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1 | WHAT ARE GLIAL CELLS?

The name "glia" originates from the Greek word for "glue" as these
cells were initially recognized as a glue-like substance filling the
spaces between neurons. However, studies have revealed the
existence of many types of glial cells, such as astrocytes, oligo-
dendrocytes, and microglia, with diverse functions, including neu-
roprotection, maintenance of homeostasis in the nervous system,
and modulation of neuronal activity. Thus, an understanding of not
only neuronal communication but also glial-neuronal communication
is necessary to elucidate the mechanisms of neuronal function and

the pathology of neurological diseases.!

2 | ITCH TRANSMISSION PATHWAYS AND
CHRONIC ITCH

Itch is defined as an unpleasant cutaneous sensation that causes
a desire to scratch the skin and mucous membranes. This sensation
protects the body by removing harmful substances from the external

Glial cells are non-neuronal cells in the nervous system that are electrically non-
excitable and outnumber neurons in humans. Glial cells have attracted attention in
recent years for their active involvement in the regulation of neuronal activity, sug-
gesting their contribution to the pathogenesis and progression of neurological dis-
eases. Studies have shown that astrocytes, a type of glial cell, are activated in the
spinal cord in response to skin inflammation and contribute to the exacerbation of
chronic itch. This review summarizes the current knowledge about the role of astro-
cytes and other glial cells in the modulation of itch processing and the mechanism of

their activation under itch conditions.

astrocytes, atopic dermatitis, glia, itch, spinal cord

environment, such as pathogens, parasites, and toxins from insects and
plants, by causing scratching when they contact or invade the skin. ltch
is also caused by inflammatory skin diseases such as atopic dermatitis
and systemic diseases such as cholestasis. Thus, it also plays a role in
alerting us to functional abnormalities in the skin or other tissues.

Itch signals are generated at the free nerve endings of primary
afferent sensory fibers (C fibers) in the skin when stimulated by
pruritogens such as histamine (Figure 1). The itch signal is then
transmitted through the cell bodies of dorsal root ganglion (DRG)
neurons to the spinal dorsal horn (SDH) neurons and, finally, to the
brain neurons.?® Until recently, itch was assumed to be a type of
weak pain sensation. However, gastrin-releasing peptide (GRP)-
GRP receptor (GRPR) signaling in the SDH was recently shown to
contribute specifically to the transmission of itch signals generated
by different pruritogens.4 A subsequent study showed that GRPR-
positive SDH neurons are essential for the processing of informa-
tion on both pruritogen-induced and chronic itch caused by allergic
dermatitis (chemical itch).5 Based on these findings, various neurons
and proteins, such as natriuretic peptide receptor 1 (NPR1)-positive
SDH neurons containing GRP, natriuretic polypeptide B (NPPB), a

Abbreviations: DRG, dorsal root ganglion; GRP, gastrin-releasing peptide; GRPR, GRP receptor; SDH, spinal dorsal horn.
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FIGURE 1 Chemicalitch transduction
pathway

Chemical itch neuronal pathway in the spinal dorsal horn
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ligand for NPR1 released from primary afferents,® and Mas-related
G-protein coupled receptor member A3 (MrgprA3)-positive primary
afferent sensory neurons,” have been identified as specifically in-
volved in chemical itch. These findings strongly suggest the pres-
ence of an itch-specific neuronal pathway distinct from that of pain.
While the neuronal pathways that contribute to evoking chemical
itch have been identified, itch inhibitory neurons and proteins in
the SDH, such as basic helix-loop-helix domain containing class B
5 (Bhlhb5)-positive inhibitory neurons, dynorphin, and kappa-opioid
receptors, have also been identified,®? (Figure 1).

Recently, mechanical itch transduction pathways have also been
identified. The ablation of SDH inhibitory interneurons defined by
the expression of neuropeptide Y (Npy)-Cre increased itch behavior
evoked by innocuous mechanical stimulation (alloknesis) in a GRPR-
positive neuron-independent manner.° This alloknesis occurs via a
pathway involving populations of excitatory SDH interneurons ex-
pressing urocortin 3 or the Npy1 receptor.n’12

Itch is normally transient, disappearing gradually with tempo-
rary scratching to the affected area; however, most itches associ-
ated with skin and systemic diseases, such as atopic dermatitis, are
chronic. Although chronic itch affects millions of people worldwide
and requires proper treatment,® existing therapies such as antihis-
tamines (histamine H1 receptor antagonists) are less effective. !
This may be due to the presence or increase of histamine receptors
other than the H1 receptor (e.g., H4 receptor),'® various endogenous

16,17

pruritogens other than histamine,?> such as serotonin, endothe-

18,19
’

lin cytokines including thymic stromal lymphopoietin (TSLP) and

interleukin (IL)-31,2%?! proteases,?? substance P,?% bile acids,?*?°

adenosine triphosphate (ATP),26

or their receptors. Under chronic
itch conditions, there are severe and abnormal itches that are rarely
observed under normal conditions, such as “sensitization for itch,” in
which the sensitivity to itch increases, and the “itch-scratch vicious
cycle,” in which skin inflammation caused by prolonged repetitive
scratching leads to repeated severe itch. These phenomena lead to

further exacerbation and intractability of itch and dermatitis.>%’

3 | ACTIVATION OF SDH ASTROCYTES
AND SPINAL SENSITIZATION FOR ITCH
DURING CHRONIC ITCH

Astrocytes, the most numerous glial cells, play an important role in

regulating neuronal activity in the central nervous system (CNS).2827

One of the major characteristics of astrocytes is that they are ac-
tivated with gene expression changes and inflammatory responses
when they sense neuronal damage or dysfunction during neurologi-
cal diseases.??"3!

Recently, increased expression of glial fibrillary acidic protein
(GFAP), an indicator of astrocytic activation, was observed in the
SDH of different mouse models of skin inflammation with chronic
itch, including spontaneous atopic dermatitis (AD) model mice (NC/
Nga mice), diphenylcyclopropenone (DCP)-induced contact dermati-
tis (CD) model mice,®? 2, 4-dinitrofluorobenzene (DNFB)-induced al-
lergic contact dermatitis (ACD) model mice®® and acetone and ether
followed by water (AEW)-induced dry skin model mice.?* Most of
these activations were inhibited by the intrathecal administration
of a compound that inhibited the activation of a transcription fac-
tor signal transducer and activator of transcription 3 (STAT3) or by
a conditional disruption of astrocytic STAT3.%2%% These findings
suggest the STAT3-dependent activation of SDH astrocytes under
chronic itch conditions. Behavioral experiments have also shown
that astrocytic STAT3 does not contribute to acute itch caused by
intradermal administration of pruritogens but does contribute to
chronic itch caused by skin inflammation.3?

Sensitization for itch is a phenomenon that occurs frequently in
chronic itch, as described above. In the last two decades, peripheral
sensitization for itch caused by the elongation and penetration of C
fibers in the epidermis has been widely understood as the main mech-
anism of sensitization for itch.2%> More recently, the Th2 cytokine IL-4
was shown to enhance the responsiveness of primary afferent sensory
neurons to multiple pruritogens, indicating that several mechanisms
can cause peripheral sensitization for itch. In contrast, in 2003, lkoma
et al. investigated the degree of both itch and axon reflex flare induced
by histamine prick in the skin of patients with AD. Severe itching was
evoked in the lesional skin of these patients, although the flare was
relatively small, indicating possible spinal sensitization for itch.%” A re-
cent study showed that the intrathecal administration of GRP, an itch-
inducing neuropeptide in the SDH, to AD model mice greatly increased
the number of scratching (itch-related behavior) events compared to
control mice, suggesting the existence of spinal sensitization for itch in
chronic itch model mice. This enhanced itch in AD model mice was in-
hibited by prior intrathecal administration of a compound that inhibited
STAT3 activation to the same extent as in control mice.? Furthermore,
lipocalin 2 (LCN2), a humoral factor upregulated in an astrocytic
STAT3-dependent manner during chronic itch, enhanced both itch and
GRPR-positive neuronal excitability induced by GRP when co-treated
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with GRP, whereas LCN2 alone did not increase both scratching and
GRPR-positive neuronal excitability.>>*® AD and CD model mice
with astrocytic STAT3 activation in the SDH showed significant up-
regulation of LCN2 in the SDH.*? In addition to these models, DNFB-
induced ACD model mice also showed astrocytic STAT3 activation in
the SDH; however, the change in expression of LCN2 remains to be
investigated.®® The selective suppression of LCN2 expression in SDH
astrocytes inhibited chronic itch in both AD and CD model mice.3%%8
Results from AD and CD mouse models suggest that under chronic
itch conditions, STAT3-dependent upregulation of LCN2 in SDH as-
trocytes contributes to the exacerbation of chronic itch by developing
spinal sensitization for itch. However, it would be better to confirm the
change in expression of LCN2 in other models such as DNFB-induced
ACD model where astrocytic STAT3 activation is observed in the fu-
ture. Then we will be able to understand more clearly the importance
of astrocytic STAT3-LCN2 pathway during chronic itch.

In contrast to most dermatitis mouse models with chronic itch,
no astrocytic activation was observed in the SDH of imiquimod-
induced psoriasis model mice.®” Moreover the number of scratching
events in the psoriasis model mice was lower than that in AD model
mice (M. Shiratori-Hayashi et al., unpublished data) and the degree
of itch induced by histamine prick in psoriasis patients was also
lower than that in AD patients.®” These results indicate that spinal
sensitization to itch may not occur in psoriasis.

4 | MECHANISMS OF SPINAL ASTROCYTE
ACTIVATION IN CHRONIC ITCH

In AD model mice, astrocytic activation and dermatitis were tempo-

rally correlated and astrocytic activation was observed only in the
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cervical SDH, which corresponded to the skin area at which derma-
titis occurred. Preventing scratching-induced dermatitis by trimming
toenails inhibited both itch and astrocytic activation in the SDH of
AD and CD mouse models.? Astrocytic activation in the SDH of
AEW-induced dry skin model mice was also inhibited by the use of
Elizabethan Collars, which can prevent mice from scratching the
itchy skin.3* These findings suggest that astrocytic activation is in-
duced by dermatitis caused by prolonged repetitive scratching; that
is, spinal sensitization for itch due to astrocytic activation may be in-
duced by scratch-dependent dermatitis, leading to the development
of the itch-scratch vicious cycle (Figure 2).

The skin and spinal cord are not in direct contact but rather are
connected via primary afferent sensory neurons. Ablation of TRPV1-
positive sensory neurons inhibited astrocytic activation in the SDH
of both AD and CD model mice, suggesting that dermatitis induces
astrocytic activation in the SDH via primary afferent sensory neu-
rons.>? Gene expression changes have been detected in sensory
neurons; in particular, the pro-inflammatory cytokine IL-6, a well-
known activator of STAT3, was upregulated in the DRG, where cell
bodies of sensory neurons are clustered, in AD (M. Shiratori-Hayashi
et al., unpublished data) and CD model mice.*° Sensory neuron-
selective knockdown of IL-6 inhibited chronic itch and LCN2 expres-
sion.*® These results demonstrate that IL-6 upregulation in primary
afferent sensory neurons contributes to chronic itch via the induc-
tion of astrocytic STAT3 activation.

IL-6 can induce not only the well-known transient activation
of STATS3 lasting 1-2 h*! but also a persistent activation of STAT3
lasting over 24 h in astrocytes.40 IL-6-induced upregulation of
Lcn2 in astrocytes was temporally correlated with the persistent
activation of STAT3 (M. Shiratori-Hayashi et al., unpublished

data). This persistent activation was mediated by type 1 inositol
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. Itch

[ J

Chemical itch

Y

Astrocyte

[}
x
o
o—

Enhanced

7
IL-33 GRP

itch signal

y C fiber

Inflammation mediator ?

L Cytokine ? IP,R1/TRPC

is AN IL-6 —
C fiber Ca?* signal

Chemical itch
stimuli
Astrocytes or Oligodendrocytes
C fiber
Dermatitis

O
Nppb

o

Spinal dorsal horn

Sensitization for itch by activated astrocytes

FIGURE 2 Astrocytic activation and itch modulation in the spinal dorsal horn during chronic itch


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=123743

SHIRATORI-HAYASHI anp TSUDA

4 Of 6 BRITISH
PHARMACOLOGICAL
SOCIETY

1,4,5-triphosphate receptors (IP,R1)/transient receptor potential
canonical (TRPC) channels-dependent small and long-lasting Ca®*
signals but not by IP,R2 which has always been considered to play
a central role in astrocyte Ca® dynamics.40 These findings suggest
that IL-6 upregulation in primary afferent sensory neurons induces
IP,R1/TRPC-dependent long-lasting Ca?* signals in astrocytes,
which leads to exacerbation of chronic itch via both the persistent
activation of astrocytic STAT3 and subsequent upregulation of
LCN2 (Figure 2).

In addition to IL-6 upregulation in primary afferent sensory
neurons, a study using DNFB-induced ACD mouse models in-
dicated that IL-33, which is upregulated in SDH astrocytes or
oligodendrocytes, contributed to astrocytic STAT3 activation
during chronic itch.3® At present, the relationship between IL-6
from primary afferents and IL-33 upregulation in SDH glial cells
is unclear; however, clarification of this point may allow a better
understanding of the mechanism of STAT3 activation in SDH as-
trocytes during chronic itch. It was also found that prior intrathe-
cal administration of IL-33 significantly increased the number of
GRP-induced scratching, whereas IL-33 that was co-administrated

t.3% These results indicate that IL-

with GRP could not increase i
33 acts indirectly, rather than directly, on GRPR-positive neurons
and contributes to the enhancement of their excitability. Since the
IL-33 receptor ST2 deficiency inhibited STAT3 activation in the
SDH of DNFB-induced ACD model mice,?® IL-33 may contribute
to the enhancement of GRPR-positive neuronal excitability via
STAT3-dependent upregulation of soluble factors that can directly
enhance its excitability (e.g. LCN2). This point will need to be ex-
amined in detail in the future.

In AEW-induced dry skin model mice, Toll-like receptor 4
(TLR4) mediated astrocytic activation. AEW treatment induced
TLR4 upregulation in SDH astrocytes and both GFAP increase
and itch were inhibited by the systemic knockout of Tir4.3% AEW-
induced itch was also inhibited by systemic knockout of myeloid
differentiation primary response 88 (Myd88), an adaptor protein of
TLR signaling, indicating that MyD88 mediates TLR4-dependent
astrocytic activation in AEW model mice.®* As MyD88 has also
been suggested to contribute to STAT3 activation in a human lym-
phoma cell line,*? whether a similar mechanism exists in astrocytes

requires exploration.

5 | SPINAL CORD MICROGLIA AND ITCH

Microglia are immunocompetent cells in the CNS with many func-
tional similarities to macrophages.! Upregulation of ionized calcium
binding adaptor molecule 1 (Ibal), an indicator of microglial activa-
tion, was not observed in the SDH during the chronic phase of AD or
dry skin model mice with astrocytic activation. However, microglia
were transiently activated at approximately 0.5 to 1 h after the ad-
ministration of some pruritogens 43 oron day 3 in the ACD model.*
The p38 mitogen-activated protein kinase may mediate these activa-
tions.** The intrathecal administration of minocycline, an inhibitor

of microglial activation,* reduced itch behavior only on day 3 in the
ACD model.** In dry skin model mice, short-term upregulation of
Ibal occurred from days 1 to 3 but not on day 5.3% Furthermore,
microglial activation was also observed in the SDH of mice with pso-
riasis. The intrathecal administration of minocycline and oral admin-
istration of a brain-penetrant inhibitor of colony-stimulating factor-1
receptor, which robustly eliminates microglia,*® inhibited itch in the

psoriasis model.

These findings indicate the contribution of SDH
microglia to itch, especially during the early phase of chronic itch.
Additional studies are needed to identify itch-related factors from
microglia and to examine the effects of microglia-selective repres-
sion of the target gene expression on itch in the early phase of
various itch models such as pruritogen-induced itch and itch in the

psoriasis and ACD models.

6 | SUMMARY AND FUTURE
PERSPECTIVES

These findings suggest that changes in the CNS, particularly glial
cells in the SDH, contribute to various itches, including chronic itch,
in addition to the changes in the skin that have been the main focus
of itch studies, thus suggesting new mechanisms to modulate itch.
Recent studies have shown that SDH astrocytes are commonly ac-
tivated in most mouse models of chronic itch, that their activation
is induced by changes in peripheral tissues such as skin inflamma-
tion and gene expression changes in primary afferent sensory neu-
rons, and that astrocytic humoral factors that are produced in an
activation-dependent manner act on itch-specific SDH neurons to
cause spinal sensitization for itch, contributing to the development
and maintenance of chronic itch (Figure 2). In contrast, in the case of
microglia, activation is rarely observed in the chronic phase of itch;
however, transient short-term activation is likely to occur mainly in
the early phase of chronic itch or after the administration of pruri-
togens, indicating that microglia may contribute to the early phase
of itch or acute itch rather than the chronic phase of itch. Although
further studies are needed, microglia likely contribute to itch differ-
ently from astrocytes.

Glial cells exist not only in the CNS, such as the spinal cord and
brain, but also around the cell bodies or axons of primary afferent
sensory neurons. Therefore, the detailed elucidation of the role of
glial cells in itch in all neural tissues, including the spinal cord, may
more clearly reveal new aspects of both glial function and itch mod-

ulation mechanisms.
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