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Abstract: Rapid eye movement sleep (REMS) is a unique phenomenon essential for maintain-
ing normal physiological processes and is expressed at least in species higher in the evolution.
The basic scaffold of the neuronal network responsible for REMS regulation is present in the
brainstem, which may be directly or indirectly influenced by most other physiological processes.
It is regulated by the neurons in the brainstem. Various manipulations including chemical, elec-
trophysiological, lesion, stimulation, behavioral, ontogenic and deprivation studies have been
designed to understand REMS genesis, maintenance, physiology and functional significance.
Although each of these methods has its significance and limitations, deprivation studies have
contributed significantly to the overall understanding of REMS. In this review, we discuss
the advantages and limitations of various methods used for REMS deprivation (REMSD) to
understand neural regulation and physiological significance of REMS. Among the deprivation
strategies, the flowerpot method is by far the method of choice because it is simple and con-
venient, exploits physiological parameter (muscle atonia) for REMSD and allows conducting
adequate controls to overcome experimental limitations as well as to rule out nonspecific effects.
Notwithstanding, a major criticism that the flowerpot method faces is that of perceived stress
experienced by the experimental animals. Nevertheless, we conclude that like most methods,
particularly for in vivo behavioral studies, in spite of a few limitations, given the advantages
described above, the flowerpot method is the best method of choice for REMSD studies.
Keywords: flowerpot method, locus coeruleus, methods of REMS deprivation, noradrenaline,
stress response

Introduction
Living organisms and their constituent cells undergo basic rest and activity cycle
(BRAC), which varies in phenotypic expressions. For living system(s) higher in evolu-
tion, particularly with evolved brain, BRAC has further evolved into sleep and waking.
In healthy individuals, the quantity and quality of sleep and waking are expressed at
optimum levels, which vary within limit under given physiological conditions. These
physiological conscious states are inherently dynamic and are maintained in equilibrium
with each other. Initially, sleep was considered as a passive phenomenon, which has been
set aside by findings from consistent research in the mid-twentieth century. It is now
accepted that sleep is an active, non-monolithic behavioral phenomenon, indispensable
for optimal physiological processes including functioning of the vital organs of the body.
Based on electrophysiological parameters, sleep has been broadly classified into rapid
eye movement sleep (REMS) and non-REMS (NREMS). By and large, REMS is char-
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acterized by desynchronized electroencephalogram (EEG),
muscle atonia and rapid eye movements. In humans, REMS
constitutes about 20% of total sleep time, which is considerably
lesser in proportion to one 24 h complete day. Experimentally,
it has been shown that animals, for example, dogs' and rats,>*
as well as humans* not only maintain this fundamental process
but also, if deprived, adequately compensate the lost REMS
by its rebound increase during the post-deprivation recovery
period. In the absence of such recovery, REMS deprivation
(REMSD) might lead to altered states, which may cause vari-
ous pathological conditions and even loss of life in extreme
conditions.?* This means that the living beings are possessive
of this state and consider REMS as non-compromisingly nec-
essary for maintaining normal physiological processes.> Also,
the vital role of REMS may be attributed to the fact that its
primary control machinery, the neural network, is located in
the brainstem, where the neurons for the regulation of other
vital physiological processes, for example, cardiovascular and
respiratory systems, are located, and its regulation is not under
voluntary control. Thus, optimum amount of sleep including
REMS is important for maintaining normal and healthy living,
and therefore, an understanding of this essential physiological
phenomenon is necessary.

After the discovery of REMS in 1953, consistent attempts
have been made to understand its genesis, mechanism, regula-
tion and functional significance, which have been dealt with
in many reviews and scholarly articles.”!* Several methods
including transection, stimulation (electrical and chemical),
lesion and microinjection into the brain, and deprivation of the
subjects (humans or animals) have been carried out to under-
stand the mechanisms of generation, regulation and functions
of REMS. All these methods, particularly in vivo behavioral
studies, have respective merits, and none is immune to some
limitations. Like most studies, the choice of the method to be
applied for investigating various aspects of REMS depends on
the factor(s) whose expressions are to be explored keeping in
view the limitations associated with the method to be used.

Deprivation vs. induction of excess
REMS

Normally, functioning of a system along with that of its con-
stituent components viz. cells, tissues and organs is in dynamic
equilibrium leading to a healthy life. The optimum output of
each of those units (individually or whole) is expressed at a
lower level than the maximum that respective unit can possibly
deliver. Although a cell or a system can increase its output, it
cannot be higher than the maximum, and thus, the difference of
maximum from that of the optimum cannot be as high as that

of the difference of optimum to the minimum, which would
be zero. Attempt to significantly increase the output of such
a system could be nonphysiological, particularly if continued
for longer duration. Also, it is likely to wear out the system
very rapidly and significantly more than that of withdrawal
of the output. Therefore, while designing an experiment, an
increase in the expression, REMS in this case, may or may
not be as significant or may be counterproductive than that
of its decrease, that is, withdrawal. Further, an induction usu-
ally would need active process and may be invasive, while
the withdrawal (deprivation) may not. Hence, the REMSD is
the preferred method of choice for exploring, acquiring and
advancing our understanding of REMS in its totality, which
we review in this article. However, as there are several misap-
prehensions particularly related to stress associated to REMSD,
the researchers face constant challenge to address this issue.
We would discuss this issue for better understanding; however,
before moving forward, it is important to discuss briefly the
neural substrate(s) for the regulation of REMS.

Brain mechanism of REMS

regulation

REMS was first identified in humans® and was later shown in
other mammals including rats, cats, dogs and so on. Its expres-
sion in species lower in evolution (particularly invertebrates)
is debatable, primarily because the brain electrical activity
(EEG), one of the basic characteristics for identification of
REMS, is not quite evident in species possessing rudimentary
or lesser evolved brain. Transection,'! lesion'>'* and stimula-
tion'31¢ studies identified that the dorsolateral pontine region
is responsible for REMS regulation. This region possesses
noradrenaline (NA)-ergic REM-OFF neurons in the locus
coeruleus (LC) while cholinergic (largely) REM-ON neurons
in the laterodorsal tegmentum /pedunculopontine tegmentum
(LDT/PPT).!>1718 As like the regulation by the brain of other
complex behaviors and functions, a fine tuning between activa-
tion and deactivation of the REM-ON and REM-OFF neurons
is necessary for the regulation of REMS. In a series of comple-
mentary studies using electrical stimulation,'® microinjection
of neurotransmitter (gamma-amino butyric acid [GABA], NA,
acetylcholine [ACh]) agonist or antagonist,'*?' anti-ouabain
antibodies,”* activation of the wake-? or sleep-inducing
brainstem areas®* and upon REMSD,” it was shown that if
the LC REM-OFF neurons were prevented to cease activity,
REMS was reduced. These findings suggest that cessation of
the LC-REM-OFF neurons is prerequisite for the generation
of REMS.??7 Results from the in vivo studies suggest that
GABA acting post- and presynaptically at different sites (on
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REM-OFF and REM-ON neurons) plays a significant role in
inducing inhibition or withdrawal of inhibition for the regula-
tion of REM-ON and REM-OFF neurons that regulate REMS.
These studies have been reviewed in detail, and the findings
have been consolidated to construct a model explaining the
mechanism of regulation of REMS.® Estimation of NA and
GABA levels in different brain regions (explained later in this
review) supports the model. It is difficult to experimentally
show in vivo in behaving animals the pre- and postsynaptic
modulation of inputs on the REM-ON and REM-OFF neurons.
Therefore, as an alternative, using the in vivo data, a mathemati-
cal model was constructed, which satisfactorily explains the role
of (presynaptic) withdrawal of inhibition from the REM-ON
neurons, which in turn inhibits the REM-OFF neurons for the
initiation of REMS.% Also, the said model reasonably explains
for the first time why REMS does not appear during waking
and why it is initiated only after a period of NREMS.® The in
vivo findings from behavioral as well as REMSD studies and
those from in vitro (including in silico) studies complement
each other to support the proposed neural regulation of REMS.
The GABA-ergic neurons and terminals are scattered
throughout the brain.” The said model included the role of
GABA-ergic neurons and terminals in the LC,*® in prepos-
situs hypoglossus,*! in substantia nigra® and in LDT/PPT*
in modulating REMS. Subsequently, in recent years, isolated
groups have studied the role of GABA-ergic neurons in the
periaqueductal gray*** and in the dorsal part of the deep
mesencephalic reticular nucleus,*** and explored their roles
in REMS regulation. It is reasonable that the basic and com-
plex physiological process like REMS would be regulated and
modulated by neurons containing various neurotransmitters
which are located in wider brain areas. Notwithstanding, for
confirmation, it needs to be studied in behaving animals how
those neurons are affected by NREMS and wake-inducing
brain areas, and how the firing of those neurons is related to
each other as well as with that of classically known REM-ON
and REM-OFF neurons in LDT/PPT and LC, respectively,
particularly in relation to modulation of REMS as has been
systematically studied for classical REM-ON and REM-OFF
neurons. Also, it needs to be experimentally shown if those
neurons are affected by REMS loss and what role these neu-
rons and their respective neurotransmitters play in modulating
REMS loss-associated functions/symptoms, if at all.

REMSD - its pros and cons

Different approaches have been used to understand the
neural regulation and functional significance of REMS, for

example, a) phylogenetic or evolution studies, b) ontogenic
or development studies and ¢) experimental studies. The first
approach is based on historical observations, evidences from
the literature, social and other associated changes, circum-
stantial evidence and their analyses. For example, among
species, there are significant differences in the quality and
quantity of time spent in different stages of sleep.’**” Find-
ings from ontogenic studies allow us to know that REMS
helps proper maturation and development of the brain in
particular and the nervous system at large;*®*° however, its
detailed mechanism of action is not known. Maturation of the
brain involves many factors including neurotransmitters.*
As REMS modulates level of NA in the brain, and NA has
been reported to affect neuronal growth and development,*!
it may play a significant role in REMS-associated matura-
tion of the brain. Notwithstanding, both the phylogenetic
and ontogenic studies (particularly in higher species) are
slow events, time intensive and often difficult to reproduce
repeatedly to prove experimentally and it is difficult to
carry out planned control studies to rule out the associated
nonspecific effects.

Experimental studies/approaches, on the other hand,
enable us to explore the role of REMS in modulating neu-
ronal excitability, apoptosis, cytomorphology, behavior,
thermoregulation and their mechanisms. Although the physi-
ological significance of REMS is known to a limited extent,
its detailed cellular, molecular and genetic mechanisms of
action need to be deciphered. Indeed, those are the subjects
of active research across the globe and for which the first
two methods of gathering knowledge are least helpful.
Also, in vivo studies have obvious limitations to explore
and understand the mechanism of effect(s) at the molecular
level(s), for which often we extend studies using in vitro
cells as models. Notwithstanding, almost all experimental
methods are prone to some limitations, technical or oth-
erwise. Selection of a method for the investigation of any
biological process depends on the parameter to be explored
and analyzed, the kind of question being raised and the suit-
ability of the method to achieve desired results. Thus, the
question remains as to what extent does the applied method is
specific to induce REMSD, what are the nonspecific factors/
variables, how can they be controlled and how the effects of
nonspecific factors can be eliminated so that the observed
results can be correlated primarily to REMS loss alone. As
such, various techniques have been used to induce REMSD;
their merits and limitations are discussed below for ease of
understanding.
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Methods for REMSD

Flowerpot method

The flowerpot method was first used by Jouvet et al to deprive
cats, particularly of REMS.* The novelty of this method is that
it exploits a fundamental characteristic defining REMS of the
experimental animal, the muscle atonia. As this method over-
comes to a large extent most of the limitations encountered by
other methods, it has been extensively used on experimental
cats, rats and mice across the world.>* In this method, the
animal is placed on a small island (platform) protruding over
the surface of water in a tank. To rule out nonspecific effects,
the control animal is placed on a slightly larger platform
control (LPC) projected over surrounding water in the same
room; that is, all conditions, except the platform size, remain
comparable to that of the experimental animal on the smaller
platform. The method derived its name from its maiden use
of flowerpots by Michel Jouvet; subsequently, it has also been
known as water tank, platform or pedestal method.

The success of this method depends on the ratio of plat-
form size (both small and large) to the animal body weight.*
On the small platform, the experimental animal (though
carefully) can stand, sit, move and most importantly can
experience NREMS. However, at the onset of REMS due
to muscle atonia, the animal tends to stretch and relax its
body completely which the size of the small platform does
not allow. Therefore, initially, the animal might even fall
occasionally into the surrounding water and eventually (at
the onset of REMS) possibly learns to wake up, often with
a jerk, and saves itself from falling into the water. Although
it is possible that the animal might learn to wake up before
falling, it is likely that the atonia-induced jerk wakes up the
animal and not the fall into the water per se. It may be com-
pared with waking an animal with other external non-tactile
stimulus, for example, sound. The primary advantage of
this method is that it uses a critical REMS-associated physi-
ological signal originating within to trigger awakening of the
same animal. This may be comparable to or even better than
someone waking up from sleep due to changes in blood pres-
sure, respiratory distress, indigestion, filling of bladder and
so on. Although there may not be reported quantified classi-
cal experimental verification of all these examples waking a
person, from associated knowledge, we know that they affect
sleep in normal and diseased individuals, for example, snor-
ing, sleep apnea and hypertension. Also, even if the animal
learns, REMS pressure due to loss of REMS overrides the
learning. This is because (we have observed) if the REMSD
is continued for longer period, for example, more than about
9 days (our observation), some rats might fall into the water

and sometimes even fail to climb up on the platform and die
of drowning. In shorter duration of REMSD, if the rats fall,
they usually climb up onto the platform and save themselves.

On the larger platform, the animals enjoy both NREMS
and REMS. To confirm the efficacy of the method, Mendelson
et al? continuously monitored the electrophysiological signals
from the experimental and control rats for 4 days and evaluated
wakefulness, NREMS and REMS. They observed that during
the first 24 h of experiment, the experimental (on small plat-
form) as well as LPC rats had comparable REMS, although
that was significantly less than the normal home-cage control
rats. Thus, although the small-platform rats are deprived of
REMS even during short term (24 h deprivation), due to lack
of appropriate control, the method is not suitable for short-term
REMSD. However, on the fourth 24 h through the REMSD
experiment, that is, after 72 h REMSD, the experimental (on
small platform) rats showed significantly reduced REMS as
compared to home-cage control rats as well as that of the LPC
rats. Also, the rat on the smaller platform showed significantly
more REMS rebound during post-REMSD recovery period
than both the LPC and cage control rats. Thus, the platform
method is most suitable for those studies where the animals
are to be REMS deprived for 72 h and more.

The major drawback of the method is that the animals
might experience some undesirable discomfort due to mus-
cular overactivity, isolation, some amount of associated loss
of NREMS and not complete (100%) loss of REMS. By
and large, the restricted mobility-induced effects may not
differ significantly (i.e. remain comparable) on the small
and large platforms. In some studies, to rule out the effects
due to restricted mobility and muscular overactivity, sepa-
rate control experiments were conducted where movement
of animals was restricted by maintaining them in a smaller
enclosure or made them to swim for varying duration, respec-
tively.>* In another control group, REMS-deprived animals
were allowed to recover from the lost REMS, the recovery
group (REC). This experiment is carried out to confirm if the
changes observed upon REMSD are reversible, particularly
upon recovery of lost REMS.*45 Nevertheless, an argument
against this method is that the animals may suffer from
isolation as they are kept alone in the experimental setup.
However, these isolation-induced effects may be countered
as the LPC animals are also maintained alone. Further,
in some studies, the animals are acclimatized by keeping
them isolated (alone) in their home cages prior to the start
of experiment. Notwithstanding, multiple-platform method
has been designed to overcome some of the drawbacks of the
flowerpot method, which however, achieved limited success.
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Hand arousal technique

This method was first used by Dement,* where a subject
is awakened as and when one goes into sleep, NREMS or
REMS, usually NREMS. To use this technique, one needs
to record electrophysiological parameters defining sleep
and waking. Based on such electrophysiological criteria
if a subject is awakened at the onset of every NREMS, the
subject is almost certainly deprived of total sleep (NREMS
as well as REMS) as REMS does not appear unless there is
some amount of NREMS. On the other hand, if the subject is
awakened only at the onset of every REMS, although appar-
ently one may be deprived mostly of REMS, practically it
is difficult to continue for longer duration. This is because
with increased duration of deprivation, REMS pressure
builds up. This causes increased frequency of appearance
of REMS leading to frequent awakening and depriving the
subjects of total sleep.

To rule out nonspecific effects, another control subject/
animal (yoked control) is awakened equal number of times
(as that of the experimental subject) irrespective of the
former’s sleep state. It was observed that the experimental
subject may be selectively deprived of total sleep or REMS
to a reasonable extent only if the studies are continued for a
short-term deprivation (limited) period. The method is not
suitable to achieve long-term (for more than several hours to
a couple of days) deprivation, particularly for REMSD. This
is because as the deprivation progresses, the NREMS and
REMS pressure increases so much that the subject must be
awakened frequently; also, the yoked control gets deprived
of sleep. Besides, the method needs continuous monitoring,
and therefore, if continued for longer time, the experimenter
is also deprived of sleep (unless several researchers take
turns, which in turn may add variability though). Use of
modern computer-aided techniques has limited the human
intervention; however, elaborate instrumentation and possible
confounds due to instrumental use need careful planning. In
this method, particularly for animal studies, electrodes need
to be surgically implanted for recording the electrophysi-
ological signals to objectively define and identify sleep and
waking states.

Treadmill arousal method

In this method, the animals are maintained on a treadmill
where due to continuous movement of the belt, the animals
cannot sleep.*® Ideally, the animals are deprived of total sleep
(NREMS as well as REMS) and not exclusively of REMS
since they always remain in motion. However, in practice,
after spending a while on the treadmill, the animals often

learn to run in the opposite direction to that of the movement
of the treadmill belt and take a nap till it reached the other
end of the treadmill. By this time, to avoid falling, the animal
wakes up and runs to the other end of the belt and repeats
the cycle. For how long the animal may sleep depends on
the speed of the treadmill belt movement, which needs to be
increased with passing time to continue deprivation. It has
been reported that on an average the animals could enjoy
almost 40% of the time spent on treadmill in NREMS.*’ In
this method, the animals could neither be deprived exclusively
of NREMS nor REMS. In a modification of this method, the
speed of movement of the treadmill belt was regulated by the
changes in the EEG so that whenever the animal under study
entered REMS, the belt started rolling at varying speeds
and the animal was awakened. This needed much elaborate
arrangement or surgery of the animals and often faced dif-
ficulty in differentiating REMS from wakefulness only by the
EEG in addition to depriving the animals of both NREMS
and REMS. Also, during the experiment, free access to food
and water is difficult, and appropriate control for activity
needs to be designed.

Pendulum method

This technique was designed to avoid the movement
restriction-associated possible stress experienced by the
animals in other techniques.*® An animal was kept in its home
cage, which was put in a pendulum hanging from the roof
and made to swing. Because of the swing, due to postural
imbalance at the extremes of the swing arc, the animal was
forced to remain awake to maintain balance. However, in this
technique, the animal although experienced minimal REMS
(02%), it lost significant NREMS; the animal experienced
only 19-30% of NREMS during 72 h of deprivation in the
pendulum. The advantage of this method is that no external
intervention or elaborate instrumentation is needed. However,
the disadvantages of this method are that experimental ani-
mals do not get free access to food and water, simultaneous
deprivation of several animals is not possible, it is difficult
to design specific controls and REMS- or NREMS-specific
deprivation is difficult to achieve.

Multiple-platform method

To avoid the immobilization stress experienced by the rats in
flowerpot method, van Hulzen and Coenen® developed this
method in which experimental and control animals are put
on platforms over water in respective tanks (as in flowerpot
method) containing more than one platform (either small or
large as the case may be) so that the animal could move freely
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from one platform to the other. This method was further modi-
fied, and more than one rat was kept for REMSD or control
in water tanks containing many platforms® to overcome
immobilization as well as social isolation during REMSD.
In this method, care is to be taken so that the platforms are
neither so close to each other or to the walls of the water tank
so that the animals could get support and relax easily to enjoy
REMS, nor they should be too far so that the animals cannot
move easily from one platform to the other.

As the animals can move across platforms and more than
one animal is present in one enclosure, the immobilization
and isolation stresses, if at all, are likely to be reduced. How-
ever, in practice, we have found (unpublished data, 2018) that
one animal jumps onto another platform occupied by another
sleeping animal and wakes the latter; that is, all the rats in the
multiple small- or large-platform group are sleep deprived
(including REMS) to variable duration. Although we have not
recorded electrophysiological sleep—wake in these animals
(which is technically challenging though), we estimated
the brain Na-K ATPase activity as an estimate of REMSD
(manuscript under preparation). We have reported* that on
single-platform method, the enzyme activity increases in the
experimental REMS-deprived rats (on small platform) but
not in the LPC rats. However, we observed that the enzyme
activity increases in the multiple large platform controls
(MLPCs) also and remains comparable to that of the REMS-
deprived small-platform experimental rat brain as well. Thus,
the finding of the MLPCs questions the effectiveness of this
method. Comparable behavior of MLPCs has been mentioned
in other studies,*® which may be the likely cause of differences
in results in such study in addition to noncompliance with
the ratio of body weight of the animals to the platform size.

Rotating disc-over-water method

In another modification, a computer-aided elaborate pro-
cedure for REMSD was designed.’’*? In this method, the
experimental and control rats are simultaneously housed
one on each side of a horizontally placed disk suspended
over water. A vertical partition was fixed in a manner so
that the disk is separated into two halves, although it could
rotate unhindered. The arrangement is such that the rat on
the disk would fall into the surrounding water if the disk is
allowed complete rotation. The experimental and control
rats are surgically implanted with electrodes for recording of
electrophysiological sleep—wake. The signals are fed into a
computer which gives signal to rotate the disk (platform) as
and when the experimental rat goes into REMS or NREMS,
as the design of experiment. As complete rotation of the

disk would push the rat into the water, the animal wakes up
to stop the rotation and prevents itself from going into the
water below and in turn deprives itself of REMS or NREMS.
Although the method overcomes the immobility stress, the
control animal is awakened as and when the experimental
animal goes into REMS or NREMS (as the case may be).
Thus, the control animals must sleep when the experimental
animal sleeps, which cannot be practically correct always. In
practice, with increase in duration of deprivation period, the
experimental rat frequently tends to sleep, and therefore, the
control animal is also awakened frequently and is deprived
of sleep; thus, the purpose is defeated. This method does
not take care of isolation, it is also difficult to deprive many
animals simultaneously and it needs elaborate arrangement.
We have compared all the methods of deprivation in
Table 1. The flowerpot method is by far most suited under
laboratory conditions to study REMSD at least in animals.
The method is very effective, inexpensive, procedurally
simple, does not require continuous monitoring or human
or surgical intervention and allows handling several animals
simultaneously. However, many experimenters and critics are
uncomfortable with this method citing perceived stress expe-
rienced by the animals, which needs elaborate discussion.

“Stress” vs. deprivation-induced

specific effects

“Stress” has been coined to describe exposure of an organism
to a stimulus that crossed a level, which may vary in intensity
and duration. The challenge is to define sub-stressful and
stressful stimulus. The response of the organism depends on
the environmental factor(s), type of insult (stimulus) includ-
ing its quality, intensity and frequency, as well as sensitivity,
predisposition, adaptation and psychosomatic state of the
organism. REMSD studies are not immune to these issues.
Often, REMSD studies face criticism that the observed
effects may be confounded due to experimental manipulation-
induced associated stress, which, if any, certainly needs to be
eliminated or ruled out from the observation.

As most of the physiological processes remain in a
dynamic equilibrium, it is likely that the response(s) to
various exposures would vary. Therefore, it is desirable to
decipher if the observed change(s) is a primary or second-
ary response(s). For objective analysis, it is also important
to bear in mind that the observation(s) should be free from
subjective bias. For example, subjectively (being emotional)
by observing the behavior, particularly of a higher animal,
we may be prone to raise the issue of stress as opposed to
ignoring responses of cells when exposed to comparable test
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factor. Ideally, a factor (stimulus) including stressor would be
experienced at the structural, molecular and cellular levels;
however, their expression(s) may be ignored due to lack of
our appreciation, understanding and sensitivity. On the other
hand, due to the lack of appropriate definition, a response
need not necessarily be categorized as stress response until
its molecular mechanism of action is deciphered. Interest-
ingly, under specific conditions, both extremes, for example,
overactivity and restricted movement, isolation® and over-
crowding,> exposure to low and high oxygenation, carbon
dioxide,> glucose® and temperature®” and so on, may turn
out to be stressful.

It needs to be distinguished if the exposure-induced
effects (responses) are secondary to experimental manipu-
lation or a direct response due to the exposure. While the
former needs to be eliminated, for the rest a consistent, exclu-
sive (marker) measurable factor is needed to define stress.
Sometimes, the level of corticosterone has been taken as a
marker for stress; however, it is known that corticosterone
is necessary for growth and development of neurons as well
as memory processing in the brain®*-¢! in addition to many
other functions. Similarly, elevated levels of NA, adrenal
and thymus weight and sympathetic overactivity have been
considered as stress response. Thus, if stress response means
a compensatory physiological effect, can and should that be
differentiated or eliminated, and if that is attempted to dif-
ferentiate, the physiological processes might react and induce
some other change(s), which the observer may or may not
be taking note of.

Often, we ignore variations which are statistically insig-
nificant. However, it is possible that there could be synergism
among nonsignificant changes, while antagonism among
significant changes, which may appear modulating a func-
tion and/or a behavior. The nonspecific responses due to
experimental intervention may be eliminated by designing
appropriate control experiments. Essentially, in principle,
it is comparable to eliminate noise from embedded desir-
able specific response by overlapping stimulus-triggered
responses often by averaging repeated observations; the more
are the number of observations, the better and reliable would
be the averaging results (findings and associated interpreta-
tion). Thus, possible stress, if at all (not only perceived),
inflicted to the animal while conducting experimental loss
of either or both NREMS and REMS, needs to be countered/
eliminated by designing adequate and suitable control experi-
ments. Alternatively, if the effects are due to (the so-called)
“stressor”, it needs to be shown if the responses can be pre-
vented by blocking the “stress/stressor”. In the absence of a

marker, the term “stress” or “stress response” would remain
in the domain of speculation and better be avoided. The best
way forward will be to conduct adequate and multiple-control
experiments to rule out nonspecific effects, to be as much as
possible unbiased and objective in our observations.

As discussed earlier in this review, the flowerpot method
allows designing appropriate control experiments to rule out
various nonspecific effects; therefore, this method has been
most extensively used for REMSD studies. However, citing
stress, many critics favor multiple-platform method over flow-
erpot method (single platform). The critical point is whether
appropriate controls have been carefully carried out while
conducting either of the methods. In studies where multiple
platforms have been used, often the critical ratio of animal
weight to platform size has not been maintained.>®**2¢3 If such
ratio is not maintained, either the experimental animals are
not REMS deprived or the large-platform animals are also
deprived of the desired sleep. These could account for con-
flicting reports of differences in the levels of corticosterone,
NA, weight (body, adrenal and thymus), lipid peroxidation
and so on, upon deprivation by multiple-platform method
carried out by different groups.5+

Also, in many studies,®** LPCs were missing, and post-
REMSD recovery studies were not conducted, and therefore,
one cannot be sure if the observed changes were specific to
REMSD. Additionally, it is desirable to show that the changes
observed after REMSD can be prevented by blocking a factor
induced by REMSD, that is, a causal relationship needs to
be shown, which has not been conducted in most studies.®%
Using flowerpot method, studies from this laboratory have
taken care of all the issues raised above and reported con-
sistent findings.-* It has also been shown that the observed
changes were proportional to the duration of REMSD and
the observed REMSD-induced changes initially were local-
ized in localized (restricted) brain area and then diffused to
other brain areas upon increasing the duration of REMSD.™
In support of our contention, findings from a relatively recent
well-controlled study further unequivocally reinforced the
efficacy of the flowerpot method for REMSD studies.”

As opposed to long-term REMSD by the flowerpot
method, for short-term (4-6 h) deprivation, hand arousal
may be used. However, in the latter, often there is total sleep
deprivation, and it is debatable how much of the effect is
due to deprivation as compared to due to other confounds
(mentioned above). Also, it is debatable that if a few hours
of deprivation induce some pathophysiological changes,
what should be ideal control, and more importantly, whether
normally body has compensatory effect for such small loss of
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REMS in particular. In such short deprivation experiments,
it is not accounted for as to what proportion of total REMS
is actually lost by the subjects. Also, it is not recorded nor-
mally how much REMS is present in control subjects during
the clock time of conducting the study and if the subjects’
REMS is dependent on the clock time. Additionally, one does
not account for if the deprived subjects experience rebound
increase in REMS during the rest of the 24 h period after the
short deprivation. Therefore, it is urgently needed to innovate
and design appropriate experiment for short-term REMSD.
Thus, it may safely be inferred that given the complexity, the
flowerpot (single-platform) method with multiple-control
experiments appears to be the best possibility for conduct-
ing at least REMSD. However, any innovation particularly
to reduce number of control studies and maximizing
desired deprivation alone in experimental subjects will be a
welcome step. Until then we, the sleep researchers, would
remain indebted to Michel Jouvet for inventing the flowerpot
method* and continue using it rather than selectively raising
(biased) stress issue for some studies.

Contribution of REMSD studies to
understand REMS regulation and
functions

Neural regulation of REMS

It has been discussed earlier that transection, lesion, stimula-
tion and pharmacological studies have contributed signifi-
cantly to unravel the neural regulation of REMS. REMSD
studies have complemented many of those studies to support
and confirm regulation of REMS, particularly to simulate
and/or extrapolate the REMSD-associated disordered states.
For example, indeed upon REMSD, the REM-OFF neurons
continue firing instead of cessation of activity during REMS,
and REM-ON neurons tend to increase firing, possibly an
attempt to compensate for REMSD;* other neurons did not
show such trend. In support of the hypothesis that REMS
maintains brain excitability,”>”® it has been shown by the
dorsolateral pontine neurons that REMSD indeed reduced the
auditory stimulation-induced evoked inhibitory responses.™

Necessity of cessation of the LC-REM-OFF neurons for
induction of REMS was confirmed by increased REMS in
cold-inactivated LC.” Such studies led us to hypothesize that
NA level should rise in the brain during REMSD, which has
been shown later. The role of LC REM-OFF neurons and that
of released NA from those neurons in inhibiting the REM-ON
neurons resulting in non-appearance of REMS and induc-
ing REMSD-induced changes was confirmed recently in in
vivo experiments. In brief, it has been shown that if the NA

synthesis in those neurons was prevented (downregulated by
infusing si- and shRNA of TH), REMS was increased, which
however was brought back to normal state if NA was micro-
injected into the PPT, the site of REM-ON neurons. Further,
if such rats where the NA synthesis was downregulated were
deprived of REMS, the REMSD-associated changes in Na-K
ATPase’ and changes in apoptosis-inducing factors were not
observed.” In a series of complementary studies if the LC
REM-OFF neurons were prevented to cease activity by elec-
trical stimulation,'® microinjection of GABA antagonist'®2!
or anti-ouabain antibodies,”> REMS was reduced; that is,
REMSD-like condition could be induced. Similarly, changes
in the level of GABA® and orexin’ in the brain upon REMSD
support their roles in REMS and REMS loss-associated
disorders (dealt with later).

Behavioral changes
After the discovery of REMS, while evaluating its physi-
ological significance, REMSD studies were carried out in
humans by Dement.* Hand arousal was used to deprive
humans of REMS; the subjects were physically awakened
when during sleep they entered into state of “activated EEG”,
the REMS. This was perhaps the first experimental study on
humans to show that lost REMS needs to be compensated
and suggested an indispensable role of REMS in maintaining
normal human physiological processes.* Anxiety, irritability,
increased appetite and inability to concentrate were among
the other major behavioral symptoms recorded after 3—4 days
of REMSD. Subjects almost uniformly showed confusion and
symptoms of withdrawal.

In rats, REMSD increases body temperature in the first
24 h of deprivation; however, thereafter, hypothermia sets
in, which if uncontrolled could lead to death.’ Other studies
reported increased fighting,”” adrenocorticotropic hormone-
induced yawning,”® decreased nesting” and postural imbal-
ance in animals; many of the effects tended to be reversed
after recovery of lost REMS. Chronic REMS restriction led to
impaired physical development and anxiety-like behavior in
adolescent rats, which may be attributed to alterations in the
levels of NA and serotonin in amygdala and hippocampus.®
In a study to test the rate of shock avoidance, REMSD rats
treated with D-amphetamine were unable to increase avoid-
ance suggesting an impaired catecholaminergic system in
REMSD rats. Catecholamine potentiating drugs like imipra-
mine (monoamine reuptake blocker) or pargyline (suppresses
monoamine degradation by monoamine oxidases [MAOs])
showed an increased retention in REMSD rats without having
any effect on control rats after passive avoidance training. In
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some studies, effects of REMSD were found to be comparable
to those of antidepressants.®!

Learning and memory

REMS has been suggested to affect hippocampal memory
processing and consolidation,®> while REMSD prevents
the performance of learned tasks and impairs new learning
processes;® in other studies, sleep deprivation has been
shown to affect object recognition.’* A brief exposure to
24 h REMSD drastically affected object recognition along
with alterations in serotonin and NA levels in rat model of
Parkinson’s disease.® Studies focusing on reconsolidation
of memory in rats suggest that REMSD selectively dis-
rupts consolidation, but not reconsolidation of novel object
recognition.® REMSD decreased spatial memory in Morris
water maze test, while it has been shown to impair reference
but not working memory in radial arm maze test.*” The effects
have been shown to last for at least 2 weeks as manifested by
areduction in memory performance and by a persistently high
apoptotic rate.®® Studies using a combination of behavioral,
pharmacological, slice culture and optogenetic techniques
showed that NA is involved in threat learning.® In amygdala,
NA acts through B-adrenergic receptors to enhance threat
memory by facilitating the association between conditioned
and aversive stimulus. Primary culture of rat cortical neu-
rons showed that NA exerts neuroprotective effect against
APB-induced neurotoxicity;” these findings may help explain
the beneficial effect of REMS as well as lack of adverse
effects of REMSD in some studies.’'*?

In humans, REMSD showed impairment of face recog-
nition. However, it could not be correlated in these subjects
whether the task performance was due to loss of REMS dura-
tion or REMS density. In another study employing slow wave
sleep (SWS) deprivation and REMSD in different subjects,
it was observed that SWS was essential for explicit memory
consolidation for visuospatial information, while both SWS
deprivation and REMSD adversely affected explicit verbal
recall of the tasks.”® Notwithstanding, in some studies,
REMSD could not affect emotional memory consolida-
tion,”"? which could be due to difference in experimental
approaches and needs confirmation.

Modulation of neurotransmitter levels

Neurons exert desired effects by release of specific neu-
rotransmitters. Also, the activities of neurons depend on
the relative levels of different neurotransmitters acting on
them. Isolated studies have shown that several neurotrans-

mitters like NA, GABA, ACh, orexin, serotonin, histamine,
dopamine and glutamate regulate REMS. Initially, based on
neuronal behavior, it was predicted that NA level should be
elevated in the brain upon REMSD,** which has since been
confirmed.®®* Our recent study in rats has shown that after
96 h REMSD, NA increases in LC, PPT, cortex and frontal
lobe, while it decreases in hippocampus.®® In the same study,
we have shown that GABA decreases in LC, PPT and cortex,
while it increases in hippocampus after REMSD. During
recovery control, the levels of both the neurotransmitters
were comparable to free moving controls. The differences
in the neurotransmitter levels observed could be due to the
differences in the number of projection neurons, density of
synapses of the projecting neurons, number of interneurons
and firing rates of all these neurons. The role of GABA in
REMS regulation was proposed in rats*' and cats,’®?” which
has been confirmed by actual estimation of GABA level
in different brain areas in the REMSD rats.®® Similarly,
REMSD-associated changes in brain acetylcholinesterase®
and orexin’® confirm their role in REMS regulation. Orexin
level increased significantly in LC, PPT and hypothalamus
after REMSD; the maximum increase was observed in the
LC.”¢ This supports the dense projections of orexin-ergic
neurons of posterior hypothalamus to LC. For NA-induced
REMSD-associated chronic dysfunction, there should be
sustained increase in NA synthesis in the brain upon REMSD.
Indeed, it has been reported that the enzyme®* and mRNA®
of TH, the rate-limiting enzyme involved in the biosynthesis
of NA, increase in the brain after REMSD in rats.

Biochemical, cellular and molecular

changes

Sleep is a behavioral phenomenon, which is affected
by changes in various molecules in the brain; also, its
disturbance affects almost every physiological process.
Therefore, it is likely that REMS as well as REMSD
must have biochemical and molecular correlates, which
in turn would be responsible for REMSD-associated
pathophysiological changes. REMSD has been shown to
decrease both blood and brain potassium levels in rats.”
Brain glycogen (both total and free) decreases after 72 h
of REMSD.!% Attempts to understand its effect on glucose
metabolism revealed an increase in hexokinase activity
(a rate-limiting enzyme in glycolysis) and a decrease in
glucose 6-phosphatase activity after 4 days of REMSD in
rat brain.'”! During REMSD, there is an increase in all the
amino acid levels in the brain with the most significant
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changes occurring in the levels of serine, glycine, alanine,
phenylalanine and leucine,'>'% although no increase in
protein synthesis has been observed.!® Changes in brain
ammonia and nitrogen metabolism'* reflect an increased
catabolism in the brain after REMSD.

We have mentioned above that REMSD elevated the
level of NA, while it decreased GABA in the brain. Tyrosine
hydroxylase (TH) and glutamic acid decarboxylase (GAD)
are involved in synthesis of NA and GABA, respectively,
while MAO-A degrades NA. Increase and decrease in
the activities of the corresponding enzymes of those neu-
rotransmitters, TH, MAO-A and GAD, respectively, sup-
port and complement each other.'**' Although ACh level
is expected to decrease upon REMSD, its level has not yet
been estimated after REMSD. A significant increase in
acetylcholinesterase activity in the brain upon REMSD™
supports cholinergic downregulation during REMSD, and
thus, supports ACh role in REMS regulation. Several studies
in rats'!% and in cats'® have considered increased c-fos
expression in some neurons as an evidence for neuronal
overactivity due to sleep/REMS loss. It has also been shown
that wake-induced c-fos expression in cortical neurons is
regulated by NA-ergic inputs from LC.!"° However, as a
critical analysis, it needs to be highlighted that c-fos is an
immediate early gene, which is reported to be expressed
under various conditions,'!'"!"* and hence, the expression
may not be exclusively related to sleep/REMS loss. This
contention may be supported by the fact that the increased
level of c-fos expression reduces with the increase in sleep/
REMS loss; that is, its level neither further increases nor
remains sustained with continued REMSD.!!*

Excitability is a fundamental property of the neurons,
and Na-K ATPase is a key factor to maintain it. REMSD has
been reported to alter brain excitability’”!'> and increases
Na-K ATPase activity as well as expression.'''"!3 It has
been proposed that REMSD-induced increased brain
excitability is mediated by elevated NA, and thus, REMS
maintains the housekeeping function of the brain.®’” To
understand the REMSD-associated sustained effect on
brain excitability, the molecular basis of NA-induced
REMSD-associated increase in Na-K ATPase activity
has been investigated, and the findings support the excit-
ability hypothesis.!'® The role of Ca®* in modulating Na-K
ATPase activity and its expression has also been investi-
gated.!'”!18 These changes are not nonspecific effects as
there were reciprocal changes in neuronal and glial Na-K
ATPase activity, and thus, help maintain homeostasis'"’

in the brain. In other studies, REMSD has been shown
to increase phosphorylated synapsinl, which supports
REMSD-associated increased vesicular mobilization and
neurotransmitter release.'?

Cytomorphological changes

It has been shown that REMSD-associated cytomorphologi-
cal,*>121.122 bjochemical®” and apoptotic changes,® be it in the
whole brain or in localized brain regions including LC and
PPT, are mediated by elevated NA. In rats, REMSD altered
neuronal perimeter, area and shape in REMS-regulating
areas of brain* and induced neuronal apoptosis,” and the
effects were mediated by NA. Interestingly, the changes
differed depending on the functional correlates of the
neurons; for example, adrenergic neurons which continue
firing during REMSD increased in size, while cholinergic
neurons decreased in size. These changes in neuronal cyto-
morphometry are likely to be the initial changes before the
neurons undergo apoptosis leading to REMS loss-associated
neurodegenerative disorders.

Effects on epigenetic and genetic levels
REMS is an evolutionarily conserved fundamental physi-
ological process at least in higher animals. Therefore, it is not
surprising that its loss, depending on the intensity and predis-
position of the subject, affects most physiological processes
in short as well as long term. The changes in the factors help
explain the immediate and/or short-term effects; however,
for sustained long-term effects, it is necessary that REMSD
must affect at the epigenetic and genetic levels. Although this
field needs serious systematic investigation, some attempts
have been made in this direction. For example, continuous
physical movement, which presumably caused total sleep
loss in drosophila, showed changes in wide variety of gene
expressions;'?* some of these changes are difficult to explain
though. Some studies have been conducted in rats and mice.
In a recent REMSD study, changes in chromatin assembly,
methylation of genes involved in learning and memory,
regulation of synaptic transmission, neuronal plasticity and
neuro-hypophyseal hormone synthesis in rat brain have been
reported,'** which help explain REMSD-associated long-term
behavioral and other changes described in this review.

Neurodegeneration and associated

disorders
An increase in proapoptotic factors like Bcl2-associated death
promoter protein, apoptotic protease activating factor-1, cyto-
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chrome c, caspase9 and caspase3 was observed in 6-day-old
REMSD rats.® The effects could be prevented by both intra-
peritoneal injection of ¢t1-adrenoceptor antagonist, prazosin,
and local microinjection of TH siRNA in LC region of rat
brain, suggesting an important role of NA in the induction
of REMSD-associated apoptosis.’

REMS loss-associated disorders
We have discussed above that experimental REMSD affects
enzymes,'? metabolites,'* neurotransmitters, hormones,
immune system including interleukins,'?”!?® epigen-
etic changes'? and neuronal structural proteins leading to
apoptosis®®!?! in the brain. These would affect other somatic
systems and form the basis to explain the underlying cellular
and molecular mechanisms for REMSD-associated patho-
logical conditions including in humans. Indeed, REMS and
REMSD affect almost all systems in the body. An irregularity
has been observed in heart rate, breathing rate, cardiac output,
cardiac pressure and arterial pressure as when the subject
enters REMS.'* Also, respiratory reflexes such as response
to hypoxia diminish during REMS.?*:132 In humans, mean
blood pressure has been reported higher during REMS along
with progressive decline in heart and respiratory rates.!?*134
Both hemispheric and brainstem blood flow increase even
higher than during wakefulness. Uncontrolled hypertensive
patients have significantly reduced REMS, while REMSD
contributes to hypertension and arthrosclerosis by altering
blood pressure.'* Altered REMS is considered a characteristic
feature of several psychosomatic and cognitive disorders. In
Parkinson’s disease, there is an increased latency to sleep and
reduced REMS, *¢ while reduced latency and increased REMS
have been reported in several depressed patients.!’” As it is
difficult to experimentally induce the disorders and study their
molecular mechanism of action, we often depend on animal
and cellular models to understand the mechanism of action(s).
In young rats, 96 h REMSD leads to decrease in homo-
cysteine, an amino acid that is considered an independent
risk factor for cardiovascular disease and stress.!*® REMSD
by flowerpot method induced significant elevation of blood
pressure in rats with partial predisposition to developing
hypertension.!** Immune responses vary in relation to sleep
conditions, while immune challenge alters sleep profile.!*
Sleep gets compromised'?*#%14! in most infections and dis-
eased conditions. The activity and number of natural killer
cells and phagocytes decrease upon REMSD, which sug-
gests weakened immune system. This explains why there is
an increased tendency of acquiring infection, and lesions in

foot, paws and gastric mucosa after total sleep deprivation and
REMSD in experimental rats.!*> After REMSD, the level of
NA increases, and NA is also known to modulate the immune
system;'* their relationship under REMS-deprived condition
needs to be investigated.

In rats, Kushida'* showed that REMSD decreased plasma
thyroxine (T4) and increased the ratio of plasma T3 to T4.
This may explain the deficiency in growth, development
and maturation of children and animals having disturbed
REMS; ! however, their cause-and-effect relationship needs
to be confirmed. The author also reported increased protein
catabolism as evidenced by an increased level of plasma urea
nitrogen. This may explain the mechanism of reduced urine
pH, metabolic acidosis, altered kidney function, urinary tract
damage and finally animal death particularly upon prolonged
REMSD (16-54 days).'%

Summary and conclusion

REMS is an essential phenomenon which affects the overall
physiology and brain functions including psychosomatic
behavior. The deprivation studies have contributed immensely
in understanding generation, maintenance, regulation and
significance of REMS. We have collated the information gath-
ered using the method to update our knowledge on REMS.
As various methods have been used to induce REMSD, we
have compared them. Because of its ease and convenience
of use, minimum limitations and possibility of conducting
various types of controls to rule out nonspecific effects, the
flowerpot method is the method of choice for carrying out
REMSD studies in animals (rats, mice and cats) across the
globe. We conclude that most methods have some limitations,
particularly those induced by nonspecific factors. Those
nonspecific effects need to be countered and eliminated by
conducting suitable and multiple-control experiments rather
than ignored or overemphasized including under the category
of perceived stress, if any.
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