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Abstract

CXCL12/SDF-1 dynamically regulates hematopoietic stem cell (HSC) attraction in the bone

marrow (BM). Circadian regulation of bone formation and HSC traffic is relayed in bone and BM

by β-adrenergic receptors (β-AR) expressed on HSCs, osteoblasts and mesenchymal stem /

progenitor cells. Circadian HSC release from the BM follows rhythmic secretion of

norepinephrine (NE) from nerve terminals, β3-AR activation and Cxcl12 downregulation, possibly

due to reduced Sp1 nuclear content. Here, we show that β-AR stimulation in stromal cells causes

Sp1 degradation, partially mediated by 26S proteasome. Inverted trends of circulating

hematopoietic progenitors and BM Cxcl12 mRNA levels change acutely after light onset, shown

to induce sympathetic efferent activity. In BM stromal cells, activation of β3-AR downregulates

Cxcl12, whereas β2-AR stimulation induces clock gene expression. Double-deficiency in β2- and

β3-ARs compromises enforced mobilization. Therefore, β2- and β3-ARs have specific roles in

stromal cells and cooperate during progenitor mobilization.
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INTRODUCTION

Circadian oscillations are sustained by the asynchronous expression of “clock genes” that

interact in feedback loops1 and that are also regulated by post-transcriptional, post-

translational, and epigenetic mechanisms.2 The central pacemaker in the brain, the

suprachiasmatic nucleus (SCN), regulates circadian oscillations of multiple tissues through

sympathetic efferent activity. In the liver3 or the bone,4 adrenergic activity resets the

peripheral clock by inducing the expression of the clock gene Per1. In the bone, this effect is

transduced by the β2-AR, the only β-AR expressed by the osteoblast.5 However, other bone

marrow (BM) stromal cells also express the β3-AR, which regulates physiological circadian

release of hematopoietic stem cells (HSCs) to the bloodstream.6 The possible implications

of the β3-AR in multiple tissues have not been investigated, possibly due to its low

expression level, even in adipocytes, where it is known to regulate lipolysis and

thermogenesis and to signal distinctly from the β1- and β2-ARs.7

CXCL12/SDF-1 has emerged as a critical chemokine for the migration of HSCs, as shown

by pioneer studies.8-10 In addition, CXCL12 is the only known chemokine capable of

directed migration of HSCs.11 Indeed, the disruption of CXCL12 interaction with CXCR4,

its cognate receptor, using specific small CXCR4 inhibitor molecule is sufficient to induce

HSC mobilization from the BM to the peripheral circulation.12 While circadian release of

norepinephrine (NE) by nerve terminals in the BM leads to rhythmic Cxcl12

downregulation, possibly via reduced Sp1 nuclear content in stromal cells,6 the expression

of CXCR4 in HSCs also follows circadian oscillations,13 suggesting that a coordinated

expression of secreted molecules and ligands regulates the steady-state traffic of HSCs. In

addition, NE and epinephrine-mediated activation of β2-ARs on human CD34+

hematopoietic progenitors promotes their migration, proliferation, and mobilization.14

Previous studies have shown that exposure to light in rodents acutely induces sympathetic

efferent activity and suppresses the parasympathetic tone in various organs, an effect

mediated by the SCN. Light exposure acutely induces sympathetic activity of the pancreatic,

hepatic, splenic, adrenal and renal branches of the splanchnic nerve and suppressed

parasympathetic efferent activity of pancreatic, hepatic and gastric branches of the vagus

nerve in rats.15,16 In mice, the increase of the renal sympathetic nerve activity, arterial blood

pressure and heart rate immediately after the onset of light was accompanied by a rapid

suppression of the gastric vagal parasympathetic nerve activity.17 Further, the SCN-

mediated induction of sympathetic activity by light in the splanchnic nerve directly

stimulated peripheral clock gene expression in the adrenal cortex, leading to enhanced

secretion of glucocorticoid hormones.18

In this study we have examined in more detail the specific roles of β2- and β3-ARs in the

circadian regulation of the expression of Cxcl12 and clock genes in stromal cells, as well as

in G-CSF-induced mobilization of hematopoietic progenitors. These results suggest that

although β2- and β3-adrenergic receptors on stromal cells elicit specific biological responses

in homeostasis, they cooperate during progenitor mobilization enforced by G-CSF.
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RESULTS

The onset of light triggers Cxcl12 mRNA downregulation

Our previous studies have shown an oscillatory pattern of Cxcl12 mRNA levels in the BM

closely (< 4h) followed by a similar oscillation of CXCL12 protein content in the BM

extracellular fluids, both inversely correlated with the number or hematopoietic progenitors

detectable in the peripheral circulation.6 In these studies, blood and BM samples were

harvested starting at Zeitgeber time (ZT) 1, 5, 9, 13 and 17. We were intrigued by the close

correlation between Cxcl12 transcripts and protein levels in the BM, and by the fact that the

most pronounced change in BM Cxcl12 expression appeared to occur acutely after the onset

of light. Therefore, we have evaluated in more detail the changes in BM Cxcl12 and blood

progenitor counts by more frequent sampling around ZT 0 in animals kept in standard 12

hour light-12 hour darkness (LD) conditions. In these experiments, circulating progenitors

and BM Cxcl12 mRNA levels were sampled in C57BL/6 mice at ZT 21, ZT 23, ZT 0, ZT 1

and ZT 3 (n = 8 - 9 animals per time point). In agreement with our previous studies, the

results of these experiments show a sharp rise in the number of CFU-C at ZT 1 together with

an inverted trend in Cxcl12 mRNA levels (Fig. 1A). The changes in CFU-C and Cxcl12

between peak and trough were statistically significant. This observation is consistent with

the release of NE in the BM microenvironment triggered by light onset, leading to rapid

Cxcl12 downregulation.

Activation of β2-, but not β3-adrenergic receptors induces clock gene expression in
stromal cells

Previous studies have shown that peripheral oscillators, such as the liver3 or the osteoblast,4

are periodically reset through induction of the clock gene Per1 following β2-AR activation.

Therefore, we have examined whether the sympathetic nervous system might also regulate

the peripheral clock in the BM microenvironment by studying clock gene expression in

synchronized cultures of the BM stromal cell line MS-5 after treatment with β-adrenergic

agonists. We have found that, like in hepatocytes and osteoblasts,3,4 treatment with the non-

selective β-adrenergic agonist isoproterenol rapidly (within 30 min) induced Per1, followed

by upregulation of Bmal1 and Clock ~ 3 h later. The same effect was observed when using a

selective β2-adrenergic agonist (clenbuterol), but not with a selective β3-adrenergic agonist

(BRL37344). These results extend our previous observations6 suggesting distinct signals

downstream of β2- and β3-AR activation in the BM microenvironment.

β-AR-induced Sp1 degradation in stromal cells is partially mediated by the 26S
proteasome

Our previous studies have suggested that β-ARs on stromal cells might regulate Cxcl12

transcription by affecting the nuclear content of Sp1 transcription factor.6 In addition, other

studies have shown that the HSC-mobilizing agent lipopolysaccharide (LPS) induces Sp1

dephosphorylation and degradation,19 suggesting that Sp1 degradation might be required for

HSC mobilization. Interestingly, LPS-induced Sp1 degradation is not mediated by the 26S

proteasome, but by a trypsin-like serine protease.20 We have examined whether the

reduction in Sp1 nuclear content triggered by β-AR stimulation was caused by Sp1 protein

degradation, and if so whether the 26S proteasome was involved in this process. For this
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purpose we pre-incubated MS-5 cells with a proteasome inhibitor (MG132) before

stimulation with a non-selective β-AR agonist (isoproterenol). Pre-incubation of the cells

with MG132 resulted in a partial, dose-dependent prevention of nuclear Sp1 degradation

(Figure 3), suggesting that activation of β-ARs on stromal cells acutely induces Sp1

degradation, only partially mediated by the 26S proteasome.

G-CSF-induced progenitor mobilization requires cooperation of β2- and β3- adrenergic
receptors

Previous studies have shown that granulocyte-colony stimulating factor (G-CSF), a potent

HSC mobilizer, induces a dramatic suppression of osteoblast function and an acute

downregulation of Cxcl12 in the BM,10,21-24 in a manner that required an intact sympathetic

nervous system23. Although the administration of a β2-AR agonist did not induce

mobilization by itself, it could rescue in part the mobilization defect of mice deficient in NE

synthesis (dopamine β-hydroxylase-deficient) and it enhanced G-CSF-induced mobilization

in wild-type mice23. However, we and others have not found any role for β2-adrenergic

signaling in Cxcl12 regulation. To test the individual roles of the β2-βand β3-AR in enforced

mobilization, we examined G-CSF-induced progenitor mobilization in animals deficient in

either β2-, β3-, or both ARs. We have found that unlike the deficiency of single β-ARs, the

absence of both β2- and β3-ARs significantly compromised mobilization to the bloodstream

(Fig. 4).

DISCUSSION

In this study we have analyzed the role of β2- and β3-ARs in the BM microenvironment

during G-CSF-induced HSC mobilization. NE secreted by the adrenal medulla exhibits

circadian variations, peaking during the dark phase, coinciding with increased nocturnal

activity in rodents.25 However, NE locally released by SNS fibers typically shows regional

variability, with the sympathetic outflow to some organs being activated but to other regions

unchanged or inhibited.26 In the mouse BM, sympathetic activity has not been directly

measured, but has only been inferred from levels of catecholamines. In the mouse BM, NE

displays a circadian rhythmicity, peaking at night.27 However, plasma or tissue levels of NE

are influenced by complex kinetics including its clearance, reuptake and degradation and

therefore its levels may not directly reflect SNS activity.26 Previous studies have shown that

light exposure in rodents is a potent stimulus inducing sympathetic efferent activity in

multiple organs.15-18 Our studies suggest that the BM microenvironment does not escape to

this regulation. These data also indicate that, like in the adipose or cardiac tissues, β2- and

β3-ARs on BM stromal cells have separate signaling pathways that result in distinct

biological functions. Whereas activation of β2-AR, like in hepatocytes and osteoblasts,3,4

induces clock gene expression in BM stromal cells, stimulation of the β3-AR results in acute

Cxcl12 downregulation, likely due to Sp1 protein degradation. Whereas mice lacking β3-AR

have clear alterations in steady-state trafficking,6 β3-AR expression does not appear to be

necessary when mobilization is enforced, suggesting compensatory mechanisms. Indeed, the

present results indicate that both the β2- and β3-AR colaborate in this activity. One

interpretation of these data is that eventhough β2-AR and β3-AR have distinct functions

under homeostasis, either AR could compensate for the function of the other in stressed
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singly deficient animals. β3-AR is restricted to the stromal compartment, but β2-AR is

expressed at high levels in both the hematopoietic and stromal compartments. Since

previous data have suggested the requirement of G-CSF receptor expression on a

transplantable hematopoietic cell for efficient G-CSF-induced HSC mobilization,28 a role

for the β2-AR on a hematopoietic cell of the bone marrow cannot be excluded.

In summary, these results suggest that light exposure triggers Cxcl12 downregulation, likely

by increasing sympathetic efferent activity in the BM. Although the β2- and β3-ARs clearly

exert distinct functions, their uncovered collaboration during enforced mobilization suggests

that they can compensate for each others’ function in situations of stress.

METHODS

Animals

Adrb2tm1Bkk/J29 (gift from Dr. Gerard Karsenty, Columbia University, New York), FVB/N-

Adrb3tm1Lowl/J30 and the inbred FVB/NJ (Jackson Laboratories) and C57BL/6 strains

(Charles River Laboratories) were used. For circadian studies around ZT 0, adult C57BL/6

male mice were used. Experimental procedures were approved by the Animal Care and Use

Committee of Mount Sinai School of Medicine. Blood and BM were harvested from mice

anesthesized with isofluorane and handled carefully to monimize stress, and using a low-

energy red light during the dark phase to prevent stimulation by light. From each mouse, the

BM contained in one femur and one tibia was flushed with 0.5 ml Trizol (Invitrogen). MS-5

cell cultures were synchronized by serum deprivation. Cell culture, RNA extraction,

quantitative real-time RT-PCR, preparation of nuclear extracts, Sp1 Western Blot,

administration of G-CSF and CFU-C assay from peripheral blood have been described

previously.6,23
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Figure 1.
Circulating CFU-Cs and bone marrow Cxcl12 mRNA levels around ZT0 in mice kept in LD.

From ZT21-3, bone marrow Cxcl12 mRNA levels (in red) exhibited robust oscillations in

antiphase with fluctuations in circulating progenitors (in blue). Unpaired, two-tailed t-test of

samples harvested at different time points compared to the peak (*) or the trough (§). Dark

rectangle indicates darkness hours; white rectangle represents light hours. *, § p < 0.05; **,

§§ p < 0.01. ***, §§§ p < 0.001. n = 8 - 9 animals per time point. One-way ANOVA (for

Cxcl12, F4,36 = 9.632, p < 0.0001; for CFU-C, F4,33 = 5.197, p = 0.0023) followed by post

hoc analyses for linear trend (Cxcl12, p = 0.0023; CFU-C, p = 0.0002).
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Figure 2.
Activation of β2- but not β3-adrenergic receptors induces clock gene expression in stromal

cells. Time-course study (0-4 h) of mRNA expression by quantitative real-time RT-PCR

showing rapid (0.5-1 h) induction of Per1 by a non-selective β-adrenoceptor agonist

(isoproterenol), a selective β2-AR agonist (clenbuterol) but not by a selective β3-AR agonist

(BRL37344) (50 βM). Per1 induction was followed 3 h later by upregulation of Bmal1 and

Clock.
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Figure 3.
Proteasome inhibition reduces Sp1 degradation following MS-5 cells stimulation with

isoproterenol. MS-5 cells were pre-incubated with the proteasome inhibitor MG132 (5 - 20

βM, 30 min) and treated for 2 h with isoproterenol (Iso, 100 βM), in the presence or absence

of MG132. Representative Western blot from 3 independent experiments.
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Figure 4.
G-CSF-induced mobilization requires cooperation between β2- and β3-adrenergic receptors.

β3-AR +/- and -/-, β2-AR +/+ and -/-, β2,β3-AR +/- and double K.O. littermates were injected

with G-CSF (250 μg/kg/day, 8 divided doses every 12 h, i.p.). The number of circulating

CFU-Cs was assessed 3 h after the last injection and normalized to the control group to

account for strain-dependent differences in G-CSF-induced mobilization. A, n = 5; B, n = 5;

C, n = 3-5. * p < 0.05, unpaired two-tail t test. Error bars indicate STD error.
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