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Bones provide both skeletal scaffolding and space for hematopoiesis in its marrow. Previous
work has shown that these functions were tightly regulated by the nervous system. The central
and peripheral nervous systems tightly regulate compact bone remodeling, its metabolism,
and hematopoietic homeostasis in the bone marrow (BM). Accumulating evidence indicates
that the nervous system, which fine-tunes inflammatory responses and alterations in neural
functions, may regulate autoimmune diseases. Neural signals also influence the progression
of hematological malignancies such as acute and chronic myeloid leukemias. Here, we
review the interplay of the nervous system with bone, BM, and immunity, and discuss
future challenges to target hematological diseases through modulation of activity of the

nervous system.

ones constitute a part of the vertebrate skel-
Beton, and this organ is formed during the
fetal stage of development from either connec-
tive tissue (called intramembranous ossifica-
tion) or cartilage (referred to as endochondral
ossification) (Berendsen and Olsen 2015). After
these processes, bones are consistently being
created and replaced, known as remodeling,
which is accomplished through bone resorption
by osteoclasts and bone formation by osteoblasts
(Manolagas 2000). Bones not only play a variety
of mechanical roles, but also have synthetic as-
pects, one of which is production of blood cells
from hematopoietic stem cells (HSCs) in the
bone marrow (BM) (Frenette et al. 2013; Men-
delson and Frenette 2014). Like most organs in
vertebrates, these bone functions are regulated

by its constituents and also by long-range
signals such as leptin from the adipose tissue
(Thomas et al. 1999; Cornish et al. 2002; Yue
et al. 2016), glucocorticoids from the adrenal
glands (Canalis and Delany 2002; Pierce et al.
2017), and parathyroid hormone from the para-
thyroid glands (Calvi et al. 2003). In addition to
these factors, the nervous system has been sug-
gested to regulate bone and BM since the dis-
covery of innervation of the skeleton (Calvo
1968; Hanoun et al. 2015).

Genetic mutations and epigenetic alter-
ations in hematopoietic cells in the BM lead to
hematological malignancies, and recent studies
suggested that neuropathy is involved in the
progression of these diseases (Arranz et al.
2014; Hanoun et al. 2014). Moreover, previous
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studies have shown that the nervous system also
modifies immune functions with deterioration
of this mechanism being associated with auto-
immune diseases (Sternberg 2006). In this re-
view, we summarize such neuronal regulation
of bone, hematopoiesis, and immune functions
as well as provide perspectives to target hema-
tological diseases by modulating the nervous
system.

NEURAL REGULATION OF BONE

The skeleton, in addition to being a structural
organ and a major site of mineral storage in the
body, also serves as an endocrine organ, secret-
ing factors that control the function of other
tissues. In parallel bone-derived regulators of
bone homeostasis, skeletal functions are also
regulated by long-range signals originating
from the nervous system.

The central nervous system (CNS) coordi-
nates voluntary and involuntary input transmit-
ted to tissues by peripheral nerves. The involun-
tary responses are regulated by the autonomic
nervous system (ANS) comprised of two distinct
branches (Hanoun et al. 2015). The first is the
sympathetic nervous system (SNS) that emerges
from the thoracolumbar spinal cord, and pre-
pares the body for alert situations by increasing
heart rates and the contractility of myocytes,
while diverting blood flow away from the gastro-
intestinal (GI) tract. The second is the parasym-
pathetic nervous system (PNS) emerging from
the cranial nerves and the sacral spinal cord (Fig.
1). In contrast to the SNS, the PNS decreases
heart rates and muscle contractility, while in-
creasing the blood flow to the GI tract, thereby
promoting restive and digestive responses.
These ANS branches differ in the neurotrans-
mitters used at the effector organs. The SNS
releases norepinephrine ([NE] also referred to
as noradrenaline) to send signals, whereas ace-
tylcholine (ACh) is used as a transmitter in the
PNS. NE binds to two forms of the adrenergic
receptor (AR), oo and B, which are further divid-
ed into subtypes ol and 02, and B1, 32, and 33,
respectively. All of these are G-protein-coupled
receptors: al is Gq-coupled, o2 is Gi-coupled,
and B1-P3 are Gs-coupled. On the other hand,

ACh from the PNS binds to two receptor sub-
types, nicotinic and muscarinic cholinergic re-
ceptors, which are classified into N1-N2 and
MI1-MS5, respectively. Besides the ANS, the cross
talk between the CNS and periphery is also ex-
erted by the hypothalamic—pituitary—-adrenal
(HPA) axis, in which glucocorticoids eventually
released from the adrenal cortex into the circu-
lation exert functions by binding to their intra-
cellular receptors in tissues and regulating tran-
scription of various genes (Revollo and Cid-
lowski 2009).

Integration of skeletal functions with other
organs, to maintain total body homeostasis, is
coordinated by the CNS and peripheral nerves
originating from the ANS. The first histological
evidence of skeletal innervation came from the
pioneering studies of Calvo (1968), providing
evidence of bone innervation by nerve fibers,
through bone nutrient foramina, with a distri-
bution pattern recapitulating the nutrient artery.
Many studies since then have confirmed and
extended Calvo’s observations and describe
both autonomic and sensory nerve innervation
of the skeleton, reaching deep into the BM space
(Calvo 1968).

Central Regulation of Skeletal Homeostasis

The initial indication that the CNS can control
bone turnover came from the studies of leptin, a
polypeptide hormone exclusively produced by
the adipose tissue (Zhang et al. 1994). Leptin
was originally identified to control body weight
and gonadal function through its action on the
arcuate nucleus of the hypothalamus (Zhang
et al. 1994; Halaas et al. 1995; Friedman and
Halaas 1998). Studies focusing on peripheral
action of leptin and its receptor on bone cells
suggested that leptin acted as an osteogenic fac-
tor by activating its receptor on bone osteoline-
age cells (Thomas et al. 1999; Cornish et al.
2002). Other studies, however, suggest that
the signaling of leptin in the CNS regulates
bone mass, wherein intracerebroventricular
(ICV) infusion of leptin corrected the high
bone mass observed in ob/ob mice or reduced
bone mass when infused into wild-type mice,
highlighting the central function of leptin in
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Figure 1. Schematic illustration depicting the anatomic origin of sympathetic, parasympathetic, and sensory
innervation of bone. PNS, Parasympathetic nervous system.

controlling skeletal homeostasis (Fig. 2) (Ducy
et al. 2000).

Another centrally acting neurotransmitter
linked to bone homeostasis is serotonin (5-hy-
droxytryptamine [5-HT]), which was found to
differentially regulate bone mass depending on
its site of action (Walther et al. 2003). Serotonin
is primarily produced in the CNS by tryptophan
hydroxylase 2 (Tph2), or in the GI tract by tryp-
tophan hydroxylase 1 (Tph1) that contributes to
blood serotonin levels, which does not cross the
blood-brain barrier and does not contribute to
its role as a neurotransmitter in the brain (Dimi-
triand Rosen 2017). In the CNS, serotonin main-
ly functions as a mood stabilizer supporting

cognitive function, emotional well-being, and
happiness (Schmitt et al. 2006; Alenina and
Klempin 2015). One of the initial links of sero-
tonin and bone homeostasis came from clinical
studies of depression patients with reduced sero-
tonergic tone or patients taking selective seroto-
nin reuptake inhibitors (SSRIs) as treatment of
depression. These studies revealed that seroto-
nergic deficiency or chronic use of SSRIs in-
creased the risk of osteoporotic bone fractures
(Feuer et al. 2015; Sheu et al. 2015; Rauma et al.
2016). Further validation of these findings came
from studies in mice in which pharmacological
inhibition or genetic deletion of the 5-HT trans-
porter, responsible for cellular serotonin reup-
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Figure 2. Schematic illustration summarizing central
nervous system (CNS) regulators of bone remodeling.

take, resulted in a reduced bone mass phenotype
(Warden and Haney 2008; Warden et al. 2010).
Neurotransmitter profiling in the brain of ob/ob
mice revealed that leptin deficiency induced ac-
cumulation of brain stem serotonin levels and
that deletion of Tph2 in mice (TphZ_/ 7) results
in loss of bone mass attributable to increased
bone resorption and decreased bone formation
(Yadav et al. 2009). Specific deletion of leptin
receptor (Lepr or ObRD) in serotonergic neurons
by crossing Obrb-floxed mice with serotonin
transporter promoter (Sert-Cre) or Tph2-Cre
lines resulted in morbid obesity associated with
dramatic increase in bone mass, reminiscent of
the Lepr deficiency (db/db), confirming that the
mechanism of leptin skeletal metabolism is by
inhibition of serotonin synthesis in the brain
stem. Moreover, loss of central Tph2 reduced
adiposity owing to reduced appetite and in-
creased energy expenditure, similar to the ob/
ob leptin-deficient mouse model (Yadav et al.
2009). These findings, thus, suggest a central
role for serotonin in the CNS, downstream
from leptin, in regulating appetite, energy ex-
penditure, and bone metabolism (Fig. 2).
Along its role in the CNS, peripheral sero-
tonin synthesized in the GI tract by enterochro-
maffin cells in the duodenum has also been
shown to regulate bone homeostasis. The role
of peripheral serotonin on bone homeostasis
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has emerged from studies of LRP5, an LDL-re-
ceptor-related protein 5, a coreceptor for Wnt
ligands and one of the most studied regulators of
bone homeostasis (Baron and Rawadi 2007).
Mutations in LRP5 are associated with dramatic
deregulation of bone formation, in which loss-
of-function mutations cause severe bone loss
and osteoporosis pseudoglioma, and gain-of-
function mutations increase bone mass (Gong
etal. 2001; Boyden et al. 2002; Little et al. 2002).
Interestingly, deletion of Lrp5 gene in mice
(Lrp5~"") increased expression of Tphl in both
bones and the gut and significantly elevated
serotonin serum levels (Yadav et al. 2008).
Gut-specific deletion of Lrp5 recapitulated the
phenotypes of low bone mass in Lrp5~'~ mice,
revealing a novel gut-to-bone exocrine axis in-
volving serotonin (Kode et al. 2014). Once re-
leased into the bloodstream, serotonin regulates
bone remodeling by direct signaling to its recep-
tor 5-hydroxytryptamine receptor 1B (HTR1B)
expressed by osteoblasts, inhibiting activation of
the cyclic adenosine monophosphate (cAMP)
response element-binding (CREB) transcrip-
tion factor, whose activity is necessary for nor-
mal osteoblast proliferation (Yadav et al. 2008).

Similar to leptin, neuropeptide Y (NPY) is
highly expressed in the hypothalamic arcuate
nucleus where it regulates appetite downstream
from leptin (Stanley et al. 1986; Erickson et al.
1996). NPY signals are mediated via five major
NPY receptors (Y1-5), of which both Y1 and Y2
receptors, abundant in the CNS, have been
shown to regulate bone mass (Horsnell and Bal-
dock 2016). Peripheral expression of NPY re-
ceptors in adipocytes, osteoblasts, and osteo-
cytes have also been reported (Kuo et al. 2007;
Lundberg et al. 2007; Lee et al. 2010). Initial
studies showed that ICV infusion of NPY to
the cerebrospinal fluid, in contrast to leptin, in-
duced loss of bone mass, indicating that NPY
and leptin do not antagonize each other’s func-
tion in the CNS (Ducy et al. 2000). Mice defi-
cient in NPY (NPY ") or Y receptor 2 (Y27")
showed significantly increased bone mass asso-
ciated with increased osteoblast activity and in-
creased expression of osteogenic transcription
factors, Runx2 and Osterix (Osx), compared
with wild-type controls (Baldock et al. 2002,
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2005, 2009). The bone phenotype observed in
Y27~ mice was independent of leptin signaling
or expression of Y2 receptors in the osteolineage
cells, highlighting the critical role of central Y2
in regulating bone remodeling. The Y1 receptor
has also been implicated in bone remodeling in
that Y17/~ mice showed increased bone mass
(Baldock et al. 2007). This function, however,
was attributed to peripherally expressed Y1, be-
cause hypothalamic deletion of Y1 resulted in
no apparent bone phenotype. In addition to the
aforementioned central regulators of bone re-
modeling, the number of central neuropeptides
and hormones involved in skeletal homeostasis
is expanding. Centrally acting cocaine- and am-
phetamine-regulated transcript (CART), neuro-
medin U, melatonin, adiponectin, and the en-
docannabinoid system have all been implicated
to play diverse roles in bone remodeling. Owing
to the limited focus of this review on these neu-
ropeptides, a thorough review of these molecules
and pathways can be found elsewhere (Wee et al.
2016; Dimitri and Rosen 2017).

Autonomic Control of the Bone Remodeling

The SNS represents the major arm of the CNS,
controlling skeletal homeostasis, mainly by ac-
tion of ARs expressed on target bone cells. Pre-
ganglionic neurons from the thoracolumbar spi-
nal cord form sympathetic ganglia from which
postganglionic neurons innervate target organs
(Fig. 1). Immunofluorescence imaging studies
have detected the presence of postganglionic
neurons in bone by detection of the neuromod-
ulators that they express. Peripheral sympa-
thetic innervation of bone can be visualized by
staining for tyrosine hydroxylase (TH), a rate-
limiting enzyme involved in catecholamine syn-
thesis or NPY that is commonly expressed by
sympathetic neurons (Bjurholm et al. 1988b).
TH-expressing nerve fibers closely associate
and ensheathe blood vessels and can be detected
in the periosteum, mineralized bone, and further
innervating the BM hematopoietic cavity (Bel-
linger et al. 1992). The pattern of nerve distribu-
tion in the bone microenvironment—where
large nerves accompany arteries that feed the
bone at multiple locations—suggests that most

Neural Regulation of Bone and Bone Marrow

bone-associated cells do not come in direct con-
tact with nerve fibers and that nerve signal trans-
duction is nonsynaptic. In this scenario, over-
flow of NE from vascular nerves may signal to
ARs expressed on bone cells. Evidence for the
role of ARs in skeletal metabolism has emerged
from studies in rodents, in which pharmacologic
perturbation of B-adrenergic signals has impact-
ed bone mass. Significant bone loss was detected
in mice treated with the B-adrenergic agonist
isoproterenol, whereas treatment with propran-
olol (nonselective B-adrenergic antagonist) had
beneficial effects on bone homeostasis (Takeda
et al. 2002).

Bone remodeling comprises two phases:
bone resorption, which is facilitated by osteo-
clasts, and bone formation mediated by osteo-
blasts. B-ARs are the major transducers of
adrenergic signals in peripheral tissues. In the
bone, B2-ARs are primarily expressed by osteo-
blasts, and expression has also been detected in
bone-forming osteocytes, osteoclasts, and chon-
drocytes, suggesting neural control of most bone
and cartilage cell types (Elefteriou et al. 2014). It
still remains unclear which particular bone cell
type is most responsive to SNS signals. Evidence
supporting the cross talk between leptin, SNS,
and PB2-AR signaling in bone remodeling came
from studies of mice deficient in dopamine hy-
droxylase (DBH) in which the inability to syn-
thesize catecholamines led to bone mass accrual
(Takeda et al. 2002). Moreover, clinical studies
of patients with reflex sympathetic dystrophy,
associated with increased sympathetic tone,
were found to produce osteoporosis, which in
some cases can be rectified by antagonizing B-
adrenergic signaling (Schwartzman 2000). A di-
rect link between the SNS signaling and bone
remodeling emerged from studies of 2-AR-de-
ficient mice (Adrb2~'7). Similar to deletion of
leptin or Lepr, f2-AR deletion resulted in in-
creased bone mass phenotype; however, ICV in-
fusion of leptin in these mice failed to rescue
the increased bone mass (Elefteriou et al. 2005;
Bonnet et al. 2008). Further analysis of Adrb2™~
mice revealed that the SNS favored bone resorp-
tion by inducing production of osteoblast-de-
rived osteoclast differentiation factor Rankl
(Elefteriou et al. 2005). Interestingly, unlike in
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ob/ob mice, Adrb2™'~ did not induce weight
gain or gonadal dysfunction, suggesting that
B2-AR signaling specifically controlled skeletal
turnover. Finally, osteoblast-specific deletion
of B2-ARs, by crossing mice that express the
B2-AR-floxed allele with mice carrying the
a1ColI-Cre, recapitulated the high bone mass
phenotype of Adrb2™'~ mice, confirming that
B2-ARs are major mediators of SNS signals by
osteoblasts (Kajimura et al. 2011). Along with
B2-ARs, other ARs have been implicated to
play a role in both central and peripheral control
of skeletal homeostasis. A thorough review of
these molecules and their functions is reviewed
elsewhere (Dimitri and Rosen 2017).

Similar to the SNS, the PNS has also been
suggested to innervate the skeleton. Emerging
from cranial nerves and the sacral spinal cord
(Fig. 1), PNS nerves can be detected to penetrate
the bone distal femoral metaphysis by im-
munostaining for choline acetyltransferase
(ChAT) (Artico et al. 2002; Bajayo et al. 2012),
an enzyme responsible for synthesis of acetyl-
choline. Peripheral cholinergic signaling can in-
crease bone mass via activation of nicotinic re-
ceptors (0,nAChR) expressed by osteoclasts,
inhibiting bone resorption by induction of oste-
oclast apoptosis (Bajayo et al. 2012). Moreover,
activation of nAChRs by specific agonists can
induce osteoblast proliferation, further contrib-
uting to bone mass accrual. However, deletion of
o,nAChR in mice leads to osteoclast-driven loss
of bone mass (Bajayo et al. 2012). In addition to
nAChRs, muscarinic receptors (mAChRs) have
also been implicated in skeletal homeostasis and
shown to be expressed by bone cells (Liu et al.
2011; Kauschke et al. 2015). There are five
mAChRs (Chrm1-5) of which type 3 muscarin-
ic receptor (Chrm3) was shown to be crucial for
bone remodeling. Deletion of Chrm3 in mice
(Chrm37~'7) is associated with low bone mass
phenotype; however, unlike ARs or nAChRs ex-
pressed by bone cells, Chrm3 expression and
activity in the brain stem affected bone remod-
eling by suppressing the sympathetic tone (Shi
et al. 2010). Interestingly, central expression of
interleukin 1 (IL-1) cytokine was shown to be a
key positive regulator of parasympathetic tone
(Bajayo et al. 2012), illustrating the antagonistic

relationship between the SNS and PNS in con-
trolling skeletal homeostasis (Fig. 2).

Sensory Innervation of the Bone

The presence of sensory nerves in the bone was
documented by detection of either substance P
(SP) or calcitonin gene-related peptide (CGRP)-
positive nerve fibers (Bjurholm et al. 1988).
Femoral sensory nerves originate from the dor-
sal root ganglia of the lumbar spinal cord and
innervate mineralized bone, periosteum, and
further penetrate the BM (Fig. 1) (Bjurholm
et al. 1988a; Yoshino et al. 2014). The role of
sensory innervation on skeletal homeostasis
emerged from denervation studies in which cap-
saicin was used to destroy sensory nerves. These
studies showed that denervation of sensory
nerves induced reduction in bone mineral den-
sity attributable to increased osteoclast activity
(Offley et al. 2005; Ding et al. 2010). Interesting-
ly, in vitro studies showed that CGRP may act on
osteoclasts, osteoblasts, and other stromal cells
to regulate bone formation. Treatments of oste-
oclast or BM cultures with CGRP inhibited os-
teoclast formation and activity, inhibiting bone
resorption and promoting proliferation and os-
teogenic differentiations of BM mesenchymal
stem cell (MSC) cultures, leading to increased
mineralization (Zaidi et al. 1987; Cornish et al.
2001; Ishizuka et al. 2005; Wang et al. 2010;
Liang et al. 2015).

NEURONAL REGULATION OF BONE
MARROW

Autonomic nerves reaching the bones also pen-
etrate the BM, reaching deep into regions of
hematopoietic activity. Out of all the autonomic
nerves that reach the bone, it was shown that
only close to 5% of SNS nerves actually penetrate
the BM (Jung et al. 2017). However, taking into
account the relative volume of the bone cavity
compared with the periosteal bone region, the
BM contains the highest density of autonomic
nerves (Mach et al. 2002).

The BM microenvironment contains spe-
cialized niches responsible for maintenance of
HSCs, which generate all blood cell lineages
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throughout life. HSC niches are composed of
specialized cell types derived from mesenchy-
mal, endothelial, stromal, and neural origin
that integrate membrane-bound and secreted
signals controlling quiescence, proliferation,
and retention of HSCs (Fig. 3) (Asada et al.
2017b). At steady state, most HSCs are main-
tained in a quiescent state within their niche.
In response to stress (such as radiation injury,
chemotherapy, or infection), HSCs become ac-
tivated to restore homeostasis (Wilson et al.
2009). The SNS represents a critical regulatory
component of the BM microenvironment,
where sympathetic nerve fibers and other neural
crest derivatives form a niche, essential for
maintaining HSC behavior during both homeo-
stasis and stress situations (Hanoun et al. 2015).
To date, the role of the PNS has largely been

Osteocyte

Neural Regulation of Bone and Bone Marrow

attributed to bone remodeling and very little is
known about cholinergic signaling affecting
HSCs or their microenvironment. A recent
study revealed that Chrm1 promotes HSC mo-
bilization from the BM but it did not act from
the BM microenvironment but rather from the
CNS where it activates the HPA axis, releasing
glucocorticoids that prime HSCs to migrate
(Pierce et al. 2017).

As previously mentioned, sensory nerves
that reach the bone are also detected in the
BM (Bjurholm et al. 1988; Hill and Elde 1991;
Mach et al. 2002). Ablation of sensory nerves
with capsaicin was reported to reduce BM cel-
lularity and blood counts, suggesting a regula-
tory role for sensory nerves in hematopoiesis
(Broome and Miyan 2000). In vitro cultures of
hematopoietic progenitors with sensory neuro-

Osteoblast
NG2*/Nestinhigh

Arteriole

HSC retention
SNS nerve fiber

with nonmyelinating
Schwann cells

Osteoclast

Sinusoidal
endothelium

Figure 3. Autonomic signals modulate hematopoietic stem cell (HSC) niche homeostasis at steady state. Periph-
eral sympathetic neurons are one of the main components of a healthy HSC niche. Circadian noradrenaline
secretion from sympathetic nerve terminals leads to circadian expression of C-X-C chemokine ligand 12
(CXCL12) by Nestin""/NG2* perivascular mesenchymal stem cells (MSCs), resulting in rhythmic release of
HSCs to the periphery. The adrenergic signals in this case are mediated through the B3-adrenergic receptor (AR).
Secretion of HSC maintenance factors such as stem cell factor (SCF) and CXCL12 by Nestin™#"/NG2* MSCs
keeps a subset of HSCs quiescent and in close association with arteriolar blood vessels, ensheathed with sym-
pathetic nervous system (SNS) nerve fibers. When activated, HSCs relocate near the Nestin'" leptin receptor
(LepR)-expressing perisinusoidal area. SNS signals also regulate bone formation via B2-AR signaling in osteo-
blasts. In addition to SNS nerves, nonmyelinating Schwann cells also maintain HSC dormancy through activa-
tion of the transforming growth factor p (TGF-B)/SMAD signaling.
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peptides SP and CGRP stimulated progenitor
activity (Rameshwar and Gascon 1995; Broome
and Miyan 2000), partly explaining the impaired
blood production following capsaicin adminis-
tration. Although these studies suggest a direct
involvement of sensory neuropeptides in regu-
lating HSC and progenitor activity in the BM,
further studies are required to determine the
extent of sensory nerves cross talk with the au-
tonomic control of hematopoiesis.

Neuronal Components of the HSC Niche

A niche responsible for maintaining HSCs in the
BM was initially proposed to be composed of
osteolineage-derived cells (Calvi et al. 2003;
Zhang et al. 2003). Bone-lining osteoblasts and
other osteolineage cell types were proposed to
maintain HSCs through secretion of angiopoie-
tin-1 (Arai et al. 2004) and osteopontin (Opn)
(Nilsson et al. 2005; Stier et al. 2005). More re-
cent studies, however, have found that deletion
of key HSC maintenance factors (C-X-C che-
mokine ligand 12 [CXCL12] and stem cell factor
[SCF] cytokines) in mature osteoblasts (express-
ing osteocalcin [Bglap]-Cre or Col2.3-Cre) had a
negligible effect on HSC maintenance (Ding
et al. 2012; Ding and Morrison 2013). These
data support the notion that osteoblasts do not
directly support HSCs, but rather osteolineage
cells were suggested to create a niche for early
lymphoid progenitors, implying that HSCs and
restricted progenitors occupy distinct niches in
the BM microenvironment. Evidence for this
came from immunofluorescence studies of BM
sections, which revealed thatlineage II7Ro.* lym-
phoid progenitors were predominantly localized
to the endosteal region of the BM, close to oste-
oblasts and that genetic ablation of CXCL12 in
osteoblasts (using the Col2.3-Cre model) deplet-
ed common lymphoid progenitors (CLPs) and
[I7Ro." lymphoid-primed multipotent progeni-
tors (LMPPs) without affecting HSC homeosta-
sis (Zhu et al. 2007; Ding and Morrison 2013).
However, a more recent study showed that a
large percentage of CLPs were localized further
than 30 um away from the endosteal region and
no IL-7 production by osteoblasts could be de-
tected. Furthermore, conditional deletion of II7

in osteoblasts using the Col2.3-Cre model did
not affect B lymphopoiesis. In contrast, IL-7
was predominantly produced by a subset of
CXCL12-abundant reticular (CAR) cells, which
are located in perivascular regions of the BM
(Cordeiro Gomes et al. 2016).

Recent advances in imaging technologies
have revealed that HSCs were primarily located
in perivascular areas of the BM in close prox-
imity to endothelial cells and perivascular stro-
mal cells (Entschladen et al. 2004; Kiel et al.
2005; Mendez-Ferrer et al. 2010b; Ding et al.
2012; Kunisaki et al. 2013; Acar et al. 2015; Itkin
et al. 2016; Kusumbe et al. 2016). The BM vas-
cular architecture is composed of two types of
blood vessels: (1) sinusoidal blood vessels, fen-
estrated structures evenly distributed in the BM
space, and (2) arteriolar blood vessels, primarily
located near the endosteal bone region and high-
ly innervated by the SNS (Fig. 3) (Kunisaki et al.
2013; Sivaraj and Adams 2016). The endothelial
cell network contributes to niche activity and
supports HSCs by secreting essential factors
such as CXCL12 and SCF (also known as Kitl)
(Kiel et al. 2005; Ding et al. 2012; Ding and Mor-
rison 2013). Interestingly, a recent study of vas-
cular niche aging failed to show that rejuvena-
tion of vasculature could rescue age-related HSC
attrition (Kusumbe et al. 2016), highlighting
that other niche regulators may be required to
maintain HSCs throughout life. SNS nerves and
perivascular stromal cells, expressing a type VI
intermediate filament protein Nestin, ensheathe
arterioles forming structural networks termed
the neuroreticular complex (Yamazaki and Al-
len 1990; Mendez-Ferrer et al. 2010b; Kunisaki
et al. 2013). Interestingly, a subset of quiescent
HSCs is found to be closely associated with
these arteriolar structures (Mendez-Ferrer et
al. 2010b; Kunisaki et al. 2013; Itkin et al. 2016;
Kusumbe et al. 2016), placing sympathetic
nerves as central components of the HSC niche.
Nestin-expressing perivascular cells, which are
highly enriched for HSC maintenance and
retention factors, including Veaml, Cxcli2,
Angptl, Scf, and Opn, were shown to contain
BM MSC activity, giving rise to osteogenic, adi-
pogenic, and chondrogenic lineages (Mendez-
Ferrer et al. 2010b; Pinho et al. 2013). These
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Nestin™ cells can also be labeled with the NG2
pericyte marker-specific Ng2-Cre line (Kunisaki
et al. 2013; Asada et al. 2017a) and represent a
major HSC regulatory component within the
niche. Depletion of these cells (using the Ng2-
Cre®*™/iDTR model) significantly impaired
HSC quiescence, leading to exhaustion of HSCs
(Kunisaki et al. 2013), and Scf depletion in NG2-
targeted cells (using the Ng2-Cre/Scf™™'~ mod-
el) reduced HSC numbers in the BM and com-
promised their long-term reconstitution activity
(Asada et al. 2017a). Several other candidate
perivascular stromal cells have also been suggest-
ed to regulate healthy HSCs, including CAR cells
(Sugiyama et al. 2006), Lepr-expressing cells
(Ding et al. 2012), and stromal cells targeted by
either Osx-Cre or paired related homeobox-1
(Prx-1)-Cre (Ding and Morrison 2013; Green-
baum et al. 2013); however, these cell types were
shown to largely overlap with Nestin-green fluo-
rescent protein-positive (GFP") MSCs (Kunisaki
etal. 2013; Pinho et al. 2013; Asada et al. 2017a).

Like more mature osteolineage cells, Nestin-
GFP* MSCs express B-ARs. However, in con-
trast to osteoblasts in which stimulation of 32-
ARs controls bone remodeling (Takeda et al.
2002), signaling via the B3-ARs on MSCs was
shown to be critical for their homeostasis (Men-
dez-Ferrer et al. 2008, 2010a). Denervation stud-
ies showed that ablation of SNS signals leads to
proliferation and expansion of normally quies-
cent MSCs, whereas adrenergic stimulation,
mediated through B3-ARs, leads to decreased
osteogenic differentiation and expression of
HSC-regulating genes (Mendez-Ferrer et al.
2010b; Lucas et al. 2013). Thus, similar to oste-
oblasts and osteocytes abundant in the compact
bone (Takeda et al. 2002; Elefteriou et al. 2005;
Asada et al. 2013), BM-derived MSCs are a ma-
jor target of the SNS.

Additional neural crest derivatives have also
been identified in the HSC niche. Nonmyelinat-
ing Schwann cells that wrap around sympathetic
nerve fibers were suggested to preserve HSC
quiescence through activation of transforming
growth factor B (TGF-B) and SMAD signaling
(Yamazaki et al. 2011). In this study, denerva-
tion of sympathetic nerves resulted in significant
decrease in Schwann cell numbers, which com-

Neural Regulation of Bone and Bone Marrow

promised HSC dormancy and induced HSC loss
as early as 3 days after denervation surgery.
However, in another study, acute surgical and
chemical sympathectomy did not alter HSC
and progenitor numbers in the BM (Mendez-
Ferrer et al. 2008). Thus, it remains unclear
how sympathetic nerves can signal to Schwann
cells and to what extent BM denervation, inde-
pendent from off-target effects such as inflam-
mation following surgery, contributed to the
effects observed on HSCs. Other neurotrophic
factors and neuropeptides may also regulate
HSC homeostasis (Liu et al. 2007). For instance,
release from NPY by SNS nerves was shown to
enhance the activity of matrix metalloprotein-
ase-9 in the BM microenvironment, leading to
degradation of HSC and progenitor retention
factors, resulting in HSC mobilization (Park
et al. 2015, 2016). Moreover, SP and neuroki-
nin-A, members of the tachykinin family of neu-
ropeptides, have been suggested to stimulate
production of hematopoietic cytokines by BM
stromal cells, in addition to serving as essential
modulators of both normal and malignant he-
matopoiesis (Nowicki et al. 2007).

Sympathetic Control of Healthy
Hematopoiesis

Initial evidence that SNS nerves might regulate
hematopoiesis emerged from studies describing
a positive correlation between BM circadian os-
cillations of NE and proliferation of hematopoi-
etic cells (Maestroni et al. 1998). The finding
that fucoidan, a selectin glycomimetic inhibitor,
induced rapid HSC mobilization, independent
of selectin inhibition (Frenette 2000; Sweeney
et al. 2000), raised the possibility that sulfated
glycans in the BM microenvironment modulate
HSC retention. Indeed, mice deficient in the
uridine diphosphate (UDP)-galactose ceramide
galactosyltransferase (Cgt™'"), an enzyme that
catalyzes the final step of galactocerebroside
(GalC) synthesis, the major component of my-
elin sheaths and responsible for adequate nerve
conduction (Norton and Cammer 1984),
showed poor mobilization of HSCs when stim-
ulated with granulocyte colony-stimulating fac-
tor (G-CSF) (Katayama et al. 2006).
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HSC and progenitor mobilization from the
BM to peripheral organs depends on an intact
gradient of the CXCL12 chemokine, which can
be disrupted following administration of G-CSF,
leading to rapid HSC and progenitor egress from
the BM (Hattori et al. 2001; Petit et al. 2002).
Local sympathetic nerves deliver, in a circadian
manner, SNS signals to the BM, which are trans-
duced by B-ARs, leading to down-regulation of
CXCL12 expression and rhythmic release of
HSCs (Mendez-Ferrer et al. 2008). Sympathetic
denervation in genetic and pharmacological
models blunts the CXCL12 down-regulation af-
ter G-CSF treatment, resulting in impaired he-
matopoietic stem and progenitor cell (HSPC)
mobilization (Katayama et al. 2006; Mendez-
Ferrer et al. 2008, 2010a). Nevertheless, the de-
fective HSPC mobilization in Cgt™'~ mice was
not caused by the lack of GalC production but
rather impaired adrenergic regulation of niche
cells involved in the mobilization of HSCs (Ka-
tayama et al. 2006). Additional studies of leuko-
cyte and stem cell recruitment to the BM showed
that circadian oscillations in endothelial adhe-
sion molecules depended on expression of
B-ARs and require local delivery of NE (Schei-
ermann et al. 2012). These seminal studies
propose a model in which core genes of the mo-
lecular clock in the CNS act through local circa-
dian NE secretion to regulate HSC retention,
mobilization, and homing.

CXCL12 is largely secreted by perivascular
MSCs, and to lesser extent by endothelial cells
and osteoblasts (Ding and Morrison 2013;
Greenbaum et al. 2013; Asada et al. 2017a).
The circadian release of HSCs is mediated by
B3-ARs that are predominantly expressed by
Nestin-GFP* MSCs (Mendez-Ferrer et al.
2010b). However, G-CSF-enforced mobilization
of HSPCs depends on adrenergic signals medi-
ated through both 2 and B3-ARs (Mendez-Fer-
rer et al. 2010a), associated with suppression of
MSC and osteolineage cell function (Semerad
et al. 2005; Katayama et al. 2006; Christopher
and Link 2008; Mendez-Ferrer et al. 2008,
2010a; Asada et al. 2013). It is important to
note that G-CSF-mediated mobilization not
only down-regulates CXCL12 production by
Nestin-GFP™ MSCs but also suppresses the

function of macrophages, which was shown to
affect HSC mobilization (Semerad et al. 2005;
Chowetal.2011). Therefore, enforced mobiliza-
tion is a complex process involving cross talk
between several different cell types in the BM
microenvironment.

Besides HSC mobilization, SNS signals are
essential for regeneration of hematopoiesis fol-
lowing genotoxic stress (Lucas et al. 2013). Ex-
posure to neurotoxic drugs (e.g., chemotherapy
or exposure to irradiation) damages the BM mi-
croenvironment leading to sympathetic neurop-
athy and induction of MSC and endothelial cell
proliferation. Excess proliferation further sensi-
tizes these cells to genotoxic insults, leading to
reduced niche size and failure to support hema-
topoietic recovery. Administering of the neuro-
protective agents 4-methylcatechol (4-MC) or
the glial-derived neurotrophic factor (GDNF)
together with the neurotoxic agents rescued
sympathetic nerve fibers (Lucas et al. 2013).
This combined treatment protected BM niche
cells from genotoxic insults and allowed normal
hematopoietic recovery. These studies thus sug-
gest that diseases or therapies accompanied with
peripheral neuropathy have an underappreciat-
ed long-term damaging effect on hematopoiesis,
which is preventable.

Despite the essential role of the SNS in reg-
ulating the HSC niche, one must also consider a
direct effect on hematopoietic cells. Expression
of ARs on HSCs and progenitors was docu-
mented in both human and rodent, with HSCs
mainly expressing the al, 02, and 2-ARs but
not B3-ARs (Muthu et al. 2007). Interestingly,
however, the function of AR stimulation on
HSCs still remains poorly understood. Human
hematopoietic progenitors were shown to be
regulated directly by SNS signals, as immature
clusters of differentiation 34-positive (CD34")
progenitors express dopamine receptors, which
can be induced following G-CSF mobilization
(Spiegel et al. 2007). Furthermore, catechol-
amines support both motility and proliferation
of CD34" progenitors, which suggests that the
SNS has both HSC autonomous and nonauton-
omous (niche-mediated) effects. Similar to ro-
dents, mobilized human stem and progenitor
cells also fluctuate in a circadian manner, al-
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though the circadian rhythm in humans is in-
verted with significantly higher yields of stem
cells toward the evening (Lucas et al. 2008).
This might be clinically relevant for mobiliza-
tion and BM transplantation when treating ma-
lignant blood disorders (Gratwohl et al. 2013).

Role of SNS Nerves in the Progression
of Hematological Malignancies

In line with the findings of neuronal regulation
of normal hematopoiesis as described earlier,
recent studies show that neuropathy in the
SNS is involved in the development of hemato-
logical malignancies. It is becoming increasingly
clear that at least in some malignancies includ-
ing leukemia, cancer progression displays fea-
tures similar to normal tissue organization.
That is, there may be a developmental hierarchy
in cells that constitute cancer in which cancer
stem cells (CSCs) have a potential to self-renew
and give rise to transient-amplifying cancer cells
that are driving tumor growth (Clevers 2011;
Kreso and Dick 2014). The origin of CSCs is still
controversial, and one of the proposed hypoth-
eses is that CSCs emerge as a result of accumu-
lation of mutations in stem cells (or other long-
lived cells) in the tissue (Passegue et al. 2003;
Bjerkvig et al. 2005). Consistent with this no-
tion, CSCs are known to share many biological
characteristics with their healthy counterparts,
including maintenance of quiescence in the cell
cycle (Pece et al. 2010; Roesch et al. 2010; Saito
et al. 2010). Given that it is considered that such
properties render CSCs resistant to currently
available anticancer drugs that preferentially
target dividing cells and that residual CSCs after
therapies are a potential cause of relapse (Cle-
vers 2011; Kreso and Dick 2014), research aim-
ing to comprehend CSC behavior has drawn
more attention in the field of cancer biology,
and therapies that are able to eradicate CSCs
are now being intensely developed.

Leukemia stem cells (LSCs), the CSCs of leu-
kemia, have contributed to our knowledge just as
HSCs have long served as an important experi-
mental subject to dissect mechanisms by which
healthy stem cell function is regulated. Previous
studies with the use of the xenograft model of
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LSCs in human primary acute myelogenous leu-
kemia (AML) showed that leukemic cells reside
in the endosteal region of the BM after treatment
with the antileukemic agent cytosine arabino-
side (Ara-C) (Ishikawa et al. 2007), and these
residual cells were found to be quiescent (Saito
etal. 2010). Although the detailed localization of
LSCs in the BM still remains to be solved, given
the clinical finding that patients with hemato-
logical malignancies are likely to show pancyto-
penia (a reduction in the number of red and
white blood cells as well as platelets), it has
been postulated that HSCs are expelled from
their niche in these diseases and LSCs use the
resultant vacant area for leukemogenesis. An-
other evidence that leukemia patients who have
received allogeneic stem cell transplantation can
develop donor-derived leukemia (Wiseman
2011) further suggests that LSCs might not
only occupy the HSC niche but also remodel it
into a malignant microenvironment. Indeed,
there are several studies showing morphologi-
cal and functional alterations of BM stromal cells
in patients with various hematological diseases,
including AML, myelodysplastic syndrome
(Duhrsen and Hossfeld 1996), and primary my-
elofibrosis (Pereira et al. 1990).

Owing to recent advances in generation
of murine models of hematological diseases,
mechanistic insights into the formation and
function of malignant niches have been provid-
ed. For instance, a mouse model of chronic my-
elogenous leukemia (CML), which is caused by a
chromosomal translocation that joins the BCR
and ABL genes (Rowley 1973; de Klein et al.
1982), was established by generation of induc-
ible BCR-ABL transgenic mice (Reynaud et al.
2011). In this model, leukemia cells induced
MSCs to expand their osteolineage cells, and
such MSC stimulation required direct contact
of leukemic cells (Fig. 4A) (Schepers et al.
2013). These interactions led to the overproduc-
tion of C-C motif ligand 3 (CCL3) and throm-
bopoietin (TPO) and alteration of several signal-
ing pathways, including TGF-B, Notch, and
Wnt. The remodeled osteolineage cells showed
impaired capacity to support HSCs while LSCs
were maintained in such an environment, indi-
cating that leukemic cells indeed remodel the
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Figure 4. Altered hematopoietic stem cell (HSC) niche, including sympathetic neuropathy, promotes progression
of hematological malignancies. (A) In a mouse model of chronic myelogenous leukemia (CML), BCR-ABL"
leukemic cells produce cytokines, including C-C motif ligand 3 (CCL3) and thrombopoietin (TPO), and mes-
enchymal stem cells (MSCs) show skewed differentiation toward osteolineage cells. HSC maintenance factors
such as SCF and CXCL12 are down-regulated in these remodeled MSCs, leading to impaired hematopoiesis.
Imatinib treatment partially corrects the alteration of HSC maintenance factor expression in MSCs. (B) In an
acute myelogenous leukemia (AML) mouse model transduced with mixed lineage leukemia AF9 (MLL-AF9)
retrovirus, catecholaminergic fibers around arterioles are degenerated. Neuropathy is accompanied by expanded
B2-adrenergic receptor (AR)-expressing MSCs that are directed toward the osteoblastic cells. Similar to the CML
mouse model, the expression of HSC maintenance factors is decreased in MSCs and normal hematopoiesis is
compromised. (C) In a myeloproliferative neoplasm (MPN) mouse model harboring human Janus kinase 2
(JAK2[V617F]) transgene, mutant hematopoietic stem and progenitor cells (HSPCs) secrete interleukin 1p (IL-
1) that damages sympathetic nervous system (SNS) fibers and Schwann cells. In contrast to AML mice,
neuropathy results in apoptosis of f3-AR-expressing MSCs and a reduction of these cells.
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HSC niche into a self-reinforcing malignant
microenvironment at the expense of normal
hematopoiesis. Another study showed that ex-
pressions of cytokines, including CXCL12 and
IL-10, were also altered in the BM of CML pa-
tients, some of which were partially corrected
after the complete cytogenetic remission (no de-
tection of BCR-ABL" cells by fluorescence in
situ hybridization) was obtained by the treat-
ment of BCR-ABL inhibitor imatinib mesylate
(IM) (Fig. 4A) (Zhang et al. 2012).

In the case of AML, it has been recently re-
ported that this disease disrupted catecholamin-
ergic fibers around arterioles in a murine model
generated by retroviral infection of HSPCs with
MLL-AF9 (Hanoun et al. 2014). In line with this
finding, the treatment of these mice with 6-
hydroxydopamine, which specifically damages
catecholaminergic neurons (Katayama et al.
2006; Mendez-Ferrer et al. 2008), increased phe-
notypic LSCs. Neuropathy was accompanied by
activation of the cell cycle in phenotypic MSCs
and endothelial cells, leading to expansion of
these cells. Similar to the finding in the CML
mouse model, these expanded MSCs were di-
rected toward the osteoblastic lineage (Fig. 4B).
In addition, the frequency of NG2" periarterio-
lar cells was reduced and the expression of HSC
maintenance factors such as CXCL12 and SCF
was decreased in MSCs, which underlies the
compromised hematopoiesis in AML. Consis-
tent with previous studies showing that signal-
ing through B2-AR and B3-AR plays a role in
bone formation (Takeda et al. 2002; Elefteriou
et al. 2005) and HSC niche maintenance (Men-
dez-Ferrer et al. 2008), respectively, the expres-
sion of B3-ARs was reduced in MSCs of AML
mice compared with healthy animals, whereas
B2-AR levels were equivalent between these
groups. Furthermore, the B2-AR antagonist,
but not the B3-AR antagonist, increased the
number of LSCs in the BM and augmented col-
ony-forming capacity of leukemic cells, leading
to shorten survival of AML mice. Although 2-
ARs were also expressed in leukemic cells, trans-
plantation experiments of wild-type leukemic
cells into B2-AR-deficient or -sufficient mice re-
vealed a higher BM infiltration of leukemic cells
in the former mice, suggesting a critical role for
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B2-ARs expressed in the microenvironment.
Conversely, the administration of 2- AR agonist
resulted in a decrease of LSCs in the BM, pro-
viding further evidence that neuropathy in the
SNS is essential for LSC maintenance and dis-
ease progression in AML through down-regula-
tion of B2-AR signaling in the malignant niche.
It is notable that $2-AR agonist was also shown
to have a potential to enhance proliferation of
leukemic cells in a cell-autonomous manner,
suggesting that the SNS neuropathy affects
LSCs and their niche differently. In the same
mouse model, another study showed that
Bmall-deficient LSCs showed the compromised
potential to evoke the disease in the wild-type
microenvironment, indicating that the circadian
rhythm in leukemic cells is essential for AML
development (Puram et al. 2016). Although
the precise mechanism underlying this pheno-
type remains elusive, this study again raises the
possibility of the differential role of the SNS in
the maintenance of LSCs and their microenvi-
ronment. In addition to involvement of the SNS,
it was recently reported that vascular permeabil-
ity in the BM is increased in AML and inhibition
of endothelial cell-derived nitric oxide is able to
normalize the vasculature and improve response
to Ara-C (Passaro et al. 2017).

Most patients with myeloproliferative neo-
plasm (MPN) who do not carry the BCR-ABL
fusion gene have an acquired mutation in Janus
kinase 2 (JAK2[V617F]) in HSCs, conferring
constitutive kinase activity to this molecule
(Baxter et al. 2005; Kralovics et al. 2005), and
mice harboring such mutated human JAK2
transgenes show phenotypes that resemble
MPN (Tiedt et al. 2008). With the use of this
model, it was shown that the density of Schwann
cells and SN fibers in the BM were reduced in
MPN, which was triggered by mutant HSPC-
producing IL-1p (Fig. 4C) (Arranz et al. 2014).
In contrast to the finding in AML mice, neurop-
athy in MPN led to apoptosis of MSCs and a
reduction of these cells. Neuroprotective manip-
ulation with 4-MC treatment rescued Schwann
cells and prevented neutrophilia (an increase of
neutrophils in the peripheral blood, which is one
of the hematological abnormalities in MPN).
Similarly, the treatment with B3-AR agonist
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led to recovery of the number of MSCs and a
decrease of mutant HSCs that prevented MPN
progression, indicating that alteration of signal-
ing through B3-ARs plays a role in the patho-
genesis of MPN unlike AML. Collectively, he-
matological malignancies induce alterations in
HSC microenvironment in the BM, including
neuropathy, which are essential for disease pro-
gression.

NEURONAL REGULATION OF IMMUNE
FUNCTION

It was during the ancient Roman period that
dolor (pain) was originally depicted as a cardinal
sign of inflammation, and this long-known fact
implies the interaction of the immune system
with the nervous system. Such interplay appears
to be ideal for immediate pathogen clearance,
considering that the nervous system is able to
react rapidly to stimuli. Several immune cell
types express receptors for neurotransmitters,
and these transmitters and immune mediators
use the same secondary signaling pathways such
as cCAMP. Indeed, it was shown that inflamma-
tory signals can activate sensory nerves during
an immune response, leading to the secretion of
several neuropeptides (Fig. 5A) (Deutschman
and Tracey 2014). For instance, some cytokines
can induce production of SP and CGRP, which
are released from sensory nerve endings and
transmits pain information to the CNS (De Fe-
lipe et al. 1998; Schafers et al. 2003). These neu-
ropeptides also act as a vasodilator (Brain et al.
1985; Bossaller et al. 1992) and facilitate inflam-
mation by enhancing blood flow, vascular leak-
iness, and leukocyte trafficking to sites of infec-
tion, which evokes calor (heat), rubor (redness),
and tumor (swelling), the other classical signs of
inflammation. In line with these findings, the
administration of antagonists to these neuro-
peptides and the severance of peripheral nerves
were shown to attenuate inflammation (Green
et al. 1993). On the contrary, a recent study has
reported that activation of the sensory sciatic
nerve by electroacupuncture led to dampened
inflammation in an experimental sepsis model
through dopamine production in the adrenal
glands (Torres-Rosas et al. 2014), suggesting

that sensory nerves can also function as an
anti-inflammatory mechanism.

The facts that infection causes fever and the
body temperature is regulated primarily by the
hypothalamus point to a link between CNS area
and the immune system. Previous studies have
shown that signals through afferent nerves and
inflammatory mediators activate the HPA axis,
leading to the secretion of glucocorticoids from
the adrenal cortex (Sternberg 2006). Glucocor-
ticoids act to suppress proliferation and differ-
entiation of many types of immune cells, includ-
ing macrophages and dendritic cells (Matyszak
et al. 2000; Woltman et al. 2002). Furthermore,
glucocorticoids tend to prevent trafficking of
these cells from immune organs to sites of in-
flammation through suppression of the expres-
sion of cell-adhesion molecules and chemokines
(Fig. 5B) (Cronstein et al. 1992; Miyamasu et al.
1998). Consistent with these findings that the
HPA axis provides a negative feedback loop of
inflammation, deregulation of this axis is ob-
served in patients with a wide range of autoim-
mune diseases such as rheumatoid arthritis
(RA) and systemic lupus erythematosus (Stern-
berg 2006). In addition, glucocorticoid resis-
tance attributable to mutations of glucocorticoid
receptors is also seen in these diseases (Derijk
et al. 2001; Lee et al. 2004). Conversely, an ele-
vation of circulating glucocorticoids, which can
result from chronic stress, was found to be as-
sociated with increased susceptibility to viral in-
fections and decreased antibody production af-
ter vaccination (Vedhara et al. 1999; Glaser and
Kiecolt-Glaser 2005). Collectively, the HPA axis
fine-tunes immune homeostasis to avoid both
prolonged proinflammatory responses and ex-
cessive immunosuppression.

Although the SNS innervates primary and
secondary lymphoid organs and provides sig-
nals in inflammation, the description in the lit-
erature is complex and it appears that this sys-
tem has varying effects over the time course of
an immune response; the SNS is proinflamma-
tory in the early stage of a mouse model of
arthritis, whereas adrenergic signals have an
anti-inflammatory impact at the later stage
(Fig. 5C) (Harle et al. 2005). Such observations
might be attributable in part to the fact that NE
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Figure 5. The nervous system fine-tunes the inflammatory responses and maintains the immune homeostasis. (4)
Sensory nerves are activated by inflammatory signals, leading to the secretion of neuropeptides such as substance
P (SP) and calcitonin gene-related peptide (CGRP) from nerve endings. These substances induce proinflamma-
tory responses through several processes, including enhancing blood flow and trafficking leukocytes to inflam-
mation sites. Activated sensory nerves also transmit pain information to the central nervous system (CNS). On
the other hand, sensory nerves can evoke anti-inflammatory responses through dopamine production in the
adrenal glands. (B) Activation of hypothalamic-pituitary—adrenal (HPA) axis by inflammatory mediators leads
to the glucocorticoid secretion from the adrenal cortex. This hormone prevents trafficking of immune cells from
immune organs to inflammation sites, acting as an anti-inflammatory mechanism. (C) The sympathetic nervous
system (SNS) is proinflammatory in the early stage of inflammation, which might be attributable in part to the
fact that norepinephrine (NE) promotes inflammation through o-adrenergic receptors (ARs) at low concentra-
tions. In contrast, high concentrations of NE suppress inflammation through B-ARs, which could underlie the
observation that adrenergic signals have an anti-inflammatory impact at the later stage of inflammation. (D)
Afferent branches of the parasympathetic nervous system (PNS) are activated by cytokines, including interleukin
(IL)-1B from inflammation sites and signals are sent to the nucleus tractus solitarius (the parasympathetic brain
region). This, in turn, activates efferent branches of the PNS, referred to as “inflammatory reflex.” Signals through
the nAChRo7 subunit of macrophages inhibit the production of proinflammatory cytokines such as tumor
necrosis factor (TNF) in these cells, rendering the PNS an anti-inflammatory mechanism. The origin of acetyl-
choline (ACh) that acts on macrophages is controversial and among the candidates are the efferent branches of
the PNS and immune cells, including CD4" T cells and macrophages that are triggered by NE from the SNS.
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has proinflammatory effects through o-ARs at
low concentrations, whereas it has predomi-
nantly anti-inflammatory effects through B-
ARs at high concentrations (Pongratz and
Straub 2013). These studies indicate that the
SNS acts initially to amplify immune responses
to clear pathogens and, subsequently, it may
counterbalance to terminate inflammation. In
line with these findings, a clinical study suggest-
ed that the level of B2-AR expression in mono-
nuclear cells is lower in RA patients than in
healthy donors (Baerwald et al. 1992). In addi-
tion, in active juvenile RA, leukocytes have a
lower cAMP response to 2-AR agonist (Kuis
et al. 1996), indicating that AR expression pat-
tern in immune cells as well as neuroimmune
response are altered in autoimmune diseases.
Such SNS-mediated modulation of the immune
system is influenced by the circadian rhythm
(Scheiermann et al. 2012). This study showed
that leukocytes were recruited to tissues, includ-
ing the BM, in a circadian rhythm-dependent
manner peaking at night, and conversely the
number of leukocytes in the peripheral blood
increased during the day as was observed for
HSCs (Mendez-Ferrer et al. 2008). Surgical ab-
lation of the SNS abolished such oscillation, em-
phasizing the role of the SNS in the circadian
rhythm-dependent leukocyte trafficking. Fur-
thermore, mouse survival deteriorated when
sepsis was induced in the night compared with
the morning, suggesting that a circadian rhythm
in leukocyte recruitment can affect the outcome
of inflammation. Consistent with the fact that
rodents and humans display opposite circadian
rhythms, the number of leukocytes in the circu-
lation decreases during the night in humans
(Haus and Smolensky 1999). It is possible that
the leukocyte recruitment in tissues peaks dur-
ing the day in humans, and this might explain in
part the mechanism underlying symptoms of
several chronic diseases that show circadian ex-
acerbations (Scheiermann et al. 2013), such as
joint stiffness in RA patients, which is typically
experienced in the early morning (Cutolo 2012).

The PNS also senses inflammation and
modulates immune responses. Previous studies
have shown that IL-1p released from activated
immune cells binds to its receptor on parasym-

pathetic ganglia and sends signals to afferent
fibers of the vagus nerve and subsequently para-
sympathetic brain regions (Fig. 5D) (Goehler
et al. 2000). This leads to activation of efferent
vagus nerve fibers, which induces release of ACh
from this branch. Although both nAChRs and
mAChRs are found in immune cells, nAChRs
specifically mediate cholinergic signals. Activa-
tion of the nAChRa7 subunit was shown to ex-
hibit anti-inflammatory effects by inhibiting
proinflammatory cytokine production (Borovi-
kova et al. 2000; Wang et al. 2003) and by sup-
pressing the expression of endothelial cell-adhe-
sion molecules (Saeed et al. 2005), and thus the
PNS counteracts the systemic inflammatory re-
sponses. However, unlike the SNS, there is no
definite evidence for parasympathetic innerva-
tion of the immune system (Schafer et al. 1998;
Nance and Sanders 2007). It is notable that the
anti-inflammatory effect of vagus nerve stimu-
lation requires a 82-AR on CD4"CD25~ lym-
phocytes (Vida et al. 2011), indicating that this
stimulation uses sympathetic nerve relay.

In summary, the interplay between the neu-
ral system and the immune system allows the
host to enhance inflammatory responses to
promptly clear pathogens as well as to terminate
inflammation and return the host to a resting
state after elimination of pathogens. This fine-
tuned mechanism plays a pivotal role in the
maintenance of immune homeostasis with de-
regulation of such a system being associated
with autoimmune diseases.

CONCLUDING REMARKS

Although enormous progress has been made in
elucidating neuronal regulation of bone and BM,
there are several important unanswered ques-
tions. For instance, it remains unexplored wheth-
er and how such regulation alters with aging. Itis
known that bone remodeling and hematopoiesis
undergo functional changes with aging, and the
elderly are more likely to experience osteoporosis
and hematological abnormalities. In the case of
hematopoiesis, previous studies have shown that
the number of phenotypic HSCs increases ac-
companied by disrupted cell cycle and biased
differentiation toward the myeloid lineage and
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compromised BM reconstitution potential
(Mendelson and Frenette 2014; Oh et al. 2014).
In addition, it was reported that the HSC micro-
environment was also altered in old mice,
including the decrease in the number of mesen-
chymal progenitor cells located near the endos-
teal surface (Siclari et al. 2013) and the decline of
vasculature (Kusumbe et al. 2016). However, it is
currently unknown whether deregulation of the
nervous system is involved in these phenotypes.

Another important point is whether target-
ing the nervous system indeed becomes a new
therapy for hematological malignancies. As in-
troduced in this review, there are two strategies
adopted so far to alter the neuronal regulation:
(1) targeting ARs, and (2) modulating the circa-
dian rhythm. Regarding the former approach,
although B2-AR agonist is broadly used for the
treatment of bronchial asthma, its application to
AML patients warrants careful consideration,
given the potential of this drug to promote pro-
liferation of leukemic cells in a cell-autonomous
manner (Hanoun et al. 2014). 3-AR agonist
appears promising for the MPN treatment, but
the direct effect of this drug on leukemic cells
was not investigated. Fortunately, 33-AR agonist
BRL37344 did not affect blood counts in wild-
type mice (Arranz et al. 2014), and the effect of
this agent on human HSCs also needs to be
carefully monitored in a clinical trial. Regarding
the latter approach, there are currently no FDA-
approved drugs that are able to directly target
Bmall. Ramelteon, which modulates circadian
rhythm by binding to melatonin receptors on
the suprachiasmatic nucleus (a brain region
controlling circadian rhythm), is now used for
the treatment of insomnia (Brasure et al. 2015),
and it will be intriguing to test the effect of such
drugs on leukemia progression.

The finding that characteristics of BM stro-
mal cells in the CML mouse model were not
completely reverted by imatinib administration
(Zhang et al. 2012) points out one critical issue
about currently performed therapies. Anti-leu-
kemic agents, including molecular-targeted
drugs, have been developed to damage leukemic
cells, and it is known that patients experience
relapse after discontinuation of therapies in
most cases. There are many proposed explana-

Neural Regulation of Bone and Bone Marrow

tions for such unfavorable outcomes, and the
finding in the IM-treated CML mice implies
the possibility that alterations in the microenvi-
ronment that persist after therapies potentially
initiate and/or sustain leukemia. Together with
evidence that stromal cell populations isolated
from individuals with myeloid malignancies can
harbor genetic abnormalities that are different
from mutations in leukemic clones (Blau et al.
2007), agents that target leukemic cells should be
combined with approaches to modulate malig-
nant microenvironments. Indeed, it was recently
reported that a combination of IL-1 receptor
antagonist with another BCR-ABL inhibitor ni-
lotinib ameliorated the survival of CML mice
compared with nilotinib treatment alone
(Zhang et al. 2016). Combination with anti-leu-
kemic cell drugs is also expected to mitigate the
effect of P2-AR agonist on proliferation of
leukemic cells. Another important question is
whether the strategy to target the nervous system
is expandable to other types of cancer. Given
that growth of prostate cancer cells was inhibited
when these cells were orthotopically transplant-
ed into $2-AR and B3-AR-deficient mice (Mag-
non et al. 2013), modulation of activity of the
nervous system may be a promising approach
against a broad spectrum of cancers.
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