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Abstract: Caffeine is one of the most extensively consumed stimulants in the world and has been suggested to induce wakefulness by antagonizing the function

of the adenosine A2A receptor. Therefore, we investigated the effects of chronic caffeine consumption on learning and memory in the REM sleep-deprived rats.
Male Wistar rats (n = 50), were randomly assigned into 5 groups: Control (C), Caffeine (Cf), Pedestal Control (PC), Sleep Deprivation (SD), Sleep Deprivation and
Caffeine (SD + Cf). Sleep deprivation procedure was applied as the flower-pot technique. SD and SD + Cf groups were deprived for 18 hours in a day for 21 days.
Caffeine was administered daily in drinking water (0.3 g/L) for 5 weeks. For evaluated learning and memory function, Morris Water Maze Test (MWM) was used.
Fluidigm Access Array was used for Grin2a, Grin2b, BDNF, cdk5/cdk5rl, CaMKlla genes expression in the hippocampus. Distance moved and escape latency
were decreased through trial days (p<0.05). However, there is no significant difference between groups for time spent in targeted quadrant during probe test for
memory performance. Grin2a up-regulation was found in Cf and SD+Cf (p<0.05), and cdk5r1 increased in Cf and PC control (p<0.05). Also, BDNF up-regulation
was found in PC group. Grin2b, Cdk5, CaMKIlIa expression levels were not changed significantly. We showed chronic caffeine altered some of the hippocampal
genes without changing learning and memory in REM sleep deprived rats. Chronic consumption of caffeine caused up-regulation in Grin2a that subunit of NMDA
receptor. We supposed that chronic caffeine consumption maintained arousal without affecting learning and memory performance.
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/
Introduction presynaptic Ca2+ conductance. Especially during sleep
deprivation, extracellular adenosine level increases and
It is clearly explained from molecular to phenome- causes activation of Gi protein-coupled adenosine Al
nological levels that sleep greatly contributes to the receptor and elucidates a decrease in transmitter release
processes of memory and learning (1). Sleep can be from the excitatory presynaptic terminals. Alhaider et
primarily divided into 2 main stages as the non-rapid al., (13) have shown that caffeine as an adenosine anta-
eye movement (non-REM) followed by a shorter period gonist has attenuated the spatial short-term memory and
of the rapid eye movement (REM) sleep that especially E-LTP impairment induced after 24 h sleep deprivation.
important in terms of the consolidation and retention of In addition, Sahu et al., (14) have found that caffeine has
memories (2-5). Not surprisingly, many studies have promoted the adult neuronal cell proliferation after 48 h
indicated a strong correlation between the sleep depri- total sleep deprivation in the rat dentate gyrus.
vation and memory impairment both in humans and ani- Memory is one of the most important cognitive func-
mals (6-8). tions and occurs in the hippocampus, especially in the
Caffeine-contained soft drinks and medications are CA1 region. Cyclin-dependent kinase (Cdk) 5 is highly
widely preferred by many individuals to reduce the de- expressed in the hippocampus and is required for bin-
leterious effects of sleeplessness. Additionally, caffeine ding of a regulatory subunit protein, p35 with its acti-
is an important pharmacological substance in the invol- vator Cdk5rl (15). Cdk5 also controls the neurotrans-
vement of adenosine receptors, which have significant mitter release from presynaptic sites, endocytosis of
roles in the cognitive functions and arousal (9,10). The the NMDA receptors at the postsynaptic sites, in turn;
molecular mechanism of caffeine can be explained as regulates the synaptic plasticity and memory processes
follows: Particularly, adenosine A1 receptor is coupled (16). Brain-derived neurotropic factor (BDNF) plays a
with inhibitory G- protein (Gi) that decreases the cy- major role in synaptic plasticity of the hippocampus and
clic adenosine monophosphate (cAMP) levels. Adeno- hippocampal-dependent learning and memory. Accor-
sine is also known to prevent the release of glutamate ding to the studies, it was known that there is strong
from the presynaptic nerve and stabilizes Mg?* ion on interaction between BDNF, Cdk5 and NMDA receptor
N-methyl D-aspartate (NMDA) receptors, in turn; inhi- activations (17). Alhaider et al., (18) suggested that
bits NMDA receptor excitation (11,12). Adenosine also chronic caffeine treatment may protects the sleep-de-
increases postsynaptic K* conductance, and decreases prived brain; possibly via preserving the levels of phos-
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phorylated cyclic AMP-responsive transcription factor
(P-CREB) and BDNF of the 24 h sleep-deprived rats.
Costa et al., (19) have found that caffeine has improved
the performance of adult mice in object recognition task
and has increased the level of BDNF in the hippocam-
pus.

To the best of our knowledge, there is no study about
the simultaneous effects of chronic caffeine and long-
term REM sleep deprivation on the hippocampus-de-
pendent learning and memory in literature. Hence, the
aim of this study was to evaluate the possible effects
of chronic caffeine treatment on long-term REM sleep
deprived rats via learning and memory test, Morris Wa-
ter Maze Task (MWMT) and investigate the expression
levels of hippocampal learning-related genes like Grin
2a, Grin 2b, Cdk5/Cdk5r1, BDNF, CaMKlIa.

Materials and Methods

Experimental protocol

All experimental procedures were carried out
according to the guidelines of National Institute of
Health Guide for the Care and Use of Laboratory Ani-
mals (NIH Publications No. 80-23) revised 1996. The
ethical approval of the study was taken from the local
ethical committee of Mersin University (Approval No:
52602694.050/58). The study has included 50 post-na-
tal, 28 days Wistar Albino rats which were randomly
assigned into 5 groups (n = 10 per group) as control (C),
caffeine (Cf), pedestal control (PC), sleep deprivation
(SD) and sleep deprivation/caffeine (SD +Cf). The rats
were fed with tap water and purina rodent chow ad lib.
All applications and tests were carried out in the Physio-
logy laboratory of Mersin University Medical Faculty.
During all procedures, both the numbers of animals
used and their suffering were attentively watched out.

Caffeine treatment

Caffeine (Sigma Aldrich, Saint Louis, MO, USA)
was administered via drinking water (0.3 g/ L) chro-
nically for 4 weeks and prepared daily (13). The daily
consumption of caffeine by each rat was ensured to be
nearly 1620 mg. The amount of water consumed by
rats in the caffeinated groups for 4 weeks was found
similarly with the control group.

REM sleep deprivation procedure

REM sleep deprivation was provided via placing the
experimental animals into a Plexiglas tank with mul-
tiple small platforms filled with water (24°C£1°C). In
the literature, this technique is known as the flower-pot
method (20). The small platforms with 6 cm diameter
prevents animals to fall asleep; otherwise, they fall into
the water and wake up. When rats on 6-cm platforms
lapse into REM sleep, they lose muscle tone, make
facial contact with or fall into the surrounding water,
rapidly awaken, and the cycle is repeated. Therefore,
the flower-pot method is selective for eliminating REM
sleep. PC animals were also placed in a similar water
tank with 10 cm diameter platforms that allowed rats
to sleep. All SD, SD +Cf and PC animals have remai-
ned on the platforms from 14:00 p.m. to 08:00 a.m. and
stayed in the vivarium from 08:00 a.m. to 14:00 p.m. for
21-days. Control rats have normally remained in their

home cages all day.

Behavioral experiments: Morris water maze task
procedure

A circular stainless-steel tank that has a diameter of
1.5 m and 0.6 m in depth was used in the MWMT. The
tank was filled with water to a depth of 0.5 m. The water
and room temperature were adjusted to the temperature
of 22+1°C. A curtain ornamented with several marked
visual cues surrounded the tank. Inside the tank, there
was a circular platform that has a diameter of 15 cm.
In order to record the swimming track of the test ani-
mals, a camera was used that placed above the tank.
The behavioral data were recorded and analyzed by a
visual analysis system (EthoVision, Noldus Information
Technology, Wageningen, NL). The parameters have
recorded during the experiments including latency, the
path length of rats to reach the platform in meter (m),
swimming velocity in cm/s, time spent in the targeted
quadrant. All experiments were conducted between
9:00 a.m. to 13:00 p.m. for 6 days.

Long-term spatial memory training

The classic MWMT training method has initiated
(20, 21). The day before the training period, the animal
was gently released into the water without a platform,
facing the wall. The animal was allowed to swim freely
for 120 s to get used to the tank environment. The whole
water surface was equally divided into 4 quadrants
(southeast, southwest, northeast, and northwest) wit-
hout physical boundaries. The first day of the training
platform was fixed at all of the quadrants and center, 1.5
cm underneath the water surface. Each animal was trai-
ned 5 times (120 s for each, interval=5 min). Animals
were semi-randomly released into the water from the
east, south, west and north directions, respectively. If
animals did not found the platform in 120 s, experimen-
ter directed the rat gently towards to it and let the ani-
mal rest for 10 s. Each animal was trained 5 times (60 s
for each, interval=5 min) per day for 4 successive days.
During training, the platform was placed southwestern
quadrant, the animal was allowed to rest for 5 s. If ani-
mal would find the platform, we assumed that animal
has remembered the platform location.

Cognitive assessment

A final memory test was also conducted while the
platform removed from the target quadrant. The animal
was allowed to explore the tank for 60 s; then the time
spent in target quadrant which previously contained
the platform (22). Then, animals were sacrificed after
MWMT was completed (Fig. 1). All rats were decapi-
tated under ketamine-xylazine at nearly 09:00 am + 30

PN28 PNS57 PN62
| |
I I

e Control (C)

e Caffeine administration (Cf)

e Pedestal control (PC)

e Sleep deprivation (SD)

e Sleep deprivation and caffeine
administration (SD+ Cf)

| MWMT | | RT-PCR |

Figure 1. The design of the whole study. PN, post-natal; MWMT,
Morris Water Maze Test.
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min.

Chemicals

All chemicals utilized in the experiments were pur-
chased from Sigma—Aldrich, USA unless otherwise sta-
ted specifically.

Extraction of total RNA and reverse transcription

Both sides of the hippocampus of rats were imme-
diately isolated inside phosphate buffer solution (PBS)
for analysis after decapitation procedure. First, total
RNA isolation was prepared manually by using TRIzol
(Invitrogen). The manually sectioned hippocampal spe-
cimens were put into Eppendorf tubes including Ribo-
Zol as 1 ml RiboZol for each 5-10 mg tissue sample.
After incubation (10 min), 200-pul chloroform was ad-
ded and mixed. Then the solution was centrifuged for 15
min at 12000 RCF. After centrifugation, 500 ml of iso-
propanol was added and all samples have waited for 10
min at room temperature. An additional centrifugation
was done for 10 min, again. The supernatant was remo-
ved, and the pellet was collected. Ethanol was added to
the pellet as 1 ml of ethanol for every 1 ml of RiboZol.
Then, the mixture was centrifuged at 7500 RCF for 5
min.

Finally, ethanol was removed and collected RNA
was dissolved in an RNase-free solution for cDNA
synthesis. 4 ul total RNA extraction was used as a tem-
plate into synthesis of cDNA using Fluidigm Reverse
Transcription Kit in accordance with the manufacturer’s
instructions to obtain cDNA. Individual reactions were
carried out with using thermal condition (Bioer, Gene
Pro Thermal Cycler): 25 °C for 5 minutes, 42 °C for 30
minutes, 85 °C for 5 minutes, 4°C for oo.

Quantitative Real-time polymerase chain reaction

Quantitative real-time (RT)-PCR was run on a Flui-
digm Biomark Real-Time PCR using Tagman GE Mas-
ter Mix. The reaction was carried out using 40 amplifi-
cation cycles of 50 °C for 2 minutes, 70 °C for 30 mi-
nutes, 25 °C for 10 minutes, 96 °C for 15 seconds and
60 °C for 1 minutes. Assay ID numbers of primers have
shown in Table 1. The relative expression of genes was
calculated by the comparative 24t method using Rpl5
RNA levels as internal control.

Statistical analysis

All data are expressed as mean values £ SEM. The
normal distribution of data in each group was controlled
by the Shapiro Wilk test. For normally distributed data
of behavioral test and genes expression level, statisti-
cal analysis was performed by using one-way ANOVA,
repeated measures analysis of variance (ANOVA) and
Table 1. Primers for quantitative RT-PCR.

Gene Symbol TaqMan Assay ID
Grin2a Rn00561341 ml
Grin2b Rn00680474 ml
BDNF Rn02531967 sl

CdkS5 Rn04219635 ml
Cdk5rl Rn02132948 sl
CaMKlIlIa Rn01258147 ml
Rpl5 Rn01531116 gl

Tukey post hoc comparisons. The significance level of
p <0.05 was considered for statistically significance.

Results

Spatial learning and memory after chronic sleep de-
privation and caffeine treatment

The distance move to reach the platform was signi-
ficantly differed between trial days (F=4,702, p=0.005).
The distance moved significantly decreased in 3™ and
4" trial days compared to the 1% day of training period
of MWMT (F =5.31, p=0.026; F=11.95, p=0.001).
According to the between-group comparisons, the dis-
tance moved significantly differed between all groups
(p<0.001 for each trial days). Both the SD and SD+Cf
groups have moved significantly higher distances com-
pared the other groups (p<0.05, and p<0.001, respecti-
vely) (Fig. 2A).

There was no significant difference in terms of the
swimming velocity between trial days (p>0.05). Howe-
ver, it has changed significantly between all groups in 4
trial days (p<0,001) (Fig. 2B).

The escape latency for rats to reach the platform
significantly differed between trial days (F=5,077
p=0.003). In addition, escape latency significantly dif-
fered between all groups (F=10.17, p<0.001) (Fig. 2C).
There was no significant difference between all groups
in time spent in the targeted quadrant during trial days
and probe test (p>0.05).

Gene expression level by the qRT-PCR method

The mRNA expression levels of Grin2a were signi-
ficantly higher in SD and SD+Cf groups than other
groups (p<0.05), while Grin2b expression levels did not
significantly differ between all groups (Fig. 3A). The
fold change expression level of BDNF was significant-
ly higher in the PC group than other groups (p<0.05),
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Figure 2. Morris water maze performances. MWMT performances
of C, Cf, PC, SD and SD +Cf groups, the distance moved to reach
the platform (cm) (A), swimming velocity (cm/s) (B), escape laten-
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cy (s), and time spent in targeted quadrant (%). All values repre-
sent the mean + SD from 10 male rats in each group. ‘*’ p<0.05:
Significant difference from C, Cf, PC rats, “**’ p<0.001: Signifi-
cant difference from C, Cf, PC rats, “+’ p<0.001: Significant diffe-
rence from SD rats, X’ p<0.001: Significant difference from C, PC,
SD+Cf rats, X X’ p<0.001: Significant difference from C, SD+Cf
rats and ‘#’ p<0.05: Significant difference from C, PC rats.
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Figure 3. Expression levels of Grin2a, Grin2b, BDNF, cdk5/
cdk5rl, CaMKIla. Graphs showing the levels of fold change ex-
pression of Grin2a and Grin2b (A), BDNF (B), cdk5/cdk5rl (C),
CaMKIIa (D) genes in hippocampal regions of 5 groups. All values
represent the mean + SD from 5 male rats in each group * p <0.05:
Significant difference from C rats.
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(Fig. 3B). There was no significant difference between
all groups in terms of Cdk5 expression levels, but the
expression level of Cdk5rl was significantly higher in
Cf and PC groups (p>0,05), (Fig. 3C). In addition, the
fold change expression levels of CaMKIIa did not signi-
ficantly differ between all groups (p>0.05), (Fig. 3D).

Discussion

Many studies have reported that acute sleep depri-
vation causes certain impairments in spatial memory
(23). In a study with acute sleep deprivation indica-
ted that, the maze performance of sleep-deprived rats
has decreased compared to the control group after an
acute (48 h) sleep deprivation (24). In our study, we
have observed a lower MSWT performance during trial
days in the sleep-deprivated groups (SD and SD+CY) as
they have significantly longer path length distances to
reach the platform and shorter time spent in the targe-
ted quadrant compared to the other groups although it
was not significant. In addition, we have also observed
the path length to reach the platform and escape latency
decreased gradually during trial days showing that rats
learned the location of the platform before test day but
they have failed in the memory test. In another striking
study including acute sleep-deprived individuals has
indicated a decline in memory performances, but surpri-
singly while the duration of deprivation was prolonged,
people have increased in mental effort and perceptual
motor skills (25). Possibly, extended the duration of
stress for chronic period have caused habituation to the
perceived stress. Because in our another study, stress
protocol was applied chronically as social isolation and
rats cognitive performances did not change significant-
ly, also their corticosterone blood concentration remai-
ned constant between group (26).

Caffeine is a non-specific adenosine receptor anta-
gonist and uses as a psychostimulant in animal models
of learning and memory. In our study, we have admi-
nistered caffeine chronically for 4 weeks. According to
the data of training period of MWMT, caffeine admi-
nistration did not change learning (trial days) process

of rats since both Cf and SD+Cf groups have exhibited
close performance compared with other groups. Simi-
larly, we have not observed any significant difference in
performance of our caffeinated groups during probe test
according to the variable of time spent in the targeted
quadrant. From our results, we can indicate that chronic
caffeine consumption has not affect hippocampal-de-
pendent spatial memory. Angelucci et al. have indicated
the post- water maze training administration of caffeine
has improved the memory retention at the doses of 0.3-
10 mg/kg (27). However, the caffeine administration in
the pre-training period has not change the performance
of the animals in the maze. In addition, Soussi et al.,
(28) have reported that caffeine has attenuated the detri-
mental effects of the sleep deprivation for 36 h on the
cognitive performance. Similarly, Wadhwa et al., (29)
have indicated that caffeine has lessened the effects of
acute sleep deprivation via modulating the memory of
object recognition and the synaptic proteins of rat hip-
pocampus after 48 h sleep deprivation. Based on this
information, caffeine administration in acute REM
sleep deprivation improved the learning and memory
processes, but not when it was chronically applied. In
Stickgol study (30), they have found that when subjects
deprived of sleep for 30 hours and tested after 2 full
nights of recovery sleep; they showed no significant im-
provement in visual discrimination task, despite normal
levels of alertness. During the deprivation days in our
chronic period, rats have allowed to sleep from 08:00
a.m. to 14:00; this recovery sleep may be replaced the
effects of REM sleep deprivation on cognitive tasks.

The main targets of caffeine are Al and A2A recep-
tors and have a psychostimulant effect, involves in me-
mory normalization (31) and the motor activating pro-
cesses (32). In our results, up-regulated Grin2a (NR2A)
gene expression level was found in chronic caffeine
application with sleep deprivation group (SD+Cf). In
addition, we have observed a significantly higher Gri-
n2a expression level in the Cf group, in which rats also
consumed caffeine chronically. Our results also have
shown that all the expression levels of Grin2b (NR2B),
BDNF and CaMKII have not changed significantly. The
enrichment effect of expanded environment may induce
an increment in BDNF level of PC compared to control
group. On the other hand, up-regulated Cdk5r1 gene ex-
pression level was found in Cf and PC groups compared
to other groups. Up-regulation of Cdk5rl depends on
down-regulation of Cdk5 expression. BDNF mediates
NMDAR potentiation through activation of TrkB and
phosphorylation of the NR2B subunit (33). In addition,
the Cdk5/p35 pathway has been known closely rela-
ted to NR2B gene in spatial learning and memory (17,
34). In our results; BDNF, Cdk5 and Grin2b expression
levels have remained constant after caffeine and sleep
deprivation protocol. Hence, it can be said that caffeine
has no potential effect on neurons through the modula-
tion of the cdk5/p35, BDNF and related NR2B genes
in the chronic period. Together with gene analysis and
MWMT, we could say that chronic sleep deprivation
has not affect learning and memory. Nevertheless, sur-
prisingly, we can clearly point out that consuming caf-
feine chronically caused alterations in Grin2a expres-
sion level.

Adenosine receptors are not just involved in lear-
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ning and memory, they also responsible for arousal and
motor activity (31). Especially the locus coeruleus (LC)
is a main noradrenergic brain nucleus that adjusts states
of arousal that has NMDA receptors like hippocampus
(35). The neurotransmitter glutamate appears to be in-
volved in most LC functions (36). The study have indi-
cated that glutamatergic activation of the LC induces
the release of norepinephrine in the hippocampus and
initiates the delayed synaptic potentiation of perfo-
rant path input to the dentate gyrus in awake rats (37).
Moreover, we have known that Grin2a subunit involves
in motor activity, especially in Parkinson Disease. In a
study of Simon et al., they have demonstrated the strong
relationship between caffeine, Grin2a, and Parkinson
Disease (PD) progress. In addition, they have indicated
that the association might be influenced by the genotype
of Grin2a, which encodes a NMDA glutamate-receptor
subunit (38). A role of caffeine and other A2a receptor
antagonists in protection against cell death was also no-
ticed both in animal models and in vitro studies of PD
(39-41). Our results strongly supported the overexpres-
sion of Grin2a subunit genes in caffeinated groups. Also
in our MWMT results, SD+Cf group's velocity and total
distance moved higher compare to the other groups. We
can say that caffeine may improve locomotor activity
in sleep-deprived rats. Moreover, caffeine was applied
through systemic circulation in our study; in contrast
to the direct infusion to the hippocampal region. It can
be hypothesized that caffeine may triggers LC activity,
causes up-regulation of Grin2a subunit genes, and de-
lays the synaptic potentiation of the hippocampus. Sur-
prisingly, in our results Grin2b expression level did not
change significantly. These alterations also demonstra-
ted that chronic caffeine consumption did not improve
learning and memory performances, but possibly rela-
ted to arousal.

In literature, our study is the first to indicate the
effects of chronic caffeine consumption on prolonged
sleep deprivation by hippocampal related gene expres-
sion profile. We indicate the effects of caffeine on the
chronic period without altering the cognitive processes
and the strong relationship between Grin2a and caf-
feine. However, we have not still obvious knowledge
about the molecular function of Grin2a gene. Studies
about the neuroprotective effects of caffeine should be
evaluated to elucidate the underlying mechanism on
NMDA gene expression.
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