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Sleep and Immunity

Carmen T. Gdmez de Ledn and Jorge Morales-Montor

Introduction

Sleep is a physiological process that has been proposed to
have restorative and regulatory properties [1, 2]. Sleep has
garnered particular interest in recent years due to its potential
influence on the immune system. Many studies have demon-
strated that total sleep deprivation and rapid eye movement
(REM) sleep deprivation modify various components of the
immune system, such as the percentage of cell subpopula-
tions (e.g., CD4+, CD8+, and NK) and cytokine levels (e.g.,
IFN-g, TNF-a, and IL-1) [3, 4]. Also, conversely, sleep pat-
terns are altered during the immune response, suggesting
that sleep and the immune response are linked through bidi-
rectional communication [5].

Sleep can be defined as a state of immobility resulting
from the decreased ability to respond to external stimuli and
is distinguished from coma and analgesia because it is rap-
idly reversible. Further, when deprived of sleep the organism
tends to recover, depending on the extent and duration of
sleep loss. The existence of this “rebound” after sleep depri-
vation suggests that sleep is not simply a period in which
activity and alertness decline, it is a vital process that modu-
lates various physiological functions [6].

Sleep has specific electroencephalographic (EEG) pat-
terns in mammals and birds, which divide the sleep process
into several stages. In addition, electromyograms (EMGs)
and electrooculograms (EOGs) are used to differentiate the
phases of sleep. Based on these parameters, several stages of
sleep have been proposed: wakefulness, light sleep (two
stages), slow-wave sleep, and rapid eye movement (REM)
sleep, each of which has specific electrical patterns [7, 8].
Based on the classification of sleep stages, a hypnogram can
be constructed describing the number of episodes, duration,
rhythmicity, and latency of overnight sleep. Sleep patterns
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differ between species and during ontogeny and are altered
in sleeping disorders (dyssomnia) or when a medical, psy-
chiatric, or neurological disease develops [8, 9]. During
sleep, important processes occur in endocrine function in
mammals, for example, the rise in the levels of hormones
such as prolactin and growth hormone [9, 10]. On the con-
trary, cortisol levels decline, observing an increase before
wake up, which demonstrates the existence of a connection
between sleep and other physiological events [9—11]. Studies
on total sleep deprivation and REM sleep deprivation sug-
gest that sleep has an important function in memory consoli-
dation, learning, and neuronal plasticity [11-14]; although it
has also been proposed to be a mechanism to conserve and
recover energy [1].

The Function of Sleep

One of the crucial questions in the sleep study is: what is the
function of sleep and particularly what is the role that REM
sleep plays in the organism? Various theories have been pos-
tulated about its function that have been divided into three
large groups that involve different types of sleep functions;
the first group includes theories that propose sleep as a
mechanism to conserve energy; a second group establishes
sleep as a facilitator of learning and memory through the
generation of changes in brain plasticity and synaptogenesis;
and the last group proposes sleep as a process of restoration
of various cellular components and biosynthesis of macro-
molecules [14]. Despite the various theories that explain the
existence of sleep, its functions in mammals remain unclear.
Some other studies suggest that duration of sleep may be
related to the protection against oxidative stress, whereas
previous studies have shown a phylogenetic correlation
between sleep time and metabolic rate [15]. A high metabo-
lism is linked to a greater number of biochemical changes,
several of which have been related to sleep control. A high
metabolic rate results in the generation of high levels of reac-
tive oxygen species (ROS) by the mitochondria, and this
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generation of ROS has been linked to aging [16]. On the
other hand, it has been shown that sleep deprivation in the rat
produces an increase in oxidative stress; interestingly, it was
found that the most noticeable changes occurred in a region
of the brain with higher rate of protein synthesis and presum-
ably of the generation of ROS. So, one of the theories is that
at higher metabolic rates longer periods of sleep are required
to disrupt ROS-induced damage in brain cells, and thus facil-
itate the synthesis and activity of molecules that protect brain
cells against oxidative stress [15].

The argument that sleep has a vitally important function is
compelling as lack of sleep in rodents and flies can cause
death faster than food deprivation [17]. On the other hand,
the amount and nature of sleep are related to age, body size,
and ecological variables, such as whether animals live a ter-
restrial environment or aquatic environment, their diet, and
the safety of the place where they sleep. Sleep can be an
effective process that performs certain functions, but varia-
tions in sleep expression indicate that these functions may
differ between species [18].

Diverse evidence suggests that REM sleep and non-REM
sleep have distinct functions; most theories suggest that non-
REM sleep plays an important role in energy conservation,
while REM sleep is involved in the recovery of nervous sys-
tem, learning, neuronal plasticity, and synaptogenesis [14].

It has been proposed that REM sleep is a state of periodic
brain activation during sleep that can participate in recovery
processes and emotional regulation [19]. Physiologically, it
has also been observed that during this stage important pro-
cesses occur in mammalian endocrine function, as it is dur-
ing this stage that the highest levels of hormones such as
prolactin and growth hormone are reached, in comparison to
decreased cortisol, and it is right to wake up when it reaches
its maximum levels [10], which could show the existence of
sleep interactions with phenomena typical of other physio-
logical systems.

Sleep Deprivation

Sleep deprivation consists of either a complete lack of sleep
over a certain period of time or a reduction in optimal sleep
time. A chronic reduction in sleep time or fragmentation of
sleep leads to sleep cycle disruption and may have conse-
quences similar to those observed by acute sleep deprivation,
such as alterations in cognitive functions, attention, and
operating memory. Sleep deprivation for several days is usu-
ally performed in extreme situations or under experimental
conditions [20].

In humans, clinical symptoms of sleep deprivation or
restriction usually include an increase in reaction time to any
stimulus, distraction, disturbances in attention and concen-

tration, as well as difficulty in memorizing the new informa-
tion. Higher stress level is observed; tiredness, drowsiness
and irritability increase; decreased effectiveness and motiva-
tion when working [20]. Total sleep deprivation in rats causes
their death over a period of approximately 3 weeks, present-
ing a physical deterioration, with ulcerations on the skin, tail,
and legs; alterations in motor and postural coordination
(ataxia); increases in food intake accompanied by consider-
able weight loss and increased energy spent [21]. Acute sleep
deprivation impairs the integrity of cognitive processes, such
as attention, learning, and memory. This deterioration is
accompanied by a change in brain metabolic activity [22].
Sleep restriction, which consists of decreased sleep time, is
observed as the most common form of deprivation in humans.
Restriction and sleep disorders have been associated with a
wide range of health consequences, including an increased
risk of hypertension, diabetes, obesity, depression, heart
attack, and stroke [23].

Immune System

The primary function of the immune system is to defend the
body from infections due to pathogens, to external chemical
and biological agents (nonpathogens) or self-transformed
cells through early innate immunity and subsequent adaptive
responses [24].

Innate immunity is the first line of defense; Its two primary
functions are to isolate and destroy invading pathogens
through inflammatory processes and to recognize and process
antigens to trigger acquired immunity [25]. Both types of
immunity include cellular and biochemical mechanisms that
are designed to respond quickly to infections and accurately
distinguish between native and foreign materials [24, 25].

In innate immunity, for example, foreign pathogens are
recognized by pattern recognition receptors (PRRs), which
are encoded in the germline, have broad specificity for
detecting molecular structures that are unique to such organ-
isms, and are evolutionarily conserved. These unique
molecular patterns in pathogens are known as pathogen-
associated molecular patterns (PAMPs) [26]. PAMPs are
generally components of the bacterial cell wall, such as
lipopolysaccharide (LPS) and peptidoglycan. Other impor-
tant PAMPs include B-glucan (a cell wall component of
fungi) and viral nucleic acids (DNA and RNA), all of which
have specific structural characteristics [26]. There are vari-
ous receptors that recognize PAMPs, the most extensively
studied of which are toll-like receptors (TLRs), comprising
13 types that recognize a wide range of PAMPs. TLRs bind
to molecules, such as large lipopeptides in bacteria and
mycoplasma [27]. NLRs form another group of PRRs that
act as intracellular sensors that detect viral DNA and RNA
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[28]. The activation of TLRs by their bacterial ligands
induces an inflammatory response that stimulates macro-
phages, which produce proinflammatory cytokines, such as
tumor necrosis factor alpha (TNF-a), interleukin-1f (IL-
1P), interferon-gamma (IFN-y), and interleukin-6 (IL-6),
which coordinate local and systemic inflammatory immune
responses [29]. TNF-a and IL-1p are triggered in the local
endothelium to induce vasodilatation and increase permea-
bility of blood vessels, promoting the recruitment of serum
proteins and leukocytes to the site of infection. IL-1p and
IL-6 together, interacting to hepatocytes, activate them to
produce acute phase proteins that activate complement and
opsonize pathogens, to be phagocytosed by neutrophils and
macrophages [29]. TLRs are expressed in other effector
cells of the innate immune system, such as neutrophils,
monocytes, NK cells, and y8 T cells [29], which can co-
express more than one type of TLR. Phagocytic leukocytes,
such as eosinophils, basophils, and mast cells, are the prin-
cipal effectors of innate immunity, the main function of
which is to ingest and kill pathogens [30]. Other types of
phagocytes participate in these processes, acting as antigen-
presenting cells (APCs) and generating antigenic peptides
that activate specific immune responses particularly foreign
antigens that are partially degraded by T lymphocytes [31].

Recognition of antigens by the adaptive immune system
is mediated by specific receptors. These receptors are also
encoded in the germline, and through somatic recombina-
tion, random combinations of segments of these genes can
generate a large and diverse repertoire of receptors with high
specificity [32]. The resulting products are clonally distrib-
uted in antigen-specific T and B lymphocytes, which express
receptors that are specific for one antigen, and specific popu-
lations are selected to expand in response to the pathogen
[32]. T cells recognize peptides through the T-cell receptor
(TCR), which triggers different mechanisms that will deter-
mine the fate of the T cell. There are two chief groups of
conventional T cells: T helper (Th) cells that express the
CD4 co-receptor and cytotoxic T lymphocytes that bear CD8
[31, 32]. Both cell types recognize an antigenic peptide that
must be complexed to the major histocompatibility complex
class II (MHC II) molecules, whereas B cells recognize the
antigen by binding to a 3D molecular determinant (epitope)
[31, 32]. In turn, certain Th cells interact with B cells,
through which the latter produce large amounts of immuno-
globulin or antibody. Every B cell produces antibodies, with
a unique specificity, that neutralize and destroy the antigen
[32]. Innate and acquired immune responses require a net-
work of molecules that signal and orchestrate them [31].
These molecules (cytokines) are synthesized by all classes of
immune cells and many other cell types. Generally, cyto-
kines actas proinflammatory, regulatory, or anti-inflammatory

molecules and can be classified depending on the subtype of
lymphocytes that produced them, as ThO, Thl, Th2, Th3, or
Th17, although the actual classification is broader and more
complex [33, 34]. Cytokines participate in innate and adap-
tive immune responses [34]. Thl cells and activated macro-
phages primarily secrete IFN-y and other cytokines that
mediate the response against intracellular pathogens and
induce B cells to synthesize IgG2 antibodies. Th2 cells pref-
erentially respond to multicellular parasites and produce
IL-4, IL-5, and IL-13 [35], which modulate the function of
eosinophils, basophils, and mucosal epithelial lymphocytes.
IL-5 specifically instructs lymphocytes to produce IgE anti-
bodies. Th17 cells induce cell types, such as epithelial cells,
to produce IL-17 and chemokines that recruit neutrophils to
the site of infection and are involved in the response against
extracellular bacteria and fungi [33]. The differentiation of
Th cells into various lineages is controlled by master tran-
scription factors, the expression of which is regulated by
cytokines that are produced and governed by APCs in
response to activation by PAMPs. Thus, the adaptive immune
response results in antigen-specific activation that is orches-
trated by the innate immune response.

Sleep, Brain, and Immune System

The brain is linked to the immune system, and similar inter-
actions occur during sleep, wherein brain activity changes,
resulting in the putative “awake brain” and “sleeping brain.”
There is evidence that the expression of molecules, such as
neurotransmitters, hormones, and cytokines, is modulated
while the subject sleeps, and human studies have described
changes in the serum levels of some of these components
during sleep; specifically, the secretion of IL-1p, IL-10,
IL-12, and TNF-a by monocytes and dendritic cells peaks
during sleep, independently of circadian rhythms (Fig. 7.1).
This behavior may be directly related to sleep, because when
the animal is deprived of the rhythmicity of these cytokines
[36-38], the changes in expression wane. Also, blood levels
of monocytes, T cells, and NK cells follow a clear circadian
rhythm regarding the sleep—wake cycle [36]. Notably, other
neuroendocrine mediators, such as prolactin, cortisol, and
norepinephrine, also exhibit circadian rhythms, but their
secretion pattern is more related to the sleep—wake cycle, and
all of these compounds modulate the immune response [39].
Conversely, certain cytokines affect sleep, such as IL-1f,
which, when administered intracerebroventricularly to rab-
bits and rats, increases the duration of non-REM sleep
(Fig. 7.1). This effect is abolished when IL-1p antagonists
are given [40]. Administration of the cytokines TNF-a and
IFN-a has the same effect as IL-1p [40, 41].
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Fig. 7.1 Interaction of IL-1 with serotonin in NREM sleep regulation.
IL-1 and serotonin (5-HT) interact at different sites in the brain to regu-
late NREM sleep. Interactions between IL-1, serotonin, and GABA are
shown that are important during NREM sleep regulation. In the core of
dorsal raphe nuclei (DRN), IL-1 microinjections promote NREM sleep;
IL-1 reduces the rate of firing of active serotonin neurons in wakeful-
ness through increased inhibitory effects of GABA. (a) In the preoptic
hypothalamic area and the basal brain stem region (POA/BF), IL-1
stimulates the secretion of 5-HT; (b) 5-HT inhibits cholinergic neurons
involved in cortical activation; and (c) stimulates the synthesis of I1L-1;

The Role of Sleep in Regulating the Immune
System

In recent decades, various works have shown that sleep
seems to be associated with the regulation of the immune
system and immune response, and that lack of sleep induces
vulnerability to develop certain disorders [42].

In this respect, some authors propose that sleep partici-
pates in the phase of the formation of immune memory, mak-
ing the comparison with the consolidation of neurobehavioral
memory [12-14], in which the information is transferred
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(d) while inhibiting wakefulness-promoting neurons and active sleep-
promoting neural populations in POA/BF. In POA/BF, IL-1 is subjected
to a potent inhibitory homeostatic control of corticosteroids secreted by
the adrenal cortex (f). Corticosteroids in turn depend on the activity of
the hypothalamus—pituitary—adrenal axis, which is activated by the
serotonergic system (g). IPSP inhibitory postsynaptic potential, Ach
Acetylcholine, ACTH adrenocorticotropic hormone, CRH corticotropin-
stimulating hormone, IPSP inhibitory post-synaptic potential, PVN
paraventricular hypothalamus nucleus. (From Imeri L, Opp MR. [51].
Reprinted with permission from Springer Nature)

from a short to long term in the acquisition, in a similar way
sleep can participate in the acquisition of immune memory,
as well as the recovery phase and in the immunological syn-
apse by recruiting cells to the antigen presenters to be pre-
sented to the T helper lymphocytes [43].

Other work provides evidence that the concentration of
circulating immune cells and cytokines are subject to sleep
regulation, as higher or lower systemic levels are reached
during sleep, depending on the cell population and the inter-
leukins [42—44]. Cell populations, such as neutrophils,
monocytes, and NK cells, present their lowest blood levels
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during sleep, an opposite behavior is observed in B lympho-
cytes, T cytotoxic, and T helper cells, which reach their high-
est levels during sleep [45]. Similarly, IL1-O is known to
reach its minimum blood levels during sleep, while TNF has
a contrary behavior, reaching its maximum concentrations
during the night. It should be noted that sleep regulation on
cell concentration at the systemic level may differ from the
regulatory effect it exerts on their cytokine production or
secretion [46].

About the regulatory effect that sleep can have on the
immune system has emerged an interesting but unproven
idea, which addresses that the dream has evolved to play an
important role in protecting animals against parasitic infec-
tions [47]. This theory is derived from the clinical observa-
tion of close physiological relationship between sleep and
the immune system. This relationship suggests that species
that have evolved to longer sleep duration seem to be able to
increase investment in their immune systems and be better
protected against parasites [47].

To prove this possibility, the authors made a comparative
analysis among 26 species of mammals, of their sleep char-
acteristics, confronting them with different parameters of
their immune system [47]. According to the authors, there is
a strong correlation between the increases in sleep duration
in different mammals with the increase in immune defenses
measured through the number of circulating immune cells
[47]. It observed a positive correlation between the amount
of both non-REM sleep and REM sleep with the number of
cells in the white formula, while cells of the red formula had
no significant variation [47]. Neutrophils that account for
about 47% of white blood cells that rank as the first line of
defense against pathogen attacks, themselves increased in
relation to the increase in sleep [48]. Similarly, lymphocytes
that account for about 44% of white blood cells, and which
are related to acquired immunity, also increased at the same
time in the 26 species of mammals studied [47, 48]. In addi-
tion, both eosinophils and basophils that together add up to
about 6% of white blood cells also have this positive correla-
tion. On the other hand, the number of pathogens that can
infect each species studied was determined, it was found that
the relative infection state had a negative correlation respect
to total sleep time, that is, as sleep time increased the relative
infection state decreased [47]. Just as this study provides
new information about sleep, it also opens up questions. For
example, only monocytes, which are about 5% of white
blood cells, did not present a positive correlation with the
amount of sleep. So, we would have to try to explain both the
positive relationship of the amount of sleep with most of
immune cells and the lack of this correlation with the mono-
cytes. Why don’t these cells behave like the rest of their sleep
peers?

Effect of Sleep Deprivation on the Inmune
System

As mentioned above, humanity has repeatedly observed how
sleep deprivation makes us more vulnerable to infectious
agents. However, few research groups have addressed this
issue and the lack of information available is surprising. In
addition, man is the only species that can voluntarily sup-
press his sleep, which would have some experimental advan-
tages compared to studies in animals, to which he is forced to
stay awake. In this context, the alterations that can occur in
the immune system are of great importance when there is a
modification in sleep or when it is deprived. In this respect,
the first works were reported in humans by Palmblad and
collaborators in 1976 [49]. In this first study, eight women
were completely deprived of sleep for 77 hours in circum-
stances that simulated a battlefield. A blood sample was
taken before, during, and after deprivation. The authors
found no changes in leukocytes, monocytes, or circulating
lymphocytes, but in interferon production and phagocytic
activity [49].

Subsequently, other work showed that sleep deprivation
resulted in decreased lymphocyte blastogenesis, and an
increase in IL-1 and IL-2 levels, while a decrease in NK cell
activity was observed during sleep deprivation [50]. In a
study published by the Dinges group in 1995 conducted on
private youth for 64 h, a significant increase in the percent-
age of NK cells, granulocytes, and monocytes was observed,
while observing changes in IL-1 and IFN levels [42]. Other
studies in which rats were selectively deprived of REM sleep
reported an increase in total leukocytes and IgM systemic at
96 h of deprivation [39].

Furthermore, another group reported an increase in
plasma levels of IL-1, IL-6, IL-10, TNF, and IL-17 when
subjects were deprived of sleep in a period of 72 h [4]. These
findings suggest that REM sleep deprivation involves
changes in immune system modulation, perhaps increasing
inflammatory processes or favoring the type of cellular
response. However, little is known about the effect that sleep
deprivation can have when an immune response to an infec-
tion develops, although empirically it is known that in infec-
tious processes the sleep pattern is modified, indicating that
it may be regulating the generated response [51]. Little has
been studied about the relationship between sleep and
immune response modulation, particularly in parasitic type
infections, as well as possible mechanisms that are mediat-
ing this phenomenon [51]. REM selective sleep deprivation
studies conducted in rats, as detailed in previous paragraphs,
are regularly contaminated with a stress component that is
inherent in the deprivation technique. Although changes
have been made to reduce this component, there is still con-
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troversy in this regard. Moreover, when it comes to assessing
the immune response, this controversy is even more relevant,
given the marked effect of stress on the immune system.
Therefore, the strategy of comparing the effects of REM
sleep deprivation with some stressor that causes the usual
response has occasionally been used [52].

Immune System Effect on Sleep

In general, infectious diseases, mental disorders, and physi-
cal conditions are associated with drowsiness and fatigue.
After being stimulated, innate immune system cells secrete
inflammatory cytokines that induce the synthesis of a differ-
ent cytokine profile characteristic of each disease, including
sleep disorders [39]. Proinflammatory cytokines synthesized
in the periphery by the immune system reach the brain
through nerves or blood and regulate sleep. The details of the
interaction between sleep and an immune process have not
been so widely studied, much less the effects of various types
of infections on it have been clarified; however, there is evi-
dence of a close direct and two-way relationship between
them [39].

The list of cytokines and chemokines that have been stud-
ied in laboratory animals or humans that suggest an altera-
tion or that affect sleep include: IL-1, IL-2, IL-4, IL-6, IL-8,
IL -10, IL-13, IL-15, IL-18, TNF, TNF-«, IFN-1, INF-a, and
macrophage protein (also known as CCL4) [1-5, 51]. Of
these, only two substances, IL-1 and TNF, have been studied
enough to claim that they are involved in the physiological
(i.e., spontaneous) regulation of sleep. Evidence of a role for
IL-1 and TNF in physiological sleep regulation has been
derived from electrophysiological, biochemical, and molec-
ular genetic studies [53, 54]. For example, when IL-1 was
administered intravenously or intracerebroventricularly in
rabbits, it resulted in an increase in NREM sleep time of
approximately 60-70% [55]. The same effect has been
observed with the administration of two other interleukins,
such as TNF and IFN, although the effect of these two may
be mediated by IL-1, as receptors for IL-1 have been found
in several structures of the brain, in addition to the existence
of immunoreactive hypothalamic neurons to this cytokine.
Interestingly, IL-1 exerts effect on the serotonin system,
involved in regulating sleep at different levels [55, 56].

The above mentioned evidence supports the existence of
an interaction between components of the immune system
and sleep. In this context, the alterations that can occur in
sleep when there is an immune response are of great rele-
vance. In this line of research, it is known that systemic lev-
els of TNF-a present a circadian rhythm that coincides with
sleep—wake rhythm [57]. In addition, secretion of IL-6 is
negatively related to the amount of nighttime sleep.
Consequently, decreased secretion of IL-6 is associated with

good nighttime sleep and a feeling of well-being the next
day. Since treatment with IL-6 causes drowsiness and fatigue,
it is proposed that this cytokine has direct action on the cen-
tral mechanisms of sleep [58].

Evidence collected over the past few years also suggests
that these cytokines are synthesized directly by brain cells
that also express specific receptors for them. In this respect,
cytokines are also known to be de novo synthesized and
secreted by neurons and glia, and that there are immunoreac-
tive neurons for IL-1 and TNF located in regions of the brain
that are involved in the regulation of sleep—wake, such as the
hypothalamus, hippocampus, and brainstem [51]. Even
more, IL-1 and TNF receptors are also present in various
areas of the brain, such as the choroid plexus, hippocampus,
hypothalamus, brainstem, and cortex, and are expressed in
neurons and astrocytes [59].

In this context, IL-1 and TNF increase the non-REM
(NREM) sleep in several species (rat, mouse, monkey, cat,
rabbit, and sheep), regardless of the administration route.
NREM sleep that initiates as a result of IL-1 or TNF admin-
istration has some physiological sleep characteristics in the
sense that it remains episodic and is easily reversible when
the animal is stimulated. Although IL-1 usually causes
NREM sleep fragmentation, the magnitude and duration of
its effects depend on dosage and time of administration: very
high doses suppress NREM sleep in rodents but, if IL-1 is
administered before the dark phase of the light—dark cycle,
NREM sleep increases [60]. In addition, the antagonists of
these cytokine systems also attenuate the increase in NREM
sleep caused by excessive food intake or acute temperature
elevation, which are associated with increased production of
IL-1 or TNF. Consistently, knockout mice that lack the
receptor to IL-1 and the receptor for TNF, both type 1, spend
less time in NREM sleep than control mice [60, 61].

Taken together, evidence suggests that IL-1 and 5-HT
systems participate in reciprocal interactions that contribute
to NREM sleep regulation. IL-1 improves 5-HT axonal
release and stimulates IL-1 synthesis, while inhibiting wake-
fulness promoting neurons. IL-1 also inhibits serotonin-
wake-active cell bodies in the dorsal raphe nuclei. Therefore,
IL-1 exerts opposite effects on the serotonin cell bodies and
axon terminals. These effects complement each other, and
both contribute to the same functional result, NREM sleep
enhancement [51].

Sleep During Infection

The above mentioned evidence supports the existence of an
interaction between components of the immune system and
sleep. In this context, the alterations that can occur on sleep
when there is an immune response are of great relevance. In
this respect, a wide variety of infectious diseases have been
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linked to sleep disorders, particularly it has been documented
that infectious agents such as viruses or parasites are capable
of infecting the CNS thus generating such disorders, either
by the effect of the immune response generated against the
infection or by direct effect of the pathogen [62]. One of the
first diseases in which alterations in the sleep pattern was
described was lethargic encephalitis. Lethargic encephalitis
is a CNS disorder characterized by pharyngitis, followed by
the presence of sleep disorders including drowsiness, sleep
inversion, or insomnia [62]. Some recent studies have associ-
ated this disease with an autoimmune pathology, although its
etiology is not known for certain [62].

Most of the pathogens that cause this type of sleep disor-
ders are viruses. In particular, patients infected with the virus
such as human immunodeficiency (HIV) (which also affect
the CNS) suffer alterations such as fatigue and sleep disor-
ders from the asymptomatic stage [39]. Reports show disrup-
tion of the physiological organization of sleep, which can
appear from the early stage and progress throughout infec-
tion in both adult and child individuals [39]. These reports
described the decrease in REM sleep, delta wave sleep or
SUN, and can progress as the disease progresses to subse-
quently have shortened total sleep time and reduced sleep
stage two, while increasing wakefulness [39].

Since sleep disturbances appear from an early stage in
infection, it has been proposed that these alterations are
caused by direct infection in the CNS; some peptides of the
virus may be involved [39]. Studies with cats infected with
the feline variety of the virus show alterations similar to
those found in HIV-infected or AIDS patients [39], so these
models are a good experimental strategy to elucidate the
mechanisms by which this infection causes sleep pattern
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Microbes B cells Cytokines
Targets: Immune response Neurotransmitters
viral double-stranded,
RNA, :
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Fig. 7.2 Interactions during infectious processes. It is shown the
immune response resulting from the invasion of a pathogen with the
consequent secretion of immune mediators, such as interleukins and
cytokines, which is accompanied by the response at the endocrine level
and the nervous system. Secreted substances can find their targets at the
systemic level or they can cross the blood—brain barrier to reach their
receptors in different neural structures, or may have a modulation via

alterations; these alterations may be performed by the direct
action of virus components on the CNS or by the action of
immune system in response to the virus infection.

Patients infected with other types of viruses such as
rabies, hepatitis C, or chickenpox have similar symptoms,
such as reduced REMS and total sleep time. However, it has
not been possible to differentiate whether these disorders are
caused by the virus itself or as a consequence of the immune
response generated to counteract it [39]. In this respect, some
studies propose that sleep disturbances may be caused by the
continued exposure to cytokines of innate immune system,
such as the case of IFN-a, proposing that these cytokines
reduce sleep continuity and induce a consistent pattern with
insomnia and alertness [5]. Other infectious agents can cause
sleep disturbances indirectly by affecting other systems such
as respiratory or endocrine, but not the centers involved in
sleep regulation; however, most infectious processes, partic-
ularly during the acute phase, coincide in altering the sleep
pattern, usually causing an increase in the duration of SUN
and decreased wakefulness and/or REM sleep [39]. This
alteration that can be observed in a generalized way during
an infectious process could be a mechanism of the organism
to adapt to these circumstances; forcing the greatest energy
supply to the immune system, so it can be able to eliminate
the infection (Fig. 7.2).

It has also observed that substances associated with bacte-
rial infections are able to induce sleep [63]. Among these
substances are the components of the cell wall of bacteria. In
this respect, it is known that muramyl peptide is capable of
inducing an excess of SUN when administered in rabbits,
rats, and cats [63], while LPS and antigen A produce an
increase in both the amount of SUN and its amplitude while
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Local process within specific

Circulating brain or cortical areas.
Vagal afferences
' ‘ Neurons
Brain targets
Brain Fever and

motor activity
regulatory neuronal
networks

vagal, in order to modulate the response mechanisms aimed at main-
taining homeostasis. This modulation can also be used by pathogens to
ensure the establishment of the infection, completing its life cycle and
ensuring its offspring. (From Ibarra-Coronado EG, et al. [39]. Creative
Commons Attribution 3.0 Unported (CC BY 3.0). Available at https://
www.hindawi.com/journals/jir/2015/678164/)
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suppressing REM sleep when administered in rabbits via
intracerebral ventricular and intravenous [64]. In humans,
Salmonella abortus endotoxin produces a noticeable diminu-
tion of both wakefulness and REM sleep, accompanied by an
increase in NREM sleep, in addition to causing disturbances
during the day, mainly daytime sleepiness [50].
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