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Abstract

We studied some of the characteristics of the improving effect of the

non-specific adenosine receptor antagonist, caffeine, using an animal

model of learning and memory. Groups of 12 adult male Wistar rats

receiving caffeine (0.3-30 mg/kg, ip, in 0.1 ml/100 g body weight)

administered 30 min before training, immediately after training, or 30

min before the test session were tested in the spatial version of the

Morris water maze task. Post-training administration of caffeine

improved memory retention at the doses of 0.3-10 mg/kg (the rats

swam up to 600 cm less to find the platform in the test session, P�0.05)

but not at the dose of 30 mg/kg. Pre-test caffeine administration also

caused a small increase in memory retrieval (the escape path of the rats

was up to 500 cm shorter, P�0.05). In contrast, pre-training caffeine

administration did not alter the performance of the animals either in

the training or in the test session. These data provide evidence that

caffeine improves memory retention but not memory acquisition,

explaining some discrepancies among reports in the literature.
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Introduction

Methylxanthine caffeine, present in many

common beverages, is among the psycho-

stimulant drugs more extensively consumed

by the world population (1). Besides having

a stimulant effect on the heart and respira-

tory system, caffeine also presents numerous

behavioral stimulant effects. It has weak re-

inforcing properties inducing self-adminis-

tration both in humans and non-human pri-

mates (2). Moderate doses of caffeine induce

behavioral stimulant effects that suggest CNS

stimulation but higher doses can suppress

behavioral activity and even performances

associated with learning and memory (1).

There are many reports showing that caf-

feine may ameliorate amnesia in human be-

ings, particularly in cases of age-related cog-

nitive decline (3), scopolamine-induced am-

nesia (4), and electroconvulsive therapy (5,6).

Many of these studies with human subjects

are not specifically addressed to memory

issues (5,7) and interpretations of the results

may be difficult due to interference of the

previous caffeine consumption habits and

heterogeneity of the samples. The improving

effect of caffeine on animal models of learn-

ing and memory has been reported since the

1960’s (8,9) but the results of these animal
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studies are also contradictory. We recently

published a study reporting that the effect of

caffeine on two other memory tasks depends

on the schedule of administration. Depend-

ing on whether it is administered pre-train-

ing or post-training it can impair or improve

memory, respectively (10). Now we extend

this investigation by studying the effect of

caffeine on the spatial version of the Morris

water maze.

Material and Methods

Animals

Adult male Wistar rats (240-300 g) from

our own breeding stock were used. The ani-

mals were maintained in a temperature-con-

trolled room (22 ± 2ºC) on a 12-h light/dark

cycle (lights on at 7:00 am) with food and

water available ad libitum. All the behavior-

al experiments were conducted between

13:00 and 18:00 h. The animals were main-

tained in Plexiglas home cages (60 x 25 x 25

cm), and the same five cagemate rats were

maintained until the end of the experiments.

The rats were divided into 13 groups of

12 animals each. Caffeine (Sigma, St. Louis,

MO, USA) was dissolved in saline (0.9%

NaCl) and administered ip in a volume of 0.1

ml/100 g body weight. In the first experi-

ment, groups of animals received saline or 3,

10, or 30 mg/kg caffeine 30 min before the

water maze training session (see below). In

the second experiment, groups of animals

received saline or 0.3, 3, 10, or 30 mg/kg

caffeine immediately after the training ses-

sion. In the third experiment, groups of ani-

mals received saline or 3, 10, or 30 mg/kg

caffeine, 30 min before the test session.

Behavioral procedures

A modification of the spatial version of

the water maze task described by Morris et

al. (11) was used. The water maze consisted

of a round tank 170 cm in diameter and 70

cm deep, filled with water. The water tem-

perature was maintained at 25ºC. A platform

(11 x 14 cm) submersed 2 cm under the

water surface was placed on the center of

one of the four imaginary quadrants of the

tank and maintained in the same position

during all trials. Several distal visual cues

were placed on the walls of the water maze

room. During the experiments, the tank was

videotaped and the scores for latency to

escape to the platform, distance traveled from

the starting point to the platform, and the

swimming speed were later computed. An

image analyzer (CEFET, Curitiba, PR, Bra-

zil) was used to measure the distance trav-

eled and the swimming speed of the rats in

the pool. The training session consisted of

four consecutive trials during which the ani-

mals were left in the tank facing the wall, and

allowed to swim freely to the escape plat-

form. If the animal did not find the platform

in 120 s it was gently guided to it. The animal

was allowed to remain on the platform for

10 s after escaping to it and was then re-

moved from the tank for 20 s before being

placed at the next starting point in the tank.

This procedure was repeated six times, with

the starting points (the axis of one imaginary

quadrant) varying in a pseudo-randomized

manner. The test session was performed 48 h

later and was similar to the training session,

except that the number of trials was reduced

to three.

Statistical analysis

Data from the training and test sessions

were analyzed separately by two-way

ANOVA taking the number of the trial as a

repeated measure. Differences between

groups were evaluated by the post hoc

Duncan test.

Results

Figure 1 shows the results obtained when

caffeine was administered 30 min before the
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training session. In the training session all

groups learned to reach the platform

(P�0.001). Treatment with caffeine did not

affect the training scores (P�0.2 for treat-

ment and for interaction treatment vs re-

peated measure). Pre-training caffeine ad-

ministration also did not affect retention (test

session) scores (P�0.2).

Figure 2 shows the effect of caffeine

treatment on swimming speed. Two-way

ANOVA showed that speed increased as a

function of the number of trials (P�0.001)

but was not affected by treatment (P�0.2). In

spite of the lack of effect, there was a signifi-

cant interaction between caffeine treatment

and the repeated measure (P�0.05).

The effect of post-training administra-

tion of caffeine immediately after the train-

ing session is presented in Figure 3. In the

training session groups learned to reach the

platform (P�0.001). In the training session

the groups did not differ in the training scores

for latency to reach the platform (latency:

F(4,55) = 0.65,  P�0.2; traveled distance: P =

0.10). Analysis of the test session scores

showed that 0.3-10 mg/kg caffeine improved

retention when administered immediately

after the training session: repeated measure

(session trial), latency or traveled distance:

P�0.001; treatment, latency: P�0.05; treat-

ment, traveled distance: P = 0.18; interaction

treatment vs repeated measure, latency:

P�0.01; interaction treatment vs repeated

measure, traveled distance: P�0.05. The high-

est improving effect was observed with the

administration of the lower doses (P�0.05,

post hoc Duncan test) whereas the dose of 30

mg/kg had no effect (P = 0.14, post hoc

Duncan test). Traveled distance data showed

a significant difference only at the dose of

0.3 mg/kg.

Figure 4 shows the results obtained with

the administration of caffeine 30 min before

the test session. In the training session the

groups learned to reach the platform

(P�0.001). In the training session the groups

did not differ in the training scores for la-

Figure 1. Effect of the administration of caffeine 30 min before the training session on the
learning of the Morris water maze task. The results are reported as mean ± SEM latency (A)
or distance (B) the animals traveled from the starting point to the submersed platform. The
test trials were performed 48 h after the training trials. The X-axis represents the starting
position for each trial. Two-way ANOVA showed a significant decrease in the scores as a
function of the number of trials (P�0.05) but no significant effect of treatment either on the
training or on the retention (test session) scores.
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Figure 2. Effect of the administra-
tion of caffeine 30 min before the
training session on swimming
speed during the Morris water
maze training trials. The results
are reported as mean ± SEM.
Two-way ANOVA showed a sig-
nificant decrease in the scores as
a function of the number of trials
(P�0.05) but no significant effect
of treatment either on the training
or on the retention (test session)
scores. The same analysis also
showed a significant (P�0.05) in-
teraction between the treatment
and the repeated measure (trials).
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Figure 3. Effect of the adminis-
tration of caffeine immediately
after the training session on the
learning of the Morris water
maze task. The results are re-
ported as mean latency (A) or
distance (B) the animals traveled
from the starting point to the
submersed platform. The test tri-
als were performed 48 h after
the training trials. The X-axis rep-
resents the starting position for
each trial. *P�0.05 and **P�0.01
compared to control (Duncan
test after two-way ANOVA re-
lated to test scores).
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tency to reach the platform (P�0.2). In the

test session the animals continued to de-

crease their scores (P�0.001). The pre-test

caffeine treatment did not affect the indi-

vidual retention (P = 0.13). On the other

hand, the “shape” of the retention curve in

the test session showed that caffeine, par-

ticularly at the lower doses, tended to im-

prove memory retrieval: interaction treat-

ment vs repeated measure, traveled distance:

P�0.05, latency: P�0.2.

Discussion

The data presented above agree with pre-

vious studies on humans suggesting an im-

proving effect of caffeine on memory (3-7)

and show that the Morris water maze task is

a good model for the study of this effect. Our

results also agree with most of the previous

studies reporting improving effects of caf-

feine in animal models of learning and

memory. Molinengo et al. (12) reported re-
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duction in memory decay in rats receiving

chronic administration of caffeine after in-

terruption of training in the staircase task.

There are also some reports of caffeine im-

proving memory consolidation when admin-

istered after training for a habituation task in

rats (10), inhibitory avoidance in mice (13)

and in rats (10), a multi-chamber maze in

mice (14), and active avoidance in rats

(15,16).

The present results stress some particu-

larities of the memory-improving effect of

caffeine that were not systematically ad-

dressed in previous studies: 1) the effect of

caffeine was more evident when the drug is

administered after training, suggesting an

effect on memory consolidation, 2) caffeine

was ineffective when administered before

training, suggesting that it does not affect

working memory and memory acquisition,

at least in the Morris water maze task, 3) the

mild but significant effect of pre-testing caf-

feine administration suggests that it can im-

prove memory retrieval, and 4) the effect of
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Figure 4. Effect of the adminis-
tration of caffeine 30 min before
the test session on the learning
of the Morris water maze task.
The results are reported as
mean ± SEM latency (A) or dis-
tance (B) the animals traveled
from the starting point to the
submersed platform. The test
trials were performed 48 h after
the training trials. The X-axis rep-
resents the starting position for
each trial. Two-way ANOVA of
the test data showed a signifi-
cant interaction between the
caffeine treatment and the re-
peated measure in relation to
the distance scores (P�0.05) but
not in relation to latency scores.
No significant effect of treat-
ment on individual retention
scores was observed.
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caffeine was observed after the administra-

tion of lower but not higher doses.

The effect of post-training caffeine ad-

ministration on memory consolidation can-

not be attributed to a direct influence on

performance since the drug was effective

only when administered after training, and

the test session occurred only 48 h later.

Caffeine (10 mg/kg) caused a positive inter-

action with the increase observed in swim-

ming speed as a function of the trials, but,

again, it was not the situation in which caf-

feine improved memory: caffeine improved

memory when administered after all the train-

ing trials and presented the highest effects

with the lower doses that did not improve

swimming speed.

Most of the previous animal studies have

reported that post-training caffeine adminis-

tration improved memory retention (13,

14,17). Just like in the present investigation,

previous studies reported that pre-training

caffeine administration was ineffective or

even impaired memory retention in animals

(18-20). The same occurred in human stud-

ies in which pre-training caffeine adminis-

tration was ineffective (7,21) or even im-

paired memory storage (22,23). Contrary to

our results, the animal studies of Roussinov

and Yonkov (24) and Yonkov and Roussinov

(14) reported an improving effect of caffeine

when administered before the training ses-

sion. However, in those studies caffeine was

administered ip 5 min before training and

most probably was available in effective

plasma concentrations only after the training

session.

To our knowledge, the literature contains

few reports of the effect of caffeine on

memory retrieval, a subject that clearly de-

serves further investigation. The results ob-

tained in those studies agree with our results,

suggesting that caffeine improves memory

retrieval. The improving effect of caffeine

on retrieval observed in this study was mild

but it should be considered in view of the

consistency of this observation with the other

studies reporting the same effect. In a previ-

ous study we showed that caffeine improves

retrieval in inhibitory avoidance and habitu-

ation tests (10). Valzelli et al. (25) reported

that caffeine improved memory recall of

poor learning mice. Riedel et al. (4) reported

that caffeine attenuated the scopolamine-

induced impairment of free recall from short-

and long-term memory and of quality and

speed of retrieval from long-term memory in

a word learning task in humans.

Our results showed that only lower doses

of caffeine improved retention in the Morris

water maze task. Most of the previous ani-

mal studies showed an improving effect on

memory retention with low doses of caffeine

ranging from 0.2 to 20 mg/kg administered

to rats and mice (13,14,17,24). However, the

diversity of memory tasks and the few stud-

ies reported in the literature are not enough

to permit comparisons with our data, espe-

cially if we consider the lack of studies with

higher doses. This effect may result from the

interaction of caffeine with more than one

cell target.

The dual effect of caffeine, causing

memory improvement at lower doses and

memory impairment or no effect at higher

doses, may be reflecting the action of caf-

feine on more than one type of receptor.

Caffeine is an antagonist of both A1 and A2

adenosine receptors (26). There is contro-

versy about the mechanism that mediates the

memory-improving effect of caffeine. Aden-

osine A1 receptors are expressed densely in

the cerebral cortex and hippocampus (27,28).

Activation of adenosine A1 receptors strongly

inhibits the release of acetylcholine from

pyramidal hippocampal neurons (29-31).

Acetylcholine has been shown to be impor-

tant for memory storage (32). Based on this

and on the fact that elderly people present a

progressive decline in brain acetylcholine

level and are more susceptible to the benefi-

cial effects of caffeine on memory, some

authors consider the inhibition of the A1

adenosine receptors to be the main mechan-
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ism explaining the effect of caffeine on

memory (3). On the other hand, others sug-

gest that the improving effect of caffeine on

memory cannot be explained by its action as

an adenosine A1 receptor antagonist. They

argue that adenosine A1 receptor agonists,

like N6-(R-phenylisopropyl)adenosine (12)

or N6-cyclopentyladenosine (33), do not af-

fect the memory-improving effect of caf-

feine and can even increase it under certain

circumstances. They also show that the A1

receptor antagonist, 3-dipropylxanthine, does

not improve memory retention (33). Accord-

ing to this evidence, the behavioral stimulant

effects of methylxanthines would be more

properly explained by their action as adeno-

sine A2 receptor antagonists (1). The adeno-

sine A2A receptors are predominantly ex-

pressed in the striatum (34). We showed that

caffeine can reverse the memory impairment

of striatal dopamine-depleted rats (15).

The present investigation shows that caf-

feine improves memory consolidation and

suggests that it can also improve memory

retrieval in a task specific for the spatial/

relational memory system that models the

human hippocampal memory system.
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