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Abstract: Hematopoiesis is a tightly regulated process taking place in specialized bone marrow
structures called hematopoietic niches. In these structures, hematopoietic stem cells produce all
hematopoietic lineages by their self-renewal and differentiation abilities. Sympathetic nerve fibers,
entering the bone marrow in association with blood vessels, regulate on a circadian basis the
hematopoietic stem cells and leukocytes migration in and out the bone marrow. This cellular traffic,
that is mainly regulated by beta-adrenergic receptors expressed on mesenchymal stem cells, is
needed to maintain an efficient hematopoietic niche and for immunosurveillance against infections.
Both alpha- and beta-adrenergic receptors seem involved in the regeneration of hematopoiesis
after myeloablative treatments. Likewise, the effects of psychogenic stress and of ageing on the
hematopoietic system are also mediated by adrenergic signals. Yet, the exact mechanisms regulating
hematopoietic regeneration and the differentiation ratio between lymphoid and myeloid cells are still
obscure. A comprehensive understanding of the adrenergic influence on hematopoiesis holds the
potential for novel therapeutic approaches in a variety of hematological diseases.

Keywords: sympathetic nervous system; hematopoietic stem cells niche; adrenergic receptors;
hematopoiesis

1. Introduction

The sympathetic nervous system (SNS) together with the parasympathetic nervous system
(PSNS) constitute the autonomic nervous system (ANS) also called involuntary nervous system
because it functions without conscious control . The physiology of most organs in the body is
influenced by the both the SNS and PSNS that play a major homeostatic role. The efferent nervous
signaling of the SNS originates in preganglionic neurons located in the lateral horn of the gray
matter of the spinal cord or in the brainstem. The cholinergic axons of these neurons synapse with
post ganglionic neurons located in paravertebral ganglia outside the spinal cord. In turn, post
ganglionic neurons send adrenergic axons to peripheral tissues. The post ganglionic fibers of the
SNS do not synapse directly with target cells but rather release their neurotransmitters along a
significant portion of the axon and, by doing this, affect a large area of the target tissue. This happens
through multiple swelling on the nerve terminals, called varicosities (Mc Corry 2009)Therefore, the
nervous signaling may activate adrenergic receptors on many cells simultaneously. In steady state
situation, in mammals, the SNS is activated during the active phase of the circadian rest-activity
rhythm by the suprachiasmatic nucleus (SCN), the master biological clock located in the
hypothalamus (Buijs et al. 2006). As the overall main effect of the SNS is to prepare the organism for
physical activity by modulating the blood flow in peripheral organs, its daily activation is essential
for the homeostatic response to the environment. Furthermore, the SNS may be fully activated by
psychogenic stimuli such as stress, determining the fight-or flight response (Scott-Solomon et al.
2021) . The peripheral sympathetic neurotransmitters are catecholamines. The biosynthetic pathway
forming catecholamines is the following: the non essential amino acid tyrosine is hydroxylated to the
meta position to form 3,4-dihydroxy-L-phenylalanine (L-DOPA) by the enzyme tyrosine
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hydroxylase. Then, under the action of DOPA decarboxylase , L-DOPA becomes dopamine (DA) that
in turn is converted to norepinephrine (NE) by dopamine b-hydroxylase. Finally, epinephrine (E) is
formed by the action of phenylethanolamine N-methyltranferase on NE. NE and E bind and activate
G-coupled receptors called adrenergic receptors (ARs), a term derived by adrenaline and
noradrenaline that stands for E and NE . Based on pharmacological studies and molecular cloning,
we can recognize nine types of ARs, that is al, a2 and b, each of which is present in three subtypes,
namely alphalA, alphalB, alphalD; alpha2A, alpha2B, alpha2C and betal, beta2, beta3 (Graham
1990). Relevant to the present review, it has been recently demonstrated that some sympathetic fibers
may acquire postnatally the ability to conveys cholinergic signals in the bone marrow (BM) acting
on alpha? nicotinic receptors (Fielding et al. 2022).

The hematopoietic system is shielded in the hardest organs of the body, i.e. the bones and this
location may possibly reflect its homeostatic relevance. In fact, hematopoiesis takes place in the BM
and produces an astonishing 500 billions of cells every day (Kaushansky 2018). These highly
specialized cells constitute the blood and the immune system and have functions as distinct as
transporting oxygen and building the immune response (Fielding et al. 2022). A miniscule and rare
population of hematopoietic stem cells (HSCs) endowed with self-renewal as well as differentiation
capabilities is responsible for such an amazing performance (Wang et al. 1997). Nevertheless, in
steady state condition HSCs are very quiescent cells and enter the cell cycle quite rarely (Cheshier
1999). In fact, homeostatic hematopoiesis is essentially dependent on the proliferation of lineage
specific progenitor cells (Hofer and Rodewald 2018). On the contrary, in emergency situations such
as serious bleeding or infection, HSCs are mobilized to produce progenitor and effector cells (Cora et
al. 2018; Kandarakov et al. 2022).

HSCs reside in the BM, a loose tissue which permeates the bone trabeculae and is constituted
essentially by stromal cells, vessels and hematopoietic cells. The arteries supplying the BM enter
through the nutrient foramen and branch into smaller arterioles which then connect to the vascular
sinusoids thru transition zone vessels and finally, by a central venous sinus, into the veins leaving
the bone via the nutrient channel. The arterioles are wrapped in sympathetic nerve fibers,
perivascular mesenchymal cells and non-myelinating Schwann cells (Cora et al. 2018; Fielding and
Méndez-Ferrer 2020).

The evidence that outside the BM, HSCs loose their function led to the concept of hematopoietic
niche ( Morrison and Scadden 2014). This structure supports hematopoiesis through a complex ad
close interaction of many cell types supplying growth factors and adhesion molecules. The exact
location of the niches is still not clear, some studies place them in the proximity of the endosteal
region, others close to the vascular sinusoids ( Wei and Frenette 2018). At variance, it has been
recently proposed that hematopoietic niches are distributed at random in the BM ( Kokkaliarisetal.
2020). More recent studies showed that myeloid-biased HSCs are located near sinusoids while
lymphoid-biased HSCs are in proximity of arterioles ( Pinho etal al. 2018). It remains to elucidate
where are located the niches supporting unbiased HSCs. In any case, endothelial cells and
perivascular cells that include mesenchymal stromal cells (MSCs) are crucial for production of
CXCL12 and stem cell factor (SCF) that are fundamental for the maintenance of both HSCs and their
immediate progeny, i.e. the hematopoietic stem and progenitor cells (HSPCs) (Wei and Frenette 2018;
Kandarakov et al. 2022). Besides endothelial cells and MSCs, that comprehend different cell
subpopulations (Kandarakov et al. 2022), a number of other cell types contribute to the hematopoietic
function of the BM niche. Osteoblasts, megakaryocytes, macrophages, neutrophils, adipocytes and
regulatory T cells have been reported to play a role in the hematopoietic niche (Cossio et al.
2019;Kandarakov et al. 2022).

Hematopoiesis is a very complex and tightly regulated mechanisms. The classical hierarchical
model describes the first step of HSCs differention as leading to the formation of multipotent
progenitor cells (MMPs). The differentiation of MMPs into common myeloid progenitors (CMPs)
and common lymphoid progenitors (CLPs) constitutes the second step. The progeny of CMPs are
granulocyte-macrophage progenitors (GMPs) and megakaryocyte-erythroid progenitors (MEPs).
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GMPs give rise to monocytes, macrophages, mast cells and granulocytes and MEPs differentiate
into erythrocytes and megakaryocytes. The lymphoid cells derived from CLPs include T an B
lymphocytes, natural killer (NK) cells, dendritic cells (DCs) and the innate lymphoid cells (ILCs)
(Akashi et al.2000; Nakorn et al. 2003; Pronk et al. 2007;Karsunky etal. 2008; Vivier et al. 2018).
However , more recently a different model has been proposed in which HSCs are described as an
heterogeneous cell populations with lineage- priming including multipotent and
megakaryocyte/platelet-biased HSCs. In this model , hematopoiesis is seen as a gradual transition
with cells acquiring increasing lineage priming while losing pluripotency. Early stage MEPs are
produced with a shared pathway with mast cells, eosinophils and basophils, but separate from other
myeloid and lymphoid lineages. In addition, megakaryocytes may be directly produced by HSCs, a
pathway that could be important in emergency situations or in malignancies (Psaila and Mead 2019),
Figure 1.
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Figure 1. Hematopoiesis.

Hematopoiesis occurs by a continuous flow of differentiation steps in which multipotency may
coexists with various degrees of lineage priming. Lymphoid-primed multipotent progenitor cells
(LMPs); eosinophil, basophil-mast cells progenitors (EMPs); myeloid progenitors (EMPs);
megacaryocytes (MK).

2. Sympathetic Modulation of Hematopoiesis

The notion that BM is innervated by myelinated and non-myelinated nerve fibers dates back to
1916n (Drinker and Drinker, 1916). However, the evidence that such an innervation enter the BM
parenchyma and belongs largely to the ANS is much more recent (Calvon1968). Similarly, the first
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evidence that adrenergic agents could influence regenerative hematopoiesis in a model of syngeneic
BM transplantation was published only in 1992 (Maestroni et al. 1992). Later it was also shown that
NE concentration in the BM shows a circadian rhythm that could be abolished by chemical
sympathectomy suggesting that the NE oscillation was dependent on the rhythmic oscillation of the
SNS activity. Remarkably, the NE rhythm correlated positively with the proliferative activity of BM
cells suggesting a role of NE in steady state hematopoiesis (Maestroni et al. 1998). The intriguing
evidence that NE may affect proliferation of BM cells came also from another study showing that the
administration of exogenous NE could protect mice inoculated with lethal doses of the cytotoxic drug
carboplatin. The hematopoietic rescue was apparently exerted at the level of myeloid progenitor cells
( Maestroni et al. 1997). This finding was then confirmed in both mice and humans even at the level
of HSCs (Spiege et al. 2007; Lucas et al. 2013). The above reported studies (Maestroni et al. 1992;
Maestroni et val.1997; Maestroni et al. 1998), claimed that the adrenergic effects observed involved
alphal-ARs apparently expressed on lymphoid stem/progenitor cells (Togni and Maestroni, 1996)
and that their activation by NE promoted lymphoid differentiation while inhibiting myeloid
differentiation, a finding that has not yet been confirmed by other groups.

2.1. Steady State Hematopoiesis

Every day, HSCs, HSPCs and mature leukocytes egress from the BM, enter the blood circulation
and then return back home and, in the case of mature leukocytes, may infiltrate peripheral
extramedullary tissues (Méndez-Ferrer et al. 2008). This circadian rhythm is mainly regulated by
photic signals provided by the light/dark cycle of the day. The photic information activates retinal
ganglion cells expressing the photopigment melanopsin and reach the SCN via the retino-
hypothalamic tract. In turn, the SCN synchronized with the external environment, signals to
peripheral organs, including the BM, via the SNS (Méndez-Ferrer et al. 2008; Maestroni 2023). One
of the key factors governing the cellular traffic in and out the BM is the expression of the chemokine
CXCL12 by a particular cell population surrounding sinusoidal endothelial cells or located in the
proximity of the endosteum. These CXCL12-abundant reticular cells (CAR cells) largely overlap
with mesenchymal cells expressing the green fluorescent protein (GFP) and containing the
intermediate filament protein nestin (Nes-GFP+ cells) and with leptin receptor positive (LepR* )cells
( Fielding and Méndez-Ferrer 2020). CXCL12 binds to its receptor CXCR4 expressed on most cells
including hematopoietic and endothelial cells and organizes cell migration, cell homing and cell
retention in the BM (Bianchi and Mezzapelle 2020). Nes-GFP+ cells co-localize with HSCs in the niche
and are associated with adrenergic nerve fibers (Méndez-Ferrer 2010) that are maintained in the BM
by nerve growth factor (NGF) produced by LepR* cells (Méndez-Ferrer 2010). Nes-GFP+ cells express
beta3-ARs whose activation downregulates CXCL12 expression promoting HSCs, HSPCs and
leukocytes migration. This happens in the resting phase of the circadian rhythm in both mice and
humans Méndez-Ferrer et al. 2008; Méndez-Ferrer et al.2017). On the contrary, during the activity
phase (day in humans and night in mice) the opposite occurs, the expression of CXCL12 increases
and cells return to the BM (Méndez-Ferrer et al. 2008). The action of beta3-ARs, that would induce
cell egress, is contrasted by beta2-ARs that favor BM homing. beta2-ARs are involved also in the
leukocytes adhesion to endothelial cells and subsequent recruitment in peripheral tissues (Méndez-
Ferrer et al. 2010).Thus, rather surprisingly, similar noradrenergic mechanisms seem responsible for
two opposite effects, i.e. BM egress during the resting phase of the circadian cycle and BM homing
during the active phase. A recent study addressed this problem in mice and found that during the
light phase of the photoperiod (resting phase), sympathetic fibers, that acquired cholinergic
properties postnatally (Fielding et al. 2022), reduce vascular adhesion through acetylcholine
collaborating with beta3-ARs to allow HSCs and leukocytes to enter the blood circulation (Garcia-
Garcia et al.2020). Moreover, the expression of beta3-ARs and beta2-ARs are in phase with the peak
of their high affinity adrenergic ligands, thatis NE for b3-ARs during day time and E for beta2-ARs
during the night. In addition, during the night, the central parasympathetic inhibition of the
sympathetic tone decreases beta3-ARs activity while allowing the activation of beta2-ARs by E
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secreted upon activation of the adrenal glands by the hypothalamo-pituitary axis. This combination
finally results in increased CXCL12 expression and BM homing (Méndez-Ferre et al. 2008; Garcia-
Garcia et al.2020).  Thus, it is suggested that the circadian traffic of HSCs and leukocytes is directed
by both the SNS and the PSNS.

The current opinion about the physiological relevance of the circadian regulation of HSCs,
HSPCs and mature leukocytes circulation as well as  of their homing in the BM or peripheral tissues,
claims that such a traffic is necessary to maintain an efficient hematopoietic niche as well as to patrol
the organism to ensure the appropriate response in case of infection [Méendez-Ferre et al. 2008;
Maestroni 2023).

A scheme illustrating this cellular traffic in steady state hematopoiesis is reported in figure 2.

2.2. HSCs-Based Therapeutics and Regenerative Hematopoiesis

HSCs transplantation is widely used to treat hematological malignancies, bone marrow failure
and autoimmune diseases (Bozdag et al.2018). Critical issues in this procedure are the number of
HSCs that can be harvested and their successful engraftment in the host. The evidence that HSCs
do circulate in the blood and undergo self renewal in the BM niche at different times of the circadian
cycle provides the possibility to improve the efficacy of both procedures. Therefore, apheresis to
collect HSCs should be performed at the beginning of the resting phase rather than in the morning
and the opposite schedule should be applied for HSCs injection. In addition, as both phenomena are
regulated by adrenergic signals activating beta3-ARs for HSCs egress beta2-ARs for HSCs homing,
and one could envisage a pharmacological approach using the appropriate adrenergic
agonists/antagonists to further improve the success of these therapeutic trials. This would stand
also for the clinical use of granulocyte colony stimulating factor (G-CSF), used to enforce HSCs
mobilization, because it has been shown that even its action depends on the SNS activity. In fact,
inhibition of the adrenergic signaling prevents the downregulation of CXCL12 and hence the
mobilization of HSCs, while administration of beta2-ARs agonists had the opposite effect (Katayama
et al. 2006). At variance, a recent study in mice shows that a CXCR4 antagonist synergizes with the
beta-ARs blocker propranolol in inducing HSCs mobilization (Sukhtankar et al. 2023).

The use of adrenergic agents might be considered also to enhance regeneration of the
hematopoietic system after irradiation or chemotherapy in cancer patients. In fact, it has been
established that noradrenergic signals to beta-ARs are required to regenerate hematopoiesis after
myeloablative treatment (Maestroni et a. 1997; Lucas et al. 2013). In addition, due to the ability of
alpha7-nicotinic receptors on nes-GFP* MSCs to promote HSCs quiescence , the use of nicotinic
receptors agonists may protect them from the toxic effect of these anti-cancer therapies. On the
other hand, an excessive and chronic stimulation of nicotinic receptors as it happens in the case of
smoking may delay hematopoietic regeneration (Fielding et al. 2022).

Previous studies (Maestroni et al. 1992; Togni and Maestroni 1996; Maestroni et al. 1997:
Maestroni et al. 1998) have also shown that alphal-ARs expressed on lymphoid- “primed progenitor
cells are involved in hematopoietic rescue and regeneration (Figure 3, see also the Discussion section).

2.3. Hematopoiesis Under Stress and Ageing

Emergency myelopoiesis occurs when granulocytes are recruited to the site of an acute
physical injury with inflammation and infection. This results in accumulation of myeloid-derived
suppressor cells (MDSCs), reduced T cell functions and increased proliferation of HSCs and HSPCs
(Scumpia et al. 2010).. MDSCs have both inflammatory and immunosuppressive properties and
play an important role in inflammation and cancer immunity (Ostrang-Rosemberg and Sinha 2009).
Activation of SNS that is common in the stress responses plays a crucial role in this process by
potentiating myelopoiesis (Loftus et al. 2018).

Chronic stress is integrated by brain structures that signal the periphery via the ANS and the
HPA axis. The stress effects on hematopoiesis results in neurophilia, monocytosis and lymphopenia
and hence in an upregulation of inflammation in peripheral tissues. This may increase the risk for
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many diseases including myocardial infarction and stroke (Heidt et al. 2014; Chan at al. 2023). The
mechanism underlying these phenomena depends on increased adrenergic signalling to beta3-ARs
on nestin+tMSCs resulting in reduced CXCL12 production and finally in increased neutrophils and
inflammatory monocytes generation (Heidt et al. 2014).

Ageing is associated with a loss of the regenerative capacities and myeloid-biased
differentiation of HSCs, a condition that may favor the development of blood disorders ( Guidi and
Geiger 2017). These alterations are associated with decreased lymphoid progenitors, lymphopenia
and decreased immunity in the elderly. Hematopoietic ageing is often associated with clonal
hematopoiesis and increased risk of both hematological malignancies and atherosclerosis (Groarke
and Young 2019). Alteration of the sympathetic innervation of the hematopoietic niche provokes
HSCs ageing. In fact, it has been reported that loss of SNS nerves and beta3-ARs signaling may induce
ageing of the hematopoietic system (Maryanovich et al. 2018). At variance, another study suggests
that ageing of the BM niche is associated with increased SNS innervation but confirmed, however,
the reduced beta3-ARs signaling complemented by increased beta2-ARs activity leading to
increased megacaryiopoiesis (Ho et al. 2019). Most interesting , both reports agree that beta3-ARs
agonists may rejuvenate the HSCs niche (Maryanovich et al. 2018; Ho et al. 2019).

Interestingly, both stress and ageing seems to induce similar alterations in hematopoiesis and
are linked to an increased or disturbed SNS activity.

2.3. Hematological Malignancies

Leukemia and myeloproliferative neoplasms (MPNs) modify the BM niche affecting migration
and differentiation of normal HSCs. A fundamental study reports that MPNs patients and mice
expressing the human mutation JAK2(V617F) in their HSCs show reduced sympathetic innervation,
Schwann cells and nestin + MSCs in their BM. The MSCs reduction in mice does not derive from
differentiation but is apparently caused by the neural damage caused by Schwann cells apoptosis
induced by interleukin-1 beta produced by mutant HSCs. On the other hand, depletion of nestin+
MSCs or of their product CXCL12 promoted the expansion of the mutant HSCs (Arranz et al. 2014).
Another report suggests that sympathetic neuropathy is a mechanism by which acute myeloid
leukemia (AML) depletes normal BM niche cells while expanding more differentiated mesenchymal
progenitors supporting leukemia progression. To investigate the mechanism of such effect,
antagonists of both beta2- and beta3-ARs were injected in leukemic mice. The result was that
blockade of beta2-ARs but not of beta3-ARs had a disease promoting effect. The opposite was
found with a b beta2-ARs agonist (Hanoun et al. 2014). These studies suggested a possible novel
therapeutic approach in hematological malignancies, however, rather surprisingly, remained isolated
and did not foster any new insight in this interesting topic.

3. Discussion

The majority of the studies above reported indicate beta3-ARs and beta2-ARs expressed on BM
MSCs as the major players of the adrenergic influence on the hematopoietic system. Recently, even
alpah7-nicotinic receptors have been shown to cooperate with beta2-ARs in promoting HSCs
quiescence, a condition necessary for their self-renewal. Nevertheless, the cholinergic role in
regulating hematopoiesis remains largely unexplored. In addition, the current concept that only the
modulation of beta-ARs activity may explain the SNS influence on hematopoiesis cannot compose
all the available experimental evidences in the field. For example, catecholamines and
acetylcholine may be synthesized by hematopoietic cells in the BM, adding further complexity to our
understanding of the adrenergic/cholinergic modulation of the hematopoietic process (Maestroni
2000; Schloss et al.2022). Also the PSNS-dependent reduction of the SNS activity that according to
Garcia-Garcia et al. (2020) should dampen beta3-ARs activation during the night in mice, is
conflicting with the well known notion that the active phase of the photoperiod is dependent on an
increased SNS activity in all species. Consistently, our previous findings indicating that in murine
BM the SNS activity follows a circadian rhythmicity peaking during the night ( Maestroni et al.
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1998). Furthermore, the mechanisms and the cell type(s) involved in the beta-ARs promotion of
hematopoietic regeneration remain unknown. The same holds true for the regulation of the
lymphoid/myeloid differentiation ratio. In fact, conditions associated to a myeloid-biased
hematopoiesis are as different as stress and ageing, yet under stress conditions it was claimed that
the effect is due to the stress-associated NE overproduction activating beta3-ARs on MSCs (Heidt et
al. 2014; Fielding and Méndez-Ferrer 2020), while in the myeloid bias associated with ageing it was
found that beta3-ARs activation is reduced and the effect was ascribed to beta2-ARs (Guidi and
Geiger 2017; Marynovich et al. 2018; Ho etal. 2019;Fielding and Méndez-Ferrer 2020) . Thus is seems
that the picture is far from being complete.

In the studies that pioneered the field and by various in vivo and in vitro experimental
approaches, we repeatedly found that alphal-ARs, possibly expressed on lymphoid progenitor cells,
were involved in promotion of the lymphoid lineage while inhibiting myeloid differentiation. In fact,
their pharmacological blockade in vivo favoured myelopoiesis at the expense of lymphopoiesis
(Maestroni and Conti 1994; Maestroni 1995). Even the NE-induced hematopoietic rescue in mice
injected with lethal doses of carboplatin was, at least in part, mediated by alphal-ARs ( Maestroni et
al. 1998). All these experiments were performed in mice, and therefore it is possible that the al-ARs
antagonist prazosin affected also pre-synaptic alpha2-ARs potentiating indirectly the activation of b-
ARs. In fact, it has been reported that in rodents, prazosin may act also as an alpha2-ARs antagonist
(Dong et al. 2002). In any case, in BM cultures, NE inhibited the growth of granulocytes and
macrophages colonies (GM-CFU) and the effect was neutralized by prazosin (Maestroni et al. 1992;
Maestroni et al. 1997: Maestroni et al. 1998]. In vitro, NE proved also to protect GM-CFU in BM cells
expressing high affinity alpha-1ARs from the toxic effect of carboplatin and the effect was
counteracted by low concentrations of prazosin (Togni and Maestroni 1996).

Nonetheless, alphal-ARs have never been taken in consideration in the studies following our
contributions in the field. This is rather surprising because, to my knowledge, no study has ruled out
the presence of alphal-ARs in BM cells, a probably impossible goal. In fact, apart from our findings,
macrophages are known to play an important role in the HSCs niche(Kandarakov et al 2022) and to
express both beta-ARs and alphal-ARs (Freire et al.2022). In addition, it has been also reported
that HSPCs do express alphal- and alpha2 -ARs (Muthu et al. 2007). To the sake of gaining a better
knowledge of the adrenergic influence on hematopoiesis it would be therefore desirable to re-address
the role of  alphal-ARs in the hematopoietic system.

STEADY STATE HEMATOPOIESIS

Circadian resting phase Circadian active phase
Synusoid vessel Synusoid vessel
MSCs MSCs

Endothelial cells Endothelial cells

Figure 2. During the resting phase of the circadian rhythm the SNS induce hematopoietic cells egress from the
BM into circulation. The sympathetic noradrenergic activation of beta3-ARs results in decreased production
of the chemokine CXCL12 inducing HSCs, HSPCs and mature leukocytes (ML) migration. On the contrary, in
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the active phase of the circadian cycle, activation of the HPA axis increases circulating E which stimulates

preferentially beta2-ARs which increases production of CXCL12 inducing cells homing.

HEMATOPOIETIC RESCUE AND REGENERATION

Synusoid vessel

MSCs

Endothelial cells

Sympathetic nerves

> ACh NE ©1-ARs

? ARs B-ARs

S5g®

Figure 3. During the resting phase of the circadian rhythm the SNS induce hematopoietic cells egress .
Hematopoietic rescue and regeneration after myeloablative treatments may be accomplished by various but
not completely understood mechanism. HSCs quiescence that is needed for self renewal may benefit from
cholinergic signals acting on alpha7-nicotinic receptors (a7-NRs) expressed by MSCs. On the other hand,
adrenergic activation of beta-ARS and/or alphal-ARS may contribute in hematopoietic protection. and
regeneration. The mechanisms and the cells involved in the action of beta-ARS  are still obscure, while al-ARS
possibly expressed on lymphoid-primed multipotent progenitors (LMPs) and perhaps also by HSPCs exert a

negative control on myelopoiesis favoring both rescue and regeneration.

4. Conclusion and Prospects

The findings reported above ascertain that the SNS plays a major role in the physiology of the
HSCs niche. Due to the major adaptive role of both systems, this fact should not be so surprising. In
steady state situation, the SNS activation of beta3-ARs on nes-GFP* MSCs during the resting phase
of the circadian cycle results in decreased CXCL12 production and therefore in the leukocytes and
HSCs egress from BM into the blood. The cycle is then closed by the E activation of beta2-ARs
and possibly of alpha7-nicotinic receptors by cholinergic sympathetic fibers resulting in increased
CXCL12 inducing leukocytes and HSCS homing. This cellular traffic is crucial for both HSCs
differentiation and self-renewal. The SNS contributes also in the control of stress hematopoiesis
after myeloablative treatments or severe physical injuries in order to regenerate an efficient
hematopoiesis or replenish the site of injury with effector cells. The mechanisms inducing
hematopoietic regeneration or myeloid-biased hematopoiesis are still unclear. Perhaps, in these cases
it would be advisable to take in consideration also the hematopoietic role of alphal-ARs beside that
of beta-ARs. . On the basis of our original findings and of the recent evidence about the existence of
lymphoid-biased multipotent progenitors cells capable of generating myeloid cells and CLPs (LMPs
, see Fig 1), I would like to suggest that alphal-ARs are expressed on LMPs and mediate the SNS
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effect on their differentiation and/or proliferation. In particular, their activation might promote the
formation of CLPs while myeloid cells generation would be enhanced by their blockade. On the other
hand, alpha-1ARs have been involved in osteoblastic stem cell differentiation (Choi et al. 2011)
and erythroid differentiation in human chronic myelogenous leukemia( Ha et al. 2017), therefore their
possible action on LMPs does not seem unreasonable.

This approach might also be useful to better uncover and perhaps control by adrenergic agents
the myeloid promoting effect of psychogenic stress and of ageing. In addition, also the use of
adrenergic drugs as therapeutic tools in hematological malignancies could be better devised.
Likewise, preclinical experiments using limiting dilution assays in HSCs transplantation in presence
of pharmacological activation or inhibition of the various ARs might provide useful information to
improve the success of this therapeutic approach. Last but not least, the role of ARs in the central
nervous system should also be taken in consideration as there are evidences about their possible
involvement in the regulation of BM functions [59].
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