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Live-animal tracking of individual haematopoietic
stem/progenitor cells in their niche
Cristina Lo Celso1,4, Heather E. Fleming1,4, Juwell W. Wu3,4, Cher X. Zhao1,4, Sam Miake-Lye1, Joji Fujisaki3,4,
Daniel Côté3{, David W. Rowe5, Charles P. Lin3,4 & David T. Scadden1,2,4,6

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 haemato-
poietic 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 expan-
sion, bone-marrow stem/progenitor cells assumed positions in
close proximity to bone and osteoblasts. Our analysis permits
observing in real time, at a single cell level, processes that pre-
viously 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 hetero-
logous 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 immuno-
phenotypically defined HSCs can be observed adjacent to the vascu-
lature 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 3 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 immuno-
phenotype 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 visu-
alization to a depth of ,150mm 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 1a promoter (Col2.3–GFP) reporter mice15, non-
targeted quantum dots (Qdot 655 or 800) injected immediately before
imaging, and flow cytometrically sorted cells stained with the lipophi-
lic cyanine dyes Vybrant DiD (1,19-dioctadecil-3,3,39-tetramethylin-
dodicarbocyanine perchlorate) or DiI (1,19-dilinoleyl-3,3,39,
39-tetramethylindocarbocyanine perchlorate) (Invitrogen)3, respec-
tively (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)1 and Sca11)
CD342Flk22, LKS CD1501CD482 and LKS CD482Flk22 cells were
isolated, and represent partially overlapping populations (Supple-
mentary Fig. 7). Given that all flow cytometric methods of cell isola-
tion 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 mm) cells discontinuously
distributed along the endosteal surface (Fig. 1d–g). Osteoblasts were
adjacent or in close proximity to vasculature (.60% within 10 mm
and .90% within 20mm of vasculature) (Fig. 1e). Whereas the mid-
dle of the cavity contained vasculature that was not associated with
osteoblasts, the endosteal region demonstrated close co-localization
of 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
3 106 Linlow DiD-labelled cells and recording the number of cells
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observed per in vivo imaged field or per 20 mm 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 DiD1 imaged cells and the
number of LKS CD342Flk22 cells injected (Supplementary Fig. 3c).
The numbers of cells detected when injecting 5–15 3 103 LT-HSC-
enriched populations were small (3–15 cells per recipient) but con-
sistent, 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 mm 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 dee-
per 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
(0–16mm) and at variable distances from the endosteum, but never
closer than 30mm (Fig. 2c). Two weeks after injection, we found single,
bright, DiD-positive cells located between 15–40mm from the endo-
steum (Supplementary Fig. 6a). As expected, no contribution of
injected HSPCs to the host peripheral blood or bone marrow was
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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, 200mm; right, 100mm. 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 (330mm2). 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
(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 5 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 mm.
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Figure 2 | Engrafting HSPCs reach the endosteum. a, b, LKS CD482Flk22

cells injected into non-irradiated (a, n 5 3 mice) or irradiated recipients
(b, n 5 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 mm.
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 recipients (n 5 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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observed for up to 4 months after transplant (data not shown; see also
ref. 22). HSPCs injected into non-irradiated hosts localized farther
than 30mm from bone and did not engraft. The lack of engraftment of
transplanted HSPCs in physiological niches imposes an inherent limi-
tation 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 traject-
ories 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 mm of the endosteal surface (Fig. 2c). We mon-
itored the mice for up to 6 months and observed at least 25% peri-
pheral 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 peri-
pheral blood 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 transplanta-
tion24 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), con-
sistent 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 CD342Flk22), multipotent-progenitor-enriched
(MPP; LKS CD341Flk21)27,28 and committed-progenitor-enriched
(LinlowKit1Sca2) 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/parathy-
roid 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, DiD1 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 contri-
bute 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–peri-
vascular niche. The relationship of transplanted primitive haemato-
poietic 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 prox-
imity 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 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
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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 5 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 5 2 recipient mice) or from day 1 to day 2 (n 5 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 5 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 mm.
e, Summary of observed cell clusters in three independent experiments.
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stem cell function. Gradients of secreted factors and extracellular
matrix, or events induced in other surrounding cell types, may con-
tribute 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 asso-
ciation 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 arti-
ficially 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 ml of non-targeted Qdot 800 or 655

(Invitrogen) diluted in 130ml 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 20mm 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.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Microscopy. Second harmonic signal is generated by collagen in the bone when

it is illuminated by femtosecond titanium:sapphire laser pulses31. The exact

wavelength for SHG was not critical as it is a scattering rather than an absorption

process. GFP-expressing osteoblasts were imaged by either two-photon (920 nm

excitation, 500–590 nm detection) or confocal microscopy (491 nm excitation,

505–590 nm detection). Circulating Qdot 655 was imaged with two-photon

microscopy (920 nm excitation, 625–675 nm detection). Qdot 800 was imaged

with confocal microscopy (532 nm excitation, .795 nm detection). DiD-

labelled cells were identified and distinguished from autofluorescent cells by
taking two confocal images at 633 nm (650–760 nm detection) and at 532 nm

(560–640 nm detection), respectively. The opposite settings were used to identify

DiI-labelled cells.

A 330 0.9NA water immersion objective (Lomo) was used for all imaging, so

that each field observed always corresponded to 330 3 330mm. To minimize

chromatic aberration owing to the wide range of excitation wavelengths used,

the collimation of each excitation laser beam was adjusted with a telescope to

achieve parfocality. For three-dimensional analysis of bone-marrow cavity,

Z-stacks were acquired at 1–3mm steps. A PCI-based image capture board

(Snapper24, Active Silicon) was used to acquire up to three channels simulta-

neously using iPhoton32 software running under Mac OS X that was developed

in-house.

Image processing. Each channel was acquired in 8-bit greyscale and merged to

an RGB image using iPhoton or Photoshop (Qdot, red; GFP, green; collagen,

blue). The fourth channel (DiD) was given a white colour code and merged with

the RGB image. The intensity for each channel was scaled so that 0–255 in the

8-bit image corresponded to 7–Imax in the original image, where 7 was the noise

floor and Imax was the maximum pixel value.
Two-dimensional measurements were performed by drawing and measuring

lines using Adobe Illustrator and importing images at 500 3 500 point size.

Points-to-micrometres conversion and all data analysis was performed using

Microsoft Excel software.

Three-dimensional rendering was obtained using ImageJ 1.38 (open source

NIH software, http://rsb.info.nih.gov/ij/index.html). 8-bit stacks from each

channel were given a threshold to eliminate hue differences within structures

and assigned an arbitrary intensity (highest to bone, lowest to vasculature and

intermediates to HSCs and osteoblasts) and combined in opaque models. Bright

and dark outlier pixels were eliminated to reduce noise and each structure was

assigned blue/red/green/white colour from the LUT table. The VolumeJ plugin

was used for ‘cine-mode’ rendering with the following settings: classifier ramp 1

index, scaling $1, aspect ratio 1:1:1 or 1:1:3 depending on the Z-stack step, light

0, 0, 21,000.

To measure distances between osteoblasts and vasculature, multiple image

stacks from the same bone cavity were concatenated based on coordinate

information. The resultant stack was imported into ImageJ, re-sliced into the

vertical planes (Y–Z, X–Z) and digitally rotated to remove skull tilt relative to
imaging plane. The stack channels were separated, and the greyscale intensity

profile along the Z direction of the bone was measured and fit into an exponen-

tial decay curve as a function of depth, the inverse of which was then multiplied

to the bone (blue) channel. A similar function was applied to the osteoblast

(green) and the vascular (red) channels using an empirically derived exponent.

A multiplicative constant was incorporated to equalize channel brightness.

Euclidean distance maps (EDM), codifying the minimal pixel distance between

each non-vascularized point to the vessel walls as a greyscale value, were gener-

ated in ImageJ based on the binarized vascular signal for the three Cartesian

planes (X–Y, Y–Z and X–Z); the final three-dimensional–EDM stack was created

after re-slicing the two vertical (YZ, XZ) EDMs in the XY orientation and assign-

ing to each pixel the smallest greyscale value out of the three planar EDMs. The

binary signal of the cells was inverted and the larger of the greyscale values

between this stack and the vascular EDM was elected for each pixel; the resultant

stack thus codified the distance from all points of the cells to the vessel wall with a

consistent background value of 255. The histogram of these stacks constituted

the distance distribution data.

FACS analysis. To analyse LT-HSC subpopulation overlap, whole bone-marrow
mononuclear cells were stained with c-Kit allophycocyanine, Flk2 phycoerythrin

(PE), Lineage cocktail biotin (B220, Mac1, Ter119, CD3, CD4, CD8 at

1:1:1:1:1:1) followed by streptavidin PrcP (BD Pharmingen), Sca-1 PE–Cy5.5

(Caltag), CD34 fluorescein isothiocyanate (FITC) (eBioscience), CD48 Pacific

blue and CD150 PE–Cy7 (BioLegend). At least 2 3 106 events were acquired

using a BD LSRII flow-cytometer. Compensation and data analysis were per-

formed using Flowjo 8.5.3. BrdU was detected using the BD BrdU flow detection

kit on either whole bone-marrow or lineage-depleted cells.

HSPC isolation, staining and injection. Whole bone-marrow cells were col-

lected by crushing tibias, femurs, hips and spine of donor mice, stained with

biotin-conjugated lineage cocktail antibodies and subjected to lineage depletion

using Miltenyi magnetic beads and columns. The resulting lineage-depleted

fraction was stained with the antibodies listed above and sorted using FACS

DiVa or FACS ARIA (Becton Dickinson). A small fraction of the collected cells

was re-run through the sorter and over 95% purity was consistently confirmed.

1–5 3 105 cells per ml HSPCs were stained with 5mM DiD or 7.5mM DiI in

PBS without serum for 10 min at 37 uC, washed once in PBS and immediately

injected into the tail vein of recipient mice. Unless stated differently, each imaged

CD45.2 mouse received 8,000 to 15,000 labelled CD45.1 HSPCs together with

3–5 3 105 CD45.2 supportive whole bone-marrow mononuclear cells to ensure

survival.

Bone-marrow transplantation. Unless otherwise stated, recipient mice were

lethally irradiated with 9.5 Gy the night before transplantation. To evaluate

DiD toxicity, 106 CD45.1 whole bone-marrow mononuclear cells stained or

unstained with DiD were injected together with 106 CD45.2 unstained whole

bone-marrow mononuclear cells into CD45.2 recipients (five mice in each

group). For serial transplantation, 30,000 DiD-stained CD45.2 LKS

CD482Flk22 LT-HSCs were injected into two CD45.1 recipients. After 6 weeks,

primary recipients’ whole bone-marrow mononuclear cells were collected and

pooled. 2 3 106 cells were injected in each of five secondary CD45.1 recipients.

Recipients’ peripheral blood was assessed for CD45.1/CD45.2 chimaerism at 3,

12, 16 and 27 weeks after transplant using PE- and FITC-conjugated antibodies,

respectively (BD Pharmingen). PB chimaerism was monitored also in all imaged

mice.

Calvarium and femur whole bone-marrow long-term reconstitution ability

was compared by competitive transplant of 106 CD45.1 calvarium or femur

whole bone-marrow mononuclear cells together with 106 CD45.2 femur whole

bone-marrow mononuclear cells into CD45.2 recipients. Recipients’ peripheral

blood chimaerism was assessed 4, 8, 12 and 16 weeks after transplantation.

The ability of HSCs to engraft fully in the bone marrow of WWv mice was

checked by serial transplantation. A total of 10,000 LT-HSC-enriched cell popu-

lations were injected in non-irradiated WWv recipients and 6 months later

2 3 106 whole bone-marrow mononuclear cells from reconstituted femurs were

injected into separate CD45.2 recipients. Peripheral blood chimaerism was

assessed 12 weeks later.

BrdU administration. Wild-type CD45.1 mice transplanted with wild-type

CD45.2 LKS CD342Flk22 or Rosa26 rtTA x TRE H2BGFP33 LKS

CD1501CD482 cells received 100ml BrdU solution (10 mg ml21) via intraper-

itoneal injection every 12 h from 12 h after transplant. Negative control mice

were injected with saline. Two days after transplantation bones were harvested

and either crushed for flow cytometry detection of BrdU uptake or processed for

immunofluorescence.

Immunofluorescence. Frozen sections from paraformaldehyde fixed and decal-

cified tibias from wild-type mice were stained with anti-CD31 biotin-conjugated

antibody (BD Pharmingen) using the Perkin Elmer Tyramide Kit following the

manufacturer’s instructions. Streptavidin HRP and tyramide TMR were used to

visualize CD31 localization. Vectashield (VectorLabs) containing DAPI nuclear

counter-stain was used to mount the sections. Images were acquired with a

Nikon Eclipse 80i epifluorescence microscope equipped with a Qimaging

Micropublisher digital CCD colour camera. BrdU staining was performed using
the BD BrdU in situ detection kit according to the manufacturer’s instructions

and terminating with Perkin Elmer TMR tyramide amplification. Rabbit poly-

clonal anti-GFP antibody (Invitrogen) was incubated at the same time as the

BrdU antibody and donkey anti-rabbit Alexa 647 conjugated antibody

(Invitrogen) was incubated at the same time as streptavidin HRP. Images were

acquired with a Bio Rad MRC600 confocal microscope.

31. Zipfel, W. R., Williams, R. M. & Webb, W. W. Nonlinear magic: multiphoton
microscopy in the biosciences. Nature Biotechnol. 21, 1369–1377 (2003).

32. Veilleux, I., Spencer, J. A., Biss, D. P., Cote, D. & Lin, C. P. In vivo cell tracking with
video rate multimodality laser scanning microscopy. IEEE JSTQE 14, 10–18 (2008).

33. Brennand, K., Huangfu, D. & Melton, D. All beta cells contribute equally to islet
growth and maintenance. PLoS Biol. 5, e163 (2007).
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