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Abstract

Several studies have reported that the proinflammatory cytokine, interleukin-1 (IL-1),
promotes sickness feeling, fever and even depression. This short review article is composed
using both original- and review articles, and it describes the common molecular network that
controls the onset and development of these conditions. IL-1 plays an important role in the
immune response and the central nervous system (CNS) by activating a proinflammatory
signaling pathway. The signaling cascade begin when IL-1 binds to its specific receptor
called interleukin-1 receptor (IL-1R). This complex can further via the gene transcription
regulator called nuclear factor kappa-light-chain-enhancer and activated B-cells (NFxB)
activate the cascade that results in further production of IL-1, an upregulation of
cyclooxygenase-2 (COX-2) and an activation of the hypothalamic-pituitary-adrenal (HPA)
axis. COX-2 can further be connected to the development of fever because of its production
of prostaglandin E> (PGEz). The hyperactivity of the HPA axis and the effect of IL-1 in the
monoaminergic neurotransmitter system can be linked to depression. Growing evidence from
several studies link increased and activated immune signaling caused by IL-1, to sickness

feeling, fever and it also seems to play a role in the pathophysiology of depression.
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Introduction

Proinflammatory Cytokines

The organism is controlled by two main systems, the immune system and the nervous system,
which have common and different molecular mechanisms. The human immune system is a
complex system that protects the body from pathogenic microbes and proteins from unknown
origin. One part of this complex system are cytokines who also have functional roles in the
nervous system. Cytokines are mostly low molecular weight proteins or glycoproteins which
act as a chemical means of communication between cells (Lea, 2006). They play a key role in
the regulation of the immune response and are excreted from a wide range of cells in the
innate immune system including lymphocytes and monocytes. In addition to immune cells,
there are non-immune system cells in the central nervous system (CNS) that can release
cytokines, for example microglia and astrocytes. The cells must be activated to produce
cytokines. This activation can happen through other cells of the immune system or through
pattern recognizing receptors (PRR) which recognize parts of unknown microbes, such as
pathogen-associated molecular patterns (PAMPs). PAMPs are characteristic structural
properties of bacteria, fungi, viruses and the like. When the cells have been activated, they

will begin to produce cytokines with inflammatory activity.

Both function and structure are used to categorize cytokines (Lea, 2006). Some examples of
cytokine families are interferons, interleukins, the tumor necrosis factor family and colony
stimulating agents. Each family of cytokines in turn consists of many different cytokines that

have different functions.

Cytokines do not work as effector molecules by themselves, they act only after binding to
specific surface receptors in the membrane of cells (Lea, 2006). Although the cytokines bind
to their specific surface receptors, they often have partially overlapping effects and affect
each other’s activity. It has also been shown that different cytokines can affect the production
of other cytokines, and they can regulate the levels of each other’s membrane receptors. It is
therefore believed that cytokines form part of a functional network where each individual

cytokine can influence the synthesis and action of several other cytokines.

The following article will describe the influence the proinflammatory cytokine interleukin-1
can have on the brain during a pre-inflammatory process (Dantzer, 2009). Normal physiology

in the brain consists of cytokines in large quantities. Astrocytes and microglia, which both



produce cytokines, participate in neuroinflammatory disease progression (Liu, Buisman-
Pijlman, & Hutchinson, 2014). In rare and severe pathological conditions, the inflammatory
process might develop into a neurodegenerative disorder in the brain. However, IL-1 can
through neurophysiological mechanisms be connected to sickness feeling, fever and

depression.

The Proinflammatory Cytokine Interleukin-1

Growing evidence from several studies described by Roerink et al. (2017) and Farooq et al.
(2017) show that IL-1 in the CNS can play an important role in the development of sickness
feeling, fever and depression. The IL-1 family consists of 11 members that play a key role in
the regulation of the immune response during for example tissue injury and infections (Pasic,
Levy, & Sullivan, 2003; Roerink et al., 2017). This short review article is focused

on the group of proinflammatory cytokines called interleukin-1a and B (IL-1a and IL-1p). IL-
1 binds to its specific receptor called interleukin-1 receptor (IL-1R). This complex can further
via the gene transcription regulator called nuclear factor kappa-light-chain-enhancer and
activated B-cells (NFkB) activate a signaling cascade and cause a proinflammatory signal

that in the end can be connected to sickness feeling, fever and depression.

Fever

Fever is one of the oldest clinical indicators of disease in mammals, and it often occurs in
response to infection, inflammation and trauma (Ogoina, 2011). Already at the end of the 19
century it was demonstrated that fever required the involvement of the brain (Atkins, 1982).
It was also understood at that time that the inflammatory process resulted in the release of
substances that produced fever. These substances were later identified as cytokines
(Dinarello, 2015). Fever is usually defined as a regulated rise in body temperature above
normal daily fluctuations occurring in conjunction with an elevated thermoregulatory set
point (Ogoina, 2011). Apart from this, fever is also accompanied by various sickness
feelings, changes in metabolic and physiological characteristics of body systems, and
alterations in immune responses. An individual with fever may display a range of behavioral
changes, such as anorexia, fatigue, loss of interest in daily activities, social withdrawal, sleep
disturbances and cognitive dysfunction, collectively termed “sickness feeling” (Harden, Kent,
Pittman, & Roth, 2015). The febrile response is orchestrated by the central nervous system

(CNS) through endocrine, neurological, immunological and behavioral mechanisms.



Peripheral and centrally generated temperature signals are received and integrated in the
preoptic area (POA) of the anterior hypothalamus. This part of the brain is considered as the
major thermoregulatory center in the CNS (Ogoina, 2011). Warm-sensitive neurons are
located in the POA, while cold-sensitive neurons are located in the posterior hypothalamic
area (PHA) (Felten, 2003). These warm- and cold-sensitive neurons are activated or inhibited
in response to temperature changes. The POA initiates neuronal responses for heat
dissipation, while the PHA initiates neuronal responses for heat generation. Neural pathways
arising from the brain stem and the limbic forebrain areas, can modulate the activity of these
thermoregulatory systems. The POA is also responsive to pyrogens and the proinflammatory
cytokine IL-1. IL-1 can activate a brain network in the POA that can generate an increased

thermoregulatory setpoint, and so, initiate a disease-associated fever.

Depression

Depression is a common disorder that is believed to become the leading cause of disability
worldwide by the year 2030 (Mathers & Loncar, 2006). The disorder is characterized by
hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis and abnormalities in the
central monoaminergic neurotransmitter system resulting in behavioral changes and
alterations in neurohormonal pathways (Pasic et al., 2003). An increased level of IL-1 in the
CNS can affect both the activity of the HPA axis which is considered to be secondary to the
hyperactivity of corticotrophin-releasing hormone (CRH) and the metabolism of serotonin
and dopamine which are essential for the regulations of emotions (Raison, Capuron, &

Miller, 2006).

There are no satisfactory treatments for depression on the market today (Pasic et al., 2003).
Therefore, this subject needs more investigation to better understand the molecular network
that regulates and causes depression. Studies show that depression is associated with
alterations in immune function. During an inflammation, cytokines will be excreted
peripherally and eventually reach the CNS via a humoral or a neural communication
pathway. Alterations in the CNS caused by various proinflammatory cytokines, such as IL-1,

can in some cases explain the onset and development of depression (Farooq et al., 2017,

Roerink et al., 2017).

IL-1 can affect the body in many ways and several studies show that it can impact the CNS.
This short review article will try to compose a common molecular network that controls

sickness feeling, fever and depression.



Material and Methods

In this bachelor thesis both review- and original research articles were used to compose a
short review article. The thesis is primarily based on review- and original research articles
handed out by Dr. Gabor Juhasz from the Research Group of Proteomics, Institute of
Biology, Faculty of Science at E6tvos Lorand University, Budapest, Hungary and Dr. Alvhild
Alette Bjorkum at the Department of Safety, Chemistry and Biomedical Laboratory Sciences
at the Faculty of Engineering and Natural Sciences at Western Norway University of Applied
Sciences, Bergen, Norway. Some of the review- and original articles used as sources and
referred to in the articles handed out were also used and referred to here. Additional literature
database searches in PubMed were used as well. The following terms were used in different
combinations in the literature searches: “IL-17, “toll-like-receptor 4”, “depression”, “fever”

and “fever mechanisms”.



Results

The Proinflammatory Interleukin-1 Cascade Reaction, Including TLR4, COX-2 and
NFkB

Interleukin-1 (IL-1) is part of a proinflammatory signaling pathway that leads to further
production of IL-1, an upregulation of cyclooxygenase-2 (COX-2) and activation of the
hypothalamic-pituitary-adrenal (HPA) axis (Dantzer, 2009; Liu et al., 2014). An increase of
COX-2 and IL-1 depends on the activation of the gene transcription regulator called nuclear
factor kappa-light-chain-enhancer of activated B-cells (NFkB) (Roerink et al., 2017). The
activation of NFxB is triggered by an extracellular stimulus that binds to a receptor in the
interleukin-1 receptor (IL-1R) family, such as toll-like receptor 4 (TLR4). A microbial
product (lipopolysaccharides (LPS)) or a proinflammatory cytokine (IL-1) are examples of

extracellular stimulus.

Peripherally, TLRs are expressed in the membrane of innate immune cells, such as
monocytes and macrophages, while in the central nervous system (CNS) they are
predominantly expressed on microglia (Dantzer, 2009; Liu et al., 2014). The receptors
recognize microbial molecular patterns like pathogen-associated molecular

patterns (PAMPs), including LPS which is a component of the membrane in Gram-negative
bacteria (Lawrence, 2009). Binding of for example LPS to TLR4 or IL-1f to IL-1R1 makes a
complex that triggers intracellular proinflammatory transcriptions via the adaptor protein
Myeloid differentiation primary response 88 (MyD88) (Liu et al., 2014) (Fig. I).
Dimerization of MyD88 leads to a recruitment and phosphorylation of the interleukin-1
receptor-associated kinases 1 and 2 (IRAK1 and IRAK?2) (Parnet, Kelley, Bluthé, & Dantzer,
2002). IRAK1 will further interact with TNF receptor-associated factor 6 (TRAF-6), resulting
in an activation and translocation of NFxB to the nucleus. NFxB binds to the target-gene in
the nucleus resulting in a messenger RNA (mRNA)-product coding for the proteins IL-1 and
COX-2.



LPS can induce COX2/PGE2 synthesis directly (TLR4) and via induction of
IL1B

Figure 1 — The Proinflammatory Interleukin-1 Cascade Reaction (G. Juhdsz, personal communication, April 2" 2020).
Lipopolysaccharide (LPS) can induce cyclooxygenase-2 (COX-2) and prostaglandin E2-group (PGE2) synthesis directly by
binding to toll-like receptor 4 (TLR4) and via induction of interleukin-1f (IL-15). Binding of LPS to TLR4 or IL-1f to
interleukin-1 receptor (IL-1R1) leads to an inflammatory response starting with dimerization of the adaptor protein Myeloid
differentiation primary response 88 (MyD88). Dimerization of MyD8S8 leads to a recruitment and phosphorylation of the
interleukin-1 receptor-associated kinases 1 and 2 (IRAK1 and IRAK2). IRAK1 will further interact with TNF receptor-
associated factor 6 (TRAF-6), resulting in an activation and translocation of NFkB to the nucleus. This activation leads to
an upregulation of IL-1 f and COX-2. COX-2 will along with prostaglandin E catalyze the synthesis of the PGE2. PGE2 will
act on its specific prostaglandin EP3 receptor.

COX-2 is an enzyme that along with prostaglandin E synthase catalyze the synthesis of the
prostaglandin E>-group (PGE:) (Dantzer, 2009). PGE; is a small molecule working as the
main mediator of cytokine-induced fever and it can also activate the HPA axis (Dantzer,
2009; Ogoina, 2011). PGE; will diffuse across the blood-brain barrier (BBB) and into the
brain tissue where it will further act on its specific prostaglandin EP3 receptors located in the
brain stem and hypothalamic neural structures. Binding of PGE: to its specific EP3 receptor
makes a complex that controls the HPA axis activity and regulates the body temperature. The
connection between the activation of the HPA axis, depression and fever will be described

later in this short review article.
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How IL- I can Circumvent the Blood-Brain Barrier

Cytokines are unlikely to cross the BBB because of their “large” size (Pasic et al., 2003;
Roerink et al., 2017). However, several review articles describe that IL-1 are able to reach or
send signals to the central nervous system (CNS) via various mechanisms (Dantzer, 2009;
Pasic et al., 2003). Peripherally produced IL-1 can affect the brain via two main
communication pathways: (1) a humoral pathway and (2) a neural pathway (Dantzer, 2009;
Roerink et al., 2017). Also, a combination of these two pathways has been described where
the communication ways “work together” to activate the immunocompetent cells of the

brain, the microglia. These cells can further produce IL-1 locally.

The humoral pathway involves the production of IL-1 by phagocytic cells in the choroid
plexus which is located in the ependyma of the circumventricular organs (CVOs) (Dahl &
Rinvik, 2010). The choroid plexus consists of many small blood vessels, and it is responsible
for the production of the cerebrospinal fluid (CSF). IL-1 diffuses through the fenestrated
endothelium to brain cells expressing IL-1Rs. This means that the BBB can be bypassed via
the areas surrounding the CVOs because of its high permeability. IL-1 can also be produced
locally in the brain by activated macrophages and perivascular endothelial cells. The neural
pathway is represented by the vagus nerve and afferent neurons that innervate the infected
part of the body. The vagus nerve consists of nerves containing sensory, somato motor and
autonomous ability, and is the main connection between the CNS and the major organs (Dahl
& Rinvik, 2010; Sand, Sjaastad, Haug, & Bjélie, 2006). Cytokine signals can mainly via this

nerve affect the relevant brain regions directly.

IL-1 Receptor Distribution in the Brain

IL-1 Receptors

Several receptor subtypes have been described to mediate the effect of IL-1 on its cellular
targets (Dantzer, 2009). The interleukin-1 receptor (IL-1R) family is composed of eight
members that respond to IL-1 and IL-18 (Parnet et al., 2002). These receptors feature an
extracellular domain with three immunoglobulin-like domains and an intracellular toll

domain that is connected to adaptor proteins and kinase cascades.

Two of the subtypes of IL-1 receptors that have been identified are the type 1 receptor (IL-
1R1) and the type 2 receptor (IL-1R2). IL-1R1 is expressed on for example T-cells and
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fibroblasts and the IL-1R2 is produced mainly from basal epithelial cells of the skin, urethra
and vagina (Ericsson, Liu, Hart, & Sawchenko, 1995). One of the important functions of IL-
IR1 is to mediate the biological effect of IL-1 leading to an activation of the transcription
factor NFkB (Dantzer, 2009). In contrast, IL-1R2, acts like a decoy receptor that negatively
regulates the IL-1 system.

Localization of the IL-1 Receptor

Human studies on IL-1R1 distribution in the brain are scarce (Roerink et al., 2017).
Therefore, studies on rats or mice are utilized. Katsuura et.al (1988) were the first
investigators that localized IL-1 receptors, and their findings indicated a neuronal
localization. Later studies have proved that IL-1 receptors are spread widely across the brain,
mostly located in the granular layer of the dentate gyrus in the hippocampus, in the granule
cell layer of the cerebellum, in the hypothalamus and in the pyramidal cell layer of the
hippocampus (Dantzer, 2009). By using in situ hybridization, IL-1R messenger RNA
(mRNA) was identified in the anterior olfactory nucleus, medial thalamic nucleus, posterior
thalamic nucleus, basolateral amygdaloid nucleus, ventromedial hypothalamus, arcuate
nucleus, medial eminence, mesencephalic trigeminal nucleus, motor trigeminal nucleus,
facial nucleus and Purkinje cells of the cerebellum (Pasic et al., 2003). In addition, Ericsson
et al. (1995) showed IL-1R1 mRNA expression in non-neuronal cells in structures at the
interface between the brain parenchyma and its fluid environments, such as the choroid
plexus and the endothelial cells of the brain vasculature by using the same method. Neuronal
expression appeared mostly in the hippocampus, but it was also detected in a few cell groups

of the basolateral nucleus of the amygdala and the basomedial nuclei of the hypothalamus.

It is well known that the density of cytokines arises in much larger quantities during an
infection. However, the expression of IL-1 has also been identified in neurons and glial cells
in the CNS during noninflammatory environments by histochemical studies (Pasic et al.,

2003).

In contrast to the research of the IL-1R1 distribution in the rat brain, the research regarding
expression of IL-1R2 mRNA is less known. The expression of IL-1R2 have been restricted to
brain endothelial cells and infiltrating neutrophils (Dantzer, 2009).

When investigators characterize IL-1 receptors on neurons, glial cells and endothelial cells of
brain venules with the use of biochemical techniques, they have proved that the IL-1

receptors show similarity to the receptors expressed peripherally on both non-immune and
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immune cells. An explanation could be that the majority of the IL-1R family has been cloned
from blood cell lineages (Dantzer, 2009). To determine the type and localization of IL-1
receptors in the brain, an autoradiographic method was used to detect radioiodinated ligands,
such as IL-1a and IL-1f. Other methods used for determination are polymerase-chain
reaction (PCR) that can multiply a fragment of the complementary DNA-encoding IL-1
receptor and immunohistochemical detection with antibodies raised against epitopes of IL-1
receptors (Dantzer, 2009; Parnet et al., 2002). These methods cannot conclusively determine
if the receptors in the brain and those peripherally are identical. However, detection of IL-1
receptors in the brain using in situ hybridization indicates that the same IL-1R1 mRNA is

present peripherally and in central nervous tissue.

The activation of IL-1R1 leads to an intracellular pathway in the brain which is similar to that
in the periphery (Roerink et al., 2017). Even though IL-1 is injected into the brain or at the
periphery, it results in the same behavioral effects. However, the effects of IL-1f take longer
to develop and dissipate quicker with central injection. This arouses attention to the
functionality of the IL-1Rs in the brain (Parnet et al., 2002). An experiment showed an
increased level of IL-13 mRNA in the hypothalamus directly after peripheral injection of IL-
1B (Masanori et al., 2014). The concentration in the hypothalamus decreased within 24 hours,
but an upregulation of IL-1 mRNA persisted in the cerebral cortex. This was accompanied
by a decrease in spontaneous activity lasting for several days (Roerink et al., 2017). An
explanation of the IL-1p transcription can be due to the epigenetic changes in microglial cells

that can play a role in neuroinflammatory disorders.

Hypothalamus-Pituitary-Adrenal Axis Activation

IL-1 is able to activate the hypothalamus-pituitary-adrenal (HPA) axis through two main
pathways: (1) through reducing negative feedback on HPA signaling, and (2) by directly
stimulating HPA activation in the hypothalamus. Cytokines also have the ability to amplify
the feed-forward signaling within the HPA axis (Liu et al., 2014).

When activated, the HPA axis works to restore homeostasis following different stressors.
Stress refers to a challenge to the body’s homeostatic state, and can be classified broadly as
psychological, physiological and immunological in origin (Liu et al., 2014). Toll-like

receptor 4 (TLR4) activation, for example, is considered as an immunological stressor. Stress
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will activate the HPA axis, which forms the neuroendocrine stress response. Activation of the
HPA axis begins with neurons in the paraventricular nucleus (PVN) of the hypothalamus and
leads to secretion of corticotropin-releasing hormone (CRH), which again stimulates the
anterior pituitary gland to produce and release adrenocorticotropic hormone (ACTH) into the
blood stream (Fig. 2). Upon binding to melanocortin 2 receptors expressed on the adrenal
cortex, ACTH stimulates glucocorticoid (GC) production (Liu et al., 2014). One important
GC is cortisol which is classified as a stress hormone that inhibits the effects of CRH and the
production and secretion of CRH from the hypothalamus through a negative-feedback

mechanism (Bishop, Fody, & Schoeff, 2018). It can also have an immunosuppressive effect.

(d)
Stress
PVN
Depression Pituitary
Dorsal vagal = \ @ °\e
complex 2 o\ ®
ACTH /i %,
/ g y %% g 2
S Inflammation
AT | 1 Pro-inflammatory
® #0\0 INF © © cytokines
19 o t Chemokines
Adrenal gland L6 © t Adnhesion molecules
t Acute phase reactants
(b)
NFxB
/
' TLR/IL-1R Macrophage

(a)

Infection, tissue
damage or destruction

Figure 2 — Stress-Immune Interactions and Depression (Modified from Raison et al. (2006) with permission). a) The
activation of NFxB is triggered by an extracellular stimulus that binds to TLR4 during inflammation. b) This leads to a
release of proinflammatory cytokines, such as IL-1. c) IL-1 will then reach the brain via the humoral or neural pathway. d)
In the brain, IL-1 can participate in the development of depression by for example (i) influencing the metabolism of
neurotransmitters such as serotonin and (ii upregulate the hormone CRH. e) The activation of CRH in the paraventricular
nucleus affects the release of ACTH and eventually the release of glucocorticoids (cortisol). f) Stressors also induce the
release of acetylcholine trough the motor vagus nerve which result in withdrawal of inhibitory motor vagal input.
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Chover-Gonzales et al. (1993) observed that IL-1 has an additive effect on CRH secretion
from the PVN. As a response to acute stress, the concentration of IL-1 both peripherally and
centrally is upregulated within 1 to 3 hours after the stress onset. Therefore, it is possible that
IL-1 primes the HPA response. Another study by Gadek-Michalska et al. (2011) found that
the administration of an IL-1 receptor antagonist diminished ACTH response to restraint
stress. This indicates that IL-1 may partially mediate stress induced HPA activation. Besides
cytokine interactions, cyclooxygenase-2 (COX-2) has also been shown to mediate TLR4
involvement in modulation of HPA activity, as described earlier (Liu et al., 2014).

Pretreatment with specific inhibitors of COX-2 attenuates these responses (Dantzer, 2009).

It is also believed that TLR4 can influence HPA activity long after the stressor is resolved.
Mouihate et al. (2010) found that a single lipopolysaccharide (LPS) challenge during early-
life is sufficient to hypersensitize the CRH and ACTH response to both subsequent LPS and
restraint stress when tested in adulthood. An early-life activation of TLR4 also results in an
increase in anxiety behavior during adulthood (Sominsky et al., 2013). This suggests that
TLR4 activity during developmentally sensitive periods may shape the HPA system, priming
the system toward hyperreactivity, and may even be changing individual predisposition

toward stress-related disorders (Liu et al., 2014).

Regulation of the Body Temperature by IL-1

Fever is a common symptom of infectious and inflammatory disease, and it is often
accompanied by sickness feeling. It is defined as a regulated rise in the body temperature
above normal daily fluctuations occurring in conjunction with an elevated thermoregulatory
set point (Ogoina, 2011). It is well known that prostaglandin E» (PGE:) can induce fever
upon binding to its EP3 receptor located in the preoptic hypothalamus (Blomqvist &
Engblom, 2018).

The initiation, manifestation and regulation of the febrile response is dependent on the
pyrogenic and anti-pyretic properties of various exogenous and endogenous substances
(Ogoina, 2011). Pyrogens can directly and indirectly lead to fever, while cryogens prevent
excessive temperature elevation. Pyrogens are classified into exogenous pyrogens, for
example LPS, and endogenous pyrogens, for example IL-1. Cryogens include anti-

inflammatory cytokines, hormones and other neuroendocrine products. Fever signals carried
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by exogenous and endogenous pyrogens ultimately lead to a reset of the thermoregulatory

circuitry via the humoral and neural pathways.

IL-1, and other pyrogenic cytokines, can induce fever through a direct and an indirect
humoral pathway (Ogoina, 2011). In the indirect pathway, IL-1 acts outside the brain by
binding to and activating cytokine receptors located on the fenestrated capillaries of the
circumventricular organs (CVOs) leading to release of PGE:. In the direct pathway, IL-1 can
disrupt the blood brain barrier (BBB) gaining direct access to cytokine receptors expressed on
vascular, glial and neuronal structures of the brain. Activation of these central receptors
stimulates further synthesis of PGE> or promotes synthesis of more cytokines by the brain.
Peripheral fever signals can also communicate with the CNS through peripheral nerves such

as cutaneous sensory nerves and the vagus nerve.

The preoptic area (POA) of the anterior hypothalamus is considered as the major
thermoregulatory center in the CNS (Ogoina, 2011). PGE: binds to EP3 receptor in the POA
and then activates thermal neurons in the anterior hypothalamus to a higher thermal balance
point. Findings by Nakamura et al. (2002) suggest that the neurons in the POA in healthy
animals provide a tonic inhibitory GABAergic input to thermogenic presympathetic neurons
in the rostral medullary raphe nucleus (RMR) of the brain stem. The preoptic neurons are
silenced when PGE; bind to their EP3 receptors. This leads to a disinhibition of the
presympathethic neurons. The neurons that innervate the spinal sympathetic preganglionic
neurons (SPGNs) are termed presympathetic neurons. The SPGNs are the final common
pathway for many reflexes important to homeostasis. A GABAergic neuron produces the
amino acid gamma-aminobutyric acid (GABA) which acts as a neurotransmitter in the CNS
and its natural function is to reduce the activity of the neurons to which it binds. The research
on rats showed that EP3 receptor expressing neurons in the POA project to the RMR and that
a large majority of the EP3 receptor expressing neurons in the POA co-express transcripts of
the GABA-synthesizing enzyme GAD67. Recordings from cultured anterior hypothalamic
neurons conducted by Tabarean et al. (2004) showed that PGE; decreased the firing rate in
GABAergic neurons expressing EP3 receptor. Preoptic neurons that are inhibited by PGE»
have also been shown to be warm sensitive, and warm sensitive neurons are found to be
GABAergic and to drive thermogenesis through descending projections. However, it is not
clear to what extent the populations of warm sensitive and PGE»-responsive neurons overlap

(Tan et al., 2016).
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Are there any Analogous Symptoms of Depression and Sickness Feeling?

Sickness feeling refers to the coordinated set of behavior changes that develop in
individuals during the course of an infection (Roerink et al., 2017). It is characterized by
hyperthermia, depressed mood, lethargy, sleep and appetite disturbances, reduced grooming
and loss of interest in social interactions. Many of these effects can be attributed to an

elevation of interleukin-1 (IL-1) in the brain.

Major depressive disorder (MDD) is a common disorder and poses one of the highest disease
burdens worldwide (Liu et al., 2014). It is a serious mood disorder that causes severe
symptoms which affect how you feel, think and handle daily activities. Some of the
symptoms of this disorder are a persistent sad mood, moving or speaking more slowly,
changes in appetite, lack of energy and disturbed sleep (National Institute of Mental Health,
2018). Many of those symptoms are similar to the ones seen in sickness feeling. Both

conditions are characterized by lethargy and sleep- and appetite disturbances.

There are several forms of depression that are slightly different and can develop under unique
circumstances. Some examples are persistent depressive disorder, postpartum depression,
psychotic depression and seasonal affective disorder (National Institute of Mental Health,
2018). Persistent depressive disorder is a depressed mood that lasts for at least two years.
Postpartum depression is major depression during pregnancy or after delivery. Psychotic
depression occurs when a person has severe depression in addition to some form of
psychosis. Seasonal affective disorder is characterized by the onset of depression during the
winter months, when there is less natural sunlight. Depression can also be seen in relation to
other brain diseases such as Parkinson’s disease and Alzheimer’s disease where it is a
frequent comorbid condition (Liu et al., 2014). As described, depression is not a
homogeneous disease and therefore it is unlikely that there is one specific factor that leads to
depression. But because of the similarities in symptoms between sickness feeling and
depression there is reason to believe that there might be a common molecular network

playing a part in the onset and development of these conditions.

Increasing evidence suggests that inflammatory processes play an important role in the
pathophysiology of depression (Farooq et al., 2017). Patients with MDD, who otherwise are
medically healthy, have been found to have higher density of proinflammatory IL-1 both
peripherally and in the CNS (Raison et al., 2006). These findings are amplified by Smith

(1991) who suggested that excessive secretion of IL-1 is involved in the pathogenesis of
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depression. The association between depression and inflammation are also described in
patients with mild depressive symptoms such as fatigue, insomnia and anger. These patients
are otherwise healthy, but there is evidence of inflammatory activation (Raison et al.,
2006). Although there are studies that support the idea that inflammatory cytokines can
contribute to depression, other studies do not find the association between inflammatory
pathways and depression. Steptoe et al. (2003) did a study based on samples of healthy
middle-aged men and women that failed to find an association between immune activation,
inflammatory response and symptoms of depression. Another study reported that increased
levels of cytokine production appeared only during the acute phase of depression (Seidel et
al., 1995). Raison et al. (2006) found in some cases, the association have been attenuated or
obviated when mediating factors such as body mass index, gender or personality, have been
included in the analyses. These studies indicate that the role of the immune system influences

in some cases of depression but not all.

HPA axis hyperactivity is a hallmark of major depression and can also be seen during an
infection or inflammatory process when the individual is experiencing sickness feeling.
Patients with MDD are found to have heightened levels of cortisol in the morning while the
levels are possessing a flatter diurnal slope throughout the day (Dinan, 1994; Jarcho, Slavich,
Tylova-Stein, Wolkowitz, & Burke, 2013). This indicates that a dysregulation in HPA

activity is involved in the pathophysiology of depression.

MDD is also characterized by abnormalities in the central monoaminergic neurotransmitter
system involving serotonin, noradrenaline and dopamine which leads to behavioral changes
and alterations in neurohormonal pathways (Pasic et al., 2003; Raison et al., 2006). The most
important neurotransmitter implicated in the pathophysiology of depression, is serotonin
(Farooq et al., 2017). During an inflammatory process, the enzyme indoleamine-2,3
dioxygenase will be induced, and IL-1 will activate the enzyme which thereby converts
tryptophan, a precursor of serotonin, to kynurenic acid and quionoacid. This results in
decreased levels of tryptophan and therefore reduced synthesis of serotonin in the brain. This
will reduce the level of serotonin in the synaptic cleft, which is often associated with
depression. IL-1p also modulates the activity of the serotonin transporter, which function in
serotonergic neurotransmission by reuptake of serotonin. In a study by Ramamoorthy et al.
(1995), recombinant human IL-1p was injected into the hippocampus of a rat, resulting in
sickness feeling, fever, increased levels of serotonergic transmission and activations of the

HPA axis. The study showed that IL-1f is a potent stimulant of the serotonin transporters that

18



leads to decreased levels of serotonin in the synaptic cleft, which can be connected to mood
disorders. IL-1 can also influence dopamine synthesis and dopamine transporters by affecting
the synthesis of dopamine via oxidative stress and disruption of the enzyme
tetrahydrobiopterin (BH4), which inhibits the conversion of phenylalanine to the precursor
tyrosine and L-3,4-dihydroxyphenylalanine (Roerink et al., 2017).

Serotonin and dopamine neurotransmitters are primary targets for currently available
antidepressant treatments, and selective serotonin and noradrenaline reuptake inhibitors
(SSRI and SNRI respectively) are mostly utilized (Arroll et al., 2009; Pasic et al., 2003).
SSRIs block the serotonergic reuptake in the presynaptic serotonergic terminal and thereby
increase the serotonin level in the synaptic cleft. This will elevate mood and depression over
time. Yet, the pharmacological treatments on the market today are inefficient. In order to gain
one positive outcome, seven patients are required to be treated (Arroll et al., 2009). These
facts implicate that the serotonergic pathway is only partly responsible for MDD, and other

mechanisms must be involved (Liu et al., 2014).

The role of toll-like receptor 4 (TLR4) in depression has come to the forefront of research
when it comes to neuroimmune signaling and depression (Liu et al., 2014). Kéri et al. (2014),
did a study based on real-time quantitative PCR to measure TLR4 from peripheral blood
mononuclear cells. The study showed that patients with MDD expressed higher density of
TLRA4. The expression was reduced after following treatments and the depressive symptoms
were decreased as well. This indicates that TLR4 activity could directly be involved in the
pathophysiology of depression. The TLR4 mediated innate immune process in the CNS is
due to the resident glial cells, consisting of oligodendrocytes, astrocytes and microglia, and
infiltrating peripheral immune cells (Liu et al., 2014). Astrocytes provide structural and
trophic support to neurons. They can influence neurotransmission on synaptic levels and play
a role in the aggregating neural responses by secreting substances, such as ATP and
acetylcholine. Astrocytes can be involved in the pathophysiology of major depressive
disorder (MDD) in the way that they play a role in serotonin neurotransmission. The
serotonin transporters expressed on astrocytes increase the reuptake of serotonin, and thereby
lower the serotonin level in the synaptic cleft. In contrast, microglia are the
immunocompetent cells in the CNS. Their active role is to release cytokines, execute
phagocytosis and remove debris during the inflammatory process (Liu et al., 2014). Microglia

express TLR4 and are therefore responsive to pathogen-associated molecular patterns
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(PAMPs). The TLR4 activation can activate microglia to another phenotype which display a
more amoeboid morphology and thereby secrete cytokines that results in a proinflammatory
response in the CNS. The changes in microglial reactivity states can be related to stress-
induced depressive like behavior. It appears that microglia play an important role in central
immune signaling including communication between immune and brain in MDD. However,

this relation is not unidirectional and appears to be time dependent.

Sleep Deprivation Related to Interleukin-1 and Depression

Individual symptoms, especially sleep disturbance, have been reported to contribute to the
association between inflammation and depression (Raison et al., 2006). Several studies have
shown that during an infection the amount of sleep increases in mammals, due to the
induction of proinflammatory IL-1 (Bollinger, Bollinger, Oster, & Solbach, 2010). IL-1f is
proven to be a sleep regulatory substance (SRs) (Krueger, 2008). It has the capacity to
enhance non-rapid eye movement sleep (NREMS) and contribute to the homeostatic
regulation of slow-wave sleep (SWS) during an infectious challenge (Besedovsky, Lange, &
Haack, 2019; Krueger, Walter, Dinarello, Wolff, & Chedid, 1984) . In addition, IL-1 inhibits
wake-active neurons, while enhancing the firing rate of hypothalamic sleep-active neurons.
IL-1R antagonist (IL-1Ra) was used to prevent the biological action of IL-1 which resulted in
decreased physiological NREM sleep amount. When the access of IL-1 increased, NREM
sleep amount was promoted and REM sleep amount was suppressed. However, it is still not
clear if IL-1 plays a role in the physiological REM sleep regulation (Besedovsky et al., 2019).
Even though sleep depends on other factors, such as time of the day, route and dose of
administration, IL-1 is considered to be a substance that is involved in the homeostatic

regulation of sleep (Krueger, 2008).

Sleep deprivation can result in issues due to neurobiology and neuropathology. During sleep
deprivation IL-1 mRNA increases in the brain. Sleep deprivation and IL-1 enhances
hypothalamic and cortical NFxB activation which acts as an enhancer element for a wide

array of genes which includes other SRs and COX-2 (Krueger, 2008).
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Discussion

There is a complex interaction between the central nervous system (CNS), the immune
system and the endocrine system. Together, these mechanisms cooperate to take care of the
body’s homeostasis. The communication between the CNS and the peripheral immune
system seems to be bidirectional (Fig. 3) (Leonard, 2018). It is connected via the common
use of receptors, ligands and cell-to-cell communication (Juhasz, 2008). The connection

include communication via hormones, neurotransmitters, cytokines and nerves.

The immune system can communicate with the CNS through a humoral and a neural
pathway, and vice versa. The vagus nerve is a part of the autonomic nervous system that
innervates all organs, including the immune system (Juhasz, 2008). The autonomic nervous
system consists of two main systems: the sympathetic system that uses noradrenaline for
neurotransmission and the parasympathetic system which consists of cholinergic nerves. The
vagus nerve is a cholinergic nerve that is believed to be part of a cholinergic anti-
inflammatory pathway. Cytokines can activate vagal nerve afferent fibers (Juhdsz, 2008).
The vagal afferents project to the nucleus of the solitary tract (NTS) which activate the
paraventricular nucleus (PVN) of the hypothalamus, one of the main regulatory centers of the
hormonal system. This can cause an activation of the hypothalamus-pituitary-adrenal (HPA)
axis. The humoral mechanisms are mediated by IL-1 crossing the blood-brain barrier (BBB)

entering the cerebrospinal fluid (CSF) at circumventricular organs.

Brain-to-immune communication is the efferent part of the cholinergic anti-inflammatory
pathway. The humoral pathway is the HPA axis, which reduces inflammation via releasing
glucocorticoids and catecholamines. The vagus nerve innervates the thymus gland which
plays an important role in the immune system because of its maturation of T-lymphocytes
(Lea, 2006). Also T and B-cells have receptors for neurotransmitters that can be
downregulated by acetylcholine (Juhasz, 2008). The direct effect of the vagal efferents on
immune cells has not been properly established yet, but it is believed that the vagal efferents

are able to suppress the release of proinflammatory IL-1.
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Figure 3 — The Bidirectional Connections Between Stress, the Central Nervous System and Inflammatory Cytokines (From
Leonard (2018) with permission). Both neural and humoral processes are involved in the coordination of the physiological,
immunological and behavioral responses following an inflammatory challenge. Afferent pathways are connected to the brain
via cytokines and the vagus nerve, while the peripheral immune responses are modulated by the efferent pathways, through
the hypothalamic—pituitary—adrenal (HPA) axis, the sympathetic nervous system (SNS) and the parasympathetic nervous
systems.

The nervous-, immune- and endocrine system work closely together to protect the body and
restore homeostasis. Sometimes when the stress response is prolonged it can lead to damage
of the neuronal network and it becomes dysfunctional. This can be due to the activation of
peripheral macrophages, the central microglia and hypercortisolemia caused by the activation
of the HPA axis. When an infection arises in the brain, neuroinflammation, the innate cells in
the brain (microglia, astrocytes and oligodendroglia) are activated to release cytokines in
response to the inflammatory stimulus. When this infection becomes chronic, it is usually
maladaptive and has a detrimental effect on the brain homeostasis. The activated microglia
can be detrimental due to the prolonged neuroinflammatory changes. This process can be

seen in for example depression.

22



Even though some studies do not find the association between inflammatory pathways and
depression such as Steptoe et al. (2003) and Raison et al. (2006), most studies find alterations
in immune function and increased levels of IL-1 in patients with MDD (Dantzer, 2009;
Farooq et al., 2017; Liu et al., 2014; Pasic et al., 2003). The mechanisms leading to the
development of depression and fever seems to be connected through a common molecular
network initiated by the action of IL-1. This molecular network includes the activation of IL-
1 family receptors expressed in the membrane of innate immune cells in the periphery and the
CNS. The activation of IL-1R1 then leads to increasing levels of IL-1 and cyclooxygenase-2
(COX-2) which thereby induce the modulation of the HPA axis. COX-2 can further be
connected to the development of fever because of its role in the production of PGE>, while
the hyperactivity of the HPA axis is able to cause heightened cortisol levels that can be linked
to depression. IL-1 is also described to be involved in alterations of neurotransmitter
function, especially decreased serotonin and dopamine levels, which is well known to induce
depression (Pasic et al., 2003; Roerink et al., 2017). Sickness feeling can be connected to
both depression and fever because of their similar symptoms, such as hypothermia, depressed
mood, sleep and appetite disturbances and lethargy. Based on corresponding results of the
role of IL-1 from several original- and review articles, there are reasons to believe that IL-1

links together sickness feeling, fever and depression.
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Definitions

Adrenocorticotropic hormone (ACTH): A hormone that is produced by the anterior lobe of
the pituitary gland and that stimulates the secretion of cortisone, aldosterone and other

hormones by the adrenal cortex.

Afferent: Relating to a nerve that carries sensory information toward the central nervous

system.

Amygdala: An almond-shaped brain nucleus at the front of the temporal lobe parts of the

brain that affect emotions, especially fear and pleasure.

Anterior: Located in front.

Brain parenchyma: Refers to the functional tissue in the brain that is made up of the two
Cerebellum: Part of the brain that plays an important role of motor control.

Cholinergic: Relating to nerve cells or fibers that use acetylcholine as their neurotransmitter.

Choroid plexus: Specialized cells located in the ependyma of the circumventricular organs
(CVOs). It consists of many small blood vessels that is responsible for the production of the

cerebrospinal fluid (CSF).

Circumventricular organs (CVOs): Structures in the brain that are characterized by their
extensive vasculature and lack of a normal blood brain barrier (BBB). The CVOs allow for

the linkage between the central nervous system and peripheral blood flow.

Corticotrophin-releasing hormone (CRH): A peptide hormone involved in the stress
response. Its main function is the stimulation of the pituitary synthesis of adrenocorticotropic

hormone (ACTH), as part of the HPA axis.

Efferent: Relating to a nerve that carries motor impulses from the central nervous system to

the muscles.
Ependyma: The membrane lining the cerebral ventricles and the central canal of the spine.
GABAergic: Neurons that produce and release GABA as their neurotransmitter.

Gamma-aminobutyric acid (GABA): An inhibitory neurotransmitter in the central nervous

system produced by GABAergic neurons. Its principal role is to reduce neuron excitability.
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Hippocampus: A limbic system structure located in the temporal lobe of the cerebral cortex.
The function is processing short-term memory, encoding explicit memories for long-term
storage, controlling autonomic functions, emotional expression, subjective experience,

behavioral expression of affect.

Hypothalamic-pituitary-adrenal (HPA) axis: The combined system of neuroendocrine

units that in a negative feedback network regulate the adrenal gland's hormonal activities.

In situ hybridization: A type of hybridization that uses a labeled complementary DNA,
RNA or modified nucleic acids strand to localize a specific DNA or RNA sequence in a

portion or section of tissue.

Interleukin-1 receptor-associated kinases 1 and 2 (IRAK1 and IRAK2): These are
essential components of the Interleukin-1 receptor signaling pathway and some Toll-like

receptor signaling pathways. They are membrane proximal putative serine-threonine kinases.

Limbic system: The limbic system is located in the forebrain. It is associated with olfaction,

autonomic functions and certain aspects of emotion and behavior.

Monoaminergic: Referring to neurons that secrete the monoamine neurotransmitters

dopamine, noradrenaline and serotonin.

Myeloid differentiation primary response 88 (MyD88): An adaptor protein for
inflammatory signaling pathways downstream of members of the Toll-like receptor (TLR)
and interleukin-1 (IL-1) receptor families. MyD88 links IL-1 receptor (IL-1R) or TLR family
members to IL-1R-associated kinase (IRAK).

Non-rapid eye movement sleep (NREMS): Sleep during which non-rapid eye movements
occur. Sleep is broken down into five phases: wake, N1, N2, N3 and R. Stages N1-N3 are
considered as NREMS, each progressively going into deeper sleep.

Nuclear factor kappa-light-chain-enhancer and activated B-cells (NFxB): A gene
transcription regulator (protein complex) that controls transcription of DNA, cytokine

production, upregulation of COX-2 and cell survival.

Nucleus of the solitary tract (NTS): The only brainstem nucleus of the visceral sensory
column. It runs the length of the caudal hindbrain in the lateral subventricular gray matter

alongside the solitary tract.
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Perivascular: This is a fluid-filled space surrounding several blood vessels in for example

the brain. It is considered to have an immunological function.
Posterior: Located at the back or behind for example another organ in the body.

Preoptic area (POA): Located at the anterior hypothalamus. This area is considered as the

major thermoregulatory center in the CNS.

Prostaglandin Ez-group (PGE2): It is a small bioactive lipid working as the main mediator

of cytokine-induced fever and activation of the HPA axis.

Radioiodinated: Treated or combined with radioiodine, which are any radioactive isotope of

1odine.

Rapid eye movement (REM) sleep: Characterized by rapid eye movement hence its name.

Vivid dreams usually happen during REM sleep.

Riboprobe: A short, radioactively labeled nucleotide sequence used in molecular

hybridization to identify specific RNA or DNA sequences.

Rostral medullary raphe nucleus (RMR): A moderate-size cluster of serotonergic neurons

found in the brain stem.

Selective noradrenaline reuptake inhibitors (SNRIs): Any class of drugs that selectively
inhibit the reuptake of the neurotransmitter noradrenaline in the central nervous system. They

are used primarily in the treatment of depression.

Selective serotonergic reuptake inhibitors (SSRIs): Any class of drugs that selectively
inhibit the reuptake of serotonin by neurons of the central nervous system. They are primarily

used in the treatment of depression and obsessive-compulsive disorder.

Slow-wave sleep (SWS): A recurrent period of deep sleep distinguished by the presence of

slow brain waves and by very little dreaming.

Spinal sympathetic preganglionic neurons (SPGNs): Neurons located within the spinal
cord whose axons traverse the ventral horn to exit in ventral roots where they form synapses
onto postganglionic neurons. These neurons are the last point at which the central nervous

system (CNS) can exert an effect to enable changes in the sympathetic outflow.
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Tetrahydrobiopterin (BH4): A cofactor used in the degradation of the amino acid
phenylalanine and in the biosynthesis of the neurotransmitters serotonin, melatonin,

dopamine, noradrenaline, adrenaline.

The vagus nerve: A nerve that supplies nerve fibers to the pharynx (throat), larynx (voice
box), trachea (windpipe), lungs, heart, esophagus and intestinal tract, as far as the transverse

portion of the colon. The vagus nerve also brings sensory information back to the brain.

Tumor-necrosis factor (TNF): A multifunctional cytokine secreted by inflammatory cells
that plays important roles in diverse cellular events such as cell survival, proliferation,

differentiation and death.
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