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Abstract Caffeine consumption can be beneficial for
cognitive functioning. Although caffeine is widely rec-
ognized as a mild CNS stimulant drug, the most impor-
tant consequence of its adenosine antagonism is
cholinergic stimulation, which might lead to improve-
ment of higher cognitive functions, particularly mem-
ory. In this study, the scopolamine model of amnesia
was used to test the cholinergic effects of caffeine,
administered as three cups of coffee. Subjects were 16
healthy volunteers who received 250 mg caffeine and
2 mg nicotine separately, in a placebo-controlled dou-
ble-blind cross-over design. Compared to placebo,
nicotine attenuated the scopolamine-induced impair-
ment of storage in short-term memory and attenuated
the scopolamine-induced slowing of speed of short-
term memory scanning. Nicotine also attenuated the
scopolamine-induced slowing of reaction time in a
response competition task. Caffeine attenuated the
scopolamine-induced impairment of free recall from
short- and long-term memory, quality and speed of
retrieval from long-term memory in a word learning
task, and other cognitive and non-cognitive measures,
such as perceptual sensitivity in visual search, reading
speed, and rate of finger-tapping. On the basis of these
results it was concluded that caffeine possesses cholin-
ergic cognition enhancing properties. Caffeine could be
used as a control drug in studies using the scopolamine
paradigm and possibly also in other experimental stud-
ies of cognitive enhancers, as the effects of a newly
developed cognition enhancing drug should at least be
superior to the effects of three cups of coffee.
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Introduction

In recent years, much effort has been put into the devel-
opment of cognition enhancing drugs to combat syn-
dromes seen in the age-associated cognitive decline and
in dementia (Cacabelos et al. 1994). This has probably
also stimulated interest in the cognitive effects of
caffeine and nicotine. These substances have long since
penetrated the consumer markets and, possibly as a
result of this, knowledge about their acute and long-
term effects on cognitive performance in humans by far
exceeds what is known about any novel, putative cog-
nitive enhancer.

The effects of nicotine on cognitive functions have
been extensively studied in healthy persons, smokers,
non-smokers, subjects with scopolamine-induced
cholinergic blockade, and in patients with Alzheimer’s
disease (AD) (Rusted and Eaton-Williams 1991; Jones
et al. 1992; Wesnes and Parrott 1992). The mechanism
by which nicotine exerts its effects on cognition is by
agonism of nicotinic acetylcholine receptors. Nicotine
might play a role in the prevention of AD by main-
taining cholinergic function better in old age (Levin
1992).

Improved performance on psychological tasks has
also been reported frequently after caffeine intake in
normal subjects, even with dosages as low as 32 mg
(Lieberman et al. 1987), in well-controlled double-blind
studies, whereas only a few studies report detrimental
effects on psychological task performance (Nehlig et
al. 1992; Stavric 1992). The observed ecffects are
described in terms of increased vigilance, arousal, acti-
vation, alertness, psychomotor speed, and mood.
Learning and memory were improved by caffeine in
one study (Loke 1988) but impaired in another (Terry
and Phifer 1986). An interesting study describing a pos-
itive effect of caffeine on cognitive function, including
memory, involved 7414 people distributed over age
groups of about 20, 30, 40, 50, and 60 years (Jarvis
1993). A positive linear relationship existed between



the daily coffee consumption and cognitive perfor-
mance. Older people appeared to be more susceptible
to the performance-improving effects of caffeine than
were younger people.

Adenosine antagonism is assumed to be the most
important mechanism for explaining the stimulating
effects of caffeine on behaviour (Nehlig et al. 1992;
Stavric 1992). Potential cognition enhancers include
adenosine Aj-antagonists since inhibitory adenosine
A -receptors have been found on cholinergic terminals
in the hippocampus and the cortex (Briley 1990). If
this mechanism is involved in caffeine’s mode of action,
then the cognition enhancing rather than merely the
activating properties of caffeine would underlie the
beneficial effect of caffeine on learning and memory
performance.

In this study we investigated whether caffeine con-
sumption improves memory performance. Despite its
known limitations, the scopolamine model of cholin-
ergic dysfunction is a recognized screening paradigm
to assess the memory and cognition enhancing prop-
erties of substances proposed to combat the age-asso-
ciated decline in cognitive performance or dementia of
the Alzheimer type (Bartus et al. 1985; Rusted and
Warburton 1988; Wesnes et al. 1988; Molchan et al.
1992). We used the scopolamine model to induce cog-
nitive deficits in healthy volunteers. Despite the vast
amount of literature describing the psychological effects
of caffeine, such a study has, to the best of our knowl-
edge, never been carried out until now. We postulated
that the consumption of coffee would reverse or atten-
uate the impairing effects of scopolamine, particularly
upon memory performance, as compared to the effect
of decafleinated coffec. We also compared the effects of
caffeine with the known effects of nicotine upon scopo-
lamine-induced cognitive dysfunction (Rusted and
Eaton-Williams 1991), and for this reason double-blind
administration of chewing gum with or without nico-
tine was included as an “active drug control”.

Material and methods

Subjects

Eighteen healthy volunteers, balanced for sex, between 25 and 35
years of age were recruited. During the study, two subjects dropped
out, one for reasons unrelated to the study, and the other because
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of adverse effects of scopolamine. These consisted of blurred vision
and problems with balance. The scopolamine dose was weight cal-
ibrated 0.5 mg/75 kg, and as this subject weighed 90 kg the actual
dose was 0.6 mg. Since no other subjects over 75 kg had started the
study, it was decided to maintain the dose regimen, except that
0.5 mg would be the maximum dose. All subjects agreed to refrain
from taking any form of medication, except oral contraceptives,
during the study. All were moderate smokers (1-10 cigarettes/day)
and had normal binocular acuity. The female volunteers were ascer-
tained not to be pregnant. Exclusion criteria included any cardiac,
hepatic, renal, pulmonary, neurological, gastrointestinal, haemato-
logical, or psychiatric conditions, as determined from the history,
physical examination, ECG, and routine laboratory blood screens,
a body weight 10% outside of population norms, a history of alco-
hol or drug abuse, excessive drinking (>>28 units/week; 1 unit = [2.5
mi pure ethanol), caffeine intolerance, rare or extreme use of cafleine
(i.e. <7 cups per week or > 10 cups each day), glaucoma, allergic
reactions to cholinergic drugs, and sensory or motor impairments
which could reasonably be expected to affect psychomotor perfor-
mance.

The study was approved by the standing Medical Ethics Review
Committee of the University and written informed consent was
given by all subjects. The subjects were paid for their participation.

Study design

The study was conducted according to a 3 x 3 repeated measure-
ments model (Fig. 1). The first factor, Drug Treatment, had three
levels: placebo, caffeine, and nicotine. This factor was studied
according to a three-period placebo-controlled, double-blind, dou-
ble dummy, cross-over design. Treatment order was balanced
according to three Latin squares which were randomly assigned to
blocks of six subjects. The second factor, Time After Scopolamine
Administration, consisted of effect measures starting at 2, 4, and
6 h after scopolamine administration (T,, T4, and Tg, respectively).
The baseline measure taken 1 h before drug treatment was used as
a covariate in order to correct for baseline differences.

A few days before the first experimental session, all subjects had
individual training sessions in which they were shown and required
to practice and to complete all the assessments and tasks used in
the study. Then, the subjects participated in 3 study days which
were spaced at least 1 week apart. The subjects were not allowed
alcohol or other CNS drugs from 24 h before the testing sessions
began. They were allowed a light caffeine-free (except for one cup
of tea) breakfast and were provided lunch on the testing days. No
beverages or food containing caffeine, theophylline, or theobromine
(coffee, tea, cacao) were allowed during this time until the end of
testing.

Drug treatments

On each occasion, scopolamine was injected subcutaneously in the
back of the upper arm. The dose was 0.5 mg/75 kg body weight.
On three occasions the subjects received chewing gum containing

Fig. 1 Time course of an baseline T2 Ts Té
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Table 1 Treatment conditions

PLA (scopolamine + placebo chewing gum + decaf)
NIC (scopolamine + nicotine chewing gum + decaf)
CAF (scopolamine + placebo chewing gum + coffee)

2 mg nicotine (Nicorette) or an identical looking placebo chewing
gum and a coffee beverage containing 250 mg caffeine or an iden-
tical looking decaffeinated beverage. Chewing gum was given 45 min
after scopolamine. The subjects were instructed to chew the gum
for 30 min. Immediately thereafter, they received a thermos flask
containing 390 ml of freshly brewed filter coffee. Coffee was brewed
using a Braun Aromaster 22 Compact Filter machine. Distilled
water was used to prevent scaling in the coffee machine and to main-
tain a constant brew during the 3-month study. The brew was made
using 40 g filter ground coffee (Douwe Egberts Zilvermerk) per liter
of water, yielding 910 ml coffee. According to the manufacturer,
this strenth of coffee would yield 643 mg caffeine per liter coffee. In
order to calibrate the procedure, samples were sent to the manu-
facturer to determine the amount of caffeine. The results showed
that five different samples contained on average 636.5mg (SD = 4.5)
of caffeine per liter coffee. Hence, each subject had to drink 390 mi
coffee (about three cups) in order to ingest 250 mg cafleine.
The decaffeinated coffee was brewed the same way using 40 g
decaffeinated ground coffee (Douwe Egberts Decaf). The ingested
amount of decaffeinated coffee would contain about 10 mg caffeine.
They were asked to drink the coffee within 30 min.

Assessments

The cognitive test battery consisted of several tests that have been
shown to be sensitive to the effects of aging (Houx 1991). The bat-
tery took approximately 45 min to complete. All cognitive assess-
ments and the dependent variables are listed in Table 2. We made
a distinction between primary and secondary cognitive outcome
measures, because our hypothesis primarily aimed at testing mem-
ory effects. The primary outcome variables were measures of mem-
ory functions. The secondary outcome variables were measures of
perceptual, attentional, psychomotor and executive functions. The
following tests were used.

Primary cognitive measures: memory tasks

Word Learning Test (WLT) One of 12 parallel lists of 15 mono-
syllabic meaningful nouns matched for word frequency was pre-
sented at a rate of 2 s per word. The subjects were asked to read
the words aloud as they appeared on a computer screen and to
recall verbally as many words as possible as soon as the presenta-
tion stopped. This first immediate recall trial was followed by four
more trials in which the same words were repeated in the same
order. When the fifth trial was completed, the subjects performed
the subsequent tasks and after 20 min were asked to recall as many
of the previously learned words without prompting (delayed recall).
The number of correctly recalled words was noted after each trial.
The trial yielding the maximum number of recalled words was taken
as the dependent variable (immediate recall). The delayed recall
score was the number of words correctly recalled after 20 min. A
30-word list containing the initial 15-word list was presented after
20 min and after presentation of each word the subject had to
respond “YES/NO” as fast as possible to indicate recognition of
the word (delayed recognition). The reaction times were recorded.

According to the theory of signal detection (Pollack and Norman
1964), the proportion of correctly recognized words (cr) and the
proportion of falsely recognized (fr) constitute the nonparametric
sensitivity measure: A'=1-1/4 [fr/cr + [1—cr]/[1—{T]]. A’ is in fact
the proportion of correctly recognized words, corrected for the sub-

ject’s response tendency. Because the distribution of A’ is skewed
due to a ceiling effect, A’ was arcsin transformed before it was used
for statistical analysis.

Memory scanning The subjects were briefly shown a set of letters
and told to memorize them. This is called the “memory set”
(Sternberg 1969). The subjects then saw a series of 144 letters equally
spaced in a matrix of 12 lines and 12 positions on a sheet of paper.
Their task was to decide and respond, as rapidly as possible, by
marking the letter with a pencil, whether or not each successive let-
ter was one of those contained in the memory set. This task was
performed with memory sets consisting of one, two, three, and four
letters, respectively. Each test sheet contained 24 targets and 120
distractors. The total time needed by the subject to complete each
sheet was timed with a stopwatch. Individual total time X set size
functions were calculated. This function is defined by the equation
Tt = A*Ss + B, in which Tt = total time, A = slope of the function
(i.e. the amount of extra time needed per item in the memory set),
Ss = size of the memory set, and B = intercept with the Y-axis. The
slope is a measure of the speed of scanning short term memory
whereas the intercept measures sensorimotor speed.

Secondary cognitive measures.: perception, psychomotor and
executive function

Visual search task Dots were presented on a computer screen in a
random fashion. Every second two dots changed position. When
four dots formed a square, the subject had to push a button as
quickly as possible (within 2 s). Efficient and rapid visual search is
required to obtain a high signal-detection performance on this task.
The perceptual sensitivity measure A’ was taken as the dependent
variable.

Motor choice reaction time task The subject held one button and
was asked to press one of five other buttons located equidistantly
from the hold button when lit. This yielded reaction times consist-
ing of an initiation phase (time from stimulus onset until release of
the hold button) and a movement phase (time from release of the
hold button until the response button is pushed). The response set
consisted of pressing the one button that lit up (simple RT), press-
ing one of three buttons which lit up (three-choice RT), or press-
ing the button to the right of the lit button (incompatible
three-choice RT) as quickly as possible. Initiation times and move-
ment times thus comprised the dependent variables obtained for
each of the three reaction time tasks. This task measures sensori-
motor speed, choice-reaction speed, and choice-reaction speed with
response competition,

Stroop colour-word interference In subtest I, ten rows by ten
columns of colour names (red, blue, green, and yellow) were printed
in black on white cardboard. In subtest II, the same number of cor-
respondingly coloured patches were printed, and in subtest II{ a
number of colour names were printed in incongruously coloured
ink. For instance, the word “green” could be printed in red. For
card I, the subject was requested to “read the colour names row by
row, as fast as possible, without making mistakes”. The time needed
to complete the whole card was recorded with a stopwatch. In the
second subtest (card 1) the instruction was “to name the coloured
patches”. The third trial (card IIT) involved naming the colour of
the ink the colour words were printed in, without paying attention
to the word itself. For each subtest the time taken to finish the card
and the number and type of errors were recorded. Outcome
parameters were: Reading (t;), Colour Naming (tz—t;), and
Interference (tyr— tr). The Stroop colour-word test is a well-known
test for the ease of shifting perceptual sets to conform to changing
task requirements, which is indicative of executive function. It
also yields measures of reading speed and speed of naming
colours.
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Table 2 Cognitive assessments

Test Concept Dependent variable . Units

Primary cognitive assessments (learning and memory)

Word learning Primary memory Immediate recall # of words
Secondary memory Delayed recall # of words
Retrieval Recognition sensitivity proportion
Speed of retrieval Recognition RT ms

Memory scanning Speed of scanning in STM  Slope of scanning function s

Secondary cognitive assessments {information processing and psychomotor speed)

Memory scanning Sensorimotor speed Intercept of scanning )

Signal detection Visual search Perceptual sensitivity proportion

Motor choice RT Motor speed Movement RT ms
Sensorimotor speed Simple RT ms
Psychomotor speed 3-choice RT ms
Response competition Incompatible choice RT ms

Stroop Vocal motor speed Reading time ]
Symbol encoding Color-naming time s
Executive function Incongruent color-naming s

Tapping Manual motor speed Number of taps per second #/s

Tapping The subject was required to finger-tap a response button
as fast as possible during a short period of time (30 s). The num-
ber of taps per second is a measure of psychomotor speed. The test
was carried out with the preferred hand.

Physiological measures

Pulse rate and blood pressure These were measured while the sub-
ject was in a relaxed sitting position before the start of each test
battery, using an automated vital signs monitor (Dinamap 1800 BP;
Critikon Inc., Tampa, Fla.).

Blood samples These were taken by venous puncture to assess con-
centrations of nicotine, cotinine (an active metabolite of nicotine),
and caffeine. These were taken 2 h after scopolamine administra-
tion, i.e,, 75 and 45 min after the start of nicotine and caffeine inges-
tion, respectively. The determinations of cafleine, nicotine and
cotinine concentrations were performed by the Dept of Clinical
Pharmacy of the University Hospital of Maastricht. The method
employed was that of high resolution gaschromatography
(HR.G.C.). Detection limits were < 5 ug/l for both nicotine and
cotinine. Quantification limits were < 10 ug/l for both nicotine and
cotinine and < 200 pg/l for caffeine. Two independent determina-
tions were made for each sample. Accuracy in series was 96.6%,
97% and 94.3% (df=6) for nicotine, cotinine and caffeine,
respectively.

Subjective assessments

Mood was assessed by using the Bond and Lader (Bond and Lader
1974) Mood Rating Scale, which consists of 16 bipolar analogue
scales with two opposed mood related adjectives at the ends of the
scales. These have been shown to yield three mood factors, alert-
ness, contentedness, and calmness. These factor scores were used
as dependent variables, higher values representing greater amounts
of each assessment. Subjectively experienced peripheral cholinergic
side effects; dry mouth, blurred vision, and nausea were assessed
the same way. The Blindness of the subjects towards nicotine and
caffeine was checked by means of a Yes/No response to the ques-
tions: “Do you think your chewing gum contained nicotine? “and”
Do you think your coffee contained caffeine?”.

Statistical analysis

Dependent variables were analyzed separately in a repeated mea-
sures multivariate and univariate (MANOVA using SPSS 4.0 on
Maclntosh) analysis of (co)variance, according to a 3 (treat-
ment) x 3 (time) factorial model to test the main effect of treatment
and the treatment X time interaction, using baseline scores as covari-
ates. Besides the multivariate tests, univariate a priori contrast com-
parisons were carried out between nicotine and placebo, and
between caffeine and placebo, respectively. The latter were per-
formed overall and separately at T, T,, and T. These comparisons
were made regardless of the outcome of the corresponding overall
F test. This is a legitimate procedure if the comparisons are built
into the design or suggested by the theoretical basis of the experi-
ment (Winer 1971). Correction for multiple testing was accom-
plished by using the “sequential Bonferroni” procedure for adjusting
the a-probability criterion (Overall and Rhoades 1987).

Results

The subjects could not tell whether they had ingested
nicotine or caffeine. The Yes/No distribution was 9/7
for nicotine and 8/8 for caffeine.

Scopolamine adversely affected the performance of
the subjects on nearly all tests, particularly the primary
outcome measures recognition RT, immediate and
delayed recall of word learning and slope of memory
scanning, at T, and T,. At Ty, there were still detri-
mental effects of scopolamine.

Primary cognitive measures
Word learning

The multivariate treatment effect on Immediate Recall
was significant (F;;; = 3.9, P < 0.05). Both nicotine
and caffeine significantly attenuated the effects of
scopolamine on immediate recall (F,;s= 5.4, P < 0.05;
Fi;5=6.2, P<0.05. Mean paired comparisons
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Table 3 The means and standard errors of the primary outcome
measures learning and memory functions, broken down by treat-

ment (placebo, nicotine, caffeine) and Time after scopolamine
administration (baseline, T,, Ty, and T¢)

Time after scopolamine administration Baseline T, T, T
Task Measure Scopolamine
+ treatment Mean (SE) Mean (SE) Mean (SE) Mean (SE)
Word learning Immediate recall scopolamine 14.5(0.3) 11.6(0.7) 13.0(0.6) 13.4(0.5)
# of words correct + nicotine 14.4(0.2) 12.6(0.7) 13.2(0.5) 13.9(0.5)
+ caffeine 14.6(0.2) 13.1(0.5) 13.7(0.4) 13.9(0.4)
Delayed recall scopolamine 13.1(0.6) 8.2(1.0) 10.6(0.9) 11.4(0.8)
# of words correct + nicotine 13.4(0.5) 9.0(0.9) 10.6(0.9) 11.3(0.8)
+ caffeine 13.3(0.4) 8.7(0.8) 11.8(0.7) 12.5(0.7)
Delayed recogn. scopolamine 0.88(0.02) 0.82(0.04) 0.82(0.04) 0.91(0.02)
Sensitivity + nicotine 0.88(0.03) 0.86(0.05) 0.84(0.04) 0.88(0.04)
(proportion) + caffeine 0.91(0.02) 0.91(0.02) 0.86(0.02) 0.92(0.02)
Recognition speed scopolamine 578(13) 644(12) 619(14) 604(12)
RT (ms) + nicotine 580(15) 635(22) 603(16) 591(13)
+ caffeine 575(15) 615(12) 606(11) 591(1)
Memory scanning  Slope scopolamine 10.2(1.2) 14.4(1.3) 13.7(1.4) 14.0(1.5)
time (s) + nicotine 10.2(0.8) 12.0(1.1) 12.6(1.3) 13.4(1.0)
+ caffeine 10.3(1.2) 13.6(1.5) 12.0(1.3) 13.6(1.0)
Intercept scopolamine 16.8(0.9) 20.8(1.2) 22.1(1.0) 20.2(1.0)
time (s) + nicotine 18.8(0.9) 21.1(1.3) 22.5(1.0) 19.6(1.0)
+ caffeine 19.4(0.8) 19.2(1.1) 23.3(1.3) 19.3(1.1)
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Table 4 The means and standard errors of the secondary outcome measures perceptual, psychomotor and executive functions, broken

down by Treatment and Time after scopolamine administration

Time after scopolamine administration Baseline T, T, Ts
Task Measure scopolamine
+ treatment Mean (SE) Mean (SE) Mean (SE) Mean (SE)
Visual search Perceptual scopolamine 0.89(0.02) 0.82(0.04) 0.83(0.03) 0.85(0.03)
Sensitivity + nicotine 0.88(0.03) 0.83(0.03) 0.82(0.04) 0.85(0.04)
(proportion) + caffeine 0.90(0.02) 0.86(0.02) 0.87(0.03) 0.89(0.02)
Choice reaction Simple RT (ms) scopolamine 281(4) 297(6) 288(7) 276(6)
+ nicotine 278(5) 295(7) 284(6) 273(6)
+ caffeine 275(4) 293(7) 282(6) 276(6)
3-choice RT (ms) scopolamine 324(6) 352(9) 350(10) 333(10)
+ nicotine 329(8) 351(12) 341(8) 329(6)
+ caffeine 316(6) 333(9) 340(8) 333(9)
Response competing  scopolamine 396(12) 423(15) 421(16) 405(15)
3-choice RT (ms) + nicotine 394(15) 409(15) 411(15) 398(14)
+ caffeine 386(10) 426(16) 412(14) 396(14)
Movement time scopolamine 102(3) 122(5) 118(5) 118(5)
(ms) + nicotine 106(3) 123(5) 122(6) 113(5)
+ caffeine 102(3) 116(4) 115(4) 114(4)
Stroop Reading scopolamine 34.3(1.2) 36.5(1.3) 354(1.4) 35.3(1.3)
time (s} + nicotine 34.7(1.0) 36.0(1.3) 35.0(1.1) 34.3(1.2)
+ caffeine 34.5(0.8) 35.0(1.2) 34.6(1.2) 34.0(0.9)
Color naming scopolamine 11.4(1.4) 12.8(1.5) 9.6(1.3) 10.2(0.8)
extra time (s) + nicotine 11.6(1.4) 10.2(1.4) 1LIKLT 10.6(1.2)
+ caffeine 9.9(1.4) 11.6(1.6) 9.5(1.3) 9.1(1.5)
Interference scopolamine 20.2(1.5) 23.7(2.5) 23.1(1.8) 22.8(2.6)
extra time (s) + nicotine 15.4(1.5) 23.9(1.5) 21.6(1.9) 19.4(1.6)
+ caffeine 19.6(2.2) 23.8(2.2) 25.0(3.4) 23.1(2.5)
Tapping Preferred hand scopolamine 6.85(0.08) 6.25(0.08) 6.35(0.09) 6.64(0.08)
# of taps/s + nicotine 6.78(0.05) 6.24(0.08) 6.36(0.11) 6.66(0.06)
+ caffeine 6.92(0.09) 6.37(0.10) 6.57(0.09) 6.71(0.09)

revealed that this effect was mainly due to a significant
decrease in the effect of scopolamine at T2 elicited by
nicotine (F;5=5.0, P<0.05) and by -caffeine
(F 5= 6.5, P=0.05).

There was no multivariate effect of treatment on
Delayed Recall. Nicotine had no effect on the scopo-
lamine-induced impairment of delayed recall, whereas
caffeine attenuated the scopolamine-induced impair-
ment of delayed free recall at Tg (F) 5= 9.8, P <0.01;
see also Fig. 2).

The multivariate treatment effect on recognition RT
was not significant. Nicotine had no effect on recogni-
tion parameters. Overall, caffeine significantly attenu-
ated the scopolamine-induced decrease in the speed of
delayed recognition (F);s=4.5, P <0.05). This was
mainly due to its significant attenuation of the scopo-
lamine-induced slowing of word recognition RT
(Fi,5=9.4, P<0.01) and its reversal of the scopo-
lamine-impaired delayed recognition sensitivity at T
(FI,IS: 78, P= 005)

Table 5 The means and standard errors of the physiological measures, broken down by Treatment and Time after scopolamine

administration
Time after scopolamine administration Baseline T, T, Ts
Task Measure Scopolamine —_— —_—
+ treatment Mean (SE} Mean (SE) Mean (SE} Mean (SE)
Blood pressure Systolic scopolamine 126.3(2.5) 113.6(2.6) 113.2(2.4) 111.4(3.1)
(mm Hg) + nicotine 120.9(2.2) 115.9(2.8) 116.8(2.1) 112.3(2.5)
+ caffeine 123.7(2.2) 118.3(2.9) 120.2(2.7) 118.6(2.5)
Diastolic scopolaming 61.1(2.0) 57.7(3.2) 50.7(2.0) 52.3(2.2)
(mm Hg + njcotine 60.8(2.6) 57.3(2.4) 52.4(2.0) 52.9(2.3)
+ caffeine 60.9(2.3) 60.6(2.3) 53.4(2.2) 54.6(1.9)
Heart rate Beats/min scopolamine 68.2(2.5) 52.3(2.0) 57.8(2.2) 57.6(2.0)
+ nicotine 67.7(2.9) 56.4(3.0) 60.4(3.1) 60.3(2.9)
+ caffeine 66.6(3.3) 51.1(2.0) 55.4(1.8) 55.9(1.8)
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Table 6 The means and standard errors of the subjective assessments, broken down by Treatment and Time after scopolamine

administration

Time after scopolamine administration Baseline T, T, T

Task Measure Scopolamine

+ treatment Mean (SE) Mean (SE) Mean (SE) Mean (SE)

Peripheral effects Dry mouth scopolamine 35.7(5.7) 80.8(5.7) 56.9(4.7) 44.3(5.7)
(0-100) + nicotine 32.3(4.9) 78.2(5.7) 58.2(5.5) 45.3(6.1)
r=0.70) + caffeine 32.5(5.9) 84.8(3.6) 58.4(7.5) 43.6(5.7)
Blurred vision scopolamine 16.9(4.4) 51.4(7.2) 44.5(8.8) 38.0(8.4)
(0-100) + nicotine 24.7(5.5) 54.4(6.7) 50.1(7.9) 44.7(7.2)
(r = 0.85) + caffeine 19.1(4.9) 47.08.0) 46.1(8.5) 43.0(8.5)
Nausea scopolamine 15.7(4.4) 49.0(5.4) 41.6(6.9) 34.4(5.5)
(0-100) + nicotine 19.0(4.4) 44.3(7.5) 44.3(5.7) 43.7(8.2)
(r = 0.59) + caffeine 23.0(5.0) 63.9(7.2) 39.1(6.4) 44.1(7.9)

Mood scales Alertness scopolamine 65.2(4.4) 40.72.7) 47.1(3.8) 47.9(3.6)
(0-100) + nicotine 67.4(3.5) 35.5(4.1) 43.5(4.1) 49.6(3.9)
(r = 0.56) + caffeine 73.5(3.0) 41.4(3.5) 49.5(4.2) 52.7(3.5)
Contentment scopolamine 69.0(3.3) 63.4(3.3) 64.6(3.8) 67.9(3.5)
(0-100) + nicotine 74.7(3.5) 60.7(3.3) 64.0(3.7) 65.1(3.5)
(r=0.53) + caffeine 75.3(3.1) 65.4(3.6) 68.2(3.5) 68.8(4.1)
Calmness scopolamine 72.4(4.8) 64.2(4.8) 67.3(3.0) 69.3(3.2)
(0-100) + nicotine 71.8(4.0) 68.3(3.8) 65.4(3.5) 60.8(4.2)
(r=20.57) + caffeine 72.5(3.1) 64.8(3.8) 69.8(3.7) 65.2(4.3)

Memory scanning Stroop

There was no multivariate treatment effect on speed of
memory scanning. Overall, nicotine significantly atten-
uated the scopolamine-induced slowing of memory-
scanning (F) ;5= 6.1, P < 0.05). This was mainly due to
its significant reduction of the scopolamine-induced
increased slope of memory scanning at T, (5 = 13.2,
P <0.005). Caffeine did not affect this parameter.

Secondary cognitive measures
Visual search

Nicotine did not affect this parameter. Overall, cafleine
attenuated the scopolamine-induced decrement in per-
ceptual sensitivity of visual search (Fj;s= 6.5,
P < 0.05). This was probably due to its attenuation of
the scopolamine-induced impairment at T, and T,
respectively. This effect was not statistically significant.

Motor choice reaction time

Nicotine significantly attenuated the scopolamine-
induced slowing of the initiation time in the
incompatible three-choice RT task at T, (Fi5=13.7,
P < 0.005). Nicotine had no effect on either the initia-
tion time or the movement time which was slowed by
scopolamine in the simple RT and choice RT tasks.
Caffeine had no effect on any of the scopolamine-
induced decrements in simple RT, choice RT, and
incompatible choice RT.

Nicotine significantly reversed the slowing effect of
scopolamine on colour-naming time at T, (F, 5 = 6.7,
P < 0.05). Nicotine had no effect on reading time and
interference. Caffeine attenuated the scopolamine-
induced slowing of reading time at T, (F ;5= 12.2,
P <0.005), but had no effect on colour-naming time
and interference.

Tapping

Nicotine did not affect the finger-tapping rate. The
scopolamine-induced decrease in the number of taps
per second was significantly attenuated by caffeine at
T, (Fp5 = 6.4, P =0.05).

Vital signs
Blood pressure and heart rate

There was a multivariate effect of treatment on systolic
blood pressure (F3 3 = 6.4, P < 0.05). Nicotine did not
significantly affect any of the scopolamine-induced
alterations of cardiovascular parameters. Caffeine
significantly attenuated the scopolamine-induced
decrease in systolic blood pressure (F);s= 14.3,
P<0.005), at T, (F£1,5=89, P<0.01) and T;
(Fr15 = 18.9, P < 0.001), but had no effect on the scopo-
lamine-induced decrease in diastolic blood pressure
and heart rate.



Table 7 Comparison of the magnitude of effects of different cogni-
tion enhancing substances on the scopolamine-induced memory
deficit on immediate and delayed recall of word lists. Buschke selec-
tive reminding procedure (only words not recalled are presented in
acquisition trials}, LTR long term recall {the number of words that
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are recalled on two consecutive trials), n selective reminding pro-
cedure was done until the whole list was remembered on six con-
secutive occasions, Rey repeated acquisition trials (immediate recall:
IR) followed by a delayed recall trial (DR) without presentation

Study substance Scop. dose Time Memory Test  Recall Baseline Scop.  aftenuation Reference

and dosage formulation after Scop (words/trials) Score deficit abs  rel

Aniracetam 1500 mg 0.7 mg SC 3h20’ Buschke (14/n) LTR 353 20.9 2.7 *13%  {Wesnes et al. 1990)

TRH 0.5mg/kg IV 0.5-0.75mg IV 1h30’ Buschke (12/8) IR 9.3 3.4 1.1 *32%  (Molchan et al. 1990}

Nicotine 1.5mg PO 1.2 mg PO 1h30’ Rey (10/4) IR 8.3 0.7 0.2 29%  (Rusted and Eaton-
Williams 1991)

- - 1h30’ Rey (30/4) 1R 16.1 2.1 01 —5%

Oxiracetam 800 mg 0.5 mg SC 3h Rey (20/3) IR 31.2 13.5 1.8 13%  (Preda et al. 1993)

- - 3h - DR 13.5 7.8 2.5 *32%

Oxiracetam 1600 mg - 3h - IR 31.2 13.5 2.7 20%

- - 3h - DR 135 7.8 4.8 *62%

Nicotine 2 mg 0.5mg/75kg SC 2h Rey (15/5) IR 14.5 2.9 1.1 *38%  (this study)

- - 2h - DR 13.1 49 0.5 10%

Caffeine 250 mg 2h - IR 14.5 29 1.4 *48%

- - 2h - DR 13.1 4.9 0.3 6%

*This attenuation was significant

Subjective measures
Peripheral side effects and mood scales

Scopolamine-induced side-effect and mood ratings
were not significantly affected by nicotine or caffeine.

Blood levels
Blood levels

The mean blood level of caffeine was 5339 ug/l in the
caffeine condition, but 775 and 737 ug/l in the nico-
tine and placebo conditions, respectively. The difference
was highly significant (F,4=68.2, P <0.0001).
Cotinine blood levels were not significantly different
(129, 126, and 113 ug/1 in the nicotine, placebo, and
caffeine conditions, respectively). Nicotine was detected
in only 6 of the 16 subjects who received nicotine chew-
ing gum and was detected 4 of the 32 times that placebo
chewing gum was administered.

The nicotine and cotinine blood levels over the var-
ious conditions did not seem very clearly to confirm
the presence of nicotine administered via chewing gum.
However, the low incidence of detection of nicotine in
the blood after the administration of nicotine 2 mg in
chewing gum, can be explained to a great deal
Benowitz et al. (1988) showed that the administration
of nicotine 4 mg chewing gum yielded a curve with
nicotine concentrations varying between 7 and 11 ug/1
from 30 to 90 min after the end of the administration
period. In our study, blood was taken 45 min after the
end of the chewing period. Since we administered only
2 mg nicotine, we might expect, roughly, blood nico-
tine concentrations between 3.5 and 5.5 ug/l if we
divide those reported by Benowitz et al. by 2. However,

our detection limit of nicotine in the blood was 5 pg/1
and the quantification limit was 10 pg/1. Of the six cor-
rect nicotine detections only one was > 10 ug/i
(12.7 ug/l) and of the four false nicotine detections
none were > 10 pg/l. So, with respect to the detection
of nicotine, the results do not seem to deny the absorp-
tion of nicotine. The nicotine dose administered was a
very small one and therefore difficult to detect with the
method used. On the other hand, in order to explain
the four faulty detections of nicotine, we have to ask
ourselves the question whether this could have been
caused by high nicotine levels obtained during the pre-
vious day, or whether we can prove with reasonable
certainty that this was caused by a protocol violation,
1.e. smoking before the experiment began. With regards
to the latter, there was continuous supervision of the
subjects starting 3 h before the blood sample was taken,
1.e. 1 h before scopolamine and 2 h before the active
treatment was administered. The possibility of smok-
ing before that time cannot be excluded, however.
Neither can it be excluded that smoking during the pre-
vious day led to the detection of nicotine in the blood.
Nicotine, which has a half-life of 2 h, accumulates over
the first 6-8 h of regular smoking, and persists at
significant levels for 6-8 h after cessation, which is
overnight if a smoker continues to smoke until bed-
time (Surgeon General 1988). Smoking ten cigarettes
in the evening may in this manner lead to a (faulty)
detection of nicotine the next day. Cotinine has a half-
life of 19 h, and hence its levels may reflect smoking
habits much more than they may reflect absorption of
the treatment administered. In fact, the correlations of
cotinine blood levels with the reported number of cig-
arettes smoked daily (varying from 2 to 10), appeared
to be 0.75 (P <0.001), 0.71 (P <0.005), and 0.68
(P < 0.005) in the placebo, caffeine, and nicotine con-
ditions, respectively.
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Effect of treatment order

The possibility that learning effects over the sessions
influenced the results needs to be considered because
the intended complete order balancing of the design
was compromised by the two subjects that dropped out.
If learning had taken place, it could possibly explain
some of the drug effects, particularly the effect of
caffeine upon delayed recall, in which performance after
caffeine appeared to return to baseline sooner than after
nicotine and placebo. Did the learning effect increase
the baseline? We studied this possibility as follows.

The distribution of treatment order over sessions
1/2/3 yielded n = 5/5/6 for both caffeine and nicotine
and n = 6/6/4 for placebo. When caffeine was admin-
istered at the first or second session, the baseline score
1 week later was taken as a “reversal to baseline score”.
The same procedure was applied to construct the nico-
tine and placebo “reversal to baseline scores”. It tran-
spired that basecline scores of delayed recall bad
increased over 1 week for placebo (1.0), nicotine (0.9),
and caffeine (1.2). This means that a learning effect over
1 week had indeed occurred but the difference between
drug conditions was only minimal, indicating that not
only the caffeine baseline but also the placebo baseline
increased.

We also analyzed the “reversal to baseline scores”
for immediate recall (placebo: 0.3; nicotine: 0.6;
caffeine: 0.1) and slope of memory scanning (placebo:
0.8; nicotine: —0.5; caffeine: 0.9). The difference
between placebo and nicotine in the latter would
amplify rather than diminish the effect of nicotine
observed at T, for this parameter. Therefore we con-
cluded that very small learning effects might have
occurred, but that they did not influence the results
pertaining to the caffeine- and nicotine-placebo com-
parisons.

Effect sizes

The treatment effects of caffeine and nicotine were
significant on several parameters, but the size of these
effects was generally small. Because the treatment
effects of caffeine and nicotine were both significant for
the immediate recall of the 15-word list, and because
most studies investigating cognition enhancers with the
scopolamine model have used word lists, we set out to
compare the magnitudes of these results with those
obtained in similar scopolamine studies. The result of
this comparison is listed in Table 7. We calculated the
absolute difference scores and percentages of change
obtained after the administration of a putative cogni-
tive enhancer to combat the effects of scopolamine.
Since different studies use different word lists with
different lengths and different amounts of presentation
trials, some difficulties may arise as to the comparison
of absolute values of treatment effects. As can be con-

cluded from the results shown in Table 7, the absolute
attenuation scores of the scopolamine-induced deficits
in word recall obtained in our study after caffeine and
nicotine are indeed small, but do not deviate drasti-
cally from (significant) results obtained in other stud-
ies with putative cognitive enhancers such as the
neuropeptide TRH (Molchan et al. 1990), and the
nootropic substances aniracetam (Wesnes et al. 1990),
and oxiracetam (Preda et al. 1993).

Discussion

To the best of our knowledge, this is the first study
demonstrating the effects of caffeine on memory in
humans, as assessed with the scopolamine model of
cholinergic blockade.

Before further interpreting the effects, several issues
need to be addressed. First, the size of the treatment
effect. As was shown in Table 7, the effect sizes of
caffeine and nicotine in immediate recall memory were
rather small, but there have been several other similar
studies reporting effect sizes that were within the same
range. Several factors influence the size of the treat-
ment effect. The size of the scopolamine effect is prob-
ably determined by the dosage given and also by its
route of administration. It is likely that the fairly large
scopolamine effect in the study by Wesnes et al. (1990)
was associated with the relatively high dose of scopo-
lamine. The larger the scopolamine effect, the more
room for improvement to be induced by a cognitive
enhancing substance. The other major factor that deter-
mines the size of treatment effects is the presence of
ceiling effects in the tests used. It is fairly obvious that
the immediate recall score obtained in the baseline con-
dition of our study could hardly be improved further.
Rusted and Eaton-Williams (1991) showed that longer
word lists of 30, rather than 10 words, permit greater
sensitivity for measuring improving effects of nicotine.
However, we did not intend to measure cognition
enhancing effects of nicotine and caffeine per se, but
only those apparent as an attenuation of the scopo-
lamine effect and hence the sensitivity of our method
wholly depended on the presence, and size, of scopo-
lamine effects. For that reason a true ceiling effect was
perhaps only apparent in the measure of recognition
sensitivity, with which the scopolamine effect was small
and hence did not leave much room for attenuation.
Surprisingly, on this measure, a statistically significant
effect of caffeine was found. So, eventual ceiling effects
apparently did not render the design insensitive.
However, it is difficult to generalize from small
significant effects, to any clinically relevant ones. For
that reason, the most important finding among the
results presented here is the novelty of the finding of
caffeine’s effect on memory in the scopolamine para-
digm. In future studies on the memory enhancing
effects of caffeine, we should take factors associated



with effect size, such as the possibility of ceiling effects
and word list length, into account. Another important
point concerning the impact of even a small significant
effect of caffeine on memory performance is that
caffeine is consumed daily, through the consumption
of coffee and tea, by millions of people all over the
world (Klatsky et al. 1993).

The question of whether we had a real nicotine con-
dition is an important one, because of the difficulty in
discriminating nicotine from placebo on the basis of
nicotine and cotinine blood concentrations. Since it
cannot be excluded that subjects did actually smoke on
the morning before the experiment, perhaps measures
ought to be taken in future experiments to prevent this
problem. We tried to do this by selecting irregular
smokers. The reason was threefold. Firstly, it was con-
sidered unethical to administer nicotine to people who
never used it. Secondly, subjects had to be familiar with
the effects of nicotine, to a certain extent, to avoid
adverse effects. Thirdly, subjects had to be used to
abstaining from nicotine for a relatively long period.
We thought this would only be possible in subjects who
have a very low frequency of habitual use. It was
difficult to find enough subjects who would fulfil the
criterion of smoking no more than five cigarettes per
day and therefore we decided to include subjects with
reported smoking frequencies of up to ten cigarettes
per day. To prevent the nicotine detection problem in
future experiments of this kind, it might be better to
pursue the subject inclusion criterion of a maximum
reported smoking frequency of no more than five cig-
arettes per day. The question whether we had a real
nicotine condition is in the end answered by the per-
formance data. There was evidently an active nicotine
condition, but it could have been better.

It appeared that the effects of nicotine were present
at T, only while those of caffeine were distributed over
T,, T4, and Ty The lack of effect of nicotine at T, and
T is probably due to its shorter half-life (Gilman et al.
1990). Furthermore, it is possible that the effects of
caffeine last longer than those of scopolamine and
hence some effects of caffeine emerge at T, and Ty, This
is most clearly seen with the caffeine-induced reversal
of the scopolamine-induced decrease in systolic blood
pressure at T, and T, and with the caffeine-induced
attenuation of the scopolamine-induced delayed recall
deficit in word learning,

The memory enhancing effects of caffeine were of a
different nature than those of nicotine. Caffeine had a
more pronounced effect on parameters reflecting speed
and quality of delayed recognition of learned words,
whereas nicotine seemed to facilitate working memory
capacity, as seen by its attenuation of scopolamine-
induced slowing of rate of memory scanning and
incompatible choice reaction time. Most behavioral
studies on the effects of caffeine in humans have sug-
gested that caffeine acts as a CNS stimulant. However,
the specificity, in terms of amnesic relative to its seda-
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tive effects, of the scopolamine model has been queried
(Rusted and Eaton-Williams 1991). Despite this, the
most pronounced effects of scopolamine on behaviour
are consistently reported to be on memory function.
Although we found scopolamine to have marked effects
on non-memory parameters, such as tapping rate and
movement time in choice reaction, the rather pro-
nounced effects of scopolamine on immediate and
delayed recall and recognition as well as on the rate of
memory scanning seem to confirm the effects of scopo-
lamine on memory processes as reported in the litera-
ture.

If caffeine were to act primarily as a CNS stimulant,
one would have anticipated a different pattern of results,
l.e., a more pronounced attenuation of the scopo-
lamine-induced slowing of the finger-tapping rate,
because caffeine alone is reported specifically to
increase the rate of finger tapping (Fagan et al. 1988;
Swift and Tiplady 1988), and also an-attenuation of
the scopolamine-induced increase in movement time in
the reaction time tasks. Caffeine would have been
expected to increase speed in cognition tests rather than
improve qualitative scores of cognitive performance,
such as free recall of words and perceptual sensitivity
of word recognition and signal detection. The effects
of caffeine on these latter parameters therefore seem to
confirm our hypothesis that, at least when there is
cholinergic dysfunction, caffeine acts as a cognition
enhancer rather than a CNS stimulant.

In conclusion, our data indicate that caffeine has
specific memory-enhancing properties and acts, at least
partly, through cholinergic pathways. This raises the
possibility that caffeine might be a protective factor
against age-associated cognitive decline or even demen-
tia. Another implication of our results is that many
reports of the cholinergic effects of putative cognition
enhancers, as assessed with the scopolamine model,
should be read with caution. After all, we found that
most of these effects could also be obtained by drink-
ing three cups of coffee. We suggest therefore that
caffeine should be used as a control drug in future
scopolamine trials of putative cognition enhancers.
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