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ABSTRACT
Understanding the in vivo regulation of hematopoietic stem cells (HSCs) will be critical to identifying key factors involved in the regulation of

HSC self-renewal and differentiation. The niche (microenvironment) in which HSCs reside has recently regained attention accompanied by a

dramatic increase in the understanding of the cellular constituents of the bone marrow HSC niche. The use of sophisticated genetic models

allowing modulation of specific lineages has demonstrated roles for mesenchymal-derived elements such as osteoblasts and adipocytes,

vasculature, nerves, and a range of hematopoietic progeny of the HSC as being participants in the regulation of the bone marrow micro-

environment. Whilst providing significant insight into the cellular composition of the niche, is it possible to manipulate any given cell lineage

in vivo without impacting, knowingly or unknowingly, on those that remain? J. Cell. Biochem. 112: 1486–1490, 2011. � 2011Wiley-Liss, Inc.

KEY WORDS: HEMATOPOIETIC STEM CELL; MICROENVIRONMENT; NICHE

S ince the advent of bone marrow transplant in the 1950s we

have learnt much about cell intrinsic programs and regulators

of hematopoiesis [Thomas et al., 1957; Appelbaum, 2007; Orkin and

Zon, 2008]. The isolation, characterization, and purification of

cytokines have added greatly to the treatment options for patients

with hematological disease and to our understanding of the

regulation of hematopoiesis [Bradley et al., 1967; Metcalf, 1990,

2010]. The isolation of highly purified populations of hematopoietic

stem cells (HSCs) and progenitors and their in vitro culture has

opened new avenues to understand the genetic regulation of HSC

fate and lineage determination. All of these developments have

greatly enhanced our understanding of the intrinsic regulation

of hematopoiesis. The physical environment, the niche in which

HSCs localize, provides extrinsic signals that tightly regulate the

production of differentiated cells required for sustenance of the

hematopoietic system.

Hematopoiesis in situ

HSCs emerge from the vessels of the aorta-gonads mesonephros,

move to the fetal liver, and as development proceeds migrate to the

bone marrow cavities coinciding with the formation of bone. Under

steady-state conditions adult HSCs reside within the bone marrow

cavity. This space is composed of a network of cell types of

several origins including mesenchymal-derived elements such as

osteoblasts and adipocytes, vasculature, nerves, and a range of

hematopoietic progeny of the HSC [reviewed in greater detail in

Purton and Scadden, 2008] (Fig. 1). The increasing sophistication

with which genetic manipulation can be performed in the mouse has

rapidly improved our knowledge of the contribution of these bone

marrow elements to the regulation of HSCs in both a physiological

and pathological context.

The bone marrowmicroenvironment consists of numerous niches

including those that support HSCs. These niches are diverse,

specialized for the development of particular blood cell lineages. For

example, it was described in the 1950s that erythroid cells were

found in distinctive loci in the rat bone marrow [Bessis, 1958]. These

observations were confirmed by electron microscopy and by

reconstructions of serial sections of rat bone by Weiss [1965] and

Mohandas and Prenant [1978]. Recent three-dimensional recon-

structions of the bone marrow using confocal-based imaging have

revealed that the erythroblastic islands are found in the intra-

trabecular space and, as demonstrated in the 1970s, are always

associated with a macrophage [Takaku et al., 2010]. Furthermore,

specialized bone marrow niches have been described for mega-

karyocyte platelet shedding, and distinctive sites in the bonemarrow

support different stages of B-lymphoid development [Nagasawa,

Journal of Cellular
Biochemistry

PROSPECT
Journal of Cellular Biochemistry 112:1486–1490 (2011)

1486

Grant sponsor: Swedish Research Council; Grant sponsor: Swedish Tegger Foundation; Grant sponsor: NHMRC; Grant
sponsor: Baker Foundation; Grant sponsor: Association for International Cancer Research.

*Correspondence to: Carl R. Walkley, St Vincent’s Institute, 9 Princes Street, Fitzroy, Victoria 3065, Australia.
E-mail: cwalkley@svi.edu.au

Received 16 February 2011; Accepted 18 February 2011 � DOI 10.1002/jcb.23085 � � 2011 Wiley-Liss, Inc.

Published online 24 February 2011 in Wiley Online Library (wileyonlinelibrary.com).



2006; Junt et al., 2007]. These data demonstrate that cell–cell

interactions and paracrine factors produced from a range of

different cells type can have important supportive and stimulatory

effects on distinct lineages.

Extending on these observations was the concept of a

hematopoietic inductive microenvironment which could influence

the fate of progenitors/HSCs [Wolf and Trentin, 1968; Wolf, 1979].

These represented specific structures within the hematopoietic

organs that supported and regulated blood cell production. Through

a series of studies using electron microscopy and transplantation

approaches it was demonstrated that the inductive environment

varied between bone marrow, spleen, and thymus and that there was

a spatial organization which characterized hematopoiesis in the

bone marrow [Curry et al., 1967; Wolf and Trentin, 1968; Weiss,

1976]. They also provided evidence that the microenvironments

within these organs were not only supportive of hematopoiesis, but

also were instructive and provided positive regulatory cues to the

outcome of HSC activity.

HOW DO WE DEFINE THE HSC NICHE?

Elegant studies in the Drosophila germ line have provided an in vivo

model of the niche. Somatic cap cells provide the niche to support

the germ cells, with evidence of bidirectional communication

between the cells [Davies and Fuller, 2008]. The analysis of stem

cell–niche interactions in the Drosophila germ line very clearly

defines a single niche cell type supporting a single stem cell. This

model appears unlikely to be conserved in the hematopoietic system.

An important consideration in any discussion of the composition

of the HSC niche is how to define the niche? Is localization of

purified HSC/progenitor fractions at early time points postinjection

sufficient to identify a location as a niche? In the case of these

approaches in non-conditioned recipients there is no evidence of

functional engraftment of these cells based on contribution of

transplanted cells to hematopoiesis [Nilsson et al., 1997; Czechowicz

et al., 2007]. In such a scenario, is the transplanted cell occupying a

niche if there is no evidence of function? Furthermore, studies

localizing the HSCs at early time points after transplantation into

irradiated recipients may also not reveal the true niche, as the bone

marrowmicroenvironment cells are rapidly and dramatically altered

by the irradiation procedure [DeGowin et al., 1981; Wathen et al.,

1981; Wathen et al., 1982] (M.A and L.P. unpublished work). A more

stringent criterion to define the niche, such as the location where a

cell is functionally regulated and can contribute to hematopoiesis,

may be required to define the in vivo environment. Experimentally

the later is technically difficult and may not be currently possible. In

vivo genetic labeling strategies and in vivo imaging techniques are

rapidly improving and now allow monitoring of transplanted cells

over days and a number of divisions [Lo Celso et al., 2009]. These

approaches are most likely to conclusively yield the functional HSC

microenvironment, the most correct definition of the HSC niche.

NON-HEMATOPOIETIC ELEMENTS OF
THE HSC NICHE

The introduction of long-term bone marrow cultures of HSCs and

primitive progenitors gave indication that non-hematopoietic

elements collectively termed ‘‘stroma’’ were able to positively

regulate and sustain HSCs [Dexter et al., 1973]. The nature and

cellular origin of these stromal cells was not well-defined, but later

work highlighted the in vitro supportive capacity of cells of the

osteoblastic lineage [Taichman and Emerson, 1994]. These and

many subsequent studies gave evidence that cells of the

mesenchymal lineage, in particular cells of the osteoblastic lineage

[reviewed in Askmyr et al., 2009] and more recently mesenchymal

stem/progenitor cells [Sacchetti et al., 2007; Mendez-Ferrer et al.,

2010], are involved in the regulation of HSCs.

Evidence for an in vivo role of osteoblastic lineage cells has

also been presented using a range of approaches. Expansion of

the osteoblastic lineage by stimulation of the parathyroid hormone

receptor pathways, either genetically or pharmacologically, leads

to increased frequencies of HSCs [Calvi et al., 2003; Adams et al.,

2007]. Genetic mutations in osteoblastic cells that leads to loss or

altered function are associated with negative effects on HSC

homeostasis and retention in the marrow space [Zhang et al., 2003;

Visnjic et al., 2004]. Whilst these genetic models have provided

support for the in vivo roles of osteoblastic cells in the niche,

evidence that osteoblasts are not required is also present. Biglycan-

deficient animals have significantly reduced bone mass and an

osteoporosis-like phenotype. However, despite these changes to the

skeletal contribution to the bone marrow environment the mice do

not show any significant changes in hematopoiesis or HSC function

or frequency [Kiel et al., 2007]. It was recently proposed that

developmentally endochondrial ossification, bone formation that

proceeds through a cartilage intermediate, is necessary to form an

HSC supportive microenvironment [Chan et al., 2009]. These

observations were made using kidney capsule grafts of isolated

skeletal cell populations. Contrasting these results is the presence of

Fig. 1. Composition of the bone marrow microenvironment. The bone mar-

row microenvironment is comprised of cell types of several origins including

mesenchymal-derived elements like (1) cells of the osteoblastic lineage and (2)

adipocytes, as well as (3) endothelial cells, (4) the sympathetic nervous system,

and (5) hematopoietic accessory cells.
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HSCs and robust hematopoiesis in the calvaria, which evolves

through a process of intramembranous ossification [Lo Celso et al.,

2009].

Most recently mesenchymal stem cells (MSCs) have been posited

to form a key component of the HSC microenvironment. Nestin-

positive cells with characteristics of MSCs were shown to localize

close to HSCs in vivo [Mendez-Ferrer et al., 2010]. Depletion of

the Nestin-positive population adversely affected HSC retention in

the bone marrow, and was associated with the sympathetic nervous

system [Mendez-Ferrer and Frenette, 2007]. The in vivo evidence for

the function of Nestin-positive cells as candidate MSCs is, however,

incomplete. When using a lineage tracing approach with consti-

tutive Nestin-Cre and a Rosa26 reporter line there were few cells of

the skeletal lineage labeled, suggesting that if these cells are MSC-

like cells they represent a small subset of the population. These cells

also demonstrated low clonal efficiency in vitro. In fact, the Nestin-

positive cells share many characteristics with osteo-adipogenic

progenitors that have been shown to play a role in the HSC niche

[Omatsu et al., 2010], including high expression of the HSC retaining

chemokine CXCL12.

With age, human long bones become filled with adipocytes and

are no longer hematopoietically active. Adipocytes, which arise

from a common progenitor shared with the osteoblastic lineage,

have been reported to act as negative regulators in the HSC

microenvironment [Naveiras et al., 2009]. On the contrary, adipose

tissue can support aspects of hematopoiesis in states of stress, as was

observed in RARg-deficient animals [Walkley et al., 2007], and have

also been reported to secrete factors that positively regulate

hematopoiesis [Lanotte et al., 1982]. Although the role of adipocytes

and their products in the bone marrow milieu is not clearly defined,

the significant negative correlation between active hematopoiesis

and numbers of adipocytes would most strongly support the

interpretation that under homeostasis they contribute negatively to

hematopoiesis and the HSC microenvironment.

The endothelial compartment is also part of the bone marrow

microenvironment of HSCs. Co-localization studies using pheno-

typic markers of highly purified HSCs (SLAM) demonstrated that

HSCs associated with the vasculature at a greater frequency than the

osteoblastic endosteal surfaces in the bone marrow [Kiel et al.,

2005]. Using genetic models it has been found that changes in the

endothelial compartment impact on HSCs [Butler et al., 2010;

Kobayashi et al., 2010] and these studies collectively suggest that

the endothelial elements in the bone marrow are contributing to the

regulation of HSCs and hematopoiesis.

HEMATOPOIETIC CONTRIBUTION TO THE HSC
MICROENVIRONMENT

As noted above, interlineage regulation and co-ordinated responses

are a central part of the homeostatic mechanisms controlling the

bone marrow microenvironment. Osteoclasts, which are hemato-

poietic in origin and derived from a monocytes precursor, constitute

an important element regulating skeletal mass, and have been

implicated to play a role in regulating the bone marrow

microenvironment. This may occur through induction of bone

remodeling, but may also relate to functions of the osteoclasts

directly in the HSC microenvironment. Furthermore, three groups

have recently shown that macrophages are important in the in vivo

regulation of the HSCmicroenvironment [Winkler et al., 2010; Chow

et al., 2011; Christopher et al., 2011]. Macrophages have been

observed in close interaction with the osteoblastic cells lining the

bone surface, and disruption of this interaction by depletion of the

macrophages leads to HSC mobilization and egress from the marrow

[Winkler et al., 2010]. This phenotype is not dissimilar to that

observed with conditional ablation of the osteoblasts themselves

[Visnjic et al., 2004].

How other cells of the hematopoietic lineage contribute to the

HSC microenvironment remains largely unknown. However, both

T-cells and monocytes have been described as accessory cells

contributing to the niche by producing factors that positively and

negatively influence HSC fate [reviewed in Mayani et al., 1992].

These cells also compete for growth factors, a scenario that was

recently proposed as part of the mechanism of HSC regulation in

mice with elevated numbers of megakaryocytes and platelets [de

Graaf et al., 2010]. This last observation is intriguing and use

of better genetic models where lineage restricted deletions are used

will allow separation of the role for the gene in HSC intrinsic

maintenance programs and progenitor phenotypes.

CAN WE ISOLATE THE ROLE OF THE DIFFERENT
COMPONENTS OF THE MICROENVIRONMENT
IN VIVO?

An important issue to the interpretation of these murine models of

the niche is that in vivo there is a tight nexus coupling osteoblastic,

adipogenic, MSCs, and vasculature elements of the bone marrow

microenvironment. Developmentally, and during tissue repair, the

modeling of the marrow space is a co-ordinated process involving

both vessels and mesenchymal elements [Schipani et al., 2009; Maes

et al., 2010]. There is a close proximity between bone, vessels, and

hematopoietic cells, making it hard to separate the roles of the

different niche components (Fig. 2). In vivo imaging of mouse

calvaria demonstrates that HSCs localize within functional

proximity to bone surfaces and endothelial cells [Lo Celso et al.,

2009]. These observations, coupled with the extensive vasculariza-

tion of the bone, suggest that this may also be true in the long bones

where the majority of HSC localize in murine models.

Interpretation of results generated using models where lineage

restricted deletions have not been used needs to be cautioned,

and the roles for mutated genes in HSC intrinsic maintenance

programs cannot be discounted. Importantly, it remains unclear how

modulating one cell lineage, such as genetic modulation of the

osteoblastic lineage, will impact on the function and supportive

capacity for HSCs of the other cell types within the bone marrow

microenvironment. Changes to the cytokine/growth factor milieu,

systemic factors produced in response to local changes and changes

in cellular composition of the microenvironment could all impact on

both the HSCs as well as the other cellular components of the

microenvironment. Furthermore, how the hematopoietic supportive

capacity of these cells is affected by changes in the levels of growth
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factors, cytokines, and chemokines in the local environment

induced in these genetic models is yet unknown and largely

uncharacterized.

CONCLUSIONS

The increasing sophistication of in vivo imaging techniques and

genetic manipulation in the mouse has rapidly improved our

knowledge of the HSC microenvironment and the contribution of

several niche elements including osteoblasts, adipocytes, and MSCs,

as well as vasculature, nerves, and a range of hematopoietic cells to

the regulation of HSCs. However, HSCs are very rare and it remains

technical difficult to prove that the HSCs localized in proximity to

different niche elements are actually functionally regulated and can

contribute to hematopoiesis. Furthermore, an important issue to the

interpretation of murine models of the niche is that there is a tight

nexus coupling the separate elements of the bone marrow

microenvironment in vivo. It remains to be determined how

modulating one niche component will in turn impact on the

function and HSC supportive capacity of the other cell types within

the niche.

ACKNOWLEDGMENTS

We apologize to those whose work could not be cited due to
reference limits. We thank Jack Martin for helpful discussion and
comment. Research support from: Swedish Research Council (S.S.
and M.A.); Swedish Tegger Foundation (S.S.); NHMRC Senior
Research Fellow (L.P.); NHMRC Career Development Award (C.W.);
Leukaemia Foundation Phillip Desbrow Senior Research Fellowship
(C.W.); NHMRC (L.P. and C.W.), Baker Foundation (C.W.), Associa-
tion for International Cancer Research (L.P.).

REFERENCES

Adams GB, Martin RP, Alley IR, Chabner KT, Cohen KS, Calvi LM, Kronen-
berg HM, Scadden DT. 2007. Therapeutic targeting of a stem cell niche. Nat
Biotechnol 25:238–243.

Appelbaum FR. 2007. Hematopoietic-cell transplantation at 50. N Engl J Med
357:1472–1475.

Askmyr M, Sims NA, Martin TJ, Purton LE. 2009. What is the true nature of
the osteoblastic hematopoietic stem cell niche? Trends Endocrinol Metab
20:303–309.

Bessis M. 1958. Erythroblastic island functional unity of bone marrow. Rev
Hematol 13:8–11

Bradley TR, Metcalf D, Robinson W. 1967. Stimulation by leukaemic sera of
colony formation in solid agar cultures by proliferation of mouse bone
marrow cells. Nature 213:926–927.

Butler JM, Nolan DJ, Vertes EL, Varnum-Finney B, Kobayashi H, Hooper AT,
Seandel M, Shido K, White IA, Kobayashi M, Witte L, May C, Shawber C,
Kimura Y, Kitajewski J, Rosenwaks Z, Bernstein ID, Rafii S. 2010. Endothelial
cells are essential for the self-renewal and repopulation of Notch-dependent
hematopoietic stem cells. Cell Stem Cell 6:251–264.

Calvi LM, Adams GB,Weibrecht KW,Weber JM, Olson DP, KnightMC,Martin
RP, Schipani E, Divieti P, Bringhurst FR, Milner LA, Kronenberg HM, Scadden
DT. 2003. Osteoblastic cells regulate the haematopoietic stem cell niche.
Nature 425:841–846.

Chan CK, Chen CC, Luppen CA, Kim JB, DeBoer AT, Wei K, Helms JA, Kuo CJ,
Kraft DL, Weissman IL. 2009. Endochondral ossification is required for
haematopoietic stem-cell niche formation. Nature 457:490–494.

Chow A, Lucas D, Hidalgo A, Mendez-Ferrer S, Hashimoto D, Scheiermann C,
Battista M, Leboeuf M, Prophete C, van Rooijen N, Tanaka M, Merad M,
Frenette PS. 2011. Bone marrow CD169þ macrophages promote the reten-
tion of hematopoietic stem and progenitor cells in the mesenchymal stem cell
niche. J Exp Med 208:261–271.

Christopher MJ, Rao M, Liu F, Woloszynek JR, Link DC. 2011. Expression
of the G-CSF receptor in monocytic cells is sufficient to mediate hemato-
poietic progenitor mobilization by G-CSF in mice. J Exp Med 208:251–
260.

Curry JL, Trentin JJ, Cheng V. 1967. Hemopoietic spleen colony studies. 3.
Hemopoietic nature of spleen colonies induced by lymph node or
thymus cells, with or without phytohemagglutinin. J Immunol 99:907–
916.

Czechowicz A, Kraft D, Weissman IL, Bhattacharya D. 2007. Efficient
transplantation via antibody-based clearance of hematopoietic stem cell
niches. Science 318:1296–1299.

Davies EL, Fuller MT. 2008. Regulation of self-renewal and differentiation in
adult stem cell lineages: Lessons from the Drosophila male germ line. Cold
Spring Harb Symp Quant Biol 73:137–145.

de Graaf CA, Kauppi M, Baldwin T, C DH, Metcalf D, Willson TA, Carpinelli
MR, Smyth GK, AlexanderWS, Hilton DJ. 2010. Regulation of hematopoietic
stem cells by their mature progeny. Proc Natl Acad Sci USA 107:21689–
21694.

DeGowin RL, Gibson DP, Knapp SA, Wathen LM. 1981. Tumor-induced
suppression of marrow stromal colonies. Exp Hematol 9:811–819.

Dexter TM, Allen TD, Lajtha LG, Schofield R, Lord BI. 1973. Stimulation of
differentiation and proliferation of haemopoietic cells in vitro. J Cell Physiol
82:461–473.

Junt T, Schulze H, Chen Z, Massberg S, Goerge T, Krueger A, Wagner DD,
Graf T, Italiano JE Jr, Shivdasani RA, von Andrian UH. 2007. Dynamic
visualization of thrombopoiesis within bone marrow. Science 317:1767–
1770.

Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ. 2005.
SLAM family receptors distinguish hematopoietic stem and progrnitor cells
and reveal endothelial niches for stem cells. Cell 121:1109–1121.

Fig. 2. Scanning electron microscopy of the murine bone marrow. Analysis of

hematopoiesis in situ in the bone marrow of mice, demonstrating close

proximity of the different components of the bone marrow microenvironment

including bone, vessels, and mature hematopoietic cells.

JOURNAL OF CELLULAR BIOCHEMISTRY HEMATOPOIETIC STEM CELL NICHE 1489



Kiel MJ, Radice GL, Morrison SJ. 2007. Lack of evidence that hematopoietic
stem cells depend on N-cadherin-mediated adhesion to osteoblasts for their
maintenance. Cell Stem Cell 1:204–217.

Kobayashi H, Butler JM, O’Donnell R, Kobayashi M, Ding BS, Bonner B, Chiu
VK, Nolan DJ, Shido K, Benjamin L, Rafii S. 2010. Angiocrine factors from
Akt-activated endothelial cells balance self-renewal and differentiation of
haematopoietic stem cells. Nat Cell Biol 12:1046–1056.

LanotteM,Metcalf D, Dexter TM. 1982. Production ofmonocyte/macrophage
colony-stimulating factor by preadipocyte cell lines derived from murine
marrow stroma. J Cell Physiol 112:123–127.

Lo Celso C, Fleming HE, Wu JW, Zhao CX, Miake-Lye S, Fujisaki J, Cote D,
Rowe DW, Lin CP, Scadden DT. Live-animal tracking of individual haema-
topoietic stem/progenitor cells in their niche. Nature 457:92–96.

Maes C, Kobayashi T, Selig MK, Torrekens S, Roth SI, Mackem S, Carmeliet G,
Kronenberg HM. 2010. Osteoblast precursors, but not mature osteoblasts,
move into developing and fractured bones along with invading blood vessels.
Dev Cell 19:329–344.

Mayani H, Guilbert LJ, Janowska-Wieczorek A. 1992. Biology of the hemo-
poietic microenvironment. Eur J Haematol 49:225–233.

Mendez-Ferrer S, Frenette PS. 2007. Hematopoietic stem cell trafficking:
Regulated adhesion and attraction to bone marrow microenvironment. Ann
NY Acad Sci 1116:392–413.

Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, Lira
SA, Scadden DT, Ma’ayan A, Enikolopov GN, Frenette PS. 2010. Mesench-
ymal and haematopoietic stem cells form a unique bone marrow niche.
Nature 466:829–834.

Metcalf D. 1990. The colony stimulating factors. Discovery, development,
and clinical applications. Cancer 65:2185–2195.

Metcalf D. 2010. The colony-stimulating factors and cancer. Nat Rev Cancer
10:425–434.

Mohandas N, Prenant M. 1978. Three-dimensional model of bone marrow.
Blood 51:633–643.

Nagasawa T. 2006. Microenvironmental niches in the bone marrow required
for B-cell development. Nat Rev Immunol 6:107–116.

Naveiras O, Nardi V, Wenzel PL, Hauschka PV, Fahey F, Daley GQ. 2009.
Bone-marrow adipocytes as negative regulators of the haematopoietic
microenvironment. Nature 460:259–263.

Nilsson SK, DoonerMS, Tiarks CY,Weier HU, Quesenberry PJ. 1997. Potential
and distribution of transplanted hematopoietic stem cells in a nonablated
mouse model. Blood 89:4013–4020.

Omatsu Y, Sugiyama T, Kohara H, Kondoh G, Fujii N, Kohno K, Nagasawa T.
2010. The essential functions of adipo-osteogenic progenitors as the hema-
topoietic stem and progenitor cell niche. Immunity 33:387–399.

Orkin SH, Zon LI. 2008. Hematopoiesis: An evolving paradigm for stem cell
biology. Cell 132:631–644.

Purton LE, Scadden DT. 2008. The hematopoietic stem cell niche. In:
Silberstein LE, editor. StemBook. Boston: Harvard Stem Cell Institute.

Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S, Saggio I,
Tagliafico E, Ferrari S, Robey PG, Riminucci M, Bianco P. 2007. Self-
renewing osteoprogenitors in bone marrow sinusoids can organize a hema-
topoietic microenvironment. Cell 131:324–336.

Schipani E, Maes C, Carmeliet G, Semenza GL. 2009. Regulation of osteogen-
esis-angiogenesis coupling by HIFs and VEGF. J Bone Miner Res 24:1347–
1353.

Taichman RS, Emerson SG. 1994. Human osteoblasts support hematopoiesis
through the production of granulocyte colony-stimulating factor. J Exp Med
179:1677–1682.

Takaku T, Malide D, Chen J, Calado RT, Kajigaya S, Young NS. 2010.
Hematopoiesis in 3 dimensions: Human and murine bone marrow archi-
tecture visualized by confocal microscopy. Blood 116:e41–e55.

Thomas ED, Lochte HL, Jr., Lu WC, Ferrebee JW. 1957. Intravenous infusion
of bone marrow in patients receiving radiation and chemotherapy. N Engl J
Med 257:491–496.

Visnjic D, Kalajzic Z, Rowe DW, Katavic V, Lorenzo J, Aguila HL. 2004.
Hematopoiesis is severely altered in mice with an induced osteoblast defi-
ciency. Blood 103:3258–3264.

Walkley CR, Olsen GH, Dworkin S, Fabb SA, Swann J, McArthur GA,
Westmoreland SV, Chambon P, Scadden DT, Purton LE. 2007.
A microenvironment-induced myeloproliferative syndrome caused by reti-
noic acid receptor g deficiency. Cell 129:1097–1110.

Wathen LM, Knapp SA, DeGowin RL. 1981. Suppression of marrow stromal
cells and microenvironmental damage following sequential radiation and
cyclophosphamide. Int J Radiat Oncol Biol Phys 7:935–941.

Wathen LM, DeGowin RL, Gibson DP, Knapp SA. 1982. Residual injury to the
hemopoietic microenvironment following sequential radiation and busulfan.
Int J Radiat Oncol Biol Phys 8:1315–1322.

Weiss L. 1965. The structure of bonemarrow. Functional interrelationships of
vascular and hematopoietic compartments in experimental hemolytic ane-
mia: An electron microscopic study. J Morphol 117:467–537.

Weiss L. 1976. The hematopoietic microenvironment of the bone marrow: An
ultrastructural study of the stroma in rats. Anat Rec 186:161–184.

Winkler IG, Sims NA, Pettit AR, Barbier V, Nowlan B, Helwani F, Poulton IJ,
van Rooijen N, Alexander KA, Raggatt LJ, Levesque JP. 2010. Bone marrow
macrophages maintain hematopoietic stem cell (HSC) niches and their
depletion mobilizes HSCs. Blood 116:4815–4828.

Wolf NS. 1979. The haemopoietic microenvironment. Clin Haematol 8:469–
500.

Wolf NS, Trentin JJ. 1968. Hemopoietic colony studies. V. Effect of hemo-
poietic organ stroma on differentiation of pluripotent stem cells. J Exp Med
127:205–214.

Zhang J, Niu C, Ye L, Huang H, He X, Tong WG, Ross J, Haug J, Johnson T,
Feng JQ, Harris S, Wiedemann LM,Mishina Y, Li L. 2003. Identification of the
haematopoietic stem cell niche and control of the niche size. Nature 425:
836–841.

1490 HEMATOPOIETIC STEM CELL NICHE JOURNAL OF CELLULAR BIOCHEMISTRY


