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Abstract

Stem cells reside in a specialized, regulatory environment termed the niche that dictates how they

generate, maintain and repair tissues1,2. We have previously documented that transplanted

haematopoietic stem and progenitor cell populations localize to subdomains of bone-marrow

microvessels where the chemokine CXCL12 is particularly abundant3. Using a combination of high-

resolution confocal microscopy and two-photon video imaging of individual haematopoietic cells in

the calvarium bone marrow of living mice over time, we examine the relationship of haematopoietic

stem and progenitor cells to blood vessels, osteoblasts and endosteal surface as they home and engraft

in irradiated and c-Kit-receptor-deficient recipient mice. Osteoblasts were enmeshed in microvessels

and relative positioning of stem/progenitor cells within this complex tissue was nonrandom and

dynamic. Both cell autonomous and non-autonomous factors influenced primitive cell localization.

Different haematopoietic cell subsets localized to distinct locations according to the stage of

differentiation. When physiological challenges drove either engraftment or expansion, bone-marrow

stem/progenitor cells assumed positions in close proximity to bone and osteoblasts. Our analysis
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permits observing in real time, at a single cell level, processes that previously have been studied only

by their long-term outcome at the organismal level.

Mammalian stem cell niches have largely been defined based on localization of stem cells,

with only limited definition of the heterologous cells within the niche that regulate stem cell

function. None of these niches has been examined in a physiological context in vivo. The

haematopoietic stem cell (HSC) niche has been studied by alteration of bone components that

induce a change in stem cell function4–7 or by immunohistochemistry8–10. The former does

not precisely define localization and the latter does not define function. Several studies have

documented the regulatory role of osteoblasts on HSC fate4,7,8,11–13; however, other studies

have shown that most immunophenotypically defined HSCs can be observed adjacent to the

vasculature in bone marrow9.

Bone-marrow vasculature includes arteries that penetrate compact bone at regular intervals,

arborizing into capillaries that converge into a central sinus14. CD31 immunostaining of long

bones enabled visualization of this vasculature network adjacent to the endosteal surface,

particularly in trabecular regions where HSCs are known to localize (Fig. 1a and data not

shown)7,10.

To gain a detailed, dynamic view of haematopoietic stem and progenitor cell (HSPC)

localization we used intravital microscopy, scanning 4 mm × 6 mm of mouse calvarium that

included the central sinus and the surrounding bone-marrow cavities3 (Fig. 1b). HSC

frequencies in this region are comparable to long bones by immunophenotype and repopulating

ability (Supplementary Fig. 2c, d). Because the thickness of long bones precludes analysis by

intravital microscopy, we cannot confirm that our results extend to them, particularly the poorly

trabeculated diaphysial regions.

Combined confocal and two-photon microscopy permitted visualization to a depth of ~150 µm

or 40–60% of the bone marrow cavity in over 75% of our measurements. Simultaneous

detection of bone, osteoblasts, vasculature and labelled HSPCs was achieved by second

harmonic generation (SHG) microscopy (see Methods), osteoblast-restricted collagen 1α
promoter (Col2.3–GFP) reporter mice15, non-targeted quantumdots (Qdot 655 or 800) injected

immediately before imaging, and flow cytometrically sorted cells stained with the lipophilic

cyanine dyes Vybrant DiD (1,1′-dioctadecil-3,3,3′-tetramethylindodicarbocyanine

perchlorate) or DiI (1,1′-dilinoleyl-3,3,3′, 3′-tetramethylindocarbocyanine perchlorate)

(Invitrogen)3, respectively (Fig. 1d–h, Supplementary Fig. 1 and Supplementary Movie 1).

Multiple combinations of cell surface markers were used to yield highly enriched long-term

reconstituting HSC populations (LT-HSCs) 16,17. LKS (that is, lineagelow (Linlow), c-Kit

(Kit)+ and Sca1+) CD34−Flk2−, LKS CD150+CD48− and LKS CD48−Flk2− cells were

isolated, and represent partially overlapping populations (Supplementary Fig. 7). Given that

all flow cytometric methods of cell isolation can only enrich for HSCs, we will refer to all the

populations used as haematopoietic stem/progenitor cells (HSPCs) to account for any potential

progenitor cell contamination. The isolated cells were not adversely affected by DiD staining

based on competitive and serial reconstitution assays of irradiated hosts (Supplementary Fig.

2a, b). Owing to a lack of reporters reliably marking endogenous HSPCs, transplant models

were used to track the interactions of HSPCs with the microanatomy of the calvarium.

Z-stacks and three-dimensional reconstructions revealed that green fluorescent protein (GFP)-

positive osteoblasts were large, irregular and relatively flat (thickness ~10 µm) cells

discontinuously distributed along the endosteal surface (Fig. 1d–g). Osteoblasts were adjacent

or in close proximity to vasculature (>60% within 10 µm and >90% within 20 µm of

vasculature) (Fig. 1e). Whereas the middle of the cavity contained vasculature that was not

associated with osteoblasts, the endosteal region demonstrated close co-localization of
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osteoblasts and vessels, suggesting that osteoblast-associated HSPCs would probably also be

susceptible to paracrine influence exerted by vascular/perivascular cells.

The efficiency of three-dimensional in vivo imaging of HSPCs was compared with

immunohistochemistry by injecting 375,000 to 6 × 106 Linlow DiD-labelled cells and recording

the number of cells observed per in vivo imaged field or per 20 µm fixed, decalcified frozen

section. In vivo imaging was consistently more sensitive (Supplementary Fig. 3b). To define

the boundaries of our in vivo detection system, we performed dilution experiments and noted

a linear correlation between the number of DiD+ imaged cells and the number of LKS

CD34−Flk2− cells injected (Supplementary Fig. 3c). The numbers of cells detected when

injecting 5–15 × 103 LT-HSC-enriched populations were small (3–15 cells per recipient) but

consistent, in keeping with the small fraction of the recipients’ total bone marrow represented

by calvarium18 and the inefficiencies of HSPC homing19.

HSPCs were detected in the bone marrow cavity as early as 20 min after injection and were

static throughout each 1.5- to 3-h-long imaging session. In agreement with a previous

study20, cells were dispersed across the imaged region (Supplementary Fig. 4). To assess

precise anatomical relationships in the niche, we acquired Z-stack images containing the best

focal plane for the DiD signal and the focal plane of the closest endosteal surface

(Supplementary Fig. 5). Only HSPCs that were within 60 µm of an endosteal surface were

further analysed because beyond that distance we could not distinguish between cells located

in the central cavity and those adjacent to deeper endosteum beyond our detection range (see

Supplementary Movie 1). This approach excluded only 13% of all imaged cells, mostly

detected at depths where SHG, GFP and Qdot signals were too faint to be collected reliably.

We adapted the established lodgement assay10,21 to observe HSPC localization within the bone

marrow of non-irradiated recipients (Fig. 2a). All cells were detected in close proximity to

vasculature (0–16 µm) and at variable distances from the endosteum, but never closer than 30

µm (Fig. 2c). Two weeks after injection, we found single, bright, DiD-positive cells located

between 15–40 µm from the endosteum (Supplementary Fig. 6a). As expected, no contribution

of injected HSPCs to the host peripheral blood or bone marrow was observed for up to 4 months

after transplant (data not shown; see also ref. 22). HSPCs injected into non-irradiated hosts

localized farther than 30 µm from bone and did not engraft. The lack of engraftment of

transplanted HSPCs in physiological niches imposes an inherent limitation on current studies

aimed to characterize functional HSCs in their physiological niches in vivo.

To visualize HSPCs that could engraft, lethally irradiated wild-type and Col2.3–GFP recipients

received HSPC transplants and were imaged 20 min to 5 h after injection. Irradiation

compromised the vasculature: the quantum dot fluorescent signal no longer clearly demarcated

bone-marrow vessels but instead spilled over the entire cavity (Fig. 2b, red), revealing

progressive damage (Fig. 3a, b). Notably, circulating cells followed narrow and well defined

trajectories within the quantum dot signal (data not shown), indicating that, after irradiation,

bone-marrow vasculature becomes permeable to small particles such as quantum dots but not

blood cells.

HSPCs injected into irradiated recipients also localized at variable distances from the

endosteum, but under these conditions 47% of the cells were within 15 µm of the endosteal

surface (Fig. 2c). We monitored the mice for up to 6 months and observed at least 25%

peripheral blood multilineage engraftment in all recipients, thus confirming the functional

capacity of the injected cells.

WWv mice carry two mutations in the stem-cell-factor receptor c-Kit, resulting in an impaired

ability of endogenous HSCs to engage their niche23. As expected, HSPCs injected in non-

irradiated WWv mice engraft and overtake endogenous HSC production of all peripheral blood
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lineages23 (Supplementary Fig. 6d). Whereas WWv mice show extramedullary

haematopoiesis, secondary bone-marrow transplants confirmed that the injected wild-type

HSPCs reside in functional, supportive bone-marrow niches (Supplementary Fig. 6e). Even in

the absence of radiation-damaged vasculature, wild-type HSPCs lodged closer to bone surfaces

in WWv animals than in wild-type non-irradiated mice (Fig. 2c). Therefore, multiple settings

in which donor cells engraft the bone marrow are associated with HSPCs in the bone marrow

in close proximity to endosteum.

Engrafting HSCs proliferate within the first 24 h after transplantation 24 and their resulting

progeny pass through the multipotent and early progenitor states within 4 days25, but great

heterogeneity in the engraftment features of stem cell populations has been previously

reported26. Using our system, the xyz position of individual cells and their immediate progeny

can be tracked in vivo over time (Fig. 3a, b), revealing the progressive appearance of cell

clusters (Fig. 3c) of decreased dye intensity, consistent with the partitioning of DiD label on

cell division (Fig. 3b). To test whether cell clusters arose from an accumulation of migrating

cells, we mixed LT-HSC-enriched populations stained with DiD or a second lipophilic dye,

DiI, and imaged recipient mice 2 and 3 days after injection. Only a single dye was observed

in cells within each cluster (Fig. 3d, e), consistent with the proliferation of single cells

associated with early engraftment. Moreover, we observed 5-bromodeoxyuridine (BrdU)

uptake by the injected cells using both immunofluorescence and fluorescence-activated cell

sorting (FACS) analysis (Supplementary Fig. 9). Our analysis revealed heterogeneity of cell

division patterns at the single cell level in vivo.

We sought to determine whether positioning within the bone--marrow microenvironment was

influenced by intrinsic features of the haematopoietic cells such as differentiation state. We

imaged LT-HSC-enriched (LKS CD34−Flk2−), multipotent-progenitor-enriched (MPP; LKS

CD34+Flk2+)27,28 and committed-progenitor-enriched (LinlowKit+Sca−) populations and the

heterogeneous Linlow cells within hours after transplantation (Fig. 4a, b). LT-HSC-enriched

cells localized closest to endosteum and osteoblasts, with more mature subsets residing

progressively farther away. To determine whether cell position correlated with cell division,

we compared the position of cells that had proliferated creating clusters of ≥3 cells with those

that did not divide. The quiescent cells were significantly closer to osteoblasts (Fig. 4d).

To determine whether niche variables could influence HSPC localization, we injected cells in

wild-type or PPR mice (that is, mice transgenic for a constitutively active parathyroid hormone/

parathyroid hormone related peptide receptor driven by the osteoblast specific promoter,

Col12.3kb)29. PPR mice have increased osteoblast number, trabecular bone volume and

HSCs4, and have been shown to drive expansion of injected HSCs when recipients of bone-

marrow transplantation30. Two days after injection, DiD+ cells in PPR mice were markedly

closer to the endosteum even when correcting for the reduced bone-marrow cavity size (Fig.

4e and data not shown). Therefore, stem cell non-autonomous features of the niche contribute

to the regulation of HSPC localization.

The data presented here demonstrate that the previously proposed dichotomy between distinct

osteoblast and perivascular niches is not anatomically feasible in the calvarium: osteoblasts

are perivascular. We cannot exclude perivascular-only niches within the diaphysis of long

bones or in non-bony tissues such as spleen; however, the microarchitecture of trabeculae

indicates a joint periendosteal–perivascular niche. The relationship of transplanted primitive

haematopoietic cells to anatomical components of the trabecular niche is influenced by cell-

intrinsic and niche-intrinsic variables. Cells of differing immunophenotype localized

differently, with closer proximity to bone corresponding to a greater enrichment for stem cell

function. In addition, conditions in the microenvironment that enable stem cell engraftment or

in which osteoblasts drive HSC expansion yield closer association of HSPCs with bone. There
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is anatomical dynamism within the bone marrow, with cell positioning reflecting differing

physiological demands on stem cells. However, we cannot conclude that HSPC engraftment

or expansion require direct osteoblast contact, as this was not uniformly observed. Rather,

approximate vicinity may be sufficient for osteoblast alteration of stem cell function. Gradients

of secreted factors and extracellular matrix, or events induced in other surrounding cell types,

may contribute to the regulatory function of osteoblasts in the niche.

We have visualized single transplanted HSPCs in their niche within a living mammal and

demonstrated that the state of both haematopoietic cell and microenvironment affects the

physical association between components of haematopoietic tissue. Continued technical

developments and the generation of more sophisticated molecularly modified animal models

will permit further analysis of physiologically relevant settings—other than transplantation or

artificially permissive environments—and of other stem cells of normal and malignant types

as they engage and perhaps compete for niche elements. The combination of molecular, cellular

and organismal biology may thereby be simultaneously examined to understand the regulatory

networks affecting stem cell control.

METHODS SUMMARY

All mice were housed according to IACUC guidelines and used for experiment when 8–14-

weeks old. Wild-type C57BL/6.SJL mice were HSPC donors when recipients were wild type,

Col2.3–GFP or WWv double mutant (backcrossed to C57BL/6 background). FVB mice were

donors for wild-type or PPR littermate mice4,29 (gift from E. Schipani).

Mice were anaesthetized and prepared for in vivo imaging as described3. Immediately before

imaging 20 µl of non-targeted Qdot 800 or 655 (Invitrogen) diluted in 130 µl sterile PBS was

injected retro-orbitally to allow vasculature visualization. The mouse was held in a heated tube

mounted on a precision 3 axis motorized stage (Suter MP385). All mice were imaged with a

custom-built confocal two-photon hybrid microscope specifically designed for live animal

imaging (see Methods). At the start of each imaging session, we surveyed large areas of the

skull bone surface using video rate second harmonic microscopy (see Methods) to identify the

major anatomical landmarks such as sagittal and coronal sutures. We identified the locations

of HSPCs within bone-marrow cavities and recorded their coordinates relative to the

intersection of the sagittal and coronal sutures. SHG and GFP signals above each identified

HSPC were acquired every 5 to 20 µm until the above endosteal surface was reached. After

in vivo imaging, the scalp was re-closed using 3 M Vetbond veterinary glue and post-operative

care was provided as described3.

Images were coloured and merged using Adobe Photoshop and HSPC-microenvironment

distance measures were obtained using Adobe Illustrator and Microsoft Excel. A two-tailed

type 2 t-test was applied to all data. P values ≤0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The calvarium endosteal niche is perivascular

a, Anti-CD31 immunofluorescence (red) reveals a complex vascular network in the trabecular

region of the tibia and along diaphysis endosteal surface (blue: 4,6-diamidino-2-phenylindole

(DAPI) nuclear counter-stain). The right panel shows the boxed area at higher magnification

and the dashed line highlights the endosteal surface. Scale bars: left, 200 µm; right, 100 µm.

BM, bone marrow. b, Intravital microscopy was used to scan the region of mouse calvarium

containing bone marrow (asterisks) within the frontal bones. The large box shows the entire

scanned area; the small box (arrowhead) shows one approximate observed field (330 µm2).

Scale bar: 1 mm. c, DAPI-stained calvarium coronal section indicating cavity morphology

(asterisks mark the bone marrow) and depth of scanning (bracket). d, xy collage image of bone
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(blue), osteoblasts (green) and vasculature (red) acquired simultaneously with two-photon

microscopy. (See also Supplementary Movie 1.) e, f, Three-dimensional reconstructions of Z-

stack with all three components (e) or bone and osteoblasts only (f). g, Diagram representing

measured distance between all osteoblast pixels and the closest vasculature (n = 4 cavities;

error bars indicate s.d.). h, Rotating three-dimensional model of osteoblasts and vasculature.

Consistent results were seen with ten mice. Scale bars for d, f, h indicate 50 µm.
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Figure 2. Engrafting HSPCs reach the endosteum

a, b, LKS CD48−Flk2− cells injected into non-irradiated (a, n = 3 mice) or irradiated recipients

(b, n = 3 mice) were imaged within 5 h of transplantation. Two-photon microscopy was used

to detect collagen bone SHG (blue) and confocal microscopy was used to detect DiD signal

(white), Qdot vascular dye (red) and GFP-positive osteoblasts (green) in all panels apart from

bottom right, where all signals were acquired with two-photon microscopy. Arrows point to

single homed HSPCs and the numbers are the xy distance measured from each cell to the closest

endosteum (edge of blue signal). Scale bar: 50 µm. c, The shortest three-dimensional HSPC–

endosteal surface distance was plotted for each cell imaged in non-irradiated, irradiated and

WWv recipients. The average distance of HSPCs from the endosteum in irradiated and WWv
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recipients (n = 3 mice) was significantly less than in non-irradiated recipients. Red lines

represent the mean of all measurements for each set of experiments.
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Figure 3. Engraftment is initiated by asynchronous HSPC cell divisions

a, HSPC progeny were imaged 1 day after injection in irradiated recipients (n = 4 mice),

revealing heterogeneity in cell clustering. Blue, bone; red, vasculature; green, osteoblasts;

white, HSPC progeny. b, Cells were tracked from day 0 to day 2 (n = 2 recipient mice) or from

day 1 to day 2 (n = 3 recipient mice) and diverse kinetics of cell division were observed. c,

Increasing numbers of clusters containing 2 or ≥3 cells were observed in the days after injection

(n = 4; error bars indicate s.e.m.). d, When 50% of cells were stained with DiD and 50% with

DiI before injection, only single-colour clusters were observed. Red, DiD; green,

autofluorescence. Arrows point at each DiD-positive cell within two clusters; arrowheads point

at autofluorescent cells. Cells accepted for assessment had a dye/autofluorescence signal ratio

>2 (in this example 2.82, 3.71, 4.12, 8.22). The same analysis was used to validate DiI signals.

Scale bars in a, b, d are 50 µm. e, Summary of observed cell clusters in three independent

experiments.

Lo Celso et al. Page 12

Nature. Author manuscript; available in PMC 2010 February 11.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4. Cell-dependent and niche-dependent HSPC localization

a, b,LKS CD34−Flk2− (n = 6 recipients) LT-HSC-enriched, LKS CD34+FLk2+ MPP (n = 3

recipients), LinlowKit+Sca− progenitors (n = 3 recipients) and Linlow (n = 4 recipients)

populations home to distinct locations, closer to or further from endosteum (a) and osteoblasts

(b). All imaging was performed within 5 h of transplantation. c, Representative image of a

LKS CD34−Flk2− cell residing adjacent to an osteoblast and close to endosteum 4 h after

injection. White, DiD-labelled cell; green, GFP+ osteoblasts; red, Qdot vascular dye; blue,

bone collagen. Scale bar: 50 µm. d, Independently of the LT-HSC-enriched starting population,

the distance between DiD-labelled cells and osteoblasts measured 2 days after injection

increased with the number of cells found in each observed cluster (n = 5 imaged mice). e, Two

days after injecting the same number of LKS cells in irradiated wild-type or PPR mice (n = 2

+ 2) similar numbers of cells were observed, but LKS progeny in PPR mice were preferentially

located adjacent to the endosteal surface. Red lines indicate the mean of all measurements in

each set of experiments.
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