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Abstract

There is an intriguing and still poorly understood relationship between sleep deprivation and epilepsy. It has recently
been shown that paradoxical sleep deprivation decreases levels of homocysteine, an amino acid involved together with
its thiolactone metabolite in epileptogenesis. The aim of the present study was to investigate the effects of paradoxical
sleep deprivation on homocysteine thiolactone (H)-induced seizures in rats, a model of generalized seizures. Selective
deprivation of paradoxical sleep in adult male Wistar rats was achieved by the platform method. Animals with implanted
electrodes for electroencephalogram (EEG) registration were assigned to appropriate experimental conditions (dry cage for
control, large platform for stress control and small platform for paradoxical sleep deprivation) and 72 h later were
intraperitoneally treated with either H (5.5 mmol/kg) or saline (0.9% NaCl). This study showed that paradoxical sleep
deprivation increased the incidence and number of H-induced seizure episodes, shortened latency time to seizures and
led to significant rates of lethality after H administration, but without effect on the seizure severity. Paradoxical sleep
deprivation increased the number and duration of spikes-and-wave discharges, while decreased latency to its appearance
in EEG. Judging by the behavioral and EEG findings, it could be concluded that paradoxical sleep deprivation can provoke

the expression of factors that can potentiate H-induced seizures in adult rats.
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Introduction

Sleep is a cyclic and vital physiological process that consti-
tutes one-third of human life." Electrophysiological studies
have shown that the rapid eye movement (REM) sleep is
characterized by intensive brain activity, which is similar
to the awake state, while the body is relaxed, what is the
reason that REM sleep is termed as paradoxical sleep.” It
is estimated that about 20% of the world’s population
still suffer from insufficient sleep time; lifestyle and sleep
disorders being the major causes.>* The cumulative effects
of sleep deprivation, usually occurring during the final
phases of paradoxical sleep,” as well as sleep disorders,
are associated with an increased risk of metabolic, cardio-
vascular and neurological disorders.®

There are several experimental techniques of paradoxical
sleep deprivation with different advantages and disadvan-
tages.° Most are based on the original, so-called platform
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method by Jouvet et al.,” successfully modified by Susi¢
and Markovi¢.?

Deprivation of sleep is associated with hyperexcitability
and could provoke seizures in susceptible individuals.® On
the other hand, epilepsy alters the sleep architecture and
interferes with the patients’ daily routine.” Complex inter-
play between sleep (most important physiological state)
and epilepsy (frequent pathophysiological condition of the
brain) has remained of special interest for neuroscientists
since it is still only poorly understood.'>"!

Homocysteine is a sulfur-containing amino acid gener-
ated during the metabolism of methionine.'”> In recent
years, a growing body of evidence suggests that homocys-
teine together with its reactive thioester homocysteine thio-
lactone (H) are neurotoxins which can significantly increase
the risk for the development of numerous neurological and
psychiatric disorders such as Huntington’s, Alzheimer’s,
Parkinson’s disease, depression and cognitive decline, >4
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including epilepsy, as well as sleep disorders.
Stanojlovic et al.' recently showed that acute administration
of H to adult rats significantly alters neuronal circuits,
leading to epileptogenic activity in the electroencephalo-
gram (EEG) with characteristic spikes-and-wave discharges
(SWDs) accompanied with absence-like behavior, as well as
convulsive episodes in animal behavior. Therefore, they
proposed it as a suitable model of generalized epilepsy
with mixture of absence and convulsive behavior. Recent
studies have shown that paradoxical sleep deprivation
can lower plasma homocysteine levels in adult and
juvenile rats.*>*! These findings confirmed the problem of
the relationship between paradoxical sleep deprivation
and the effect of homocysteine and its thiolactone in
initiation and development of epileptic activity.

Therefore, the aim of this study was to examine if the
paradoxical sleep deprivation has effects on behavioral
and EEG manifestations of H-induced seizures in adult rats.

Materials and methods
Animals and experimental conditions

Experimentally naive adult (2 months old) Wistar rat males
were included in the study. The animals were obtained
from a local supplier (The Military Medical Breeding
Laboratories, Belgrade, Serbia) and kept under controlled
environmental conditions (ambient temperature 21-23°C,
55-65% humidity and 12/12 light/dark cycle, with light
on at 08:00) for one week before the experiments. They
had free access to standard laboratory chow and tap water
during all experimental phases.

All experimental procedures were in full compliance with
Directive of the European Parliament and of the Council
(2010/63/EU) and approved by The Ethical Committee of
the University of Belgrade (Permission No 298/5-2).

Surgery and electrode implantation

Anesthetized animals (intraperitoneal pentobarbital
sodium, 50 mg/kg) were placed in stereotaxic apparatus
and three gold-plated electrodes were implanted to the
level of the leptomeninges over frontal (2 mm rostrally to
bregma and 2 mm from the median line), parietal (2 mm
rostrally to lambda and 2mm laterally to median line)
and occipital (2 mm caudally to lambda) cortices for
surface EEG recordings, as described in detail previously."
One week of recovery and habituation to EEG recording
set-up were allowed to animals before the further exper-
imental procedures described as follow.

Experimental groups and method of paradoxical
sleep deprivation

Selective deprivation of paradoxical sleep was achieved by
the platform method according to Jouvet and modified
by Susi¢ and Markovi¢.® Briefly, animals placed on small
platform (6.0 cm in diameter, platform surface/rat weight
ratio is 14 cm?/100 g body weight [b.w.]) surrounded with
water 1 cm beneath the platform top would awake when

muscle atonia appear during paradoxical sleep. Therefore,
small platform allows slow-wave sleep (SWS), but not para-
doxical sleep (group S).

The corresponding stress control group included animals
on the large platform (15.0cm in diameter, platform
surface/rat weight ratio 60 cm?/100 g b.w.) also surrounded
with water, but with a larger surface allowing both SWS
and paradoxical sleep (group L). All other experimental
conditions were the same for both groups. Water has been
changed daily; during the short period of water change
animals were maintained awake manually. Cage control
(group C) comprised animals maintained in dry transparent
plastic cages (50 cm x 35 cm x 30 cm) separately.

The outlined experimental conditions lasted for 72 h, after
which animals received either (1) H (p,.-homocysteine thio-
lactone, Sigma Aldrich Co, St Louis, MO, USA) in a sub-
convulsive dose’ (H = 5.5 mmol/kg, intraperitoneally) for
the CH, LH and SH groups (1 = 8 in each); or (2) a saline
injection (0.9% NaCl, intraperitoneally) instead of H, for
the Cc, Lc and Sc groups (n = 6 in each group).

H was freshly dissolved in saline and after adjusting the
pH to 7.0 administered in a volume of 0.1 mL/100 g rat b.w.

Behavioral recordings

The rats were observed for 90 min after H (or saline) admin-
istration for signs of convulsive behavior in dry transparent
plastic cages. Convulsive behavior was assessed by the inci-
dence of motor seizures, the number of seizure episodes per
rat and their severity. The severity of episodes of seizure
was determined by a modified descriptive - rating scale
as previously reported'®* with grades defined as follow:
1 - head nodding, lower jaw twitching; 2 - myoclonic
body jerks (hot plate reaction), bilateral forelimb clonus
with full rearing (Kangaroo position); 3 - progression to
generalized clonic convulsions followed by tonic extension
of fore and hind limbs and tail; 4 - prolonged severe
tonic-clonic convulsions lasting over 20 s (status epilepti-
cus) or repeated episodes of clonic convulsions for an
extended period of time (over 5min). Seizure latency,
defined as the time to the first signs of motor seizure, was
also recorded. In addition, lethality was recorded at
90 min (end of observational period) and at 24 h after the
H injection.

EEG registration and analysis

EEG registration was done simultaneously with observation
of convulsive behavior in freely moving rats starting
immediately after drug injection. For EEG registration, an
8-channel apparatus (RIZ, Zagreb, Croatia) was used with
digital signal acquisition using a SCB-68 data acquisition
card (National Instruments Co, Austin, TX, USA) with a
sampling frequency of 512 Hz/channel. The cut-off frequen-
cies for the EEG recordings were set at 0.3 and 100 Hz for
the high-pass and low-pass filters, respectively, while
50 Hz notch filter was used to eliminate ambient noise.
Data acquisition and signal processing were performed
using the LabVIEW platform software (NeuroSciLaBG,
Belgrade, Serbia). All EEG recordings were stored on a

Downloaded from ebm.sagepub.com at SAGE Publications on June 20, 2016


http://ebm.sagepub.com/

Hrnci¢ et al.

disk for further offline analysis. The spectral power density
(obtained by the Fast Fourier transformation, Hanning
window) of the 12 s epoch was plotted, and the integrated
energy signals were expressed as uV?/Hz.

SWDs, as EEG marker of non-convulsive type of H
epilepsy, were determined by the following criteria
defined earlier'”: (1) spontaneous and generalized, rhythmic
5-7 Hz discharges, (2) with typical spike-wave complex
lasting more than one second and (3) having its amplitude
of at least twice the background EEG activity. The number
and duration of SWD were calculated during a 90-min
period after the H (or saline) administration, as well as
latency time to the first SWD in EEG. All SWDs were
detected visually.

Data analysis

Data on the incidence of seizures and lethality were evalu-
ated by Fisher’s exact probability test. The normal distri-
bution of the data on seizure latency, the number and
severity of seizure episodes, as well as the number and
duration of SWD and SWD latency time have not been
estimated by the Kolmogorov-Smirnov test. Therefore, the
non-parametric analyses (Kruskal-Wallis analysis of
variance and Mann-Whitney U-test) were used to evaluate
these data (*P < 0.05 and **P < 0.01). The results were pre-
sented as medians with 25th and 75th percentiles.

Results
Behavioral effects

After the administration of a subconvulsive dose of H
(5.5 mmol/kg intraperitoneally), animals from the cage
control (CH) group responded with low seizure incidence
(33.3%), long seizure latency (90 [48-90] min), small
number of seizure episodes per rat (0 [0-2]), while the
severity of those seizures was of grade 2 maximally
(Figures 1 and 2a-c).

Seizure incidence (P > 0.05, Figure 1), seizure latency
(P> 0.05, Figure 2a), number of seizure episodes per rat
(P>0.05, Figure 2b), as well as its severity (P > 0.05,
Figure 2c) observed in the large platform group of animals
(LH, stress control) were not statistically different from
these parameters observed in the CH group.

A significantly higher incidence of H-induced seizures
was observed in the paradoxical sleep deprivation group
(SH), compared with the CH group (P < 0.05, Figure 1).
Moreover, seizure incidence was higher in SH (90%) com-
pared with the LH group (50%), but not statistically signifi-
cant. Latency time to the first seizure was significantly
shorter in the SH rats compared with the CH (P < 0.05,
Figure 2a). The SH group has significantly higher
numbers of seizure episodes per rat compared with either
the CH or LH groups (P <0.05, Figure 2b). Although
maximal severity of seizure episodes in the SH group was
of grade 4, and in the LH and CH groups of grade 2, differ-
ences regarding this parameter were not statistically signifi-
cant (P > 0.05, Figure 2c).

Lethal outcome was observed in more than half of the
animals from the SH group (62.5%) and the difference
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Figure 1 The influence of paradoxical sleep deprivation on the incidence of
seizures induced by H in rats. Selective paradoxical sleep deprivation was
achieved by platform methods. Adult male Wistar rats were assigned to
appropriate experimental conditions (dry cage for control - C, large platform
for stress control - L and small platform for paradoxical sleep deprivation - S)
and 72 h later were intraperitoneally treated with either H (5.5 mmol/kg, CH,
LH and SH groups, n=8 in each) or saline (0.9% NaCl: Cc, Lc and Sc
groups, n =6 in each). Seizure incidence: percent of convulsing animals in
group. The significance of the differences between the groups was estimated
by Fisher’s exact probability test (P < 0.05 versus CH)

observed 90min and 24 h after the H administration
was significant when compared with the CH (no lethality
was recorded, P < 0.05) and LH groups (no lethality was
recorded, P < 0.05) (Table 1).

Animals from the Cc, Lc and Sc groups, which received
saline instead of H in otherwise equivalent conditions,
showed no signs of convulsive behavior and no lethal
outcome.

EEG analysis

Normal explorative behavior without EEG ictal activity was
recorded in rats from the Cc, Lc and Sc groups after saline
administration.

Ictal EEG activity in the form of SWD was recorded in rats
from the CH, LH and SH groups after H administration
(Figure 3a). The median number of SWD per rat was
higher in the SH compared with the CH and LH groups
(P<0.05 Figure 3b). There were no differences in the
median number of SWD per rat between the CH and LH.
The same holds true for the duration of SWD (Figure 3c).
On the other hand, the SWD latency time was decreased
in the SH compared with the CH and LH group (P < 0.05,
Figure 3d), while no differences existed between the CH
and LH (Figure 3d).

DISCUSSION

This study showed that paradoxical sleep deprivation
increased the incidence and number of H-induced seizure
episodes per rat, as well as the number and duration of
SWD in EEG. Paradoxical-sleep-deprived animals showed
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Figure 2 The effects of paradoxical sleep deprivation on median latency to
the first seizure episode (a), a number of seizure episodes per rat (b) and
their severity (c). Severity of seizure episodes was determined by a descrip-
tive - rating scale with grades defined as follow: 1 - head nodding, lower
jaw twitching; 2 — myoclonic body jerks (hot plate reaction), bilateral forelimb
clonus with full rearing (Kangaroo position); 3 - progression to generalized
clonic convulsions followed by tonic extension of fore and hind limbs and
tail; 4 - prolonged severe tonic—clonic convulsions lasting over 20s (status
epilepticus) or frequent repeated episodes of clonic convulsions for an
extended period of time (over 5 min). The significance of the differences
between the groups was estimated by Kruskal-Wallis analysis of variance
and Mann-Whitney U test (*P < 0.05 versus CH and #P < 0.05 versus LH)

shorter latency time to seizures in behavior and SWD
appearance in EEG, as well as significant rate of lethality
after H administration, while no significant effects were
observed on the severity of seizures.

Sleep deprivation, especially paradoxical sleep depri-
vation, produces imbalance between excitatory and in-
hibitory neurotransmitters with consecutive hyperexcitabitlity.®
On the other hand, subconvulsive dose of H do not

Table 1 Lethality recorded in experimental groups 90 min and 24 h
after H administration

Experimental groups

Lethality (%) CH LH SH
After 90 min 0 0 62.50#
After 24 h 0 0 75.00"#

Lethality rate of exited rats in groups expressed as percentage
Significance of the differences between the groups was estimated
by Fisher’s exact probability test (*P < 0.05 versus CH and *P < 0.05
versus LH)

For details see caption to Figure 1

produce major seizures and lethality.'” The summation of
these two independent processes that increase brain excit-
ability, paradoxical sleep deprivation and H at a subconvul-
sive dose, resulted in the augmentation of all seizure
parameters followed by lethal outcomes in this study.

However, it was found in only two studies, that pro-
longed paradoxical sleep deprivation in rats led to a
decrease in plasma homocysteine levels, which were not
changed during the next 48 h of sleep recovery.??! Sleep,
as physiological process, contributes to the antioxidant
defense,” while on the contrary, sleep deprivation causes
the accumulation of free radicals. Therefore, Oliveira
et al.*® have suggested that this finding could be an autore-
gulatory response to the reduction of glutathione.

Mechanisms of the convulsive and neurotoxic effects of H
are far from completely understood, but there is evidence
that many excitatory effects are the result of excessive iono-
tropic and metabotropic glutamate receptors activation,
oxidative stress, DNA damage and the induction of apopto-
sis,*?** as well as inhibition of Na™ /K" ATPase activity.?

We investigated the functional involvement of the
gaseous neurotransmitter NO in the convulsive activity of
H in adult rats and found that systemic administration of
L-arginine (NO precursor) reduced the incidence and
number of convulsive rats in a dose-dependent manner.*”
NO achieves a neuro-protective and antioxidative role
by building S-nitroso-L-glutathione,?® contrary to H which
increases the oxidative stress.”” Oxidative stress increased
after paradoxical sleep deprivation,”?° and further
depleted antioxidative capacities and reduced the NO
level and its anticonvulsive effects. It could be one of the
possible explanations for the potentiating of H effects in
the SH group of rats (paradoxical-sleep-deprived rats
receiving H) observed in this study.

y-Aminobutyric acid (GABA) system could also be a
point of interaction, since there is evidence that sleep depri-
vation facilitates the induction of seizure by the modulation
of GABA-ergic transmission.®! Moreover, it was found that
a high concentration of NO increased the GABA release.”
In this regard, it is possible that reduction of the NO level
after sleep deprivation could lead to a depression of the
GABA-ergic system and consecutive hyperexcitability.

EEG is considered as a very useful tool to investigate cor-
tical brain excitability in various conditions. Generalized
SWD in EEG during absence seizures may result from aber-
rations of oscillatory rhythms that are normally generated
during sleep by circuits connecting the cortex and thalamus.
This oscillatory behavior involves an interaction between
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Figure 3 Representative electroencephalogram tracing (left panel) and corresponding power spectral density (right panel) recorded in rat from SH group 30 min
after H administration showing spikes-and-wave discharge (SWD) as characteristic ictal pattern of H —induced absence -like seizures (a). The number (b), dur-
ation (c) and latency time to SWD (b) during 90 min after H administration in experimental groups. The significance of the differences between the groups was
estimated by Kruskal-Wallis analysis of variance and Mann-Whitney U test (*P < 0.05 versus CH and #P < 0.05 versus LH). For details see caption to Figure 1

GABAg receptors, Ca®" channels and K* channels located
within the thalamus.®® These EEG graphoelements are
clearly distinguishable from sleep spindles and are
thought to be characteristic EEG manifestations of H proepi-
leptic, absence-like activity.'”*® In this study, we observed
a significant increase in the number and duration of SWD
and decrease in latency of its EEG appearance in the
paradoxical-sleep-deprived rats by the administration of a
subconvulsive dose of H (SH versus CH and LH). No
SWD was registered in EEG of rats receiving saline
instead of H in otherwise analog conditions (Cc, Lc and
Sc group). These data indicate augmentation of EEG mani-
festations of H-induced seizures after paradoxical sleep
deprivation.

It has been postulated that some of the epileptic activity of
H could be attributed to the inhibition of Na* /K" ATPase
activity in different brain regions including hippocampus.
This enzyme is thought to be one of the major regulators of
neuron excitability. Results of a recently reported study
showed that paradoxical sleep deprivation also inhibits
Na® /K" ATPase activity in the brain cortex and predomi-
nantly the hippocampus through mechanisms involving
oxidative stress.>

Behavioral alterations after paradoxical sleep deprivation
are mostly a result of an imbalance in the neurotransmitter
systems,” with key changes in: (1) generalized down-
regulation of muscarinic (M2 type **) receptors which are
necessary for initiation and coordination of paradoxical
sleep™ (paradoxical sleep-on neurons belong to the cholin-
ergic system); (2) the dopamine neuronal circuits, inducing
up-regulation of postsynaptic dopamine (D2 type) recep-
tors* and (3) excitatory amino acid glutamate and aspartate
levels with its elevation in the cortex and hippocampus.®”

On the other hand, it has been postulated that H acts on
group I of metabotropic glutamate receptors, as well as on
N-methyl-p-aspartate receptor complex.'>'®** Therefore,
glutamatergic neurotransmission could be pointed out as
a joint site of action for both paradoxical sleep deprivation
and H, what could further explain the effects of its inter-
action obtained in the present study.

In this study, we observed a pronounced lethality rate in
the SH (paradoxical-sleep-deprived rats receiving H) group
compared with no lethality in the CH and LH groups.
However, it should be pointed out that lethality was not
recorded in the Sc group (paradoxical-sleep-deprived rats
receiving saline instead of H) and that lethality was not
recorded following the H injection alone in the same dose
as in this study." Paradoxical sleep deprivation is
accompanied by a negative energy balance® induced by
hypercatabolism; elevation of orexin levels, which could
be a reason for hyperphagy, as well as increased sympath-
etic activity.39 These factors, together with other alterations,
could contribute to high lethality observed in the SH group.

Although most studies on bidirectional relationship
between epilepsy and sleep disorders are based on clinical
trials, experimental studies are of great significance for
understanding this relationship.*’ Studies in human subjects
are connected with limitations like use of antiepileptic
drugs, stress, co-morbidities and habits, as well as some
ethical questions. It has been shown that selective paradox-
ical sleep deprivation can potentiate metaphit (phencycli-
dine analog)-induced audiogenic seizures in rats® and
provoke EEG abnormalities.*’ These observations are in
agreement with our present study.

Different types of subthreshold excitatory stimuli occur-
ring synchronously could induce brain hyperexcitability in
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the process of temporal summation. In other words, para-
doxical sleep deprivation induced some changes in neural
activity which upon application of a subconvulsive H
dose induced synchronization of activity in a critical popu-
lation of neurons which triggered seizures. These individual
components did not cause lethality, but together they led to
a lethal outcome. Therefore, judging by the behavioral and
EEG findings, it could be concluded that paradoxical sleep
deprivation can provoke the expression of hyperexcitablity
in neuronal circuits that can potentiate effects of subconvul-
sive H dose in adult rats.

Findings of this study revealed that paradoxical sleep
deprivation augments process of epileptogenesis induced
by H, which is risk factor for development of numerous dis-
orders such as neurodegenerative disease, depression and
cognitive decline.
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