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Haematopoietic stem cells (HSCs) reside in specialized microenvironments in the
bone marrow—often referred to as ‘niches’—that represent complex regulatory
milieux influenced by multiple cellular constituents, including nerves'?. Although

sympathetic nerves are known to regulate the HSC niche’*¢, the contribution of
nociceptive neurons in the bone marrow remains unclear. Here we show that
nociceptive nerves are required for enforced HSC mobilization and that they
collaborate with sympathetic nerves to maintain HSCs in the bone marrow.
Nociceptor neurons drive granulocyte colony-stimulating factor (G-CSF)-induced
HSC mobilization via the secretion of calcitonin gene-related peptide (CGRP). Unlike
sympathetic nerves, which regulate HSCs indirectly via the niche**$, CGRP acts
directly on HSCs viareceptor activity modifying protein 1 (RAMP1) and the calcitonin
receptor-like receptor (CALCRL) to promote egress by activating the Ga/adenylyl
cyclase/cAMP pathway. The ingestion of food containing capsaicin—a natural
component of chili peppers that can trigger the activation of nociceptive neurons—
significantly enhanced HSC mobilization in mice. Targeting the nociceptive nervous
system could therefore represent a strategy to improve the yield of HSCs for stem
cell-based therapeutic agents.

The ability to migrate is a hallmark of HSCs, which travel to different
haematopoieticsites during development and continue to bereleased
from the adult bone marrow throughout life. The migratory property
of HSCs has facilitated their collection from blood and their transplan-
tation for curative anticancer therapies. The detailed mechanisms by
which HSCs migrate out of the bone marrow, however, remain largely
unknown. Additionally, insome donors the yield of mobilized HSCs can
beinsufficient’, indicating the need for improved methods to stimulate
their mobilization.

In tissues that are exposed to the external environment—for exam-
ple skin, lung and gut—nociceptor sensory neurons detect damaging
stimuli, and can regulate the ensuing immune response by releasing
neurotransmitters and other regulatory molecules®'°. However, other
than the perception of pain, the role of nociceptors in a deep tissue
such as the bone marrow is not well understood.

Neural collaboration to maintain HSCs

We surveyed the total nerve densitiesin the bone marrow by analysing
expression of the pan-neuronal marker class IlI 3 tubulin (TUBB3) using
immunofluorescence. Although adrenergic fibres from the sympa-
thetic nervous system—identified by anti-tyrosine hydroxylase (TH)—
comprised a meaningful fraction of the nerve staining area, the vast
majority of the staining area (around 77%) consisted of nociceptive
nerves marked by CGRP (Fig. 1a, b, Extended Data Fig. 1a). Analysis of

total nerve length per area of bone marrow revealed that CGRP* and
TH' nerves had similar length densities (Extended Data Fig. 1b); this
suggests that both CGRP"and TH" nerves exhibit similar projectionsin
thebone marrow, and that theincreased area occupied by nociceptive
nerves could reflect their larger bundles.

Giventheir afferent functions, itis possible that nociceptor neurons
sense the bone marrow environment and relay these signals to the cen-
tral nervous systemto circuit back via efferent fibres from the sympa-
thetic nervous system. Alternatively, nociceptors might exert efferent
influences and directly alter organ physiology®. To distinguish between
these possibilities, we treated wild-type C57BL/6 mice systemically with
either vehicle, resiniferatoxin (RTX), 6-hydroxydopamine (60OHDA) or
bothto differentially ablate nociceptive (RTX) or sympathetic (6OHDA)
nervefibres (Extended Data Fig.1c-e). Although sympathetic denerva-
tion significantly suppressed B lymphopoiesis—in line with previous
studies”—neither sympathetic nor sensory denervation alone altered
the number of HSCs in the bone marrow (Extended Data Fig. 2a-d).
However, the dual denervation induced significant HSC expansion
andled to amyeloid bias of haematopoiesis (Extended Data Fig.2a-d).
Competitive transplantation experiments revealed amarked reduction
inlong-termreconstitution after dual denervation compared with the
othergroups (Extended DataFig. 2e, f). However, the homing efficiency
of HSCs and Lin"Sca-1'Kit" (LSK) cells was similar between the control
and dual denervation groups, suggesting that the reduced bone marrow
reconstitutionisindependent of HSC homing (Extended DataFig.2g, h).
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Fig.1|Nociceptive neurons promote HSC mobilization. a, Representative
confocal z-stack projection of C57BL/6 mouse femur stained for CGRP (red),
TH (lightblue) and TUBB3 (green) nerve fibres. Scale bar, 100 um. b, Femoral
sensory and sympatheticinnervation quantified by CGRP*, TH* or TUBB3*
stained areadivided by totalbone marrow (BM) area. n=3 mice. ¢, Schematic of
G-CSF-induced HSC mobilization experiments and analyses. P, postnatal day.
d, Absolute numbers of HSCs (Lin"Sca-1'Kit"CD150*CD48") per ml of peripheral
blood after G-CSF-induced mobilizationin saline-treated (control) or
RTX-treated mice. n=11,13 mice, respectively. e, Colony-forming units
(burst-forming unit-erythroid (BFU-E), colony-forming unit-granulocyte,
macrophage (CFU-GM), and colony-forming unit-granulocyte, erythroid,
macrophage, megakaryocyte (CFU-GEMM)) per ml of G-CSF-mobilized blood
fromsaline-treated or RTX-treated mice.n=4,5mice, respectively.f, Left,
representative images of the spleen after G-CSF-induced mobilizationin

To further investigate the dual denervation in a genetic model, we
intercrossed Na,1.8-Cre transgenic mice with Cre-inducible diphtheria
toxin A (iDTA) mice in order to specifically ablate Na,1.8-expressing
sensory neurons (Extended Data Fig. 3a-d). Analysis of bone marrow
from Na,1.8-Cre;iTdTomato mice using confocalimmunofluorescence
microscopy revealed that all CGRP* nerves were iTdTomato® and that
the majority (more than 70%) of Na,1.8" nociceptive nerves were CGRP*
(Extended Data Fig. 3a). Dual depletion using Na,1.8-Cre;iDTA mice
combined with 60HDA treatment completely recapitulated the hae-
matopoietic phenotype that was observed after dual treatment with
RTX and 60HDA (Extended Data Fig. 3e, f). These results show that
nociceptive and sympathetic nerves donotactasacircuit, butinstead
collaborate as parallel efferent regulators to maintain HSCs in bone
marrow niches.

Nociceptor neurons secrete two major neurotransmitters, CGRP
and substance P'°. We therefore evaluated the specific contributions
of these neurotransmitters, together with adrenergic signals, to the
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saline-treated or RTX-treated mice. Scale bar,2 mm.Middle and right,
cellularity (middle) and absolute numbers of HSCs (right) in the spleens of
saline-treated and RTX-treated mice after theadministration of G-CSF.n=11
mice per group. g, The number of HSCs per femur from saline-treated or
RTX-treated mice after the administration of G-CSF. n=11,13 mice,
respectively. h, i, Thenumber of HSCs per ml of peripheral blood (h) or bone
marrow HSCs per femur (i) after G-CSF mobilizationin Na,1.8-Cre;iDTA*and
Na,1.8-Cre*;iDTA" mice.n=4,5mice, respectively. j, Peripheral blood donor
chimerism (CD45.2") in CD45.1-recipient mice transplanted with mobilized
blood (CD45.2) derived from saline-treated or RTX-treated mice mixed with
CD45.1competitor bone marrow cells at theindicated time points after bone
marrow transplantation (BMT).n=9,8 mice, respectively. Dataare mean +
s.e.m. Significance was assessed using atwo-tailed unpaired Student’s t-test.

regulation of HSCs. We found that the continuous delivery of CGRP—but
not substance P—returned the numbers of HSCs, B cells and myeloid
cellsto control levels (Extended Data Fig. 3g). HSC numbers were also
restored to control levels by the administration of a pan-B-adrenergic
receptor agonist (Extended Data Fig. 3g), which further indicates that
nociceptive and sympathetic nerves form anintegrated efferent inner-
vation network that regulates steady-state HSC function.

Nociceptors regulate HSC mobilization

The mobilization of HSCs by G-CSF is controlled in part by peripheral
sympathetic nerve-derived noradrenaline signalling via regulation of
the bone marrow niche®. We explored the possibility that nociceptor
nerve-derived neurotransmitter release in the bone marrow micro-
environment might also influence G-CSF-induced HSC mobilization.
Notably, the RTX-induced ablation of nociceptor neurons aloneled toa
marked reduction of mobilized phenotypic HSCs and colony-forming
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progenitors (Fig.1c-e) and LSK cells (Extended Data Fig. 4a) in response
to G-CSF when compared to vehicle-treated control mice. Consist-
ent with the reduced mobilization, the size of the spleen and its HSC
content were significantly reduced in RTX-treated mice compared to
nerve-intact mice (Fig. 1f, Extended Data Fig. 4b). However, we observed
no haematopoietic deficitsin the bone marrow (Fig. 1g, Extended Data
Fig. 4c, d), which suggests that the absence of nociceptor neurons
selectively affected HSC egress. We obtained similar results using
Na,1.8-Cre;iDTA mice (Fig. 1h, i, Extended DataFig. 4e, f). To assess the
blood content in functional HSCs, we transfused blood from G-CSF-,
vehicle- or RTX-treated mice mixed with competitor bone marrow cells
into lethally irradiated recipients. Mice reconstituted with the mobi-
lized blood from the RTX-treated mice consistently exhibited lower
donor multi-lineage reconstitution 20 weeks after transplantation
(Fig.1j, Extended Data Fig. 4g, h). These data indicate that nociceptor
neuronsare required to drive robust G-CSF-elicited HSC mobilization
from the bone marrow into the blood.

The neuropeptide CGRP promotes HSC egress

Because CGRP was found to collaborate with adrenergic signalsin HSC
maintenance, we next investigatedits rolein HSC mobilization (Fig. 2a).
Treatment with CGRP resulted insignificantly increased CGRP levelsin
thebone marrow extracellular fluid (Fig. 2b) and substantially increased
the number of HSCs mobilized by G-CSF (Fig. 2c). By contrast, no statis-
tically significantimprovement in HSC mobilization was observed after
the administration of substance P (Extended DataFig. 5a, b). Moreover,
CGRP administration rescued the mobilization deficit of mice that
lacked nociceptorstolevels similar to those observedinsaline-treated
wild-type control mice (Fig. 2c). Although the administration of CGRP

(from RNA sequencing datasets®?®). g, Schematic
ofthereciprocal transplantation of bone marrow
cells from RampI” (KO) or RampI™* (WT) mice into
lethally irradiated RampI** (WT) or Ramp1™~ (KO)
recipients. G-CSF wasinjected 8 weeks after
transplantation. h, HSCs per ml of peripheral
blood following G-CSF treatment after reciprocal
transplantation.n=6,7,5, 6 mice, respectively. i,
Schematic of mobilization experiment with
Vavl-iCre*;Calcrl mice.j, k, Absolute numbers of
HSCs (j, left) and cellularity (j, right) in femurs, and
number of HSCs per ml of blood (k) after G-CSF
treatmentin Vavl-iCre*;Calcr" or Vavl-iCre*;
Calcrlmice.n=6mice pergroup.Dataare mean +
s.e.m. Significance was assessed using a two-tailed
unpaired Student’s t-test (b-e, j, k) or one-way
ANOVA (h).
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did not alter the cellularity of the bone marrow, it significantly reduced
the number of bone marrow HSCs (Extended Data Fig. 5¢), consistent
with previous studies suggesting that sustained CGRP treatment might
suppress the proliferation of haematopoietic stem and progenitor cells
(HSPCs)™. To further exclude the possibility that nociceptive neurons
could act via asympathetic efferent circuit, we depleted sympathetic
nerves using 60HDA and evaluated whether CGRP could still induce
HSC mobilization. We found that CGRP treatment led to a significant
and proportional (around threefold) increase in HSC mobilizationin
the absence of sympathetic neurons (Extended Data Fig. 5d). These
results suggest that G-CSF-induced HSC mobilization is regulated by
the nociceptor nerve-derived neuropeptide CGRP.

To investigate how CGRP promotes HSC egress, we evaluated the
function of the CGRP receptor, which is formed by heterodimers of
CALCRL and RAMP1, both of which are required to initiate a response
to CGRP. We examined G-CSF-induced HSC mobilization in RampIl™~
mice compared with RampI** littermates (Extended Data Fig. 6a),
and found a marked reduction in G-CSF-induced HSC mobilization in
mice that lacked Ramp1I (Fig. 2d). The reduction of mobilized HSCs in
Ramp1~ mice was not due to lower HSC reserves in the bone marrow
(Fig. 2e). Additionally, we found no haematopoietic deficit at steady
state, and Ramp1l deficiency did not affect the homing ability of HSCs
and LSK cells to the bone marrow (Extended Data Fig. 6b-f). These
findings indicate that Ramp1 deletion selectively impairs HSC egress
into the circulation.

CGRP acts on haematopoietic cells

To identify which cells are the target of nociceptors, we first meas-
ured Ramp1 expression levels in various stromal and haematopoietic
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Fig. 3| RAMP1signals directly in HSCs. a. Quantification by RT-PCR of Ramp1
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elements. Whereas Rampl was expressed at low levelsin stromal cells,
robust expression was detected in HSCs (Fig. 2f). To ascertain whether
Rampl was required in the haematopoietic or the stromal compart-
ment of the bone marrow, we generated chimeric mice by recipro-
cal transplantation of bone marrow cells from Ramp1™”~ or RampI**
miceinto lethally irradiated Ramp1'* or Ramp1” recipients (Fig. 2g).
We found that the mobilization defect in the RampI ™ recipients was
rescued when donor HSCs were wild type (Fig. 2h). By contrast, chi-
maerasin which Ramp1”~ donor HSCs engrafted wild-type recipients
exhibited the same reduction in HSC mobilization (Fig. 2h) without
alterationof cellularity or HSC numbersinthe bone marrow (Extended
Data Fig. 6g). To confirm the haematopoietic origin of the defect, we
intercrossed Calcrl™" mice with Vavl-iCre mice to conditionally delete
Calcrlinhaematopoietic cells (Fig. 2i). We found a similar HSC mobili-
zation defectin Vavl-iCre*;Calcrl"" mice, whereas the number of HSCs
and the cellularity of the bone marrow were not altered (Fig. 2j, k). In
addition, we did not observe any significant changes in the number of
niche-associated cells or in CXCL12 expression within distinct niche
compartments (Extended Data Fig. 7a-c). We therefore conclude that
CGRP acts on haematopoietic cells, via its heterodimeric receptor
RAMP1-CALCRL, to promote HSC egress.

Next we sought to define the haematopoietic cell type thatistargeted
by CGRP and that regulates HSC mobilization. Analysis by quantita-
tive (real-time) PCR (qPCR) revealed that the expression of Ramp1
was highest in HSCs, with lower expression in monocytes and mac-
rophages (Fig. 3a). We therefore investigated the role of monocytes
and macrophages, both of which are known to regulate HSC mobili-
zation™ ™, Depletion of bone marrow monocytes and macrophages
using clodronate liposome® significantly reduced levels of CXCL12
in the bone marrow, leading to a significant increase of HSPCs in the
blood (Fig.3b-f). Notably, the administration of CGRP to mice depleted
of mononuclear cells markedly enhanced HSC mobilization without
affecting CXCL12levelsin the bone marrow (Fig. 3e, f). The synergistic
effect of CGRP administrationand mononuclear cell depletion excludes
the possibility that CGRP is acting on mononuclear phagocytes to pro-
mote HSC mobilization.

To address whether CGRP/RAMP1 signals were HSPC autonomous,
we analysed the migration capacity of haematopoietic progenitors
towards the chemoattractant CXCL12 (Fig. 3g). These analyses revealed
that the transmigration of lineage-depleted progenitor cells from
Rampl’ mice wassignificantly reduced (Fig. 3h). To confirm the HSPC
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autonomous effect in vivo, we generated mixed chimaeras in which
CD45.1" recipient mice were transplanted with a mix of bone marrow
from CD45.1* wild-type and CD45.2* RampI™ or RampI*”* miceatal:l
ratio (Fig. 3i). These analyses revealed significant impairments in the
mobilization of Ramp1”~HSCs from the bone marrow (Fig. 3j), further
suggesting that CGRP acts directly on HSPCs.

CGRP activates Ga,-adenylyl cyclase-cAMP pathways

We found no change in the expression of receptors involved in HSC
trafficking (CXCR4, VLA4 or CD44) after the administration of CGRP,
which suggests a mechanism that is independent of these receptors
(Extended Data Fig. 7d). To obtain further mechanistic insight, we
analysed genome-wide changes in gene expression in purified HSCs
from Ramp*"* and RampI™~ mice by RNA sequencing (Fig. 4a, Extended
Data Fig. 8a). Gene set enrichment analysis revealed the downregula-
tion of genes associated with Ga,-adenylyl cyclase-cAMP pathways,
including cAMP-dependent protein kinase A-mediated phospho-
rylation of cAMP-response element binding (CREB) and activation
of extracellular-signal-regulated kinases (ERKs) (Extended Data
Fig.8b, c). Because Ga, canactivate adenylyl cyclase to generate cAMP,
we tested whether stimulation of adenylyl cyclase with forskolin could
rescue the mobilization defect of RampI-deficient HSCs. We found that
activation of adenylyl cyclase completely restored G-CSF-mobilized
HSCsinRampI” mice (Fig.4b), without affecting the number of bone
marrow HSCs (Fig. 4c). These results indicate that the CGRP-RAMP1
pathway promotes HSC mobilization via the activation of downstream
Go,-adenylyl cyclase-cAMP signalling.

The CGRP-induced activation of the Ga,—adenylyl cyclase-cAMP
pathway in HSCs suggested the possibility of an additive effect with
plerixafor (AMD3100), an antagonist of CXCR4 that is approved by
the US Food and Drug Administration (FDA) and is administered
alongside G-CSF to elicit HSPCs in patients who show a poor mobili-
zation response or in patients for whom G-CSF is contraindicated™.
The administration of plerixafor with CGRP markedly increased HSC
mobilization compared with the administration of plerixafor alone
(Fig. 4d). Notably, CGRP administration further increased the mobi-
lization induced by concurrent treatment with plerixafor and G-CSF
(Fig. 4e), and this was confirmed by long-term competitive repopu-
lation of mobilized blood (Fig. 4f). To investigate whether adrener-
gic stimulation could enhance HSC mobilization induced by CGRP,
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we treated mice with the noradrenaline reuptake inhibitor desipra-
mine, whichenhances HSC mobilization by increasing the adrenergic
tone in the bone marrow”*®, However, we did not observe further
mobilization when combining desipramine and CGRP stimulation
(Extended Data Fig. 8d, e), which suggests that they might be acting
on the same mobilizable pool. To assess whether CGRP administra-
tion could rescue the defective HSC mobilization from diseased bone
marrow, we evaluated mice that had received multiple cycles of chem-
otherapy—a common cause of insufficient HSC yield in the clinic®.
As expected*, G-CSF-induced HSPC mobilization was significantly
impaired in mice treated with cisplatin, and we found that this deficit
was significantly rescued by CGRP administration (Fig. 4g). These data
suggest that CGRP-induced signals broadly contribute to HSC egress.

Spicy food enhances HSC mobilization

Theroleof nociceptorsinpromoting HSC mobilizationled us to hypoth-
esize that the ingestion of spicy food—which can trigger nociceptive

T T
16 12 16 4 8 12 16

4 8
Time post BMT (weeks) Time post BMT (weeks) Time post BMT (weeks)

respectively. h, Experimental design to determine the effect of a capsaicin-containing
diet on HSC mobilization. i,j, Representative gating strategy (i) and quantification (j)
of HSCs per ml of blood after G-CSF administration in saline-treated or RTX-treated
mice fed onacontrol diet or a capsaicin (CAP)-containing diet.n=6,7,6,4 mice,
respectively.k, 1, Blood leukocyte chimerismin total blood (k) and blood B cells (1,
left), T cells (1, middle) and myeloid cells (I, right) of CD45.1-recipient mice
transplanted with mobilized blood (CD45.2) derived from mice fed on control or
capsaicin diets mixed with CD45.1 competitor bone marrow cells. n=9 mice per
group. Dataare mean +s.e.m. Significance was assessed using a two-tailed unpaired
Student’s t-test (d, k, I) or one-way ANOVA (b, ¢, e-g, j). For box plots, the box spans
fromthe 25th to 75th percentiles and the centre line shows the median. Whiskers
represent minimum to maximum range.

nerve activation—could influence HSC mobilization from the bone
marrow. To explore this possibility, we fed C57BL/6 mice adiet contain-
ing capsaicin—a chili pepper extract and natural ligand that activates
TRPV1'neurons (Fig. 4h, Extended Data Fig. 9a). Whengiven the choice,
mice preferred regular chow over spicy chow; however, their daily food
intakeand body weight were not altered on aspicy food diet (Extended
DataFig. 9b, c). Mice given a capsaicin-containing diet had significantly
increased CGRP levels in the bone marrow extracellular fluid, with no
changeinthe number of HSCs orintheir proliferation (Extended Data
Fig.9d, e). Notably, G-CSF-induced HSPC egress in mice that consumed
spicy food was significantly higher than in those fed with standard
chow (Fig.4i,j, Extended Data Fig. 9f). This was confirmed by competi-
tive repopulation assays of mobilized blood (Fig. 4k, I). By contrast,
capsaicin did not enhance HSC mobilization when nociceptors were
depleted by treatment with RTX (Fig. 4j); this indicates that capsaicin
probably acts vianociceptors, although additional mechanisms remain
possible. To determine whether the increased repopulation activity
seen in mice that were fed a capsaicin diet was due to the increased
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numbers or anincreased engraftment capacity of HSCs, we carried out
competitive repopulation experiments with sorted HSCs. We found no
differenceinthe repopulationactivities between the capsaicin-treated
and control groups (Extended Data Fig. 9g-j). Similar results were
obtained with sorted HSCs from mice stimulated with CGRP (Extended
DataFig. 9k-m). These results suggest that theincreased bone marrow
repopulationactivity elicited by the capsaicin diet or by CGRP admin-
istration did not result from enhanced HSC competitiveness, but from
agreater number of mobilized functional HSCs.

Discussion

Nociceptors enable the rapid detection of external insults—such as
pain, cold or heat—to avoid organ damage®'°. Although nociceptors
are integral to the generation of animmune response to protect the
integrity of the body, our results uncover arole for nociceptor neurons
inan organ that is isolated from the external environment, in which
nerve-derived CGRP release regulates HSC maintenance and egress
fromthe bone marrow (Extended Data Fig.10). CGRP acts via CALCRL-
RAMP1receptors expressed on HSPCs, which leads to anincrease in the
level of Ga,-mediated cAMP that promotes the egress of HSPCs. These
results arein line with previous studies suggesting that Ga, enhances
HSC mobilization via a then-unidentified GPCR?. It is notable that
theinteraction of prostaglandin E, with the Ga,-coupled E-prostanoid
receptor-4 (EP4) also induces an increase in cAMP, which regulates
HSPC homing and mobilization*?, Prostaglandin E,enhances homing
in part by increasing CXCR4 expression on HSPCs, whereas the inhi-
bition of EP4 signalling in stromal cells (not HSPCs) promotes HSPC
egress®?2 By contrast, CGRP alters neither CXCR4 expression nor
homing to bone marrow. The differing responses to increased levels
of cAMP by different GPCRs could involve different CREB-dependent
or -independent mechanisms? and/or the activation of co-signalling
pathways that might specify the response.

The administration of G-CSF is frequently associated with bone pain,
whichis oftenreported after the first dose?; this is consistent with the
presentresults suggesting that pain probably arises from the activation
of nociceptive neuronsratherthanfromarapidincreaseinthe number
of haematopoietic cells in the confined bone marrow space. Consist-
ent with this, G-CSF has been reported to activate directly receptors
expressed on sensory neurons, release CGRP and cause pain®. Three
antibody drugs that target CGRP have recently been approved by the
FDA and the European Medicines Agency to treat migraine®. On the
basis of the present results, the inhibition of CGRP would interfere with
HSC mobilization. Conversely, TRPV1 receptor agonists have been
formulated for painrelief”’ and, if administered at relatively low doses,
could actas asubstitute for the ingestion of the 10 jalapefio peppers a
dayfor4 daysthatis predicted to enhance HSC mobilizationin humans.
Enhancing signals from the nociceptive nervous system could therefore
provide avenues towards the improved collection of HSCs.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Mice

Na,1.8-Cre mice were a gift fromJ. Wood. Na,1.8-Cre mice were bred with
iDTAmice and iTdTomato mice (both from Jackson Laboratory) to gen-
erate Na,1.8-Cre/iDTA nociceptor-deficient mice for functional studies
and Na,1.8-Cre/iTdTomato mice forimaging experiments, respectively.
RampI” mice were generated in the 12956/SvEv background?®. All
experiments with RampI*"* and Ramp1”~ mice were carried out using
littermates by intercrossing RampI'"~ heterozygous mice. Carcr[™™
mice were generated as previously described*® and were bred with
Vavl-iCre mice fromJackson Laboratory to conditionally delete Calcrl
in haematopoietic cells. C57BL/6 CD45.1 and CD45.2 congenic mice
were purchased from the Jackson Laboratory. Unlessindicated other-
wise, 8-10-week-old mice of both genders were used for experiments.
All mice were maintained in pathogen-free conditions under a12 h/12
hlight/dark cycle, at atemperature of 21 +1°C, a humidity of 40-70%
and were fed with autoclaved food. This study complied with all ethi-
calregulationsinvolving experiments with mice, and all experimental
procedures performed on mice were approved by the Animal Care and
Use Committee of Albert Einstein College of Medicine.

Drug and chemical treatments

G-CSF was administered subcutaneously (s.c.) at a dose of 125 pg
kg™ twice a day (8 divided doses) beginning in the evening of the
first day and blood was collected 3 h after the final morning dose.
Newborn mice (2-4 days old) were injected s.c. with resiniferatoxin
(RTX, Sigma-Aldrich, 50 pg kg™) and then three RTX escalating doses
(30pugkg™, 70 pgkg'and 100 pg kg™) were injected s.c. into 4-week-old
mice on 3 consecutive days. Control littermates were injected with
vehicle solution onthe same days. For sympathetic nerve disruptionin
adults, 2 doses of 60HDA or vehicle, 100 mg kg onday 0,250 mg kg™
onday 2, wereinjectedi.p.and analyses were performed on day 5. For
steady-state experiments, CGRP (Sigma-Aldrich), substance P (Gen-
Script) and isoproterenol (Sigma-Aldrich) were dosed at 14 pg per day,
Sugperdayand 40 pg per day, respectively, using s.c.implanted Alzet
osmotic pumps (model1007D). For mobilization experiments, CGRP
(Tocris) was delivered into mice at 2.4 pg per day using Alzet osmotic
pumps (model 1007D). Control animals were implanted with Alzet
pumps containing saline (PBS; Gibco). Forskolin (Cayman Chemical)
wasgiveni.p.atadose of 2.5mgkg twice aday (8 divided doses) at the
same time as G-CSF treatment. For in vivo depletion of macrophages,
clodronate liposomes or PBS liposome as control (250 pL) were infused
i.v.one week before analysis. For chemotherapy treatment, mice were
injected with cisplatin (10 mg kg™ once per week; Teva) for 5 weeks,
and were allowed to recover for 6-8 weeks before the experiment.
Desipramine (Tocris, 10 mg kg™ i.p.) or saline (as control) treatment
was started 4 days before G-CSF injection and continued throughout
the experiment. For AMD3100-induced mobilization, mice received
asingle dose of AMD3100 (Sigma, 5 mg kg™, i.p.) 3 h before blood col-
lection. C57BL/6 wild-type mice were fed with a capsaicin-containing
diet (100 ppm, 100 mgkg™) or a control diet from a week before G-CSF
administration and until analysis.

Bone marrow transplantation assays

Competitive repopulation assays were performed using the CD45.1/
CD45.2 congenic system. CD45.1 recipient mice were lethally irradi-
ated (12 Gy, two split doses) ina Cesium Mark lirradiator (JL Shepherd
& Associates). For competitive repopulation assays, 0.5 x 10® donor
bone marrow cells (CD45.2) or 50 pul of mobilized blood (CD45.2) were

transplanted together with 0.5 x10° CD45.1 competitor bone marrow
cellsinto lethally irradiated CD45.1 recipients. For competitive HSC
repopulation assays, 250 donor HSCs (CD45.2) were sorted from mobi-
lized blood and transplanted together with 0.5 x 10° CD45.1 competitor
bone marrow cells into lethally irradiated CD45.1 recipients. CD45.1/
CD45.2 chimerism of recipient blood and bone marrow was analysed
up to 16 or 20 weeks after transplantation by fluorescence-activated
cell sorting (FACS). For RAMP1 reciprocal bone marrow transplanta-
tion, 2 x10° donor bone marrow cells from RampI** or RampI” mice
weretransplanted into lethally irradiated Ramp1'* or RampI™" recipi-
ent mice (12 Gy, two split doses). For the mixed chimaera experiment,
10° CD45.1 bone marrow cells from C57BL/6 wild-type mice were
mixed with 10° CD45.2 bone marrow cells (1:1 ratio) from RampI** or
RampI”’ miceand transplantedinto lethally irradiated CD45.1 recipi-
ent mice (12 Gy, two split doses). For the G-CSF-induced mobilization
experiment with Vavl-iCre mice, 2 x10° donor bone marrow cells from
Vavl-iCre*;Calcr[* or Vavl-iCre*;Calcrl™" mice were transplanted into
lethallyirradiated CD45.1recipient mice (12 Gy, two split doses). G-CSF
was administrated to induce mobilization in recipient mice at least 8
weeks after transplantation.

Bone marrow homing assay

Donorbone marrow cells were collected from PBS-, RTX/60HDA-treated
mice (CD45.2), RampI'* or Ramp1™~ mice (CD45.2) and injected (5 x
10° cells) into lethally irradiated wild-type mice (CD45.1, 12 Gy, single
dose). Sixteen hours afterirradiation and injection, the recipient bone
marrow was collected (femurs, tibiae, humeri and pelvis) to determine
the number of homed donor HSCs and LSK cells using FACS analysis.
The homing efficiency was determined by dividing the absolute num-
bersof homed HSCs or LSK cellsinbone marrow by the absolute num-
bers of injected HSCs or LSKs (input).

CFU-Cassay

The haematopoietic progenitor colony-forming unitsin culture (CFU-C)
assay was assayed by plating RBC-lysed peripheral blood into methyl-
cellulose (Stem Cell Technologies, cat.no.3434). Cultures were plated
in 35 mm culture dishes and incubated for 7 days in humid chambers
before colonies were scored.

Transwell migration assay

Femurs, tibiae and humerifrom C57BL/6 wild-type mice were flushed
with 1mlof phosphate-buffered saline (PBS, Corning) inasyringe with
a2l-gauge needle, erythrocytes were lysed, and lineage-positive cells
wereimmunomagnetically depleted from the bone marrow cells using
abiotinylated lineage antibody cocktail (CD3e, B220, CD11b, Ter119 and
Gr-1,at1:100 dilution; BD Bioscience 559971) followed by streptavidin
magnetic beads (Miltenyi Biotech130-48-101). Lineage-depleted bone
marrow cells were transferred into the 6.5 mm transwell plates (Corn-
ing 3421) containing alpha MEM (Gibco) supplemented with 10% FBS
(Stem Cell Technologies) and the bottoms of transwells were filled
with medium containing 100 ng mI™ CXCL12 (Peprotech). Transwell
plateswereincubated at 37 °C for 3 h and migrated cellsin the bottom
wells were then plated in CFU-C as described in the previous section.

Flow cytometry and sorting

Peripheral blood was collected by retro-orbital bleeding of mice anaes-
thetized with isoflurane and was collected in polypropylene tubes
containing EDTA. Blood parameters were determined with the Advial20
Hematology System (Siemens). Bone marrow cells were obtained by
flushing and dissociating using a 1-ml syringe with PBS via a 21-gauge
needle. For analysis of stromal and endothelial cell populations, intact
flushed bone marrow plugs were digested at 37 °C for 30 minin1 mg
ml™ collagenase type IV (Gibco), 2 mg ml™ Dispase (Gibco) and 500 pg
ml™ DNase | (Sigma-Aldrich) in Hank’s balanced salt solution (HBSS,
Gibco). For FACS analysis and sorting, red blood cells were lysed and
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washed inice-cold PEB (PBS containing 0.5% BSA and 2 mM EDTA)
before staining with antibodies in PEB. The following antibodies were
used for FACS: the anti-lineage panel cocktail (CD3e, B220, CD11b,
Ter119 and Gr-1, at 1:100 dilution) was from BD Bioscience (559971),
anti-Sca-1-FITC (D7;11-5981-85), anti-CD117(c-Kit)-PE/Cy7 (2B8;105814),
anti-CD48-PerCP-eFluor710 (HM48-1; 46-0481-85), anti-CD150-PE
(TC15-12F12.2;115904), anti-B220-APC-eFluor780 (RA3-6B2; 47-0452-
82), anti-CD3e-PerCP-Cy5.5 (145-2C11; 45-0031-82), anti-Gr-1-FITC (RB6-
8C5;11-5931-85), anti-CD11b-PE (M1/17; 12-0112-83), anti-CD45.1-PE/Cy
(A20;25-0453-82), anti-CD45.2-FITC (104;109806), anti-Sca-1-APC (D7;
17-5981-83), anti-CD117-BV421 (2B8; 105828), anti-CD45-PerCP-Cy5.5
(30-F11, 45-0451-82), anti-Ter119-PerCP-Cy5.5 (TER-119; 45-5921-82),
anti-CD31-PE/Cy7 (390; 25-0311-82), anti-CD51-PE (RMV-7; 12-0512-
83), anti-PDGFRa(CD140a)-APC (APA5; 17-1401-81), anti-Gr-1-APC
(RB6-8C5;17-5931-82), anti-F4/80-PE (BM8; 123110), anti-CD115-PE/
C7 (AFS98; 25-1152-82), streptavidin APC-eFluor 780 (47-4317-82),
anti-CXCR4-AF647 (L276F12,146504), anti-CD49d-APC (R1-2,17-0492-
82), anti-CD44-APC (IM7,17-0441-82), all purchased from BioLegend or
eBioscience. Unless otherwise specified, all antibodies were used ata
1:100 dilution. The cell cycle was analysed with Ki67 and Hoechst 33342
(Sigma) . FACS analyses were carried out using BD LSRII flow cytometry
(BD Biosciences) and cell sorting experiments were performed using
aMoFlo Astrios (Beckman Coulter). Data were analysed with FlowJo
10.4.0 (LCC) and FACS Diva 6.1 software (BD Biosciences).

Immunofluorescence imaging

Anti-CD31-AlexaFluor 647 (MEC13.3,102516, BioLegend) and anti-CD144
(VE-Cadherin)-Alexa Fluor 647 (BV13,138006, BioLegend) (7.5 pg each)
wereinjectedi.v.into mice, and mice were perfusion-fixed with 4% para-
formaldehyde (PFA) 10 min after the injection. Bones were post-fixed
with 4% PFA for another 15 minat room temperature. For cryopreserva-
tion, thebones wereincubated sequentially in15% sucrose/PBS at 4 °C
overnight and in 30% sucrose/PBS at room temperature for 2 h, and
embedded and flash-frozenin SCEM embedding medium (Section-Lab).
Frozensections were prepared (20-pum thick) with a Cryostat (CM3050,
Leica) using Kawamoto’s tape transfer method. For immunofluores-
cence staining, sections were rinsed with PBS, post-fixed with 4% PFA
for 30 min followed by blocking with 20% donkey serum (Sigma) in 0.5%
Triton X-100/PBS for 2 h at room temperature. The following primary
antibodies were used for nerve staining: anti-tyrosine hydroxylase
(TH) antibody (AB152, Millipore), anti-CGRP (ab36001, Abcam) and
anti-TUBB3-Alexa Fluor 488 (657404), used at 1:100 (TH and TUBB3)
or1:1,000 (CGRP) dilutionin 2% donkey serum with 0.1% Triton X-100/
PBS for 48-72 h at 4 °C. Primary antibody staining experiments were
washed three times with PBS, and incubated with secondary antibod-
ies (1:200 dilution in 2% donkey serum with 0.1% Triton X-100/PBS)
at room temperature for 1 h. The secondary antibodies used were as
follows: donkey anti-rabbit IgG BV421 (406410, BioLegend), donkey
anti-goatIgG AF568 (A11057, Invitrogen), donkey anti-rabbitIgG AF488
(A21206, Invitrogen), donkey anti-goat IgG AF488 (A11055, Invitrogen).
Allimages were acquired at room temperature using a Zeiss Axio exam-
iner D1 microscope (Zeiss) with confocal scanner unit (Yokogawa). For
quantification of nerve fibres, z-stack images were stitched together
and reconstructed using Slide Book Software 6.0 (Intelligent Imaging
Innovations). Nerve densities were quantified by total length or total
area (asindicated in the figure legends) of nerve fibres divided by the
bone marrow area from 8-20 z-stack projections per mouse and 3-5
mice per group (each data point on the graphs represents one mouse).

RNA isolation and quantitative real-time PCR

RNA was isolated according to the manufacturer’s instructions using
Dynabeads mRNA DIRECT Purification Kit (61012, Invitrogen). Con-
ventional reverse transcription, using the RNA to cDNA EcoDry Premix
(639549, Takara), was performed in accordance with the manufac-
turer’s instructions. Quantitative real-time PCR was performed with

SYBR Green on QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystem, Thermo Fisher). The sequences of the oligonucleotides
used can be provided upon reasonable request to the corresponding
author.

RNA sequencing analysis

Total RNA from 2,000 sorted HSCs was extracted using the RNeasy
Plus Micro kit (Qiagen), and assayed for integrity and purity using an
Agilent 2100 Bioanalyzer (Agilent Technologies). RNA sequencing data
generated from Illumina Platform PE150 were processed using the fol-
lowing pipeline. In brief, paired-end sequencing reads were aligned to
the mouse genome using Spliced Transcripts Alignment to a Reference
(STAR) v.2.6.1. Alignments were parsed using the program TopHat.
HTSeq v.0.6.1 was used to count the read numbers mapped of each
gene, and then the fragments per kilobase of exon model per million
mapped reads (FPKM) of each gene was calculated on the basis of the
length of the gene and reads count mapped to this gene. Differential
expression analysis between two groups was performed using the
DESeq2 R package, which provides statistical routines for determining
differential expression in digital gene expression data using a model
based on the negative binomial distribution. The resulting P values
were adjusted using the Benjamini-Hochberg approach for controlling
the false discovery rate.

ELISA

Mouse CXCL12/SDF-1alpha Quantikine ELISAKit was purchased from
R&D (MCX120) and used according to the manufacturer’sinstructions.
CGRPEIAKit was purchased from Cayman Chemical (589001) and used
accordingtothe manufacturer’sinstructions. Allbone marrow extracel-
lular fluid used for ELISA was collected by flushing the bone marrow
of one or two femurs into 500 pl PBS and subsequently pelleting the
cells by centrifugation. The resulting supernatant was removed from
the cell pellet and frozen at —80 °C for analysis.

Quantification and statistical analysis

All data are presented as mean * s.e.m. n represents the number of
mice in each experiment, as detailed in the figure legends. Statisti-
cal significance was determined by an unpaired, two-tailed Student’s
t-test to compare two groups or aone-way ANOVA for multiple group
comparisons. Statistical analyses were performed and data presented
using GraphPad Prism 8 (GraphPad Software), FACS Diva 6.1 software
(BD Biosciences, Flow]Jo 10.4.0 (LLC), Slide Book Software 6.0 (Intel-
ligentImaging Innovations) and QuantStudio 6 Real-Time PCR Software
(Applied Biosystem, Thermo Fisher).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

RNA sequencing data have been deposited in the Gene Expression
Omnibusunderaccession number GSE156449. All other dataare avail-
able fromthe corresponding author uponreasonable request. Source
data are provided with this paper.
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Extended DataFig.1|Characterization of nociceptive and sympathetic
innervationinthebone marrow. a, b, Representative confocal z-stack
projection montages of C57BL/6 mouse femur stained for CGRP (nociceptive
nerves), TH (sympathetic nerves), and TUBB3 (all peripheral nerves),
CD31'CD144" double-positive vasculature. Scale bar,100 um. Femoral sensory
and sympatheticinnervationis quantified by the total length of all CGRP*, TH*
or TUBB* nerve fibres divided by the bone marrow (BM) area. n=3 mice.c,
Schematicillustration of the pharmacological denervation experiment using

b c
Nerve Density
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P=0.0001
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Total fiber length (um)/
BM area (X10%
o P=0.0001
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RTXand 60HDA.d, e, Representative images of confocal z-stack projections
from femurs of control, RTX-, 60HDA- and dual-denervated mice stained for
CGRP* nociceptive nerve fibres, TH* sympathetic nerve fibres, CD31'CD144*
blood vessels and DAPI. Scale bar,100 pm. Femoral sensory and sympathetic
innervationis quantified by the total length of CGRP* or TH" nerves divided by
totalbone marrow area. Datafromn=4,5,4,4 mice, respectively. Dataare
mean ts.e.m.; significance was assessed using aone-way ANOVA.
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Extended DataFig.2|Nociceptive or sympathetic nerves are dispensable
for HSC maintenance, whereas the depletion of both systems expands
poorly functional HSCs. a, b, Bone marrow cellularity and absolute numbers
of Bcells (B220"), T cells (CD3e*) and myeloid cells (Mac-1*) per femur from
control, RTX, 60HDA, or dual-denervated mice.n=10, 8, 8,11 (a) and 10,9,7,10
(b) mice, respectively. ¢, Representative FACS plots showing the gating
strategy for Lin"Sca-1'Kit"CD150*CD48 HSCs. The same gating strategy was
used throughout.d, Absolute number of HSCs and LSK cells (Lin"Sca-1'Kit") per
femur from control, RTX, 60HDA or dual-denervated mice.n=10, 8, 8,11 mice,
respectively. e, Peripheral blood chimerism (CD45.2%) in CD45.1-recipient mice
transplanted with 0.5 x10° CD45.1 competitor bone marrow cells mixed with

0.5x10°donor bone marrow cells (CD45.2) from control, RTX, 60HDA or
dual-denervated mice at theindicated time points post-transplantation.n=4,
4,4,5mice, respectively.f,Bone marrow chimerism (CD45.2*) 20 weeks after
transplantation. g, Experimental design to determine the homing efficiency of
HSCs and LSK cells (CD45.2) from control- or dual-denervated mice to the bone
marrow of recipients (CD45.1). h, Homing efficiency of donor CD45.2 HSCs and
LSK cells detected in the recipient bone marrow.n=4,5 mice, respectively.
Dataaremean+s.e.m.;significance was assessed using atwo-tailed unpaired
Student’s t-test (h) or one-way ANOVA (a, b, d-f). For box plots, the box spans
fromthe 25th to 75th percentiles and the centre line was plotted at the median.
Whiskers represent minimum to maximum range.
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Extended DataFig. 3 | Expansion of phenotypic HSCs after dual
sympathetic and nociceptive denervationis normalized by administration
of CGRP or aB-adrenergic agonist. a, Representative confocal z-stack
projections from femurs of Na,1.8-Cre*; iTdTomato" mice stained for
CD31'CD144" vasculature and CGRP* nociceptive nerves. Nociceptive
innervation quantified by the totallength of all Na,1.8" (red), CGRP* (green) and
Na,1.8"CGRP*double positive (yellow) nerves divided by the bone marrow area.
n=4mice.b,Schematicillustration of the dual denervation experiment
withNa,1.8-Cre; iDTA mice. c,d, Representative images of confocal z-stack
projections from femurs of Na,1.8-Cre*;iTdTomato*;iDTA  or Na,1.8-Cre";
iTdTomato*;iDTA" mice stained for blood vessels (blue). Quantification of
TdTomato" nociceptive nervesinthe femurs.n=3mice per group. e, f, Absolute

04— T T T T
ControlDual Dual Dual Dual
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numbers of HSCs (Lin"Sca-1'Kit"CD150°CD48"), B cells (B220"), T cells (CD3e")
and myeloid cells (Mac-1*) per femur from Na,1.8-Cre~;iDTA" or Na,1.8-Cre";
iDTA" mice with or without 60HDA treatment. Each dot represents datafrom
individualmice.n=8,7,3,8(e)and 6, 6,4, 7 (f) mice, respectively. g, Absolute
numbers of HSCs, B cells and myeloid cells per femur from control and
dual-denervated mice implanted with osmotic pumps containing saline as
control, CGRP, isoproterenol or substanceP.n=14,9,5, 5,5 micerespectively.
Dataare mean+s.e.m.Significance was assessed using a two-tailed unpaired
Student’s t-test (d) or one-way ANOVA (e-g). For box plots, the box spans from
the25thto 75th percentiles and the centre line was plotted at the median.
Whiskers represent minimum to maximum range.



a WBC Blood LSKs b Spleen Weight 3Sple§_r(1) |6(§31Ks c 20Bl\/l Cellularity BM LSKs
o 3 PR o 200 L0 gz P=0022 ' C plos2s® . PL0.289%
3 $ s} < 200 3 *Se 3 % =
8 K S 45 ¢ = . g . E 15 é. E 6 -
S . ED 5150{ o S o ST | e e~ @
= % E'o] & S & s 20 % 35 210 e 594 e .
& X ® @& OXx s & 3100 = 2 % .| e = Q%
a1 % ° c . 1 o £ ® °
» % 5 b4 t [} » % = 5 = 2
= = o 50 = () [0}
[} [ a o o &]
O O a0 © o 0
Con RTX Con RTX Con RTX Con RTX Con RTX Con RTX
d BM HSCs e WBC Blood LSKs f  BMCellularity BM LSKs
100 P=0.132 - 31 R0003 B P=0.006 251 p=o.981 8
S . 8 —— 5 — 5 P=0.421
» 80 o = ° IS 20 N g 6 —
] 2 _5 — -8 [l $ * 3 °
n =< ® e o - S Lo °
60 = € = 515 g
T . 5 e oo o Q= ° o o 24 .
‘5 404 P=0.132 8%, 8%, SE 10 2% °
2 i » » g - 2 P
04 o 0 o
GO Non-GO — ~ — -
3 Nav1.8-Cre’;iDTA 3 Nav1.8-Cre’;iDTA
= Con = RTX = Nav1.8-Cre"iDTA* = Nav1.8-Cre"iDTA"
g Blood B Cells Blood T Cells Blood Myeloid Cells h 100 BM Total BM HSCs
80 50 60 P=0.0007
3 '.'g%]( P=0,005 _ P=0.010 Seol — g
S P=0009 ; 40 S g
5 E P=0.130 30 5 € 601 ]
2240 P=0.003 ok £2 . I g
[0} =0. O 4
o E 20 2 O E
5 10 i—i\*.H S 20 .
o o
ole=b.002 o 1P=0.0005 N o= m_
4 8 12 16 20 4 8 12 16 20 4 8 12 16 20 ConRTX ConRTX
Time Post BMT (weeks) ~ Time Post BMT (weeks)  Time Post BMT (weeks)

Extended DataFig. 4 |G-CSF-induced HSPC mobilizationisimpairedin
mice thatlack nociceptor neurons.a, White blood cell counts and absolute
numbers of LSK cells per ml of peripheral blood after G-CSF mobilizationin
vehicle-treated controland RTX-treated mice.n=11,13 mice, respectively. b,
Spleenweightand the absolute numbers of LSK cellsin the spleen after G-CSF
mobilizationin vehicle-treated controland RTX-treated mice. n=11mice per
group.c, Bone marrow cellularity and the absolute numbers of LSK cellsin the
bone marrow after G-CSF-induced mobilizationin vehicle-treated controland
RTX-treated mice.n=11,13 mice, respectively.d, Cell cycle analysis of bone
marrow HSCs (Lin"Sca-1'Kit*CD150*CD48") from control or RTX-treated mice
determined by FACS using anti-Ki67 and Hoechst 33342 staining.n=6, 4 mice,
respectively. e, White blood cell counts and absolute numbers of LSK cells per
mlof peripheral blood after G-CSF-induced mobilizationin Na,1.8-Cre;iDTA"
and Na,1.8-Cre*;iDTA" mice.n=4,5mice, respectively. f,Bone marrow

cellularity and the absolute numbers of LSK cells in the bone marrow after
G-CSF-induced mobilizationinNa,1.8-Cre;iDTA*and Na,1.8-Cre*;iDTA" mice.
n=4,5mice, respectively. g, Peripheral blood B-cell (B220*CD45.2"), blood
T-cell (CD3e"CD45.2%), and myeloid-cell (Mac-1'CD45.2*) donor chimerismin
CD45.1-recipient mice transplanted with mobilized blood (CD45.2) derived
fromsaline or RTX-treated mice mixed with CD45.1 competitor bone marrow
cellsat theindicated time points post-transplantation.n=9, 8 mice,
respectively. h, Totalbone marrow chimerism (CD45.2%) and bone marrow
HSC chimerism (Lin"Sca-1'Kit"CD150*CD48 CD45.2") 20 weeks after
transplantation.n=9,8 mice, respectively. Dataare mean +s.e.m. Significance
was assessed using atwo-tailed unpaired Student’s t-test. For box plots, the box
spans from the 25th to 75th percentiles and the centre line was plotted at the
median. Whiskers represent minimum to maximum range.
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Extended DataFig. 5| The neuropeptide CGRP, but not substanceP,
promotes G-CSF-induced HSC mobilization. a, Absolute numbers of HSCs
(Lin"Sca-1'Kit'CD150*CD48") and LSK cells (Lin"Sca-1'Kit") per ml of peripheral
blood after G-CSF-induced mobilizationin C57BL/6 miceimplanted with
osmotic pumps containingsaline or substance P.n=5mice per group.b, Bone
marrow cellularity and the absolute numbers of LSK cellsand HSCsin the bone
marrow after G-CSF administration in C57BL/6 mice implanted with osmotic
pumps containing saline or substance P.n=5mice per group. ¢, Bone marrow

cellularity and the absolute numbers of HSCs per femur from mice described in
Fig.2a.n=18,9,7,7 mice, respectively.d, Left, experimental design to
determine the effect of CGRP on HSC mobilization of 60HDA-denervated mice.
Right, absolute number of HSCs per ml of peripheral blood after G-CSF
administrationinsaline-or 60HDA- treated C57BL/6 mice implanted with
osmotic pumps containing saline or CGRP.n=6 mice per group. Dataare mean
+s.e.m.;significance was assessed using a two-tailed unpaired Student’s t-test.
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Extended DataFig. 6 | RampIl-deficient mice exhibit no haematopoietic
defectatsteady state.a, Rampl mRNA expression levels determined by
quantitative PCRin total bone marrow cells derived from RampI*"* or Rampl™~
mice.n=5biological samples.b, c, White blood cell counts (b) and the absolute
numbers of B cells (B220"), T cells (CD3e") and myeloid cells (Mac-1*) (c) per ml
of peripheral blood from RampI** or Ramp1” mice at steady state.n=5mice
pergroup.d, e, Bone marrow cellularity (d) and the absolute numbers of LSK
cells, Bcells (B220%), T cells (CD3e") and myeloid cells (Mac-1°) (e) per femur
from RampI"”* or RampI”~ mice at steady state. n=5mice per group. f, Left,

Host: Host:  WT KO

experimental design to determine the homing efficiency of HSCs (Lin~
Sca-1'Kit"CD150"CD48") and LSK cells from RampI** and RampI™ mice
(CD45.2) tothe bone marrow of lethally irradiated recipients (CD45.1). Right,
the percentage of donor CD45.2" HSCs and LSK cells detected in the recipient
bone marrow.n=5mice per group. g, Bone marrow cellularity and the absolute
number of HSCs in the bone marrow. n=3,4, 3,3 mice, respectively. Dataare
mean ts.e.m. Significance was assessed using a two-tailed unpaired Student’s
t-test (a-f) or one-way ANOVA (g).
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Extended DataFig.7|Nociceptive-nerve-deficient mice exhibit no
alteration of HSC niche components after G-CSF treatment. a, Absolute
numbers of mesenchymal stem cells (MSCs) (CD45 Ter119°CD31 CD51'PDGFRa
"), endothelial cells (ECs) (CD45 Ter119-CD31"#") and macrophages (Gr-
1'F4/80*CD115™SSC"/**) per femur from saline- or RTX-treated mice after
G-CSF treatment.n=4, 4 (left and middle), 6, 8 (right) mice, respectively.

b, qPCR quantification of Cxc/I2mRNA levelsin totalbone marrow cells, sorted
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mice per group.c, Levels of CXCL12in bone marrow extracellular fluid (BMEF)
measured by ELISA.n=3,5, 4 (left), 3, 4,5 (middle), 4, 5 (right) mice. d, Mean
fluorescence intensities (MFI) in the expression of CXCR4, VLA4 and CD44 on
HSCs (Lin"Sca-1'Kit"CD150*CD48").n=4 mice per group. Dataare mean +s.e.m.
Significance was assessed using a two-tailed unpaired Student’s t-test (a, b, d)
orone-way ANOVA (c).
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Extended DataFig. 8| Transcriptome analysisby RNA sequencing of HSCs
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orbothDESand CGRP.n=9,4, 8,4 mice, respectively. Dataare mean +s.e.m.
Significance was assessed using aone-way ANOVA.
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Extended DataFig.9|Ingestion of spicy food enhances HSC mobilization.
a, Scoville heatscale for chili peppers. 100 ppm =100 mgkg™. b, Three pellets
of'standard chow (brown) and three pellets of spicy chow (red) were provided
to two mice at18:00 on day 1. Sixteen hourslater (10:00 on day 2), two of the
threestandard pellets had been consumed whereas the spicy food pellets
remained untouched. ¢, Daily food intake (left) and the body weight (right) of
mice fed with standard diet or capsaicin-containing diet. n=5 (left), 4 mice
(right) per group.d, CGRP levelsin the BMEF from mice fed with control diet or
capsaicindiet.n=9 mice per group. e, Left, absolute numbers of HSCs (Lin~
Sca-1'Kit’CD150*CD48") in the bone marrow after G-CSF-induced mobilization
inmice fed with standard or capsaicin-containing chow.n=6,7 mice,
respectively. Right, cell cycle analysis of bone marrow HSCs was determined by
FACS using anti-Ki67 and Hoechst 33342 staining. n=6 mice. f, White blood cell
(WBC) counts (left) and absolute numbers of LSK cells (right) per ml of
peripheral blood after G-CSF-induced mobilization in mice fed with standard
diet or capsaicin-containing diet.n=6,7 mice, respectively.g, i, Peripheral
total blood donor chimerism (CD45.2") in CD45.1-recipient mice transplanted
with 0.5x10°CD45.1 competitor bone marrow cells and 250 HSCs sorted from

mobilized blood (g) or bone marrow (i) from mice fed with standard or
capsaicinchow.n=9,8(g), 8,8 (i) mice, respectively. h, j, Peripheral blood B
cell (B220*CD45.2"), T cell (CD3e*CD45.2") and myeloid cell (Mac-1'CD45.2")
donor chimerismin CD45.1-recipient mice transplanted with 250 blood HSCs
(h) orbone marrow HSCs (j) with competitor bone marrow cells at 16 weeks
post-transplantation.n=9,8 (h), 8, 8 (j) mice, respectively. k, Experimental
designto determine the effects of CGRP administration on HSC
competitiveness.l, Peripheral total blood donor chimerism (CD45.2%) in
CD45.1-recipient mice transplanted with 0.5x10° CD45.1 competitor bone
marrow cells and 250 HSCs sorted from mobilized blood from PBS- or
CGRP-treated mice.n=7,9 mice, respectively. m, Peripheral blood B cell,

T celland myeloid cell donor chimerismin CD45.1-recipient mice transplanted
with250blood HSCs with competitor bone marrow cells at 16 weeks
post-transplantation.n=7,9 mice, respectively. Dataare mean ts.e.m.
Two-tailed unpaired Student’s t-test. For box plots, the box spans from the 25th
to 75th percentilesand the centre line was plotted at the median. Whiskers
represent minimum to maximumrange.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXNX O 00 000 00 00
XOO X X XX X XX

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Data collection was performed using FACS Diva 6.1 software (BD Biosciences) for FACS, Slide Book software 6.0 (Intelligent Imaging
Innovations) for confocal microscopy imaging, and QuantStudio 6 Real-Time PCR Software (Applied Biosystem, Thermo Fisher) for
quantitative real time PCR.

Data analysis Data analysis was performed using either GraphPad Prism 8 (GraphPad Software, San Diego, CA), FACS Diva 6.1
software (BD Biosciences), FlowJo 10.4.0 (LLC), Slide Book software 6.0 (Intelligent Imaging Innovations), and QuantStudio 6 Real-Time
PCR Software (Applied Biosystem, Thermo Fisher). RNA sequencing data were analyzed using Spliced Transcripts Alignment to a
Reference (STAR) v2.6.1, HTSeq v0.6.1 and DESeq2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

RNA sequencing data have been deposited in the Gene Expression Omnibus under accession number GSE156449 (https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?
acc=GSE156449). Source data behind Figures 1-4 and Extended Data Figures 1-10 are available within the manuscript files.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Sample size was chosen based on previous studies performed in our lab.
Data exclusions  No data was excluded from the analysis.

Replication Experimental replication was attempted at least three times for all datasets/figures shown, and experimental findings were reliably
reproduced.

Randomization  Mice were randomly assigned to experimental groups including male and female mice.

Blinding Investigators were not blinded to mouse genotypes during experiments. Data reported for mouse experiments are not subjective but rather
based on quantitative flow cytometry. Data blinding was not possible for some experiments due to obvious difference in expansion or
reudction of haematopoietic stem cells.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
[ ]IX Antibodies X |[ ] chip-seq
XI|[ ] Eukaryotic cell lines [ ]IX] Flow cytometry
XI|[ ] Palaeontology X[ ] MRI-based neuroimaging
[ ]IIX] Animals and other organisms
E D Human research participants
X |[ ] Clinical data
Antibodies
Antibodies used The following antibodies were used for FACS: the anti-lineage panel cocktail (CD3e, B220, CD11b, Ter119 and Gr-1, at 1:100

dilution) was from BD Bioscience (559971), anti-Sca-1-FITC (D7; 11-5981-85), anti-CD117(c-Kit)-PE/Cy7 (2B8; 105814), anti-CD48-
PerCP-eFluor710 (HM48-1; 46-0481-85), anti-CD150-PE (TC15-12F12.2; 115904), anti-B220-APC-eFluor780 (RA3-6B2;
47-0452-82), anti-CD3e-PerCP-Cy5.5 (145-2C11; 45-0031-82), anti-Gr-1-FITC (RB6-8C5; 11-5931-85), anti-CD11b-PE (M1/17;
12-0112-83), anti-CD45.1-PE/Cy (A20; 25-0453-82), anti-CD45.2-FITC (104; 109806), anti-Sca-1-APC (D7; 17-5981-83), anti-
CD117-BV421 (2B8; 105828), anti-CD45-PerCP-Cy5.5 (30-F11, 45-0451-82), anti-Ter119-PerCP-Cy5.5 (TER-119; 45-5921-82),
anti-CD31-PE/Cy7 (390; 25-0311-82), anti-CD51-PE (RMV-7; 12-0512-83), anti-PDGFRa (CD140a)-APC (APAS; 17-1401-81), anti-
Gr-1-APC (RB6-8C5; 17-5931-82), anti-F4/80-PE (BM8; 123110), anti-CD115-PE/C7 (AFS98; 25-1152-82), streptavidin APC-eFluor
780 (47-4317-82), anti-CXCR4-AF647 (L276F12, 146504), anti-CD49d-APC (R1-2, 17-0492-82), anti-CD44-APC (IM7, 17-0441-82),
all purchased from BioLegend or eBioscience. Unless otherwise specified, all antibodies were used at a 1:100 dilution.

Antibodies used for immunofluorescence imaging: anti-CD31-Alexa Fluor 647 (MEC13.3; 102516; BioLegend; 7.5 ug antibody/
mouse for injection), anti-CD144 (VEcadherin)-APC-Alexa Fluor 647 (BV13; 138006; BioLegend; 7.5 ug antibody/mouse for
injection), anti-Tyrosine Hydroxylase (TH) antibody (Cat: AB152; Lot: 2493925; Millipore; used at 1:100), Alexa Fluor 488
conjugated anti-Tubulin Beta3 (Tubb3) antibody (Clone: AA10; Cat: 657404; Biolegend; used at 1:100), anti-CGRP antibody
(Abcam ab36001; used at 1:1000). Secondary antibodies: donkey anti-rabbit IgG BV421 (406410, BioLegend), donkey anti-goat
1gG AF568 (A11057, Invitrogen), donkey anti-rabbit IgG AF488 (A21206, Invitrogen), donkey anti-goat IgG AF488 (A11055,
Invitrogen) and secondary antibodies were used at 1:200 dilution.

Validation Antibodies were validated in previous studies performed in our laboratory (see references 3-6, 13, 28).
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Nav1.8-Cre mice were a gift from Dr. John Wood (University College London). Nav1.8-Cre mice were bred with iDTA mice (both
from Jackson Laboratory) and iTdTomato mice (from Jackson Laboratory) to generate Nav1.8-Cre/iDTA nociceptor-deficient mice
for functional studies and Nav1.8-Cre/iTdTomato mice for imaging experiments, respectively. Rampl—/— mice were generated in
the 1295S6/SvEv background29. All experiments with Ramp1+/+ and Ramp1—/— mice were carried out using littermates by
intercrossing Ramp1+/- heterozygous mice. Carcrlf/f mice were generated as previously described30 and were bred with Vavi-
iCre mice from Jackson Laboratory to conditionally delete Calcrl in haematopoietic cells. C57BL/6 CD45.1 and CD45.2 congenic
mice were purchased from the Jackson Laboratory. Unless indicated otherwise, eight- to ten-week old mice of both genders
were used for experiments. All mice were maintained in pathogen-free conditions under a 12h:12h light/dark cycle, temperature
68-72°F, humidity 40-70% and fed with autoclaved food.
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Wild animals No wild animals were used
Field-collected samples No field-collected samples were used
Ethics oversight This study complied with all ethical regulations involving experiments with mice, and all experimental procedures performed on

mice were approved by the Animal Care and Use Committee of Albert Einstein College of Medicine.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Peripheral blood was harvested by retro-orbital bleeding of mice anesthetized with isoflurane and collected in polypropylene
tubes containing EDTA. Blood parameters were determined with the Advial20 Hematology System (Siemens). BM cells were
obtained by flushing and dissociating using a 1-mL syringe with phosphate-buffered saline (PBS, Corning) via a 21-gauge needle.
For analysis of stromal and endothelial cell populations, intact flushed BM plugs were digested at 37°C for 30min in 1 mg/mL
collagenase type IV (Gibco), 2 mg/mL Dispase (Gibco) and 500 pug/mL DNase | (Sigma-Aldrich) in Hank’s balanced salt solution
(HBSS, Gibco). For FACS analysis and sorting, red blood cells were lysed and washed in ice-cold PEB (PBS containing 0.5% BSA and
2 mM EDTA) before staining with antibodies in PEB.

Instrument BD LSRII Special Order System (BD Bioscience) was used for all data acquisition (H55100027). MoFlo Astrios EQ (Beckman
coulter) was used for sorting experiments.

Software Data was collected using BD FACSDiva 6.1 (BD Biosciences) software. Data was analyzed with FACS Diva 6.1 software (BD
Biosciences) and FlowJo 10.4.0 (LLC).

Cell population abundance  Purity of cells sorted or analyzed was determined by their appropriate frequency and absolute numbers determined for control
wild-type mice according to previous studies. It was described in the literature that HSCs comprise ~ 0.01% of total bone
marrow. We have previously shown that MSCs are ~0.05% of total bone marrow. In every experiment, we included a control
group. Because the sorted populations are very rare, we did not routinely carry out post-sort analysis.

Gating strategy For all flow cytometric analysis and sorting debris were excluded by FSC, SSC scatters and DAPI (4', 6-diamino-2-phenylindole)
staining was used to exclude dead cells, following which specific population were gated according to prior experience with doing
similar experiments in our laboratory.

Hematopoietic stem cells (HSCs) were identified as previously described in the literature: negative for lineage (CD3e, B220, Gr-1,
CD11b, Ter119), negative for CD48 and positive for Ly6A/E(Sca-1), CD117 (c-Kit) and CD150 (SLAM markers), as depicted in
Figure 4i (blood) and Extended Data Figure 2c (bone marrow).

All other FACS analyses, donor derived CD45.2 cells in transplantation setting, myeloid cells (CD11b+), B cells (B220+), T cells
(CD3e+) have all been described previously (see manuscript for citations describing similar studies done in our laboratory).

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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