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Abstract: Excessive caffeine consumption causes adverse health effects. The effects of moderate and
high doses of caffeine consumption on the motor coordination, cognitive brain functions, and the
social behavior in mice were studied. Animals were divided into three groups: control group,
moderate dose group (Ac MD), and high dose group (Ac HD). The animals were tested after 7 days of
caffeine administration. A rotarod test for motor coordination showed that the mice of the moderate
dose group could stay on the rotating rod longer before falling in comparison to the control group
and the high dose group. A water maze test for learning and memory showed better performance
of mice receiving the moderate dose of caffeine compared to the other groups. Animals that were
administered moderate as well as high doses of caffeine showed no sociability and no preference for
social novelty in the three-chamber test used to test social behavior. In an elevated plus maze test,
control animals showed no anxiety-like behavior while mice from both of the groups administered
with caffeine showed anxiety-like behaviors. Our data conclude that the effects of caffeine on higher
brain functions depend on the administration dose. When caffeine was given in moderate doses,
it resulted in enhancement of memory and motor coordination functions. However, high doses caused
defects in memory and learning. The social behavior of the mice, as determined by the level of anxiety
and sociability, was affected negatively by moderate as well as high dose caffeine administration.
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1. Introduction

Caffeine, a widely consumed substance by man, is found in tea, coffee, energy drinks, and other
beverages. Recently, it was estimated that 90% of the U.S. population and 80% of the world’s population
consume caffeine on a daily basis [1]. It has been reported that caffeine can enhance memory in both
animal models and humans [2,3]. While the human tolerance to moderate intakes of caffeine is good,
heavy caffeine consumption could cause severe health effects [4].

Memory is significantly affected by sleep, in which the brain’s neural connections are strengthened.
The strengthening of the neural connections enhances the brain’s ability to retain memory. During sleep,
different parts of the brain process the memories and convert them into long-term memory. Insomnia or
sleep deprivation results in a lower retention rate of memories due to the neural connections not being
as strong as they need to be [5]. Sleep deprivation, in general, is associated with the deterioration of
memory [6] as well as other negative outcome such as suicidal behavior [7].
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Acute caffeine administration enhances learning and memory functions in rodents [8]. In addition,
chronic caffeine administration has been shown to be beneficial in animals with Alzheimer’s diseases
as well as in age-related defects in cognition [9]. However, caffeine can cause delayed sleep onset in
both humans and rodents [10] as well as stimulation of locomotor activity. The effects of caffeine are
believed to be mediated through the antagonism of adenosine receptors, especially A1R and A2AR,
and it exerts a stimulating effect on locomotor activity at low to moderate doses. At higher doses,
however, it has even depressive effects [11,12]. A significant correlation was found between the caffeine
dose and the level of depressive illness [13]. Data from other research studies show a direct correlation
between the adenosine homeostasis and mood disorders. Patients with major depression were found
to have lower levels of serum adenosine deaminase compared to the control group, with a negative
correlation between the enzyme activity and the severity of depression [14].

Due to the effect of caffeine on adenosine receptors and on multiple neurotransmitters that lead
to arousal, high doses of caffeine can cause a dysfunctional arousal state that causes sleep disturbances
that include alteration of sleep quality, latency, and total sleep time [15].

Although the specific mechanism is not yet fully understood, multiple research studies have
successfully linked sleep deprivation with anxiety disorder [16,17].

Anxiety disorder, which is a mental disorder characterized by out of proportion feelings of
fear and anxiety in frequency and/or duration relative to the actual situation [18–20]. Interestingly,
the effects of caffeine on anxiety differ based on the dose ingested. It has been observed that high
doses can cause anxiety, whereas low doses can have anxiolytic effects [21–24].

This study aimed to measure the effect of caffeine on learning, memory, anxiety, and social
behavior in mice. We hypothesize that administering moderate doses of caffeine increases the higher
brain functions and locomotion of mice. Memory enhancement could be due to an inhibition of
adenosine A1 receptors that strongly inhibit the release of acetylcholine from pyramidal hippocampal
neurons, while locomotor enhancement could be attributed to the multiple effects of caffeine on
skeletal muscle contraction (by either modulating the calcium homeostasis in the muscle fibers and/or
increasing the sensitivity of myofilaments to calcium ions). Furthermore, caffeine-treated mice will
display anxiogenic behavior and a decrease in social parameters, which can be caused by a blockade
of benzodiazepine binding sites on GABAA receptors, stimulation of central noradrenergic activity,
or antagonism of adenosine receptors.

2. Materials and Methods

2.1. Animals

Adolescent male BLC57 mice were bred in the animal department of the Arabian Gulf University.
They were housed in cages on sawdust. The animals were divided into the following: control group
(n = 8, were given normal water), acute moderate dose (n = 8, were given moderate dose caffeine
(0.1 g/L, i.e., 20 mg/kg) for 1 week, Ac MD), and acute high dose (n = 8, were given high dose
caffeine for 1 week, Ac HD 1 g/L, i.e., 200 mg/kg). These doses are comparable to other previous
studies [25]. Each of the groups was tested in rotarod and water-maze in one day with three-hour
intervals. The elevated plus maze and three-chamber social apparatus tests were done the next day
with same intervals. All tests were performed when the animals were six weeks of age. All experiment
procedures followed the animal care ethics of Arabian Gulf University, Manama, Bahrain.

2.2. Tests

2.2.1. Rotarod (RR)

The accelerating rotarod assesses motor coordination and balance. Mice were placed on a cylinder
that rotates at a pre-assigned speed of 45 revolutions per minute (rpm). Each mouse was habituated for
a total of a 6-min period divided into three trials of 2 min. During each trial, the mouse was replaced on
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the rod when it fell. Habituation was not recorded. Following the habituation, the test was performed
with three trials per test. Latency to fall from the rotating rod was recorded. The three groups of
mice were tested within the same experiment to allow comparison of baseline motor performance.
Habituation and testing were done on the same day for each group.

2.2.2. Elevated Plus Maze Test (EPM)

The elevated plus maze tests anxiety-like behavior [24]; it consists of two open arms
(25 cm × 5 cm) and two enclosed arms of the same size at opposite sides of each other. The enclosed
arms are surrounded by 15 cm high walls. The edges, 3 mm high, surround the open arms, minimizing
the likelihood of animals falling from the apparatus. Both arms are 55 cm above the floor. Between the
arms is a central square area (5 cm × 5 cm) where the mouse is placed.

The entire apparatus was cleaned using 70% ethanol between each subject. Each mouse was
individually placed in the central square of the maze and was allowed to freely explore the apparatus.
The mice’s behavior was recorded for the test period of 10 min and then analyzed. The number of
entries per arm and the time spent in the open arms were recorded. An entry is recorded when all
four paws enter the arm. The numbers of entries and time spent in the open arms reflect the general
behavior of the mice. The less common entrance of the mice into the open arms of the maze, as well as
the decreased amount of time spent in them, was considered as anxiety-like behavior.

2.2.3. Morris Water Maze Test (MWM)

A water maze measures spatial learning and memory [26,27]. The apparatus consisted of a
circular swimming pool (140 cm diameter and 50 cm height, filled to a depth of 30 cm); the water was
maintained at room temperature (26 ◦C–28 ◦C). The maze was housed in a darkened room with visual
cues and illuminated by sparse red light. It was divided into four equal quadrants by two diagonal
lines set by the program.

Each mouse was given five acquisition trials per day for the first day (training day) to learn
the position of a hidden ‘escape’ platform, which is submerged 2 cm below the water surface, at a
fixed location inside the pool. On each trial, the mice were released from one of four predetermined
positions on the perimeter of the pool. Animals were given a maximum of 120 s to find the platform
and were allowed to remain on the platform for 20 s. Mice that failed to locate the platform were put
onto it by the experimenter and allowed to stay there for 20 s.

The position and movement of the animals, in the pool, was captured and analyzed every
0.2 s, using a video-camera computer system, and ANY-maze video- tracking system (Stoelting
Co., Wood Dale, IL, USA). Outcome measures were latency time and distance swum to reach the
platform. Performance in each trial was averaged to yield one data point per mouse per test. The speed
of swimming (a measure of motor function [26]) was measured as a control between the groups.
Following the test, a probe test was performed in which the platform was removed, and each animal
was allowed to swim for 120 s.

2.2.4. Three-Chambers Social Apparatus (Crawley’s Sociability and Preference for Social Novelty Test) (3C)

The three-chambers social apparatus assesses sociability and preference for social novelty [28–30].
The rectangular three-chambered box consists of chambers with the dimensions of 20 cm × 40 cm × 22 cm.
The walls of the box are made of clear Plexiglas. The dividing walls (also made of Plexiglas) had small
rectangular openings (5 cm × 3 cm) allowing access to each chamber. Each chamber contained a cage
which was 11 cm high, with a bottom diameter of 9 cm. The test consists of habituation for 5 min and
two 10-min sessions. The subject mouse was first placed in the middle chamber to habituate for 5 min.
Session 1 was started by placing an unfamiliar mouse (stranger 1) that had no prior contact with the
subject mouse inside the wire cage in one of the side chambers. The subject mouse was then allowed to
explore the entire apparatus freely. The time spent in each chamber, as well as the number of chamber
entries, was recorded.
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Session 2 was started by placing a second unfamiliar mouse in the wire cage inside the chamber
that was empty during session 1. The test mouse was then left to freely choose between the chamber
containing the already investigated mouse (stranger 1) and the one containing the novel unfamiliar
mouse (stranger 2). The said strangers were of the same species and gender. The same parameters
recorded for session 1 were recorded for session 2. The apparatus was cleaned with 70% ethanol
between subjects. Session 1 tests for sociability, which is evident by the subject spending more time in
the chamber containing a mouse than in the empty chamber. Preference for social novelty, measured in
session 2, is indicated by spending more time in the chamber containing the novel mouse than the one
containing the already investigated mouse.

3. Statistical Analysis

Data are presented as average ± SEM (standard error of mean) unless indicated otherwise.
Comparisons between and within groups were made using ANOVA and post-hoc paired or unpaired
two-tail t-tests. All statistical tests were performed with Microsoft Excel™ 2010 incorporating the
Analysis Tool Pak add-in. Data were expressed as mean ± SEM. Statistical significance was set at a
p value of less than 0.05.

4. Results

4.1. Rotarod Test: Ac MD Displayed Better Motor Coordination than the Other Groups

In comparison to the control (Cont; 29.83 ± 2.5 s) and Ac HD (26.2 ± 2.5 s) groups, Ac MD spent
significantly more time on the rotating rod before falling (41.1 ± 4.3 s, ANOVA test, p < 0.05) (Figure 1).
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Figure 1. Latency to fall (mean ± SEM seconds) in the rotarod test for the control, moderate dose,
and high dose groups. The time spent by Ac MD was significantly more than the other groups (ANOVA
test, p < 0.05). Cont: control; Ac MD: moderate dose group; Ac HD: high dose group. Asterisks mark
significant differences between the groups.

4.2. Improved Performance Displayed by Ac MD Group in Morris Water Maze Test

Cognitive function was assessed by using a Morris water maze test (Figure 2). Latency (Figure 2A)
to reach the platform of Ac MD group was significantly better (30.45 ± 7.3 s) compared to the control
group latency (54.4 ± 6.8 s, ANOVA test, p < 0.05). However, the Ac HD group took significantly
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more time to reach the platform compared to the control group (73.4 ± 6.4 s, ANOVA test, p < 0.05).
There were significant differences in the distances (Figure 2B) traveled by each group to reach the
platform in which the Ac MD group traveled less distance (5.8 ± 0.96 dm) compared to the other
groups (ANOVA test, p < 0.05). Another outcome that was noted was in the swimming velocity
(Figure 2C), where the velocity of the Ac MD group was the highest (0.30 ± 0.02 m/s). The probe
test (Figure 2D) revealed that the Ac MD group exhibited learning behavior, as they spent more time
(36 ± 2.1%) in the disc zone than the other groups (ANOVA test, p < 0.05). The mice that spent minimal
time in the disc zone were of the Ac HD group (30.2 ± 1.8%).
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Figure 2. Morris water maze test used to assess cognitive function of the control, moderate dose, and
high dose groups. (A) Time (latency) to reach the platform; (B) Distance to reach platform; (C) Velocity
of swimming (m/s); and (D) % of time spent in the disc zone (Probe Test). In all the parameters tested,
the Ac MD group showed better results than the other groups (ANOVA Test, p < 0.05).

4.3. Increased Anxiety in Caffeine-Treated Mice

Anxiety was tested using the elevated plus maze test. Control animals showed less anxiety-like
behavior by spending more time in the open arms compared to the other groups during the test. On the
contrary, the caffeine-treated mice spent significantly less time in the open arms, which indicates an
increase in anxiety (ANOVA test, p < 0.05, Figure 3). However, there was no significant difference
between the Ac MD and Ac HD groups.

4.4. Lack of Sociability and Preference for Social Novelty in Caffeine-Treated Mice

In the three-chamber test, the control group animals showed normal sociability (session 1) by
preferring to be in the chamber containing another mouse rather than staying in the empty chamber
(315.4 ± 17.9 s versus 217 ± 22.4 s, respectively). They also showed a normal preference for social
novelty (session 2) by spending more time in the chamber that contained a novel mouse than the
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chamber containing the old mouse (347 ± 38.1 s versus 184.8 ± 29.5 s, respectively). On the other
hand, caffeine-treated animals demonstrated a lack in both sociability (session 1) and preference for
social novelty (session 2), with no significant difference between the two treated groups (Figure 4).Behav. Sci. 2018, 8, x FOR PEER REVIEW  6 of 11 
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than the control group. Asterisks mark significant differences between the groups.
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Figure 4. Three-chamber test to assess sociability and preference for social novelty. (A) Sociability
(session 1: time spent in the chamber with the mouse versus the chamber without the mouse).
(B) Preference for social novelty (session 2: time spent in the chamber with the old mouse versus the
chamber with the novel mouse). Control animals showed normal sociability and preference for social
novelty. Caffeine-treated mice showed decreased sociability and preference for social novelty.

5. Discussion and Conclusions

Caffeine affects many body functions including those of the cardiovascular, respiratory, renal,
and nervous systems. Among the many mechanisms by which it acts, caffeine is known to antagonize
adenosine and benzodiazepine receptors and essential enzymes like phosphodiesterase. In addition,
it has been shown to inhibit the release of calcium ions from intracellular stores.
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In relation to higher brain functions and social behavior, the antagonism of adenosine
receptors is the most important mechanism. Competitive binding of caffeine to adenosine receptors
resulted in the modulation of most of the central nervous system (CNS) neurotransmitters release
including norepinephrine, dopamine, glutamate, acetylcholine, gamma-aminobutyric acid (GABA),
and numerous others [31].

Adenosine receptors are mainly of two types: A1 and A2; both are nonselectively antagonized by
caffeine. However, the specificity of inhibition depends on the concentration in the blood [32].

The research in hand investigates the effects of different doses of caffeine on four behavioral
parameters in mice. There was previously a lack of research studying this number of variables under
the effect of different doses of caffeine for short and long durations. Thus, the idea for this research came
to life. The different parameters measured—motor coordination, spatial memory, anxiety, and social
behavior—showed variations in results. The performance of the Ac MD group gave the most robust
results concerning spatial memory and motor function, whereas the Ac HD group gave the weakest.
Furthermore, caffeine increased anxious behavior and decreased sociability and the preference for
social novelty.

According to the results collected and analyzed, mice treated with moderate doses of caffeine
showed enhanced motor and spatial memory functions, although they had the most anxious behavior,
decreased sociability, and decreased preference for social novelty. On the other hand, mice treated with
high doses of caffeine showed deterioration in motor and spatial memory functions, with increased
anxious behavior and similarly decreased sociability and social novelty as the group mentioned above.

Based on other research, the effects of caffeine on motor function are highly dose dependent.
In fact, caffeine has biphasic effects, in which low doses increase motor function while high doses
decrease it [27–30,33]. High caffeine concentration affects skeletal muscle contraction by either
modulating the calcium homeostasis in the muscle fibers [34] and/or increasing the sensitivity of
myofilaments to calcium ions [35].

Low doses of caffeine selectively decrease the activity in the striatum and nucleus accumbens [36–38].
This suggests that low doses of caffeine, similar to that of typical human caffeine consumption,
are stimulating due to the inhibitory effect on adenosine receptors that are abundant in striatum.

The research at hand showed similar results; mice treated with moderate doses of caffeine showed
enhancement in motor functions, while those treated acutely with high doses showed the opposite.

When examining the effects on spatial memory, it was apparent that low doses of caffeine
enhance performance while high doses deteriorate it. In fact, studies have concluded that
activation of adenosine A1 receptors strongly inhibits the release of acetylcholine from pyramidal
hippocampal neurons [39–41]. Acetylcholine has been known to be important for memory storage [42].
Adenosine receptor knockout studies have demonstrated defects in cognition, memory, and social
behavior [43]. In addition, synaptic plasticity of the hippocampus in the form of long-term potentiation
(LTP) and depression (LTD) and higher brain functions were shown to be modulated by adenosine
receptors and consequently by adenosine receptors antagonism [44].

To our knowledge, the literature contains few pieces of research on the effect of caffeine on
memory retrieval, a topic that deserves further questioning. The results obtained in previously existing
studies agree with our results that caffeine improves retention of cognitive function on short-term
ingestion when given in lower doses [45].

Our results support previous studies in that lower doses of caffeine enhance spatial memory
function. In fact, the AC MD group had significant improvement in memory retrieval, while the AC
HD group was negatively affected compared to the control group [46].

Caffeine administration can exert anxiolytic or anxiogenic effects in rodents depending on the
anxiety test employed, the rat strain, and the sex of the rat [47]. Recent reports have associated caffeine
with anxiety-related behaviors, and the suggested mechanisms include: blockade of benzodiazepine
binding sites on GABAA receptors, stimulation of central noradrenergic activity, or antagonism of
adenosine receptors [24,26,27]. Since adenosine is involved in the inhibition of cholinergic neurons in
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the brain stem, caffeine is thus capable of affecting acetylcholine actions and consequently arousal and
electroencephalogram (EEG) wave patterns [48]. Arousal is also maintained and regulated by other
neurotransmitters, especially dopamine and norepinephrine. Since caffeine can affect the availability
of these neurotransmitters by its action on A1 adenosine receptors, it is postulated that this could be
another mechanism to affect arousal. In fact, high doses of caffeine can affect brain function through
the modulation of many other neurotransmitters by the same mechanism.

Our research showed anxiogenic effects of caffeine on the treated mice; this finding is in opposition
to the idea that high doses of caffeine exert an anxiogenic effect while low doses exert an anxiolytic
effect [49]. In fact, there was no clear relationship between the dose and the effect, as the Ac MD group
was more anxious than the Ac HD group.

There is a lack of research concerning caffeine and its effects on sociability and preference for
social novelty. Several studies showed that caffeine decreased social interaction in mice and rats [50,51].
The suggested mechanism can be related to its anxiogenic actions [50–52]. Another study demonstrated
that a high dose of caffeine decreases the level of social interaction [53].

In the three-chamber test, the control group that was treated with saline solution spent more
time exploring the conspecific than the unknown object. This pattern of behavior was preserved after
administration of the moderate dose of caffeine but not after the high dose, which further indicates a
lack of preference for the conspecific after receiving the high doses of caffeine. The same study showed
that the high doses of caffeine significantly decreased the time spent sniffing the novel conspecific.
As a result, had high dose of caffeine reduces the sociability and preference for social novelty [54].

Our study demonstrates that the acutely treated groups of mice were less social than the control
group. Such results indicate that the decrease in sociability is not significantly dose-dependent.
Similar results were shown regarding preference for social novelty in previous pieces of research.
However, the Ac HD group preferred to spend more time with the novel mice than the Ac MD
group. However, it should be mentioned that our results were based upon considering caffeine use on
adolescent male mice. Different outcome results cannot be excluded by studying the effects of caffeine
on female mice or younger or older age groups.

Overall, this study documents the diverse effects of caffeine on different parameters. The Ac MD
group showed better results in motor and spatial memory functions, whereas the Ac HD group was less
anxious than the Ac MD group. The most striking result was that sociability was not dose-dependent
but had an equal effect on mice when administered. Since there is no concrete evidence that proves
the link between the dose of caffeine and the level of decrease in sociability, further investigation
is advised.

Author Contributions: All Authors contributed equally in performing, collection of data, analysis and writing of
this manuscript. Analysis was done by different authors than the authors performing the actual experiments.

Funding: This research received no external funding.

Acknowledgments: We appreciate the help provided by Mahdi Albahrani, Manar Alhashimi, Mohammed Loai
Alsaleh, Omar Alhamdan, Rashed Aldosari, and Weqar Alhashimi during the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fredholm, B.B.; Bättig, K.; Holmén, J.; Nehlig, A.; Zvartau, E.E. Actions of caffeine in the brain with special
reference to factors that contribute to its widespread use. Pharmacol. Rev. 1999, 51, 83–133. [PubMed]

2. Ardais, A.P.; Borges, M.F.; Rocha, A.S.; Sallaberry, C.; Cunha, R.A.; Porciúncula, L.O. Caffeine triggers
behavioral and neurochemical alterations in adolescent rats. Neuroscience 2014, 270, 27–39. [CrossRef]
[PubMed]

3. Bolton, S.; Null, G. Caffeine: Psychological Effects, Use and Abuse. Orthomol. Psychiatry 1981, 10, 202–211.
4. Gallagher, M.; Burwell, R.; Burchinal, M. Severity of spatial learning impairment in aging: Development of a

learning index for performance in the Morris water maze. Behav. Neurosci. 1993, 107, 618–626. [CrossRef]
[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10049999
http://dx.doi.org/10.1016/j.neuroscience.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24726984
http://dx.doi.org/10.1037/0735-7044.107.4.618
http://www.ncbi.nlm.nih.gov/pubmed/8397866


Behav. Sci. 2018, 8, 65 9 of 11

5. Ellenbogen, J.M.; Payne, J.D.; Stickgold, R. The role of sleep in declarative memory consolidation: Passive,
permissive, active or none? Curr. Opin. Neurobiol. 2006, 16, 716–722. [CrossRef] [PubMed]

6. Seugnet, L.; Galvin, J.E.; Suzuki, Y.; Gottschalk, L.; Shaw, P.J. Persistent short-term memory defects following
sleep deprivation in a Drosophila model of Parkinson disease. Sleep 2009, 32, 984–992. [CrossRef] [PubMed]

7. Pompili, M.; Innamorati, M.; Forte, A.; Longo, L.; Mazzetta, C.; Erbuto, D.; Ricci, F.; Palermo, M.; Stefani, H.;
Seretti, M.E.; et al. Insomnia as a predictor of high-lethality suicide attempts. Int. J. Clin. Pract. 2013, 67,
1311–1316. [CrossRef] [PubMed]

8. Angelucci, M.E.M.; Vital, M.A.B.F.; Cesário, C.; Zadusky, C.R.; Rosalen, P.L.; Da Cunha, C. The effect of
caffeine in animal models of learning and memory. Eur. J. Pharmacol. 1999, 373, 135–140. [CrossRef]

9. Ferré, S. An update on the mechanisms of the psychostimulant effects of caffeine. J. Neurochem. 2008, 105,
1067–1079. [CrossRef] [PubMed]

10. Paterson, L.M.; Wilson, S.J.; Nutt, D.J.; Hutson, P.H.; Ivarsson, M. A translational, caffeine-induced model of
onset insomnia in rats and healthy volunteers. Psychopharmacology 2007, 191, 943–950. [CrossRef] [PubMed]

11. Stein, M.B.; Stein, D.J. Social anxiety disorder. Lancet 2008, 371, 1115–1125. [CrossRef]
12. Lara, D.R. Caffeine, mental health, and psychiatric disorders. J. Alzheimer’s Dis. 2010, 20 (Suppl. 1), S239–S248.

[CrossRef] [PubMed]
13. Jin, M.-J.; Yoon, C.-H.; Ko, H.-J.; Kim, H.-M.; Kim, A.-S.; Moon, H.-N.; Jung, S.-P. The Relationship of Caffeine

Intake with Depression, Anxiety, Stress, and Sleep in Korean Adolescents. Korean J. Fam. Med. 2016, 37,
111–116. [CrossRef] [PubMed]

14. Pechlivanova, D.M.; Tchekalarova, J.D.; Alova, L.H.; Petkov, V.V.; Nikolov, R.P.; Yakimova, K.S. Effect of
long-term caffeine administration on depressive-like behavior in rats exposed to chronic unpredictable stress.
Behav. Pharmacol. 2012, 23, 339–347. [CrossRef] [PubMed]

15. Watson, E.J.; Coates, A.M.; Kohler, M.; Banks, S. Caffeine consumption and sleep quality in Australian adults.
Nutrients 2016, 8, 479. [CrossRef] [PubMed]

16. Babson, K.A.; Feldner, M.T.; Trainor, C.D.; Smith, R.C. An Experimental Investigation of the Effects of Acute
Sleep Deprivation on Panic-Relevant Biological Challenge Responding. Behav. Ther. 2009, 40, 239–250.
[CrossRef] [PubMed]

17. Babson, K.A.; Trainor, C.D.; Feldner, M.T.; Blumenthal, H. A test of the effects of acute sleep deprivation on
general and specific self-reported anxiety and depressive symptoms: An experimental extension. J. Behav.
Ther. Exp. Psychiatry 2010, 41, 297–303. [CrossRef] [PubMed]

18. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; (DSM-5);
American Psychiatric Publishing: Washington, DC, USA, 2013. [CrossRef]

19. Wittchen, H.U. Generalized anxiety disorder: Prevalence, burden, and cost to society. Depress. Anxiety 2002,
16, 162–171. [CrossRef] [PubMed]

20. Clementz, G.L.; Dailey, J.W. Psychotropic effects of caffeine. Am. Fam. Physician 1988, 37, 167–172. [PubMed]
21. Loke, W.H. Effects of caffeine on mood and memory. Physiol. Behav. 1988, 44, 367–372. [CrossRef]
22. Haskell, C.F.; Kennedy, D.O.; Wesnes, K.A.; Scholey, A.B. Cognitive and mood improvements of caffeine

in habitual consumers and habitual non-consumers of caffeine. Psychopharmacology 2005, 179, 813–825.
[CrossRef] [PubMed]

23. Lieberman, H.R.; Tharion, W.J.; Shukitt-Hale, B.; Speckman, K.L.; Tulley, R. Effects of caffeine, sleep loss,
and stress on cognitive performance and mood during U.S. Navy SEAL training. Psychopharmacology 2002,
164, 250–261. [CrossRef] [PubMed]

24. Komada, M.; Takao, K.; Miyakawa, T. Elevated plus maze for mice. J. Vis. Exp. 2008, e1088. [CrossRef]
[PubMed]

25. Onaolapo, O.J.; Onaolapo, A.Y.; Akanmu, M.A.; Olayiwola, G. Caffeine/Sleep-Deprivation interaction in
mice produces complex memory effects. Ann. Neurosci. 2015, 22, 139–149. [CrossRef] [PubMed]

26. Lindner, M.D. Reliability, distribution, and validity of age-related cognitive deficits in the Morris water maze.
Neurobiol. Learn. Mem. 1997, 68, 203–220. [CrossRef] [PubMed]

27. Abreu, R.V.; Silva-Oliveira, E.M.; Moraes, M.F.D.; Pereira, G.S.; Moraes-Santos, T. Chronic coffee and caffeine
ingestion effects on the cognitive function and antioxidant system of rat brains. Pharmacol. Biochem. Behav.
2011, 99, 659–664. [CrossRef] [PubMed]

28. Kaidanovich-Beilin, O.; Lipina, T.; Vukobradovic, I.; Roder, J.; Woodgett, J.R. Assessment of social interaction
behaviors. J. Vis. Exp. 2011, e2473. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.conb.2006.10.006
http://www.ncbi.nlm.nih.gov/pubmed/17085038
http://dx.doi.org/10.1093/sleep/32.8.984
http://www.ncbi.nlm.nih.gov/pubmed/19725249
http://dx.doi.org/10.1111/ijcp.12211
http://www.ncbi.nlm.nih.gov/pubmed/24246209
http://dx.doi.org/10.1016/S0014-2999(99)00225-3
http://dx.doi.org/10.1111/j.1471-4159.2007.05196.x
http://www.ncbi.nlm.nih.gov/pubmed/18088379
http://dx.doi.org/10.1007/s00213-006-0672-0
http://www.ncbi.nlm.nih.gov/pubmed/17225163
http://dx.doi.org/10.1016/S0140-6736(08)60488-2
http://dx.doi.org/10.3233/JAD-2010-1378
http://www.ncbi.nlm.nih.gov/pubmed/20164571
http://dx.doi.org/10.4082/kjfm.2016.37.2.111
http://www.ncbi.nlm.nih.gov/pubmed/27073610
http://dx.doi.org/10.1097/FBP.0b013e3283564dd9
http://www.ncbi.nlm.nih.gov/pubmed/22785384
http://dx.doi.org/10.3390/nu8080479
http://www.ncbi.nlm.nih.gov/pubmed/27527212
http://dx.doi.org/10.1016/j.beth.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19647525
http://dx.doi.org/10.1016/j.jbtep.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20231014
http://dx.doi.org/10.1176/appi.books.9780890425596.744053
http://dx.doi.org/10.1002/da.10065
http://www.ncbi.nlm.nih.gov/pubmed/12497648
http://www.ncbi.nlm.nih.gov/pubmed/3284301
http://dx.doi.org/10.1016/0031-9384(88)90039-X
http://dx.doi.org/10.1007/s00213-004-2104-3
http://www.ncbi.nlm.nih.gov/pubmed/15678363
http://dx.doi.org/10.1007/s00213-002-1217-9
http://www.ncbi.nlm.nih.gov/pubmed/12424548
http://dx.doi.org/10.3791/1088
http://www.ncbi.nlm.nih.gov/pubmed/19229173
http://dx.doi.org/10.5214/ans.0972.7531.220304
http://www.ncbi.nlm.nih.gov/pubmed/26130922
http://dx.doi.org/10.1006/nlme.1997.3782
http://www.ncbi.nlm.nih.gov/pubmed/9398584
http://dx.doi.org/10.1016/j.pbb.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21693129
http://dx.doi.org/10.3791/2473
http://www.ncbi.nlm.nih.gov/pubmed/21403628


Behav. Sci. 2018, 8, 65 10 of 11

29. Nikodijevic, O.; Jacobson, K.A.; Daly, J.W. Locomotor activity in mice during chronic treatment with caffeine
and withdrawal. Pharmacol. Biochem. Behav. 1993, 44, 199–216. [CrossRef]

30. Bhattacharya, S.K.; Satyan, K.S.; Chakrabarti, A. Anxiogenic action of caffeine: An experimental study in
rats. J. Psychopharmacol. 1997, 11, 219–224. [CrossRef] [PubMed]

31. Daly, J.W.; Shi, D.; Nikodijevic, O.; Jacobson, K.A. The role of adenosine receptors in the central action of
caffeine. Pharmacopsychoecologia 1994, 7, 201–213. [PubMed]

32. Daly, J. Mechanism of action of caffeine. In Caffeine, Coffee and Health; Raven Press: New York, NY, USA, 1993.
33. Smith, A. Effects of caffeine on human behavior. Food Chem. Toxicol. 2002, 40, 1243–1255. [CrossRef]
34. Nehlig, A.; Daval, J.L.; Debry, G. Caffeine and the central nervous system: Mechanisms of action, biochemical,

metabolic and psychostimulant effects. Brain Res. Rev. 1992, 17, 139–170. [CrossRef]
35. McPhersonx, P.S.; Kim, Y.K.; Valdivia, H.; Knudson, C.M.; Takekura, H.; Franzini-Armstrong, C.;

Coronadot, R.; Campbell, K.P. The brain ryanodine receptor: A caffeine-sensitive calcium release channel.
Neuron 1991, 7, 17–25. [CrossRef]

36. Milbrandt, J. A nerve growth factor-induced gene encodes a possible transcriptional regulatory factor. Science
1987, 238, 797–799. [CrossRef] [PubMed]

37. Milbrandt, J. Nerve growth factor induces a gene homologous to the glucocorticoid receptor gene. Neuron
1988, 1, 183–188. [CrossRef]

38. Svenningsson, P.; le Moine, C.; Kull, B.; Sunahara, R.; Bloch, B.; Fredholm, B.B. Cellular expression of
adenosine A2A receptor messenger RNA in the rat central nervous system with special reference to dopamine
innervated areas. Neuroscience 1997, 80, 1171–1185. [CrossRef]

39. Briley, M. Biochemical strategies in the search for cognition enhancers. Pharmacopsychiatry 1990, 23 (Suppl. 2),
75–80. [CrossRef] [PubMed]

40. Carter, A.J.; O’Connor, W.T.; Carter, M.J.; Ungerstedt, U. Caffeine enhances acetylcholine release in the
hippocampus in vivo by a selective interaction with adenosine A1 receptors. J. Pharmacol. Exp. Ther. 1995,
273, 637–642. [PubMed]

41. Morton, R.A.; Davies, C.H. Regulation of muscarinic acetylcholine receptor-mediated synaptic responses by
adenosine receptors in the rat hippocampus. J. Physiol. 1997, 502, 75–90. [CrossRef] [PubMed]

42. Everitt, B.J.; Robbins, T.W. Central cholinergic systems and cognition. Annu. Rev. Psychol. 1997, 48, 649–684.
[CrossRef] [PubMed]

43. Wei, C.J.; Li, W.; Chen, J.F. Normal and abnormal functions of adenosine receptors in the central nervous
system revealed by genetic knockout studies. Biochim. Biophys. Acta Biomembr. 2011, 1808, 1358–1379.
[CrossRef] [PubMed]

44. Chen, J.F. Adenosine receptor control of cognition in normal and disease. Int. Rev. Neurobiol. 2014, 119,
257–307. [CrossRef] [PubMed]

45. Angelucci, M.E.; Cesario, C.; Hiroi, R.H.; Rosalen, P.L.; da Cunha, C. Effects of caffeine on learning and
memory in rats tested in the Morris water maze. Braz. J. Med. Biol. Res. 2002, 35, 1201–1208. [CrossRef]
[PubMed]

46. Machado, N.J.; Simões, A.P.; Silva, H.B.; Ardais, A.P.; Kaster, M.P.; Garção, P.; Rodrigues, D.I.;
Pochmann, D.; Santos, A.I.; Araújo, I.M.; et al. Caffeine Reverts Memory But Not Mood Impairment in a
Depression-Prone Mouse Strain with Up-Regulated Adenosine A2A Receptor in Hippocampal Glutamate
Synapses. Mol. Neurobiol. 2017, 54, 1552–1563. [CrossRef] [PubMed]

47. Hughes, R.N.; Hancock, N.J. Effects of acute caffeine on anxiety-related behavior in rats chronically exposed
to the drug, with some evidence of possible withdrawal-reversal. Behav. Brain Res. 2017, 321, 87–98.
[CrossRef] [PubMed]

48. Rainnie, D.; Grunze, H.; McCarley, R.; Greene, R. Adenosine inhibition of mesopontine cholinergic neurons:
Implications for EEG arousal. Science 1994, 263, 689–692. [CrossRef] [PubMed]

49. Cunha, R.A.; Ferre, S.; Vaugeois, J.M.; Chen, J.F. Potential therapeutic interest of adenosine A2A receptors in
psychiatric disorders. Curr. Pharm. Des. 2008, 14, 1512–1524. [CrossRef] [PubMed]

50. Baldwin, H.A.; File, S.E. Caffeine-induced anxiogenesis: The role of adenosine, benzodiazepine and
noradrenergic receptors. Pharmacol. Biochem. Behav. 1989, 32, 181–186. [CrossRef]

51. Hilakivi, L.A.; Durcan, M.J.; Lister, R.G. Effects of caffeine on social behavior, exploration and locomotor
activity: Interactions with ethanol. Life Sci. 1989, 44, 543–553. [CrossRef]

http://dx.doi.org/10.1016/0091-3057(93)90299-9
http://dx.doi.org/10.1177/026988119701100304
http://www.ncbi.nlm.nih.gov/pubmed/9305413
http://www.ncbi.nlm.nih.gov/pubmed/25821357
http://dx.doi.org/10.1016/S0278-6915(02)00096-0
http://dx.doi.org/10.1016/0165-0173(92)90012-B
http://dx.doi.org/10.1016/0896-6273(91)90070-G
http://dx.doi.org/10.1126/science.3672127
http://www.ncbi.nlm.nih.gov/pubmed/3672127
http://dx.doi.org/10.1016/0896-6273(88)90138-9
http://dx.doi.org/10.1016/S0306-4522(97)00180-2
http://dx.doi.org/10.1055/s-2007-1014538
http://www.ncbi.nlm.nih.gov/pubmed/2186418
http://www.ncbi.nlm.nih.gov/pubmed/7752065
http://dx.doi.org/10.1111/j.1469-7793.1997.075bl.x
http://www.ncbi.nlm.nih.gov/pubmed/9234198
http://dx.doi.org/10.1146/annurev.psych.48.1.649
http://www.ncbi.nlm.nih.gov/pubmed/9046571
http://dx.doi.org/10.1016/j.bbamem.2010.12.018
http://www.ncbi.nlm.nih.gov/pubmed/21185258
http://dx.doi.org/10.1016/B978-0-12-801022-8.00012-X
http://www.ncbi.nlm.nih.gov/pubmed/25175970
http://dx.doi.org/10.1590/S0100-879X2002001000013
http://www.ncbi.nlm.nih.gov/pubmed/12424493
http://dx.doi.org/10.1007/s12035-016-9774-9
http://www.ncbi.nlm.nih.gov/pubmed/26860412
http://dx.doi.org/10.1016/j.bbr.2016.12.019
http://www.ncbi.nlm.nih.gov/pubmed/28043898
http://dx.doi.org/10.1126/science.8303279
http://www.ncbi.nlm.nih.gov/pubmed/8303279
http://dx.doi.org/10.2174/138161208784480090
http://www.ncbi.nlm.nih.gov/pubmed/18537674
http://dx.doi.org/10.1016/0091-3057(89)90230-X
http://dx.doi.org/10.1016/0024-3205(89)90616-4


Behav. Sci. 2018, 8, 65 11 of 11

52. Prediger, R.D.S.; Batista, L.C.; Takahashi, R.N. Adenosine A1 receptors modulate the anxiolytic-like effect of
ethanol in the elevated plus-maze in mice. Eur. J. Pharmacol. 2004, 499, 147–154. [CrossRef] [PubMed]

53. File, S.E.; Baldwin, H.A.; Johnston, A.L.; Wilks, L.J. Behavioral effects of acute and chronic administration of
caffeine in the rat. Pharmacol. Biochem. Behav. 1988, 30, 809–815. [CrossRef]

54. Lopez, F.; Miller, L.G.; Greenblatt, D.J.; Kaplan, G.B.; Shader, R.I. Interaction of caffeine with the
GABAAreceptor complex: Alterations in receptor function but not ligand binding. Eur. J. Pharmacol.
Mol. Pharmacol. 1989, 172, 453–459. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ejphar.2004.07.106
http://www.ncbi.nlm.nih.gov/pubmed/15363961
http://dx.doi.org/10.1016/0091-3057(88)90104-9
http://dx.doi.org/10.1016/0922-4106(89)90028-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Tests 
	Rotarod (RR) 
	Elevated Plus Maze Test (EPM) 
	Morris Water Maze Test (MWM) 
	Three-Chambers Social Apparatus (Crawley’s Sociability and Preference for Social Novelty Test) (3C) 


	Statistical Analysis 
	Results 
	Rotarod Test: Ac MD Displayed Better Motor Coordination than the Other Groups 
	Improved Performance Displayed by Ac MD Group in Morris Water Maze Test 
	Increased Anxiety in Caffeine-Treated Mice 
	Lack of Sociability and Preference for Social Novelty in Caffeine-Treated Mice 

	Discussion and Conclusions 
	References

