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Aged hematopoietic stem cells (HSCs)
are impaired in supporting hematopoiesis. The molecular and cellular mechanisms of stem cell aging are not well
defined. HSCs interact with nonhematopoietic stroma cells in the bone marrow
forming the niche. Interactions of hematopoietic cells with the stroma/microenvironment inside bone cavities are central
to hematopoiesis as they regulate cell
proliferation, self-renewal, and differentiation. We recently hypothesized that one

underlying cause of altered hematopoiesis in aging might be due to altered
interactions of aged stem cells with the
microenvironment/niche. We developed
time-lapse 2-photon microscopy and
novel image analysis algorithms to quantify the dynamics of young and aged
hematopoietic cells inside the marrow of
long bones of mice in vivo. We report in
this study that aged early hematopoietic
progenitor cells (eHPCs) present with increased cell protrusion movement in vivo

and localize more distantly to the endosteum compared with young eHPCs.
This correlated with reduced adhesion to
stroma cells as well as reduced cell polarity upon adhesion of aged eHPCs. These
data support a role of altered eHPC dynamics and altered cell polarity, and thus
altered niche biology in mechanisms
of mammalian aging. (Blood. 2009;114:
290-298)

Introduction
Tissues depend on stem and progenitor cells to sustain homeostasis
in response to attrition, aging, or upon organ injury.1 One of the best
studied of these systems is hematopoiesis, in which functional,
differentiated blood cells are generated from hematopoietic stem
and progenitor cells (HSPCs).2 In adult mammalians, hematopoiesis is primarily confined to the bone marrow (BM) cavities.3,4
HSPCs and differentiated blood cells interact with nonhematopoietic cells in the BM, referred to as stroma cells providing a niche to
these cells. Both a vascular as well as an endosteal niche have been
identified for hematopoietic stem cells.5-7 There is general agreement that the interaction of the hematopoietic cells with the stroma
or microenvironment is central to hematopoiesis as it regulates cell
proliferation, self-renewal, differentiation, and migration.8,9
Impaired hematopoiesis in aged individuals is thought to be at
least in part a consequence of the aging of stem cells.10-12
Hematopoietic stem cells (HSCs) from aged animals have a
decreased per cell repopulation activity, are impaired in their
support of erythropoiesis, and present with a skewing toward
myeloid over lymphoid differentiation.13 Aging of HSCs is partly
stem cell intrinsic.13-15 Multiple cellular and molecular mechanisms
have been implemented in hematopoietic stem cell aging.16-18 We
recently postulated that aged in contrast to young primitive
hematopoietic cells present with altered, less favorable interactions
with the niche, which might in part explain impaired hematopoiesis
in aged individuals.19,20

We thus developed time-lapse multiphoton intravital microscopy (MP-IVM) in long bones to determine the dynamics of young
and aged hematopoietic cells inside the BM cavity. Imaging of
HSC in the BM has only very recently become possible in the
calvaria in vivo6 or in explanted tibiae.7 However, these studies did
not address the biology of aged versus young cells, and it is still not
clear whether situation in the calvaria is representative of the
marrow in long bones.6 Besides introducing a valid approach for
intravital imaging of individual cells within long bones, we
identified that differentiated hematopoietic cells like macrophages
and dendritic cells (DCs) residing in BM are motile, while they
show a distinct localization with respect to the endosteal surface.
Secondly, we report that young early hematopoietic progenitor
cells (eHPCs), although remaining fixed on the spot, present with
constantly ongoing cell protrusion movements indicating synapselike interactions with stroma cells in the diaphyseal regions on long
bones in vivo, and that hematopoietic progenitor cells (HPCs) and
eHPCs are found in distinct locations relative to the endosteum.
Finally, our data show that aged eHPCs display a higher cell
protrusion activity and are localized more distantly from the
endosteum compared with young eHPCs, although showing reduced adhesion to stroma cells and presenting with a reduced
number of polarized cells upon adhesion. These results provide
insights into the dynamics and physiology of aged primitive cells in
the marrow of long bones in vivo that might form a rational basis to
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explain the reduced hematopoietic performance of aged individuals. The technologies developed in this study will ultimately
support the characterization of the dynamics of stem cell synapses
in long bones in vivo and their role in stem cell aging.
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Cobblestone area-forming cell adhesion assay
The cobblestone area-forming cell adhesion assay to measure the ability of
hematopoietic stem and progenitor cells to the established murine preadipose female BM-derived 1 (FBMD-1) stroma cell line were performed, as
previously described.19
Expression of adhesion receptors

Methods
Animals
Young (2-4 months of age) C57BL/6J mice were obtained from The
Jackson Laboratory and subsequently housed in the animal barrier facility
at Cincinnati Children’s Hospital Medical Center (CCHMC) or the facility
of the Helmholtz Center for Infection Research (HZI) or the Otto-vonGuericke University (OvGU). Aged C57BL/6J (18-20 months of age)
animals were retired breeders derived from our own colony or obtained
from the National Institute on Aging aged rodent colony (Harlan). Animals
transgenic for yellow fluorescent protein (YFP) under the 2.3-kb fragment
of the Col1a promoter were provided by R. Wenstrup (Cincinnati, OH).
Green fluorescence protein (GFP) mice,21 provided by S. Jung (Rehovot,
Israel), were bred in OvGU facilities. All animals were housed in a
pathogen-free environment in the CCHMC barrier facility or at the HZI or
OvGU. All animal experiments were approved by the Institutional Animal
Care and Use Committee at CCHMC by the Gewerbeaufsichtsamt Braunschweig and by the Landesverwaltungsamt Sachsen-Anhalt.
Isolation and staining of HPCs and eHPCs
LIN⫺, c-Kit⫹, Sca-1⫹ (HSCs), and LIN⫺, c-KIT⫹, Sca-1⫺ (HPCs) were
isolated according to standard protocols using a BD FACSVantage cell
sorter (BD Biosciences) or a MoFlo cell sorter (Dako Deutschland GmbH),
as described previously.22 The LIN mixture contained anti-CD11b (clone
M1/70), anti-B220 (clone RA3-6B2), anti-CD5 (clone 53-7.3), anti-Gr-1
(clone RB6-8C5), anti-Ter119, and anti-CD8a (clone Ly-2), all from BD
Biosciences. Isolated cells were stained with either carboxyfluorescein
succinimidyl ester (CFSE) or Cell Tracker Orange (CTO; both Molecular
Probes) for 1 hour in phosphate-buffered saline (PBS), according to
previously published protocols.23 Sorted cells were injected into a single
mouse each (between 0.84 and 1.2 ⫻ 106 L⫺S⫺K⫹ cells and 0.65 and
1.3 ⫻ 105 L⫺S⫹K⫹ cells from young donors per recipient, and between
1.2 and 2.0 ⫻ 106 L⫺S⫺K⫹ cells and 1.96 and 3.5 ⫻ 105 L⫺S⫹K⫹ cells
from aged donors per recipient).
Intravital microscopy
Mice were prepared for intravital microscopy using isofluran-based intubation narcosis, as described in detail in Figure 1 and previously.23,24
Subsequently, the tibia was exposed by removing the skin on top of the
bone, and further removing muscle tissue with a scalpel. Bone tissue was
subsequently carefully removed with an electric drill (Dremel) to obtain a
very thin (⬃ 30-50 m) remaining layer of bone tissue covering the BM
cavity, thus permitting better light penetration. This procedure was permanently controlled by stereomicroscopy to maintain the necessary thickness
of the remaining bone tissue. Two-photon microscopy on the tibia was
subsequently performed, as previously described,24,25 using a customized
2-photon microscope (TrimScope; LaVision BioTec) with detection either
by a charge-coupled device (CCD) camera (multifocal illumination) or an
array of independent photo-multiplier tubes (PMT) detectors (single-point
illumination). Bone tissue was identified due to its strong autofluorescence
(CCD) under unfiltered light conditions or using its second-harmonic
(SHG) signal (PMT). Animals were kept at 37°C in a PBS water bath while
experiments were performed. For imaging, a 300 ⫻ 300-m area was
scanned in 30 steps of 4 m down to 120 m depth (⬃ 12 cell layers) using
an illumination wavelength of either 800 or 880 nm detecting green
(530 nm) and red (580 nm) fluorescence, as well as unfiltered light or SHG
(at 480-nm emission). This sequence was repeated every 60 to 80 seconds
for a total of up to 60 minutes.

For the determination of the expression of adhesion receptors, low-density
BM cells were individually incubated with biotinylated antibodies (BD
Biosciences) specific for either CD184 (clone 2B11/CXCR4), CD49d
(clone R1-2), CD49e (clone 5H 10-27), CD106 (clone 429), CD62L (clone
MEL-14), CD44 (clone IM7), or platelet endothelial cell adhesion molecule-1 (PECAM-1; clone 390), and subsequently with phycoerythrin
(PE)–labeled LIN⫺ mixture antibodies (anti-CD3⑀ [clone 145-2C11],
anti-B220 [clone RA3-6B2], anti-CD11b [clone M1/70], and anti-Gr-1
[clone RB6-8C5]; all from BD Biosciences); anti-Sca-1 PE-Cy7 (eBiosciences); and anti-c-Kit allophycocyanin and streptavidin fluorescein
isothiocyanate (BD Biosciences).
Generation of movies and determination of the distance to
endosteum
Primary data from the CCD camera were imported into the Volocity
Software package (Version 4.3; Improvision) for further processing and
conversion into 3-dimensional movies. Movies were then exported into the
.avi format. Volocity software was also used to determine the distance of the
cells from the endosteum.
Determination of cell movement
The motility of cells inside the BM was determined, as recently described,
using a self-programmed cell-tracker software.26
Determination of protrusion movement
To determine the changes in cell surface area as well as a cell volume of
CFSE-stained cells, novel algorithms were developed using the IDL
software suite from ITT (see supplemental Experimental Procedures,
available on the Blood website; see the Supplemental Materials link at the
top of the online article).
Polarity staining
Sorted cells (LIN⫺S⫹K⫹ or LIN⫺S⫺K⫹ at 5 ⫻ 103 each) were cultured on
slides coated with 50 ng/mL fibronectin in Iscove modified Dulbecco
medium containing 10% fetal calf serum, stem cell factor, granulocyte
colony-stimulating factor (G-CSF), and megakaryocyte growth and development factor (100 ng/mL each) for 14 hours at 37°C. The cells were then
fixed with 2% paraformaldehyde containing NaCl and Mg2⫹Cl2 for
20 minutes at 37°C. The cells were then treated with 0.1% Triton for
5 minutes and stained with anti–mouse anti–␣-tubulin and anti–mouse
anti–␤-tubulin for 1 hour at 37°C, followed by anti–mouse Alexa 488
(Molecular Probes) rhodamine-labeled phalloidin (Molecular Probes) for
1 hour at room temperature. Z series of fluorescence images were captured
using a Leica DMIRB fluorescence microscope (Leica Microsystems) at
63⫻ magnification with ORCA-ER C4742-95 camera (Hamamatsu)
equipped with a deconvolution system (Leica Microsystems) driven by
Openlab software. Z series were then analyzed by deconvolution using
Volocity software.27,28 Scoring cells for polarity were based on 3 criteria:
(1) shape of the cell (elongated/drop shaped [polar] vs nonhomogeneous
[nonpolar]); (2) the distribution of F-actin and the corresponding membrane
ruffles are asymmetric (polar) versus more symmetric (nonpolar); and
(3) distribution of the microtuble network, in which localization opposite
the F-actin network characterizes a polar cell.
Statistics
A paired Student t test was used to determine the significance of the
difference between means, except for the densitometry analyses of the
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Figure 1. Imaging hematopoietic cell movement in the tibial BM of a live mouse. (A) Setup of the mouse in the imaging chamber. The animal is ventilated through a
tracheal tubus by a mechanical small animal respirator receiving a mixture of O2/isoflurane for narcosis at the depicted rates and volumes. The gross area of bone thinning and
imaging is boxed and the approximate position of the microscope lens is indicated with a dashed arrow. Imaging is performed anywhere within the red (thinned) area of the tibia.
All fluorescently marked cells detectable within this area are recorded by individual Z-stacks. (B) A close-up micrograph of a mouse fixed for imaging with the position of the tibia
indicated (white arrow). (C) Drawing of the bones of the hind leg as they are positioned for the animal shown in panel B. (D) Enlargement of the tibial bone, rotated 90° clockwise
with the area of preparation indicated by the red color. (E) Virtual side view through the tibial bone in the area of imaging to demonstrate the process of careful bone thinning by
an electric drill (silver star), which is constantly monitored with a stereomicroscope until finished. The residual bone surface is kept at 30 to 50 m thickness, whereas a
nondrilled tibia has a wall thickness of approximately 100 m. Of note: extreme care has to be taken to not totally remove the covering bone. If this happens, the contents of the
BM will leak out, rendering imaging impossible in a live mouse with intact blood circulation. The figure on the right shows as an example rendered images of a bone with
fluorescently labeled (green) cells below the bone surface. The typical XYZ dimensions of the area of imaging are depicted. (F) To demonstrate the practicability of the
transplantation/visualization technique, BM cells were stained with CFSE (green) or CTO (red) and transplanted together in equal numbers in recipient animals. Cells were
visualized by 2-photon intravital microscopy in the region close to the endosteum in the tibia (brown ⫽ autofluorescence signal of the calcified bone) 16 hours postinjection. The
corresponding movie is available as supplemental Video 1.

movies, which were analyzed according to methods described in the
supplemental Experimental Procedures.

Results
Dynamics of differentiated hematopoietic cells in the murine
tibia

The structural components of potential stem and progenitor cell
niches might be distinct for different types of bones and tissues.6,29,30 In this context, it is important that most intravital
analyses of the localization of hematopoietic cell to date have been
performed on cells within blood vessels or the BM matrix of the
calvarium (skull bones6,30-32). In contrast, HSCs for molecular and
functional analyses are usually derived from the marrow of long
bones. We thus established MP-IVM in the murine tibia to visualize
primitive hematopoietic cells in the vicinity of the endosteum of

this long bone (see Figure 1 and description of technical details in
the figure legend as well as in supplemental Figure 1). To optimize
the cell/transplantation imaging system, unfractionated BM was
labeled with either CFSE or CTO and cotransplanted into recipient
animals. Fluorescently labeled cells inside the bone cavity were
analyzed by MP-IVM 16 hours posttransplantation (Figure 1F and
supplemental Video 1), demonstrating visualization of active cell
dynamics of the transplanted cells in the region close to the
endosteum. MP-IVM achieved a penetration into long bones of up
to 120 m (Figure 1E).
Both macrophages and DCs are reported to be highly motile in
peripheral organs in vivo.33,34 In contrast, published data on the
motility of hematopoietic cells in BM (ex vivo) suggested a low
motile activity of these cells.35 We therefore decided to investigate
the dynamics and location of these 2 cell types in the BM cavity
(Figure 2 and supplemental Video 2) using an established knockin
CX3CR-GFP mouse model in which macrophages (MCs; white
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Figure 2. Time-lapse intravital microscopy of BMDCs and macrophages in the tibia. (A) Visualization of BMDCs (red arrows) and macrophages (MCs, white arrows) in the
vicinity of the endosteum in vivo using the CX3CR-GFP mouse model, in which these cell types are green. The brown color delineates the SHG signal of the calcified bone (the
corresponding movie is available as supplemental Video 2). (B) Quantification of the velocity of BMDCs and MCs in the BM (n ⫽ 65 cells per cell type, based on 3 independent
experiments). (C) Activity (eg, percentage of cells that present with cell position changing migration) of BMDCs and MCs in the BM, based on 3 independent experiments.
(D) Trajectories of individual BMDC and MC movement (n ⫽ at least 10 per cell type). (E) Schematic of the grid approach to quantify the distance of the cells to the endosteum,
as described in “Methods.” A CFSE-stained transplanted cell (green) is shown in a side view to demonstrate its distance to the calcified bone (brown, autofluorescence). The
yellow scale bar from the lower part of the cell body to the bone surface represents the distance to the endosteal surface measured for this cell. All cells were analyzed
analogously to obtain distance values. (F) Distance of BMDCs and MCs to the endosteum (vertical bars representing average, n ⫽ 65 cells per cell type, based on
3 independent experiments). *P ⬍ .05.

arrows in Figure 2A) and BMDCs (red arrows in Figure 2A) are
identified by a combination of fluorescence and cell shape.21,36-38
BMDCs (green cells with dendritic morphology) presented in cell
clusters (Figure 2A) imply the existence of direct cell-cell communication between individual DCs in the BM. In contrast, MCs
(small green cells with round morphology) were more solitary,
although showing a significantly elevated spontaneous cell motility
(1.6 vs 0.9 m/min; Figure 2B) with an overall higher cell activity
(percentage of cells that show migration; Figure 2C). Velocities for
MCs and DC previously observed in 3-dimensional collagen
lattices (2.0 m/min for MCs vs 1.2 m/min for DCs) are similar,
but not identical to the velocity in BM in vivo.39 The migration
patterns for both cell types under these steady-state conditions were
nondirectional (Figure 2D), implying that the migration is spontaneous and not guided by a gradient. Determining the distance to the
bone (Figure 2E and technical details in supplemental Figure 1),
both MCs and BMDCs were found in close vicinity to the endosteal
layer of the BM (distance to the bone in m: DCs 8.2 and MCs
15.6; Figure 2F), but rarely in direct contact with the endosteum. In
summary, MCs and BMDCs inside the BM are motile and are
found in a region close to the endosteum. The especially close
location of clusters of BMDCs relative to the endosteum (less than
a cell diameter) might suggest a role for BMDCs in the physiology
of the endosteum.36
Quantification of cell protrusion movement and localization of
young primitive hematopoietic cells in long bones in vivo

To investigate the dynamics of HSPCs, in vivo sorted and
fluorescently labeled cell populations enriched for HPCs

(LIN⫺S⫺K⫹ cells) and eHPCs (LIN⫺S⫹K⫹ cells) were transplanted
individually into syngeneic recipient animals and analyzed by
MP-IVM between 18 and 36 hours after transplant (Figure 3A-B)
using the established lodgement assay.7,40,41 Transplanted L⫺S⫺K⫹
as well as L⫺S⫹K⫹ cells were consistently found in close vicinity
to the endosteum (Figure 3A-B). Dye exchange experiments were
performed to exclude label-specific influences on the localization
of L⫺S⫹K⫹ cells (supplemental Figure 2A). Some cells were
directly attached to the endosteum (Figure 3C), although displaying extended protrusions upon attachment (Figure 3C). As we have
not seen any HPC or eHPC cell cluster to date (n ⬎ 50 for eHPCs
and n ⬎ 100 for HPCs), we conclude that primitive hematopoietic
cells reside solitarily in their BM niche. In contrast to macrophages
and DCs (Figure 2B-D), HPCs and eHPCs were completely
immobile (data not shown). Both cell types though showed
constantly proceeding protrusion movements of the cell periphery,
suggesting that they actively and reversibly engage the microenvironment (supplemental Video 3, L⫺S⫺K⫹ cells; supplemental
Video 4, L⫺S⫹K⫹ cells). To mathematically quantify the extent of
cell protrusion movement over time, we developed algorithms to
calculate both the change in volume and the surface area over time
of the observed cells based on the data obtained from the MP-IVM
(technical and mathematical details listed in supplemental Experimental Procedures). These analyses revealed that both L⫺S⫺K⫹ as
well as L⫺S⫹K⫹ cells presented with active cell protrusion
movement indicated by absolute changes in cell volume between
time points (Figure 3D) as well as by the variance in change in cell
volume (Figure 3E) and the variance in the change in cell surface
area (Figure 3F). The variance is a measure of how spread out a
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Figure 3. CFSE-labeled HPCs (Linⴚ, Sca-1ⴚ, c-Kitⴙ; LⴚSⴚKⴙ) or eHPCs (Linⴚ, Sca-1ⴙ, c-Kitⴙ; LⴚSⴙKⴙ) were transplanted in recipient animals. The tibia of recipient
animals was analyzed between 16 and 40 hours posttransplant by intravital time-lapse 2-photon microscopy to monitor CFSE-labeled green (A) L⫺S⫺K⫹ cells and (B) L⫺S⫹K⫹
cells close to the endosteal region (brown signal, autofluorescence) of the bone. (C) Example of cell protrusions extending from transplanted L⫺S⫺K⫹ cells into the endosteum
(green ⫽ CFSE, brown/red ⫽ bone surface [autofluorescence]). (D) Quantification of cell protrusion movement, determined as the change in volume over time (interval of
1 minute) of transplanted L⫺S⫺K⫹ and L⫺S⫹K⫹ cells, as described in supplemental Experimental Procedures (n ⫽ 169 changes for L⫺S⫺K⫹ cells and n ⫽ 92 changes for
L⫺S⫹K⫹, based on at least 3 independent experiments for each cell population; see also as example supplemental Video 3 for L⫺S⫺K⫹ cells and Video S4 for L⫺S⫹K⫹ cells).
(E) Average variance in the change in cell volume in a 1-minute time interval of L⫺S⫺K⫹ and L⫺S⫹K⫹ cells (n ⫽ 169 changes for L⫺S⫺K⫹ and n ⫽ 92 changes for L⫺S⫹K⫹,
based on at least 3 independent experiments for each cell population). (F) Average variance in the change of cell surface area in a 1-minute time interval of L⫺S⫺K⫹ and
L⫺S⫹K⫹ cells (n ⫽ 169 changes for L⫺S⫺K⫹ and n ⫽ 92 changes for L⫺S⫹K⫹, based on at least 3 independent experiments for each cell population). (G) Distance of L⫺S⫺K⫹
cells and L⫺S⫹K⫹ cells to the endosteum; each dot represents a single cell; black horizontal bars depict the average distance; and red/blue horizontal bars depict the standard
deviation (n ⫽ 93 for L⫺S⫺K⫹ and n ⫽ 44 for L⫺S⫹K⫹, based on at least 3 independent experiments for each cell population). (H) Percentage of HPCs (CAFC day 7-21 cells)
and HSCs (CAFC days 28 and 35 cells) that adhere in 3 hours to FBMD-1 stroma cells in vitro, determined by the CAFC adhesion assay. n ⫽ at least 6 experiments for each
time point. (I) Relative level of expression of CD49d and CD49e on HPCs and HSCs as determined by flow cytometry. Figure is representative of 6 independent experiments.
*P ⬍ .05.

distribution is. In other words, it is a measure of variability,
representing the extent of the changes in volume or cell surface
area/1 min. We also observed a trend for L⫺S⫺K⫹ cells being more
active with respect to changes in the cell surface area compared
with L⫺S⫹K⫹ cells. These observations are consistent with a
hypothesis in which stem cells in general are more “quiet” and thus
less dynamic compared with progenitor cells.
As anticipated from a model in which stem cells locate closer to
the endosteum compared with more differentiated cells, our
analysis revealed that 11% of transplanted L⫺S⫹K⫹ cells had direct
contact to the endosteum in the tibia, whereas only 4% of L⫺S⫺K⫹

cells were in direct contact with the endosteum (Table 1). In
addition, L⫺S⫹K⫹ cells resided on average closer to the endosteum
compared with L⫺S⫺K⫹ cells (11 vs 19 m; Table 1 and Figure
3G). L⫺S⫹K⫹ cells were not randomly distributed in the region
analyzed, as more than 95% of all L⫺S⫹K⫹ cells were found to
reside within 20 m of the endosteum.
These data are consistent with recently published MP-IVM or
real-time imaging analyses of stem cells in the calvarium or ex vivo
BM6,7 and support a model in which niches for L⫺S⫺K⫹ cells are
distinct from niches for L⫺S⫹K⫹ cells and/or HPCs differ from
eHPCs in the quality of interaction with stroma cells. Using a

Table 1. Summary of cell analysis
Number of cells
analyzed

Cells not directly attached to
endosteum (%)

Cells attached to
endosteum (%)

Average distance to
endosteum, m

Young L⫺S⫺K⫹ (n ⫽ 6)

93

Young L⫺S⫹K⫹ (n ⫽ 6)

44

95.7

4.3

18.94

88.6

11.4

Aged L⫺S⫹K⫹ (n ⫽ 3)

50

10.72

88.0

12.0

18.05
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cobblestone area-forming cell adhesion assay, we further tested
these hypotheses, comparing the adhesive properties of HSCs and
HPCs with respect to stroma cells.42 In accordance with localization closer to the endosteum as well as less protrusion movement,
both of which imply stronger and/or preferential adhesive capabilities, HSCs (CAFC day 28 and 35 cells) presented with significantly
increased adhesion to the FBMD-1 stroma cells compared with
HPCs (CAFC day 7, 14, and 21 cells; Figure 3H).
Adhesion molecules regulate the adhesion and localization
of stem and progenitor cells.3,4,43-46 We therefore performed flow
cytometric analyses to measure the levels of surface expression
of adhesion molecules reported to be involved in regulating
hematopoiesis. L⫺S⫹K⫹ cells, in comparison with L⫺S⫺K⫹
cells, presented with a reduced level of expression of CD49d,
CD49e (Figure 3I), as well as CD44 and PECAM-1 (data not
shown), whereas the surface expression levels for the other
adhesion molecules investigated (CD106, CXCR4, CD62L,
CD44) were not significantly altered between the 2 cell types
(data not shown). Paradoxically, these data show an inverse
correlation between level of expression of CD49d and CD49e
and distance to the endosteum, as well as intensity of protrusion movements.
Elevated cellular dynamics and distinct localization of aged
eHPCs

Multiple cellular and molecular mechanisms have been implemented in hematopoietic stem cell aging.16-18 We recently postulated that aged compared with young stem cells might present with
altered, less favorable interactions with the niche, which could in
part explain impaired hematopoiesis in aged individuals.19,20 Using
MP-IVM, we set out to verify this hypothesis. Upon transplantation, aged L⫺S⫹K⫹ cells, similar to young L⫺S⫹K⫹ cells, were
detected at solitary spots along the endosteum (supplemental Video
5) and were immobile (data not shown). Interestingly, aged
L⫺S⫹K⫹ cells presented with significantly increased protrusion
movements compared with young L⫺S⫹K⫹ cells as indicated by
(1) increased changes in volume between time points (Figure 4A)
and a significantly (P ⬍ 10⫺6; F test) increased (2) average
variance in the change in cell volume (Figure 4B), as well as
(3) average variance in the change of cell surface area (Figure 4C).
Moreover, aged L⫺S⫹K⫹ cells were located at sites more distant
from the endosteum (average distance from the endosteum of
18.1 m for aged compared with 10.7 m for young; Table 1 and
Figure 4D), with aged L⫺S⫹K⫹ cells residing as far as 40 m away
from the endosteum. These data might thus imply that aged HCSs
reside in distinct niches and/or interact with stroma cells with a
distinct dynamic. To compare the ability of young and aged HSCs
to adhere to stroma in vitro, a CAFC-adhesion assay was performed. Initial experiments supported that this assay is suitable to
determine the adhesion ability of functionally defined primitive
hematopoietic cells to stroma (supplemental Figure 2B). Aged
HSCs (CAFC day 28 cells) displayed a significantly reduced
adhesion to the FBMD-1 stroma cell line compared with young
HSCs (Figure 4E), which was consistent with their elevated cell
protrusion movement and their more distant localization from the
endosteum. In some of our experiments, young and aged L⫺S⫹K⫹
cells were transplanted in animals with YFP-positive osteoblasts
located at the endosteum (supplemental Figure 3). Similar to
observations in the calvarium,6 neither young nor aged L⫺S⫹K⫹
cells (n ⬎ 20 for both cell types) were directly associated with
osteoblasts in long bones, implying in general an indirect influence
of this cell type on hematopoiesis, whereas adjacent N-cadherin–
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positive preosteoblasts might directly interact with L⫺S⫹K⫹ cells,
as recently identified.7
The ability to polarize upon adhesion to stroma is tightly
connected to the quality of adhesive cell-cell interactions.47,48 In
addition, altered cell polarity has been reported to play a role in
aging in yeast.49 We thus investigated the extent of polarization of
young and aged L⫺S⫹K⫹ cells upon adhesion to the matrix
molecule fibronectin (Figure 4F). Using polarity of the actin and
the microtubule cytoskeleton as a marker for cell polarization, aged
L⫺S⫹K⫹ cells presented with a significantly reduced ability to
polarize (Figure 4F-G), which correlated with their reduced
adhesion to stroma, the increased cell protrusion movement, and
their altered localization in vivo. Finally, we compared the surface
expression level of adhesion receptors on young and aged L⫺S⫹K⫹
cells, focusing on the receptors that were differentially expressed
between young L⫺S⫹K⫹ and L⫺S⫺K⫹ cells (Figure 3I). Expression
of CD49d was reduced, whereas CD49e was elevated on aged
L⫺S⫹K⫹ cells (Figure 4H), with no significant changes in expression of CD44 and PECAM-1 (data not shown). In aggregation,
these data demonstrate that aged eHPCs present with intrinsically
elevated protrusion movements, correlating with reduced adhesive
activity, a reduced frequency of polarized cells, and localization
more distant from the endosteum. These data demonstrate interactions of aged eHPCs with the microenvironment that are distinct
from young eHPCs, and imply this to be one underlying cause for
the reduced self-renewal ability as well as the altered differentiation patterns of aged primitive hematopoietic cells.

Discussion
The dynamics of HSCs in the BM cavity are central to the
regulation of stem cells. We recently postulated that aged stem cells
compared with young present with altered, less favorable interactions with the niche, which might in part explain impaired
hematopoiesis in aged individuals.19,20
Our observations using time-lapse MV-IVM are to the best of
our knowledge the first analyses describing the in vivo short-term
dynamics of young and aged HPCs and eHPCs and differentiated
hematopoietic cells close to the endosteum in long bones. They
revealed that young primitive hematopoietic cells present with
active cell protrusion movement (“running on the spot”) in long
bones, although sustaining interactions with the microenvironment
that are very dynamic (supplemental Videos 3 and 4; Figures
3D-F). The contact plane between T cells and antigen-presenting
cells, which has been termed immunologic synapse (IS),50 has been
well defined both in vitro23,50,51 and in vivo.52,53 It has been
hypothesized that the contact plane of primitive hematopoietic cells
with the niche cells in the microenvironment is similar to the IS,
and has thus been named stem cell synapse.4,5,54 As can be deduced
from our imaging analyses, such synapses might be less dynamic
than early immunologic synapses, resembling more the slow
second phase-type interactions of T cells with antigen-presenting
DC during the adaptive immune response.50,53,55-57
Similarly to HPCs and eHPCs lodging to the niche in the
calvarium6 and as detected in ex vivo real-time imaging of lodged
HSCs in the BM,7 HPCs and eHPCs in long bones are also solitary
and do not present with spontaneous migration after they reach a
destination/location in vicinity to the endosteum.6 Interestingly
though, eHPCs seem to lodge closer to the endosteal surface in the
diaphysis of long bones (reported in this study) compared with the
lodging relative to the endosteal region in the calvarium.6 This
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Figure 4. HSCs from aged mice (20- to 24-month-old animals) were fluorescently labeled (CFSE or CTO) and transplanted into young recipient animals. Tibiae from
recipient animals were analyzed between 16 and 40 hours after transplantation. (A) Quantification of cell protrusion movement, determined as the change in volume over time
(interval of 1 minute) of transplanted L⫺S⫺K⫹ and L⫺S⫹K⫹ cells, as described in supplemental Experimental Procedures (n ⫽ 92 changes for young L⫺S⫹K⫹ cells and n ⫽ 74
changes for L⫺S⫹K⫹ cells, based on at least 3 independent experiments for each cell population; see also as example supplemental Video 5 for aged L⫺S⫹K⫹ cells in addition
to supplemental Video 4 for young L⫺S⫹K⫹ cells). (B) Average variance in the change in cell volume in a 1-minute time interval of L⫺S⫺K⫹ and L⫺S⫹K⫹ cells (n ⫽ 92 changes
for L⫺S⫺K⫹ and n ⫽ 74 changes for L⫺S⫹K⫹, based on at least 3 independent experiments for each cell population). (C) Average variance in the change of the cell surface area
in a 1-minute time interval of L⫺S⫺K⫹ and L⫺S⫹K⫹ cells (n ⫽ 92 changes for L⫺S⫺K⫹ and n ⫽ 74 changes for L⫺S⫹K⫹, based on at least 3 independent experiments for each
cell population). (D) Distance of young and aged transplanted L⫺S⫹K⫹ cells to the endosteum; black horizontal bars depict the average distance (n ⫽ 44 for young L⫺S⫹K⫹
cells and n ⫽ 50 for aged L⫺S⫹K⫹ cells, based on at least 3 independent experiments for each cell population). (E) Percentage of young and aged HSCs (CAFC day 28 cells)
that adhere to FBMD-1 stroma cells in vitro, determined by the CAFC adhesion assay (n ⫽ 6 experiments). (F) Cytoskeletal cell polarity in young and aged HSCs (Lin⫺, Sca-1⫹,
c-Kit⫹) upon adhesion to fibronectin (determined by staining for F-actin [red] and microtubules [green]). (G) Percentage of polar aged and young HSCs upon adhesion
(quantification of data from panel F; n ⫽ 3 with at least 20 cells analyzed per experiment). (H) Level of expression of CD49d and CD49e on young and aged HSCs as
determined by flow cytometry. Figure is representative of 6 independent experiments. *P ⬍ .05.

might indicate a distinct niche architecture in long bones compared
with calvarium.
Imaging in the CX3CR1-enhanced EGFP knockin mouse
clearly demonstrated that the region close to the endosteum is not
exclusively occupied by undifferentiated hematopoietic cells, further emphasizing the complexity of the BM environment. Because
both macrophages and DCs (Figure 2B-D) are highly motile, we
conclude that migration of primitive hematopoietic cells is not
hampered by a physical barrier close by the endosteum. Rather,
HPCs and eHPCs either actively suppress migration once they
reach their destination or the activity of cytokines that might be
able to support eHPC migration, like stromal cell–derived factor 1
(SDF-1), might be restricted to very distinct locations in vivo. The
latter hypothesis is supported by the finding that stroma cells
expressing SDF-1 (CXC chemokine ligand 12), which can induce
migration in primitive hematopoietic cells,58 are distributed in a
spotty manner inside the bone.59

Aging of stem cells is regarded to be involved in impaired tissue
homeostasis in organs that rely on stem cell activity.12 Several
models of stem cell aging exist to explain the reduced proliferative
and regenerative capacity of aged stem cells, including DNA
damage, action of reactive oxygen species, and/or telomere attrition.10,20,60,61 Our observations support a model in which altered
cell polarity and localization as well as altered cell-cell interactions
of aged eHPCs might alter the quality of the interaction of aged
primitive hematopoietic cells with the niche, causing the phenotypes associated with aged eHPCs. As stem cell-stroma interactions
are instrumental in determining stem cell self-renewal and stem cell
differentiation, altered interactions will most likely result in altered
differentiation/self-renewal outcomes.
Surprisingly, elevated levels of expression of the ␣5 integrin
chain (CD49e) correlated with reduced adhesion to stroma cells as
well as more distant localization from the endosteum for young and
aged cells. This might imply that the level of expression of ␣5
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integrin is a modifier of localization of primitive hematopoietic
cells with respect to the endosteum and might regulate which
microenvironment (niche) a cell will reside in upon transplantation.
An influence of ␣5 integrins on stem cell niche interactions is
consistent with the fact that (1) blocking ␣5 integrins on HSCs
reduces homing to the BM, but not the spleen (which does not have
endosteal structures;62-64 (2) ␣5 integrins regulate engraftment of
human hematopoietic stem and progenitor cells;65 and (3) the cell
surface expression level is increased in BM-resident HSCs during
the course of mobilization by G-CSF.66 Very late activation antigen 5 (VLA5; the ␣5, ␤1 integrin heterodimer) binds to the
ubiquitous extracellular matrix molecule fibronectin, but also to
ligands like osteopontin, thrombospondin, a disintegrin-like and
metalloprotease (ADAM) family members, and cartilage oligomeric matrix protein.67 Thus, these ligands might play a role in
directing stem cells to their location via its interaction with VLA5,
and might thus be tightly associated with niches in vivo, but might
also play a role in stem cell aging. For example, osteopontin was
recently identified as a possible regulator of the distribution of
HSCs in the BM posttransplantation.68,69
Our data leave the question open to which cells eHPCs entertain
direct cell-cell contact. We predict that using novel animal strains
in which additional types of hematopoietic70 or stroma cells are
fluorescently labeled will result in further information on cell-cell
interactions in stem cell synapses in long bones, and will allow us
to monitor both the endosteal and the perivascular endothelial
region within long bones and their influence on aging, similarly to
recently published ex vivo analyses of functional stem cell niches
in the femur.7
In summary, using time-lapse MP-IVM to visualize hematopoietic cells inside the BM cavity of long bones, we present
experimental evidence for the existence of eHPC cell synapses
within the niche. In addition, our data imply distinct primitive
hematopoietic cell stroma interactions for aged eHPCs that might
impact on both their self-renewal and differentiation potential,
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probably similar to mechanisms recently described for aged
germline stem cells in Drosophila.71 We anticipate that time-lapse
MP-IVM in long bones will open up new avenues for the
investigation of mammalian stem cell biology in vivo.72
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