.1 cups of coffee per day. Three students have 5 cups a day.
In non-habitual (n=59) drinkers, both arithmetic skill and MBP significantly increased at 30-
90 min (Fig. 4). Habitual drinkers (n=146) also significantly enhanced the arithmetic skill at
45-90 min and the MBP at 30-90 min. In comparison between habitual and non-habitual coffee
-drinkers, significant differences occurred at 45-90 min in arithmetic skill and at 30-90 min in
MBP. On the other hand, the HR in both groups was unaffected (by about 4-8%, P>0.05).

The serum concentration of caffeine 40-50 min after drinking a cup of coffee (180 mg
caffeine) increased from 0.2+0.1to 3.1+1.1 xg/ml (n=6, P<0.01) in non-habitual coffee-
drinkers, and from 1.5+0.6 to 5.4+1.3 ug/ml (n=6, P<0.01) in habitual coffee-drinkers.
The values are summarized in Fig. 5. The concentrations of twelve students in caffeine-free
drinkers and three of seven students who had no coffee were unaffected.

DISCUSSION

Caffeine in one of the pharmacologically active chemicals. Caffeine in coffee or tea has been
in widespread use for a long time. The present experiments by means of a double-blind study
for 410 university students (total 417 students) showed that caffeine at 180 mg (after coffee-
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drinking) enhanced arithmetic skill and increased MBP. Caffeine is water-soluble, and is
completely absorbed from caffeinated beverages. The caffeine concentration in blood reaches
a peak at 30-60 min later®=%*2Y, The half-life (T,) is 3-5 hr?*=??. In this study, the average
value at 45-60 min later increased to approximately 4 g,/ ml. These pharmacological charac-
teristics are reflected in the data in the present studies. The significant differences for
arithmetic skill and MBP between both groups lasted for 30 to 90 min after coffee-drinking.
Arithmetic skill

In general, caffeine at relatively higher concentrations increases sleep latency and decreases
total sleep time. It is also known that caffeine is primarily a stimulant, increasing flow of
thought and vigilance, reducing fatigue, and shortening motor reaction time®**”. In the present
experiments, the arithmetic skills in both groups increased round by round, irrespective of
coffee (with and without caffeine)-drinking. The increase would probably be due to habitua-
tion and learning by the repeated tests, as would be the decrease in arithmetic errors (but not
significant). However, caffeine at 180 mg enhanced arithmetic skill significantly, as compared
with caffeine-free coffee-drinkers. The enhancement of arithmetic skill was consistent with
the results of Sakuma'® and Horiuchi et al.?®. This would result from a stimulatory action on
the central nervous system due to an inhibition of adenosine receptor. Furthermore, the
accumulation of cAMP by its phosphodiesterase (PDE) inhibitory action would cause vasodila-
tion in brain and other tissues. The vasodilation as well as the BP increase might indirectly
contribute to the elevation of brain activity. Benowitz?? has reported that alcohol inhibits
caffeine metabolism, whereas tobacco smoke accelerates it. The T,,, may be reduced by as
much as one-half?*3®. The mechanism underlying this effect is likely metabolic, reflecting the
induction of hepatic enzymes such as cytochrome P450 1A2 by smoking®'~*®. In this experi-
ment, smokers (84 students) had approximately twenty cigarettes a day. A comparison
between smokers and non-smokers was also examined, because the nicotine level in blood for
smokers before the start of the tests might be kept relatively high. The smokers significantly
decreased the arithmetic skill and MBP, as compared with non-smokers (unpublished data).
However, the effective duration of caffeine was still unclear.
Hemodynamic effects

In the present study, the HR in all the groups decreased round by round even before coffee-
drinking, but not significantly. This is probably due to the subjects becoming relaxed mentally.
After coffee-drinking, the HR decreased further. This would be induced via baroreceptor-
mediated reflexes against the increase in MBP. In addition, the decrease might result from the
mental refreshment of drinking a cup of coffee (that is, a coffee-break). On the other hand,
a significant increase in the BP occurred at 15 to 90 min later. The amount of caffeine is
equivalent to approximately two cups of coffee. It has already been shown that caffeine (two
cups of coffee) increases blood pressure (by 4 to 6 mmHg), decreases HR slightly, and causes
systemic release of epinephrine, norepinephrine and renin®*%. Therefore, the pressor effect
might be due to an increase in cardiac output (via the PDE inhibition by caffeine) and
peripheral vasoconstriction (via the adenosine antagonism).

Caffeine exerts multiple influences on different tissues. Application of caffeine causes
relaxation of smooth muscle, stimulation of skeletal muscle, and diuretic action®®. Satoh and
colleagues have already shown that in isolated cardiac muscles, caffeine (0.5-10 mM) caused
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positive inotropic and chronotropic effects, and subsequently negative inotropic and
chronotropic effects''~'®. As a result, caffeine induced cellular calcium overload. Then, a
dysrhythmia occurred ; DAD and,”or EAD*®'7, Clinical reports reflected the present results.
Mean serum caffeine concentration in 600 medical outpatients was 2.1 ug,/ml (ranging from
0.2 to 13.1 xg,/mD?*". In this study, the concentration of caffeine in habitual coffee-drinkers
was lower, 1.5 ug,/ml before coffee-drinking, and elevated to 5.4 xg,/ml by a cup of coffee
(180 mg caffeine). The lower level of caffeine might result from the anouncement of no coffee
before the test. However, since caffeine increases Ca?* sensitive to cardiac muscles®®, the
changes in concentration might not be necessary for the responses.

The high plasma content of caffeine in heavy coffee-drinkers may induce calcium overload.
For one or two cups of coffee a day, the relative risk is 1.3, and for over five cups per day, is
2.5, as compared with no coffee-drinking®**®. In clinical use, caffeine as a drug is utilized for
patients with headache and postprandial orthostatic hypotension*?.

Tolerance

The response to caffeine is dependent on the sensitivity of individuals. The importance of
tolerance or adaptation to the caffeine actions must be considered. It has been reported that
when even one or two cups of coffee are consumed during a day, a tolerance develops to the
caffeine actions within a few days?**?. The tolerance is associated with an increased number
of adenosine receptors in the brain®*¥. Adenosine is a competitive antagonist of caffeine
among xanthine derivatives.

In this study, the habitual coffee-drinkers showed a tolerance for arithmetic skill and MBP,
as compared with the values of non-habitual coffee-drinkers. Even in habitual coffee-drinkers
developing the tolerance, however, the serum concentration of caffeine was elevated, and
caffeine significantly stimulated both arithmetic skill and MBP. Most students (about 809%)
usually had 3-4 cups of coffee a day. Therefore, we concluded that habitual coffee-drinkers
develop a caffeine tolerance. This is consistent with several reports that the tolerance to
pressor effect develops within a short period of time with repeated dosing of caffeine?®214245-47),
Thus, the caffeine actions were strongly influenced by the developed tolerance.

Conclusion

Caffeine (180 mg) in a cup of coffee produced significant actions on the arithmetic skill and
the MBP of the university students. These results strongly show the beneficial effect of several
cups of coffee for work, but a tolerance develops in habitual coffee-drinkers. Caffeine may also
have dangerous risks. Heavy coffee-drinkers needs to be careful about their health, and
especially for its aggravating effects on cardiac diseases.
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