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ABSTRACT

Hematopoietic stem/progenitor cell (HSPC) mobilization is an essential homeostatic process
regulated by the interaction of cellular and molecular components in bone marrow niches. It
has been shown by others that neurotransmitters released from the sympathetic nervous sys-
tem regulate HSPC egress from bone marrow to peripheral blood. In this study, we investigate
the functional role of neuropeptide Y (NPY) on this process. NPY deficient mice had significantly
impaired HSPC mobilization due to increased expression of HSPC maintenance factors by reduc-
tion of matrix metalloproteinase-9 (MMP-9) activity in bone marrow. Pharmacological or endog-
enous elevation of NPY led to decrease of HSPC maintenance factors expression by activating
MMP-9 in osteoblasts, resulting in HSPC mobilization. Mice in which the Y1 receptor was
deleted in osteoblasts did not exhibit HSPC mobilization by NPY. Furthermore, NPY treatment in
ovariectomized mice caused reduction of bone loss due to HSPC mobilization. These results sug-
gest a new role of NPY on HSPC mobilization, as well as the potential therapeutic application of
this neuropeptide for stem cell-based therapy. STEM CELLS 2016;34:2145–2156

SIGNIFICANCE STATEMENT

Neurotransmitters released from the SNS regulate HSPC mobilization. NPY is one of the most
abundant and widely secreted peptides from the brain or sympathetic nerves, and it has been
implicated in a variety of physiological actions. However, the specific function of NPY in the
HSPC mobilization has not been fully characterized. Our results suggest that NPY induces HSPC
mobilization through Y1 receptor in osteoblasts by activating MMP-9. Moreover, NPY induced
HSPC mobilization improves bone loss of ovariectomized mice, suggesting new role of NPY as a
mediator of HSPC mobilization and potential therapeutic agent for bone loss.

INTRODUCTION

Hematopoietic stem/progenitor cells (HSPCs)
residing in bone marrow niches are responsi-
ble for the regeneration and repopulation of
all blood cell lineages, and lifelong hematopoi-
esis [1]. The bone marrow niches that anchor
HSPCs are a highly organized microenviron-
ment, and consist of supporting cells that
regulate HSPCs survival, self-renewal, prolifera-
tion, and mobilization [2–5]. Osteoblasts in the
endosteal niche express various hematopoietic
cytokines and adhesion molecules, such as
SDF-1a, Kitl, Angpt1, and Vcam1 [6–9], which
in turn regulate HSPC homeostasis and egress
from bone marrow (BM) [10–12]. Nestin1

mesenchymal stem cells (MSCs) within the
perivascular niche also express adhesion mole-
cules mediating the retention and mobilization
of HSPCs [13, 14].

Mobilization is one of the most fundamen-
tal properties of HSPCs, and occurs through
interaction between HSPCs and cellular/molec-
ular components in BM [15, 16]. Recently, the
nervous system has been shown to affect the
mobilization network in BM. For example,
acute variation of the sympathetic nervous
system (SNS) leads to HSPC egress by reducing
SDF-1a expression in MSCs. Moreover, sympa-
thetic nerve fibers storing large amount of
neurotransmitters also are important regula-
tors of HSPC mobilization [17–21]. In addition,
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peripheral denervation in BM induces declining mobilization
in steady state and stress situations [22–24].

Neuropeptide Y (NPY) is secreted from the brain or sym-
pathetic nerves in the autonomic system by various stressors,
and has important roles in a variety of physiological processes
such as appetite, energy storage, anxiety and pain [25–27]. In
bone marrow NPY has been shown to mediate bone, vascular
or immune homeostasis through Y receptors expressed in
niche cells such as osteoblasts, endothelial and immune cells
[28–30]. Moreover, in previous study we revealed that NPY is
required for HSPC survival and maintenance of bone marrow
function by protecting SNS fibers and bone marrow niche cell
survival through TGF-b secreted from macrophages [31, 32].
However, the specific role of NPY in HSPC mobilization has
not been fully described.

In this study, we show impaired HSPC mobilization in NPY
deficient mice, and that mobilization is enhanced by pharma-
cological or endogenous NPY increase. The mobilization is
induced by reducing HSPC maintenance factors, regulating
matrix metalloproteinase-9 (MMP-9) activity through Y1
receptor in osteoblasts. Furthermore, we demonstrate that
NPY treatment relieves ovariectomy-induced bone loss in
mice through HSPC mobilization, suggesting a functional role
of NPY as a regulator of HSPC mobilization and indicating its
potential therapeutic use in stem cell based treatments.

RESULTS

Impairment of HSPC Mobilization by NPY Deficiency

To assess the effects of NPY on HSPCs mobilization, we
induced mobilization with AMD3100 (5mg/kg, i.p) or G-CSF
(125 mg/kg s.c. for 5 days) in WT or NPY2/2 mice. NPY2/2

mice showed a reduction in the number of mobilized HSPCs
in the peripheral blood (PB) after AMD3100 or G-CSF treat-
ment (Fig. 1A). AMD3100 and G-CSF induce HSPC mobilization
by regulating SDF-1a levels [33, 34]. We analyzed SDF-1a lev-
els in plasma and BM supernatants after treatment of
AMD3100 or G-CSF. SDF-1a levels increased in plasma and
decreased in BM of AMD3100 treated WT mice; G-CSF treated
WT mice showed decreased SDF-1a levels in BM. In contrast,
NPY2/2 mice treated AMD3100 or G-CSF did not show these
tendencies (Fig. 1B). Interestingly, NPY2/2 mice expressed
higher SDF-1a levels in BM compare to WT mice.

Recently 5-fluorouracil (5FU), which induces repopulation
of quiescent HSPCs in BM, also was shown to mobilize HSPCs
by increasing of expression of fibroblast growth factor recep-
tor 1 (FGFR1) in HSPCs. FGFR1 was required for upregulation
of CXCR4 in HSPCs, and 5FU elevated SDF-1a levels in PB [35].
To confirm whether NPY was involved in these processes, WT
or NPY2/2 mice were treated with 5FU, and expression of
FGFR1/SDF-1a/CXCR4 elements was assessed in HSPCs sorted

Figure 1. NPY deficiency impairs HSPC mobilization. (A): Number of CFU-C in PB of WT or NPY2/2 mice mobilized with AMD3100 or G-
CSF (n 5 4–6 mice per group). (B): SDF-1a levels in plasma and BM supernatants after treatment of AMD3100 or G-CSF (n 5 3–4 mice per
group). (C): Number of CFU-C in PB of WT or NPY2/2 mice mobilized with 5FU (n 5 5 mice per group). (D, E): Expression of (D) FGFR1 and
(E) CXCR4 levels in hematopoietic stem/progenitor cell (HSPCs) sorted from BM at day 5 after 5FU treatment (n 5 3 mice per group). (F):
SDF-1a levels in plasma and BM supernatants at day 10 after 5FU treatment (n 5 5 mice per group). (G): Representative gelatin zymo-
grams and quantification of total gelatinolytic activity of MMP-9 in BM supernatants of WT or NPY2/2 mice (n 5 4 per group). (H and I):
The (H) mRNA levels in BM and (I) protein levels of HSPC maintenance factors (SDF-1a Kitl, Angpt1 and Vcam1) in BM supernatants of WT
or NPY2/2 mice (n 5 6 mice per group). M: Marker, P: MMP-9 positive control. *, p< .05. Data represent three independent experiments.
All error bars indicate s.e.m. All expression levels are relative to Gapdh mRNA. Abbreviation: NPY, neuropeptide Y.
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from BM. We confirmed the mobilization of HSPCs in PB of
WT mice. However NPY2/2 mice did not show mobilization
(Fig. 1C), although FGFR1 and CXCR4 levels in HSPCs were
increased in both WT and NPY2/2 mice after 5FU treatment
(Fig. 1D, 1E). Because SDF-1a levels did not increase in plasma
and also did not decrease in BM of 5FU treated NPY2/2 mice
(Fig. 1F). These results suggested that impaired HSPC mobiliza-
tion in NPY2/2 mice was associated with increased SDF-1a
levels in BM.

Previous study revealed that the degradation of BM SDF-
1a by MMP-9 is a vital process in AMD3100 or G-CSF induced
HSPC mobilization [36, 37]. These reports encourages that
MMP-9 activity may be decreased in BM of NPY2/2 mice. We
performed the MMP-9 zymography and found reduction of
active MMP-9 in BM of NPY2/2 mice compared to WT mice
despite of AMD3100 or G-CSF treatment (Fig. 1G). Therefore,
abnormal increase of BM SDF-1a in NPY2/2 mice was due to
decrease of MMP-9 activity by NPY deficiency, resulting in
impairment of HSPC mobilization.

HSPC maintenance factors such as SDF-1a, Kitl, Angpt1,
and Vcam1 [6–9] are important in maintaining the association
of HSPCs with niche cells such as osteoblasts and MSCs, and
reduction of these factors induces HSPC mobilization [14, 23].

We therefore evaluated the mRNA and protein levels of these
factors in total BM of WT and NPY2/2 mice. As expected, the
expression and protein levels of HSPC maintenance factors
was increased in BM of NPY2/2 mice, supporting the fact
impairment of HSPC egress in NPY2/2 mice is related to an
increase of HSPC maintenance factors in BM (Fig. 1H, 1I). In
previous study, we performed migration assays of HSPCs
sorted from BM of WT or NPY2/2 mice [31]. The results
showed no significant difference between migrated HSPCs of
WT and NPY2/2 mice with or without SDF-1a suggesting
impaired HSPC mobilization of NPY2/2 mice was not a cell-
autonomous effect. Overall, these results indicated that NPY
deficient HSPCs have the normal migration ability, promoting
that impaired HSPC mobilization in NPY2/2 mice is due to
increase of HSPC maintenance factors by reduction of MMP-9
activity in BM.

HSPC Mobilization by NPY

To further investigate a possible role of NPY in mobilization,
we injected WT mice with NPY intravenously (i.v.) and col-
lected BM after 15, 30, and 60 minutes. We observed reduc-
tion of HSPC maintenance factors at 60 minutes after NPY
injection (Fig. 2A). A previous study reported that rapid HSPC

Figure 2. NPY induces hematopoietic stem/progenitor cell (HSPC) mobilization. (A): Expression levels of SDF-1a in the total BM at 15,
30, and 60 minutes and Kitl, Angpt1 and Vcam1 mRNA levels at 60 minutes after PBS or NPY injection (n 5 6 mice per group, i.v.). (B):
SDF-1a levels in plasma and BM supernatants at 60 minutes after NPY treatment (n 5 5 mice per group). (C): Representative gelatin
zymograms and quantification of total gelatinolytic activity of MMP-9 in BM supernatants of PBS or NPY treated mice (n 5 4 per group).
(D): Number of CFU-C in PB at 15 minutes, 60 minutes, and 12 hours after PBS or NPY injection (n 5 6 mice per group). (E, F): Percent-
age of (E) Lineage-Sca-11ckit1 (LSK) cells in PB, and (F) LSK cells and LT-HSCs in BM of PBS or NPY treated mice (n 5 6 mice per group).
(G): Left, experimental design for competitive transplantation. Right, the lethally irradiated CD45.1 recipients were injected with identical
volumes of peripheral blood from PBS or NPY treated mice (CD45.2) in competition with identical numbers of CD45.11 BMNCs. After
16 weeks, the percentage of CD45.21 donor derived cells and RUs were measured by flow cytometry in PB (n 5 4 mice per group). (H):
Expression levels of HSPC maintenance factors in BM of PBS, NPY, or NPY/MMP-9 neutralizing monoclonal antibody treated mice (n 5 4
mice per group). (I, J): Number of (I) CFU-C in PB and percentage of (J) LSK cells, LT-HSCs in BM of each group (n 5 4 mice per group).
M: Marker, P: MMP-9 positive control. *, p< .05. Data represent three independent experiments. All error bars indicate s.e.m. All
expression levels are relative to Gapdh mRNA. See also Supporting Information Figs. S1, S2. Abbreviation: NPY, neuropeptide Y.
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mobilization involves SDF-1a secretion from the BM into the
PB [34], and here we found that NPY treatment also increased
SDF-1a levels in plasma and decreased levels in BM after 60
minutes by increasing MMP-9 activity in BM (Fig. 2B, 2C).
Reduced HSPC maintenance factors in BM and elevated SDF-
1a secretion into PB by NPY treatment induced mobilization
of HSPCs subsets such as hematopoietic progenitors, Linea-
ge2Sca-11ckit1(LSK) cells, and LSKCD482CD1501 long-term HSCs
(LT-HSCs) (Fig. 2D–2F). Conversely, CD452Lin2CD312Sca11CD511

MSCs, CD452Lin2CD312Sca12CD511 osteoblasts, and CD31

T cells were increased in NPY treated mice (Supporting Informa-
tion Fig. S1A, S1B).

We also performed competitive transplantation studies to
reconfirm the effects of NPY on HSPC mobilization. Transplanta-
tion of BM from NPY treated mice resulted in a increased per-
centage of CD45.21 donor-derived cells and repopulation units
(RUs) in PB compared to injection of PB from PBS treated
mice, further suggesting the importance of NPY on HSPC mobi-
lization from BM (Fig. 2G). To confirm HSPC mobilization by
long-term follow up of NPY treatment, mice received i.p. injec-
tion of NPY twice daily for 6 days. The expression of mainte-
nance factors in BM was reduced throughout the treatment

period and mobilization of HSPCs was increased in NPY treated
mice (Supporting Information Fig. S2A, S2B). Overall, these
data indicated that NPY mobilized HSPCs from the BM to the
PB via reduction of HSPC maintenance factors in BM.

Finally, to determine whether MMP-9 mediates reduction
of HSPC maintenance factors and mobilization by NPY, we
injected MMP-9 neutralizing monoclonal antibody (a-MMP9)
with NPY. The injection of a-MMP9 caused inhibition of main-
tenance factors reduction and HSPC mobilization by NPY (Fig.
2H–2J). These findings indicate that increase of MMP-9 activ-
ity by NPY reduces expression of HSPC maintenance factors,
resulting in HSPC mobilization.

Next, to investigate the possibility of direct HSPC mobiliza-
tion effects by NPY, we performed in vitro migration assays.
Five-thousand HSPCs sorted from BM of WT mice were placed
into the top chamber of a 24-well transwell plate, and NPY
was included in the media of the lower chamber. The result
showed no significant difference between migrated HSPCs
with or without NPY (Fig. 3A). These results suggested that
NPY did not have chemotactic ability itself. Based on these
findings, we performed an in vitro transstromal migration
assay. 53 104 BMNCs with or without NPY treatment were
placed in the top chamber of 24-well transwell plate contain-
ing a monolayer of osteoblasts, which are one of the stromal
cells expressing HSPC maintenance factors. The migration
capacity was measured by CFU-C assays. HSPCs migration to
the bottom chamber was increased by NPY treatment (Fig.
3B). We also confirmed CXCR4 levels in migrated HSPCs, and
found no significant difference between each group. Similar
result was obtained in HSPCs sorted from BM of PBS or NPY
treated mice (Fig. 3C, 3D). Therefore, these results indicated
that NPY mediated HSPC mobilization by regulating HSPC
maintenance factors in niche cells such as osteoblasts.

The Y1 Receptor in HSPC Mobilization

We next attempted to determine whether the Y1 receptor
mediated the HSPC mobilization effect of NPY. Y1 antagonist
treated mice did not reduce HSPC maintenance factors (Sup-
porting Information Fig. S3A) and resulted in inhibition of
NPY-induced HSPC mobilization (Supporting Information Fig.
S3B–S3D). We obtained similar results in competitive trans-
plantation experiments (Supporting Information Fig. S3E). In
contrast to Y1 antagonist treatment, Y1 agonist treatment
induces mobilization of HSPC subsets as the biggest pheno-
type similar to NPY treatment itself (Supporting Information
Fig. S4A–S4E). Taken together, these data revealed that NPY
induced HSPC mobilization through the Y1 receptor.

As discussed above, osteoblasts and MSCs are major niche
cells maintaining HSPCs by expressing maintenance factors
[6–13]. These cells also are known to express Y1 receptors
[28, 38]. To reveal whose Y1 receptors mediated HSPC mobili-
zation by NPY, we first treated osteoblasts differentiated from
MSCs with NPY for 3 days (Fig. 4A). NPY caused reduced
expression of HSPC maintenance factors in these cells, partic-
ularly SDF-1a in a concentration dependent manner, but did
not have an effect in nondifferentiated MSCs (Fig. 4B, 4C). To
confirm this observation further in vivo, we evaluated HSPC
maintenance factors in osteoblasts sorted from whole BM of
PBS or NPY treated mice (see osteoblasts sorting strategy in
Supporting Information Fig. S1A). These factors were
decreased in osteoblasts sorted from NPY treated mice (Fig.

Figure 3. NPY does not have chemotactic ability itself and does
not affect CXCR4 levels in HSPCs. (A): Ilustration of transwell migra-
tion assay and comparison of the migration ability of HSPCs in the
presence of NPY (n 5 3 per group). (B): Ilustration of transstromal
migration assay and comparison of the migration of HSPCs in the
presence of NPY (n 5 3 per group). (C, D): Expression of CXCR4 (C)
in migrated HSPCs of lower chamber (n 5 3 per group) and (D) in
HSPCs sorted from BM of PBS or NPY treated mice (Three experi-
ments in which populations were sorted from 10 mice each). *,
p< .05. Data represent three independent experiments. All error
bars indicate s.e.m. All expression levels are relative to Gapdh
mRNA. Abbreviations: HSPCs, hematopoietic stem/progenitor cell;
LSK, Lineage-Sca-11ckit1; NPY, neuropeptide Y.
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Figure 4. NPY reduces Hematopoietic stem/progenitor cell (HSPC) maintenance factors in osteoblasts by increasing MMP-9 activity. (A):
Experimental design to determine the effect of NPY on HSPC maintenance factors (SDF-1a, Kitl, Angpt1, and Vcam1) in osteoblasts or
BM-MSCs. (B, C): Expression levels of factors in (B) osteoblasts or (C) BM-MSCs following concentration NPY treatment (n 5 4–6 per
group). (D, E): Expression levels of (D) HSPC maintenance factors and (E) MMP-9 in osteoblasts sorted from BM of PBS or NPY treated
mice. (F): Representative gelatin zymograms and quantification of total gelatinolytic activity of MMP-9 in osteoblasts sorted from BM of
each groups. (G, H): Expression levels of (G) HSPC maintenance factors and (H) MMP-9 in nestin1 MSCs sorted from BM of each groups.
(I): Representative gelatin zymograms and quantification of total gelatinolytic activity of MMP-9 in MSCs cultured from BM with or with-
out NPY treatment (n 5 4 per group). Three experiments in which osteoblasts or nestin-GFP1 cells were sorted from BM of 10 mice
each. M: Marker, P: MMP-9 positive control. *, p< .05. Data represent three independent experiments. All error bars indicate s.e.m. All
expression levels are relative to Gapdh mRNA. See also Figs. S3–S6. Abbreviation: NPY, neuropeptide Y.
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4D). Moreover, osteoblasts sorted from BM of NPY treated
mice showed significantly increased MMP-9 expression and
activity compare to osteoblasts sorted from BM of PBS
treated mice (Fig. 4E, 4F). Nestin1 MSCs are strictly perivascu-
lar, exist in central areas of the marrow, and also express
HSPC maintenance factors. Reduction of nestin1 MSCs also
leads to HSPC mobilization [13, 14]. We therefore sorted
nestin1 MSCs from whole BM after PBS or NPY injection in
Nes-GFP mice [13], and observed no reduction of HSPC main-
tenance factors and increase of MMP-9 expression (Fig. 4G,
4H). The activity of MMP-9 also did not alter in BM-MSCs
with or without NPY treatment (Fig 4I). These results indi-
cated that NPY led to HSPC mobilization by increasing MMP-9
activation in osteoblasts which caused reduction of HSPC
maintenance factor expression, especially SDF-1a.

The suppression of osteoblasts induces HSPC mobilization
in the endosteal niche [23], and we therefore investigated
expression of osteoblast specific genes in vitro and in vivo
with or without NPY treatment, and in NPY2/2 mice. How-
ever, we found no significant differences between these
groups (Supporting Information Fig. S5A–S5D), suggesting that
HSPC mobilization by NPY occurs by only reducing HSPC main-
tenance factors expression in endosteal osteoblasts without
suppression of osteoblasts.

In Fig. 1G, 1H, we observed increase of HSPC maintenance
factors by reduction of MMP-9 activity in whole BM of NPY2/2

mice. To confirm whether these observations were derived from
osteoblasts, we sorted osteoblasts from whole BM of WT or
NPY2/2 mice and found similar results (Supporting Information
Fig. S6A, S6B). We further investigated that NPY induces HSPC
mobilization of NPY2/2 mice by regulating maintenance factors
in osteoblasts. The results showed that reduction of maintenance
factors in osteoblasts and mobilized HSPCs in NPY2/2 mice by
NPY treatment, indicating NPY restores impaired HSPC mobiliza-
tion of NPY2/2 mice (Supporting Information Fig. S6C, S6D).

We next confirmed whether the Y1 receptor in osteoblasts
mediates the HSPC mobilization effect by activating MMP-9.
We treated osteoblasts with Y1 antagonist or Y1 agonist in
vitro, and found that the Y1 agonist only reduced HSPC main-
tenance factors (Supporting Information Fig. S7A, S7B). More-
over, MMP-9 activity increased in osteoblasts sorted from Y1
agonist treated mice, but not in Y1 antagonist (Supporting
Information Fig. S7C). These results indicated that NPY medi-
ated HSPC egress through the Y1 receptor in osteoblasts by
increasing MMP-9 activity.

To more specifically investigate the role of osteoblasts in
this phenomenon, col1a1-cre [39] and Y1fl/fl mice [40] were
used to conditionally deplete the Y1 receptor in osteoblasts.
Y1 receptor mRNA levels were significantly reduced in osteo-
blasts sorted from col1a1-cre; Y1fl/fl mice (Supporting Informa-
tion Fig. S7D). We then injected PBS or NPY into these mice.
NPY treated col1a1-cre; Y1fl/fl mice did not exhibit a reduction
of HSPC maintenance factors and increase of MMP-9 activity
in osteoblasts sorted from each mice, resulting in no induc-
tion of HSPC mobilization (Fig. 5A–5E). Similar results were
obtained in competitive transplantation experiments (Fig. 5F).
Y1 receptor deficiency in osteoblasts did not affect the per-
centage of LSK cells or LT-HSCs in PB and BM (Fig. 5D, 5E;
Supporting Information Fig. S10A). These results indicated
that Y1 receptor in osteoblasts was not involved in HSPC
function itself, promoting that NPY-mediated Y1 receptor stim-

ulation induces MMP-9 activity in osteoblasts and contributes
to HSPC mobilization. Next, we performed in vitro transstro-
mal migration assays to reconfirm NPY/Y1 receptor mediated
HSPC mobilization in osteoblasts. Importantly, the migration
of HSPCs through Y1 receptor depleted osteoblasts was not
induced despite NPY treatment (Fig. 5G). Together, these
results support the fact that NPY mobilized HSPCs by regulat-
ing Y1 receptor in osteoblasts. Furthermore, we confirmed
MMP-9 activation in control or Y1 receptor depleted osteo-
blasts with or without NPY treatment. MMP-9 activation did
not increase in NPY treated Y1 receptor depleted osteoblasts
(Fig. 5H). Therefore, NPY/Y1 receptor induced reduction of
HSPC maintenance factors by increasing MMP-9 activity in
osteoblasts, resulting in HSPC mobilization.

The MMP-9 as a Mediator on NPY/Y1 Receptor
Induced-HSPC Mobilization

To determine whether forced activation of MMP-9 in Y1
receptor depleted osteoblasts restores NPY-induced HSPC
migration, in vitro transstromal migration assays was per-
formed with or without MMP-9. The migration of HSPCs
through Y1 receptor depleted osteoblasts was induced by
MMP-9 treatment (Fig. 6A). We further confirmed the func-
tional role of MMP-9 on NPY/Y1 receptor induced-HSPC mobi-
lization in vivo. Col1a1-cre; Y1fl/fl mice were injected with
MMP-9, and the results showed reduction of HSPC mainte-
nance factors and induction of HSPC mobilization (Fig. 6B–
6D). These results suggest that MMP-9 activation by NPY/Y1
receptor stimulation mediates HSPCs mobilization. To more
prove whether the MMP-9 in osteoblasts is responsible for
the HSPC mobilization by NPY/Y1 receptor stimulation, in vitro
transstromal migration assays performed in MMP-9 depleted
osteoblasts. The migration of HSPCs through MMP-9 depleted
osteoblasts was not induced despite NPY treatment (Fig. 6E),
promoting the MMP-9 as a pivotal mediator of the HSPC
mobilization by NPY/Y1 receptor.

Macrophages regulating HSPC traffic reside in the perivas-
cular niche as well as in the endosteal niche with osteoblasts.
We first confirmed MMP-9 activity of BM- macrophages with
or without NPY treatment in vitro and observed no significant
difference (Supporting Information Fig. S8A). CD11b1F4/
801Ly6G1 and F4/801CD1151Gr12CD1691 macrophages are
involved in HSPC traffic in both endosteal and perivascular
niches, and loss of these macrophages causes mobilization of
HSPCs out of BM into the PB [41, 42]. Previous study
reported that aSMA expressing macrophages preserved HSPCs
in the perivascular niche, although it was a very small popula-
tion of the total BM [43]. We therefore examined the num-
bers of these macrophage subsets in BM of PBS or NPY
treated mice, and found no significant change the numbers of
any macrophage group with either treatment (Supporting
Information Fig. S8B–S8D). These results suggested that the
Y1 receptor in macrophages was not associated with NPY-
mediated HSPC mobilization. In order to more specifically
investigate the question of whether Y1 receptor expression in
macrophages regulates HSPC mobilization, Lyz2-cre recom-
bined in the myeloid cell lineage [44] mice were used; reduc-
tion of Y1 receptor mRNA levels was observed in
macrophages cultured from BM of Lyz2-cre; Y1fl/fl mice (Sup-
porting Information Fig. S8E). Then, control or Lyz2-cre; Y1fl/fl

mice received PBS or NPY injections, and we found mobilized
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HSPCs in the NPY treated animals (Supporting Information Fig.
S8F, S8G). Therefore, depletion of Y1 receptor in macrophages
did not alter the NPY-mobilization effect, and we therefore
conclude that NPY regulates HSPC mobilization through Y1
receptor in osteoblasts by increasing MMP-9 activation in the
endosteal niche, but not in macrophages.

HSPC Mobilization by Endogenous NPY

NPY is preferentially released during prolonged and/or intense
stress [25]. To determine whether endogenously released NPY
from sympathetic nerves induces HSPC mobilization, mice
were first restrained in a conical tube for 1 month and
exposed to cold water for 2 weeks (Supporting Information
Fig. S9A). We found increased NPY levels in the blood of cold
stress (CS), but not in restraint/isolation (RI), stress groups
compared to no stress (NS) groups. However, NPY levels in
BM increased in both groups (Supporting Information Fig.

S9B, S9C). Increased NPY levels in BM led to a significant
reduction of HSPC maintenance factors by increasing of MMP-
9 expression in whole BM and activation in osteoblasts, and it
caused induction of HSPC mobilization (Supporting Informa-
tion Fig. S9D–S9H). We then subjected NPY2/2 and col1a1-
cre; Y1fl/fl mice to RI stress and CS, and NPY levels were
determined in blood and BM of each group (Supporting Infor-
mation Fig. S9I, S9J). Notably, NPY deficiency or absence of Y1
receptors in osteoblasts did not affect expression of HSPC
maintenance factors in BM by stress (Supporting Information
Fig. S9K). Moreover, MMP-9 expression in osteoblasts sorted
from BM of each group did not increase in NPY2/2 and
col1a1-cre; Y1fl/fl mice group, and these mice group did not
show HSPC mobilization (Supporting Information Figs. S9L–
S9N, S10B–S10C). Therefore, these results indicated that the
release of endogenous NPY from sympathetic nerves to BM
by chronic stress mediated HSPC mobilization through the Y1

Figure 5. Y1 receptor in osteoblasts is required for HSPC mobilization by NPY. (A, B): Expression levels of (A) HSPC maintenance factors
and (B) quantification of total gelatinolytic activity of MMP-9 in osteoblasts sorted from BM of PBS or NPY treated control and col1a1-
cre; Y1fl/fl mice (Three experiments in which osteoblasts were sorted from BM of 10 mice each). (C): Number of CFU-C in PB of PBS or
NPY treated control and col1a1-cre; Y1fl/fl mice (n 5 5–6 mice per group, i.v.). (D, E): Percentage of (D) LSK cells in PB, and (E) Linea-
ge-Sca-11ckit1 (LSK) cells and LT-HSCs in BM of each groups (n 5 4–6 mice per group). (F): Left, experimental design for competitive
transplantation. Right, the lethally irradiated CD45.1 recipients were injected with identical volumes of peripheral blood from PBS or
NPY treated control and col1a1-cre; Y1fl/fl mice (CD45.2) in competition with identical numbers of CD45.11 BMNCs. After 16 weeks, the
percentage of CD45.21 donor derived cells and RUs were measured by flow cytometry in PB (n 5 4 mice per group). (G): Migration of
HSPCs through control (Control OBs) or Y1 receptor downregulated osteoblasts (Y1R KO OBs) with or without NPY (n 5 3 per group).
(H): Representative gelatin zymograms and quantification of total gelatinolytic activity of MMP-9 in osteoblasts of control and Y1 recep-
tor downregulated with or without NPY treatment (n 5 4 per group).1 /1, wild-type. M: Marker, P: MMP-9 positive control. *, p< .05.
Data represent three independent experiments. All error bars indicate s.e.m. All expression levels are relative to Gapdh mRNA. See also
Supporting Information Figs. S7, S10. Abbreviations: HSPC, hematopoietic stem/progenitor cell; NPY, neuropeptide Y.
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receptor by regulating MMP-9 activity and HSPC maintenance
factors in osteoblasts.

Maintenance of Bone Homeostasis by NPY

Bone homeostasis is required for the balance between bone-
forming osteoblasts and bone resorbing osteoclasts [45]. Pre-
vious studies demonstrated that AMD3100-induced mobiliza-
tion of HSPCs reduces bone loss in an ovariectomy-induced
osteoporosis mice model by decreasing the number of osteo-
clasts differentiated from BM-derived HSPCs [46]. Moreover,
recruitment of osteoclast precursors from BM to blood also
relieves bone loss in ovariectomized mice through reduction
of osteoclast accumulation onto bone surfaces [47]. We there-
fore hypothesized that the mobilization of HSPCs by NPY
decreases the number of osteoclasts in BM since osteoclasts
are differentiated from HSPCs [48]. To investigate this hypoth-
esis, twelve week-old female mice underwent either sham
surgery or ovariectomy. One week after surgery, the sham
and ovariectomized mice received an i.p. injection with PBS
or NPY for 21 days. At the end of treatment, we checked
body and uterine weight in order to ensure success of the
ovariectomy procedure and the effects of treatment; the
results showed increased body weight and reduced uterine
weight in ovariectomized mice compared to sham-operated
mice (Supporting Information Fig. S11A). HSPC maintenance
factor expression levels also significantly increased in the BM
of ovariectomized mice, indicating that BM of ovariectomized
mice contained more HSPCs than that of sham-operated mice
(Supporting Information Fig. S11B, S11C). However, this did
not affect the number of hematopoietic progenitors in blood
(Supporting Information Fig. S11D). Also, increased SDF-1a
expression in BM from ovariectomized mice was significantly

reduced by NPY treatment, and HSPCs were mobilized (Sup-
porting Information Fig. S11E–S11G).

Next, the femora of either sham or ovariectomized mice,
which were injected with NPY, were analyzed by lCT. NPY
treatment significantly prevented bone density loss after ovar-
iectomy, and similar effects were observed under control
(sham non-overiectomized mice) conditions (Supporting Infor-
mation Fig. S11H, Supporting Information Movie S1–S4).
Moreover, the number and size of TRAP1 active osteoclasts
was decreased in the trabecular region in the NPY treated
ovariectomized mice (Supporting Information Fig. S11I). To
investigate the possibility of osteoclast precursors mobilization
by NPY, CD11b1 osteoclast precursors/monocytoid cells were
measured in PB and BM according to a previous studies [47,
49]. The results showed that ovariectomized-mice did not
induce mobilization of CD11b1 cells by NPY treatment. How-
ever, CD11b1 cells in BM were reduced in NPY injected
ovariectomized-mice (Supporting Information Fig. S11J). Next,
we investigated whether NPY induced HSPC differentiation
into mature functional osteoclasts to clarify whether NPY
leads to HSPC mobilization to blood or reduced differentiation
into mature osteoclasts. The results showed that NPY did not
have an effect on mature osteoclast specific genes expression
(Supporting Information Fig. S11K). Therefore, these findings
indicated that the decreased number of osteoclasts in
ovariectomized-mice was caused by NPY mediated HSPC mobi-
lization. Finally, we determined the effects of NPY treatment
on osteoblast activity because our data indicated an increased
percentage of osteoblasts in BM of NPY treated C57BL/6 mice
(see Supporting Information Fig. S1A). We performed H&E
staining in order to determine the effect of NPY on the num-
ber of osteoblasts. These findings revealed that osteoblast
numbers were significantly increased in the NPY treated

Figure 6. MMP-9 plays as a mediator for NPY/Y1 receptor induced HSPC mobilization. (A): Migration of HSPCs through control or Y1
receptor downregulated with or without MMP-9 (n 5 3 per group). (B): Expression levels of HSPC maintenance factors in osteoblasts
sorted from BM of 1/1or col-cre; Y1fl/fl mice with or without MMP-9 treatment (Three experiments in which osteoblasts were sorted
from BM of 10 mice each). (C, D) The number of (C) CFU-C in PB and (D) the percentage of LSK cells and LT-HSCs in BM of each group
(n 5 4 mice per group). (E): Migration of HSPCs through control or MMP-9 downregulated osteoblasts with or without NPY (n 5 3 per
group). *, p< .05. Data represent three independent experiments. All error bars indicate s.e.m. All expression levels are relative to
Gapdh mRNA. See also Supporting Information Fig. S8. Abbreviations: HSPC, hematopoietic stem/progenitor cell; NPY, neuropeptide Y.
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groups (Supporting Information Fig. S11L). Overall, these
results suggested that NPY relieved ovariectomy induced bone
loss by reducing the number of osteoclasts through HSPCs
mobilization, as well as by increasing the number of
osteoblasts.

DISCUSSION

Many reports indicate a functional link between the nervous
system and HSPC mobilization. Neurotransmitters secreted
from sympathetic nerves play a key role in this process
[17–21]. NPY is one of the most abundant and widely
secreted peptides from the brain or sympathetic nerves [25].
However, the specific function of NPY on HSPC mobilization
has not been fully characterized. Here we demonstrate the
unknown role of NPY as a new regulator of HSPC mobilization.
NPY deficient mice showed impairment of HSPC mobilization
with AMD3100 or G-CSF. These agents induced HSPC egress
by increasing SDF-1a levels in blood and/or by reducing levels
in BM of WT mice, but not in NPY2/2 mice. Similar results
were observed in 5FU treated NPY2/2 mice. 5FU induced
HSPC mobilization by increasing FGFR1 and CXCR4 expression
in HSPCs, as well as SDF-1a levels in PB [35]. Although
FGFR1/CXCR4 was upregulated in HSPCs of NPY2/2 mice,
SDF-1a levels did not increase in the PB. Rather, NPY2/2 mice
showed increased expression of SDF-1a and HSPC mainte-
nance factors in BM. Taken together, these results suggested
that impairment of HSPC egress in NPY2/2 mice is associated
with an increase of SDF-1a and HSPC maintenance factors in
BM. The decrease of BM SDF-1a by AMD3100 or G-CSF is
related to the enhanced activation of MMP-9. Activation of
MMP-9 in response to G-CSF-induced mobilization is well
known, and was also documented following AMD3100 admin-
istration [36, 37]. Our results showed that reduction of MMP-
9 activation in BM of NPY2/2 mice led to increased BM SDF-
1a resulting in defected HSPC egress (Supporting Information
Fig. S12A). Decrease of MMP-9 activity by NPY deficiency is
supported by the fact that MMP family members such as
MMP-3 are activated by NPY [50].

NPY administration/increase led to HSPC decrease in BM
due to mobilization of HSPCs into blood through the Y1
receptor in osteoblasts, and by reducing HSPC maintenance
factors in BM. Recent studies have demonstrated that condi-
tional deletion of Kitl from osteoblasts has no effect on HSPC
egress, and also that Angpt1 or Vcam1 were not involve in
HSPC mobilization from the BM. To the contrary, large
changes of SDF-1a levels in osteoblasts regulate HSPC mobili-
zation [51, 52]. In our study, NPY induced HSPC mobilization
by reducing expression of SDF-1a in BM and increasing levels
in blood through the MMP-9 activation in osteoblasts (Sup-
porting Information Fig. S12B), and long period of NPY treat-
ment also mobilized HSPCs into blood consistently. Of note,
the increase of HSPCs mobilization following chronic adminis-
tration of NPY is not higher than a single treatment. This
result may indicate that HSPCs mobilization reaches a new
equilibrium state. To investigate the role of NPY as a chemo-
tactic factor, we performed migration assay and found that
NPY did not have chemotactic ability of NPY itself. Also,
although unexpected, NPY injection resulted in increased
MSC, osteoblast and T cell contents in BM. We have con-

firmed decrease of MSCs and no significant difference of
osteoblast in BM of NPY2/2 mice in previous our study [31].
In this study, we also confirmed that expression of osteoblast
specific genes was not altered in BM of NPY2/2 mice. These
results suggest that NPY may be involved in MSCs survival but
not in differentiation to osteoblasts. The increase of osteo-
blasts and T cells by NPY is probably associated with direct
NPY-stimulated proliferation of these cells, consistent with
previous findings [30, 38].

Many studies have shown the importance of vascular
niche [3, 13, 14]. We confirmed that NPY did not affect vascu-
lar niche cells such as nestin1 cells or macrophages inducing
HSPC mobilization in vascular niche. Although NPY did not
affect HSPC mobilization in this niche, previous our study
revealed that NPY regulates HSPC survival within vascular
niche by preventing SNS fibers and vascular niche cells [31,
32]. NPY treatment prevented bone loss in a mouse model of
osteoporosis through osteoclast reduction by HSPC mobiliza-
tion in endosteal niche, as well as by an increase of osteo-
blasts, suggesting that NPY can regulate the molecular
interaction between osteoblasts and osteoclasts (Supporting
Information Fig. S12C). In addition, chronic stress stimulated
the release of NPY from sympathetic nerves, and increased
NPY levels in plasma or BM leading to HSPC mobilization
through the Y1 receptor in osteoblasts. This conclusion indi-
cates that increased neurotransmitter release from SNS stimu-
lation after external stressors induces mobilization of bone
marrow cells, similar to previous results [17].

Recently, regulation of HSPC mobilization has been consid-
ered as a treatment standard for a variety of genetic disorders
of hematopoiesis [53, 54]. In addition, HSPC mobilization from
BM into blood has been used for repairing damage to differ-
ent tissue and stem cell transplantation [16, 55]. In particular,
isolation of circulating HSPCs from the blood has some advan-
tages compared to traditional bone marrow transplantation,
such as more rapid engraftment, less pain, lower risk, and
fewer technical difficulties compared to harvesting from the
BM [56]. Due to these clinical benefits, understanding the
involvement of the nervous system as a mediator of HSPC
mobilization is important for future clinical applications.

In our study, NPY injection induced rapid HSPC mobilization
rapidly showing the highest mobilization into PB within 1 hour
after injection. These results suggest that it could be an effec-
tive mobilization-inducing agent. Further, our findings provide a
potential clinical utility of NPY as a therapeutic agent for bone
loss, as well as a potential therapeutic approach for HSPC
mobilization. Further studies investigating the functional role of
NPY on HSPC mobilization under pathological conditions may
provide more effective information on the mechanisms of
interaction with the nervous system and HSPC mobilization.

CONCLUSION

Neurotransmitters released from the SNS regulate HSPC mobi-
lization. NPY is one of the most abundant and widely secreted
peptides from the brain or sympathetic nerves, and it has
been implicated in a variety of physiological actions. However,
the specific function of NPY in the HSPC mobilization has not
been fully characterized. Our results suggest that NPY induces
HSPC mobilization through Y1 receptor in osteoblasts by
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activating MMP-9. Moreover, NPY-induced HSPC mobilization
improves bone loss of ovariectomized mice, suggesting new
role of NPY as a mediator of HSPC mobilization and potential
therapeutic agent for bone loss.

MATERIALS AND METHODS

Mice

Six- to eight-week-old male or female NPY2/2 mice, C57BL/6
mice, or C57BL/6.SJL (BoyJ) mice were purchased from the
Jackson Laboratory. Nes-GFP mice [13] have been described
previously. NPY2/2 mice and control mice were maintained
on a 129S1/SvImJ background. Lyz2-cre [44] (The Jackson Lab-
oratory), 2.3-kB col1a1-cre [39], and Y1 flox/flox mice [40]
were used to delete the Y1 receptor in osteoblasts and mac-
rophages specifically. The block randomization method was
used to allocate the animals to experimental groups. To elimi-
nate bias, investigators were blinded during data collection
and data analysis. Mice were housed at a 12 hour day-night
cycle with free access to tap water and food pellets. All
mouse studies were approved by the Kyungpook National Uni-
versity Institutional Animal Care and Use Committee.

Reagent Treatments

To induce HSPC mobilization, control or NPY2/2 mice were
injected with AMD3100 (5mg/kg, i.p), G-CSF (125mg/kg s.c.
for 5 days) or 5FU (Sigma; 250mg per kg body weight, i.v.)
under isoflurane anesthesia. To investigate the role of the NPY
or Y1 receptor in HSPC mobilization, 5 nM NPY (Bachem, H-
6375), 5 nM Y1 agonist [Leu31, Pro34] (Bachem, E-3302), and
5 nM Y1 antagonist BIBP3226 (Bachem, E-3620) were applied
to osteoblasts or MSCs in vitro. Three days later, osteoblasts
or MSCs were collected for RNA extraction. For in vivo experi-
ment, mice were injected with NPY, Y1 agonist, Y1 antagonist
(50 lg per kg body weight, i.v.), MMP-9 neutralizing monoclo-
nal antibody (Millipore, IM09L. 3mg per kg body weight, i.v.)
or recombinant MMP-9 (R&D system, 909-MM-010. 50lg per
kg body weight, i.v.). After 1 hour, the BM was harvested and
blood was analyzed by CFU-C assay as described [57].

Bone Marrow Transplantation

The lethally irradiated CD45.1 recipients (BoyJ, total 10 Gy
dosage of two split doses) were injected with identical vol-
umes of PB from 6- to 8-week-old mice (CD45.2 donor) in
competition with identical numbers of CD45.11 BMNCs (com-
petitor). Sixteen weeks after transplantation, we quantified
the percentage of CD45.21 cells in the blood of the recipient
mice. RUs were calculated according to a previously published
method [58].

Flow Cytometry

The BM was flushed from the tibiae and femurs of each
mouse. Red blood cells (RBCs) were lysed once for 5 minutes
at 4 8C in 0.15M NH4Cl (STEMCELL Technologies), washed
once with PBS (Gibco), and counted using a hemocytometer.
For HSPC, MSC, or osteoblast detection, Lin1 cells were
removed by magnetic depletion using biotinylated lineage-
specific antibodies (CD5, CD45R, CD11b, Gr-1, and Ter-119),
followed by depletion with MACs beads conjugated to a
monoclonal antibiotin (Miltenyi Biotec). For staining of HSPCs,

Lin2 cells were stained with phycoerythrin PE-Cy7-conjugated
antibodies to Sca1 (558162), APC-conjugated antibodies to c-
Kit (553356), FITC-conjugated antibodies to CD48 (557484),
and PE-conjugated antibodies to CD150 (561540), all from BD
Science. For MSCs and osteoblasts staining, the chopped bone
fragments and BM were digested with collagenase type
I(3mg/ml; Sigma), and Lin2 cells were stained with APC-Cy7-
CD45 (557659), APC-CD31 (551262), Pecy7-Sca1, PE-CD51
(551187), all from BD Science. Cells were further stained with
streptavidin-pacific blue (PB) (Invitrogen, S11222). The APC-
Cy7-CD45, APC-CD31, PE-Ter119 (BD Science, 553673), Nestin
(Abcam, ab6142) and secondary Alexa Fluor 488 (Life technol-
ogies, a11029) were used to stain nestin-positive cells after
the BM was digested with collagenase type IV (0.2mg/ml;
Sigma). LSK cells, Nestin-positive cells and osteoblasts were
sorted. Macrophages subsets, T cells, B cells and oseteoclast
precursors/monocytoid cells were detected by staining with
antibodies to PE-CD11b (BD science, 557397), FITC-Ly6G (BD
Science, 551160), APC-F4/80 (AbD Serotec, MCA497), APCcy7-
Gr1 (BD science, 557661), FITC-CD169 (AbD serotec,
MCA884F), PE-CD115 (eBioscience, 12-1152), aSMA (Abcam,
ab66133), PE-CD3 (BD Science, 555275) and PB-B220 (BD Sci-
ence, 558108). Data were collected on a BD LSRII system and
AriaIII (BD Science) and analyzed using FlowJo software (Tress
Star).

Chronic Stress

Mice were exposed to restraint/isolation (RI) stress or cold
stress (CS). To achieve RI stress, mice were restrained in a
conical tube for 1 month (6 hours/day for 6 day/week). For
CS, we placed mice in 0.5 cm ice-cold water for 1 hour per
day for 14 day as described [27]. All stress tests were per-
formed daily between 9:00 and 11:00 a.m. We returned
stressed mice to their home cages with free access to food
and water, and they showed no signs of difficulty in groom-
ing or eating. Nonstressed control mice were housed with
same-sex littermates (n 5 3–5 per cage) and were trans-
ported to/from testing rooms but were not otherwise
handled. After 14 days or 1 month, plasma and BM were
harvested for measurement of the NPY levels (Phoenix Phar-
maceuticals Inc).

Statistical Analysis

Comparisons between two groups were performed with Stu-
dent’s t-test. In cases where more than two groups were
compared to each other, a one or two way analysis of var-
iance (ANOVA) was used, followed by Tukey’s HSD test. All
statistical analyses were performed using SPSS statistical soft-
ware. p< .05 was considered to be significant.
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