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Summary

Adult mammalian hematopoietic stem cells (HSCs) reside in the bone marrow (BM) but can be
mobilized into blood for use in transplantation. HSCs interact with BM niche cells producing
growth factor c-Kit ligand (Kitl/SCF) and chemokine CXCL12, and were thought to be static and
sessile. We used two-photon laser scanning microscopy to visualize genetically labeled HSCs in
the BM of live mice for several hours. The majority of HSCs showed dynamic non-spherical
morphology and significant motility, undergoing slow processive motion interrupted by short
stretches of confined motion. HSCs moved in the perivascular space and showed intermittent close
contacts with SCF-expressing perivascular stromal cells. In contrast, mobilization-inducing
blockade of CXCL12 receptor CXCR4 and integrins rapidly abrogated HSC motility and shape
dynamics in real time. Our results reveal an unexpectedly dynamic nature of HSC residence in the
BM and interaction with the SCF* stromal niche, which is disrupted during HSC mobilization.
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Hematopoietic stem cells (HSCs) produce all blood cell types throughout the adult life, but their
behavior in their native bone marrow niche is poorly understood. Upadhaya and colleagues show
that HSCs exhibit dynamic morphology and complex motility patterns that involve serial
interactions with stromal cells in the bone marrow.

Introduction

Hematopoietic stem cells (HSCs) in the mammalian bone marrow (BM) are multipotent,
self-renewing stem cells that can generate all blood cell lineages and maintain long-term
hematopoiesis when transplanted into conditioned recipients (Eaves, 2015; Laurenti and
Gottgens, 2018). In the steady state, HSCs also contribute to all hematopoietic lineages
(Busch et al., 2015) and serve as a major source of unperturbed hematopoiesis in mice
(Chapple et al., 2018; Sawai et al., 2016) and humans (Scala and Aiuti, 2019). The unique
capacity of HSCs for hematopoietic reconstitution enables BM transplantation (BMT) to
treat hematologic malignancies and other life-threatening diseases (Copelan, 2006). The
rarity of HSCs in the BM puts a major limitation on the success of BMT, necessitating the
strategies to mobilize HSCs from the BM into peripheral circulation (Hopman and DiPersio,
2014).

HSCs reside in a unique BM environment, termed the niche, which enables their long-term
maintenance and multipotency (Crane et al., 2017; Wei and Frenette, 2018). HSCs are
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localized perivascularly, with both sinusoidal vessels and arterioles proposed as important
sites of HSC localization (Acar et al., 2015; Chen et al., 2016; Itkin et al., 2016; Kunisaki et
al., 2013). Critical local signals for the maintenance of HSCs and progenitors in the BM are
provided by the growth factor c-Kit ligand (KITL, also known as stem cell factor or SCF)
and the chemokine CXCL12 (also known as stroma-derived factor-1 or SDF-1). Both factors
are highly expressed by perivascular stromal cells located primarily around the sinusoidal
vessels in the BM (Ding and Morrison, 2013; Ding et al., 2012; Greenbaum et al., 2013;
Omatsu et al., 2010). The interaction of HSCs with their BM niche is a critical target of HSC
mobilization: in particular, pharmacological targeting of the CXCL12 receptor CXCR4
alone (Broxmeyer et al., 2005) or in combination with other receptors such as integrins (Cao
et al., 2016; Rettig et al., 2012) causes rapid HSC mobilization that can be harnessed in
clinical BMT.

In previous studies on the visualization of HSCs and progenitors, these cells were isolated
from the donor BM, labeled with fluorescent dyes and transferred into recipient mice,
followed by intravital microscopy shortly thereafter (Tjin et al., 2019). Purified murine or
human HSCs were transplanted into irradiated recipient mice, whereupon they showed
spheric morphology and no motility (Foster et al., 2015; Lo Celso et al., 2009; Rashidi et al.,
2014). However, irradiation causes a major disruption of the BM microenvironment
including the loss of vascular integrity (Lo Celso et al., 2009), and HSC transplantation
involves non-physiological events such as intravasation. Recently, intravital microscopy of
genetically labeled endogenous HSCs suggested their limited motility, which was increased
by long-term treatment with cytotoxic drugs and/or cytokine G-CSF (Christodoulou et al.,
2020). However, only few cells were examined in the steady state, warranting the analysis of
a broader HSC population over longer periods of time. Furthermore, the interaction of HSCs
with BM stromal cells and behavior during rapid mobilization have not been observed so far.

We have previously described a mouse model for genetic labeling of HSCs in vivo, based on
inducible HSC-specific Cre recombination. The labeled HSCs reside at the top of
hematopoietic hierarchy as judged by their undifferentiated phenotype and transcriptome,
superior reconstitution capacity during transplantation and sustained multilineage
contribution to long-term hematopoiesis in the steady state (Sawai et al., 2016; Upadhaya et
al., 2018). Here we applied this model for specific labeling of HSCs and their visualization
along with the SCF* stromal cells in the BM of live adult mice. We report that HSCs show a
dynamic morphology and a complex pattern of motile behavior while maintaining close
contact with SCF* cells. The motility of HSCs is disrupted during their rapid mobilization
from the BM, suggesting that it represents a fundamental feature of HSC interaction with
their functional niche.

A system for intravital imaging of endogenous HSCs

Our HSC labeling system is based on tamoxifen-inducible Cre recombinase (Cre-estrogen
receptor fusion or CreER) expressed from the HSC-specific Pdzk1ip1 gene in the bacterial
artificial chromosome (BAC) transgene. In Pazk1ip1-CreER BAC transgenic mice crossed
with the Rosa26-Lox-Stop-Lox(LSL)-tdTomato (R26-SL-ToM) reporter allele, the
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administration of tamoxifen induces the expression of red fluorescent protein tdTomato
(Tom) in ~20-30% of phenotypic HSCs (Sawai et al., 2016). To visualize HSCs, we
administered tamoxifen to Pazk1jpI-CreER R26-SL-ToM mice, performed BM biopsy on one
hind leg 2-3 days later, analyzed Tom expression by flow cytometry and selected only the
animals with HSC-specific labeling (Fig. 1A). The single low dose of tamoxifen (0.5 mg)
was 10-fold lower than used in HSC tracing (Busch et al., 2015; Chapple et al., 2018) and
substantially below the cumulative amounts that can affect hematopoiesis (Nakada et al.,
2014; Sanchez-Aguilera et al., 2014). As reported (Sawai et al., 2016; Upadhaya et al.,
2018), Tom was expressed in ~23% of HSCs defined as Lineage-negative (Lin~) Sca-1* c-
Kit* CD150* CD48~ (SLAM-LSK), with only minimal expression in other progenitors (Fig.
S1A,B). Conversely, the majority of Tom* cells comprised SLAM-LSK HSCs (average
77%), with six animals achieving =90% specificity (Fig. 1B,C). To further confirm the
specificity of labeling, we crossed Pazk1jpI-CreER R26-SL-ToM mice with Fga/52sCreen
mice that express the green fluorescent protein (GFP) ZsGreen from the HSC-specific Fgd5
gene (Gazit et al., 2014). We found that Fga5-driven GFP was expressed in the majority of
LSK cells including CD48* multipotent progenitors (MPP). In contrast, Tom was expressed
exclusively in SLAM-LSK HSCs, and the majority of Tom™ cells were also GFP* (Fig.
S1C).

The next day after the biopsy, the animals were anesthetized, the tibia of a contralateral hind
leg was surgically exposed and thinned by microdrilling (Kohler et al., 2009), and the BM
was examined by two-photon laser scanning microscopy (TPLSM). Compared to the
commonly used calvarial bone (Mazo et al., 2011), tibia may be more representative of the
BM depot in the body (Lassailly et al., 2013), contains more HSCs due to the deeper BM
cavity, and facilitates stable TPLSM over long periods. Two-photon excitation at 920 nm
allowed the detection of green and red fluorescence and the visualization of bone through
second harmonic generation from collagen. We observed rare Tom* cells along with resident
BM macrophages identified by autofluorescence in red and green channels (Rakhymzhan et
al., 2017) (Fig. 1D). Tom™* cells could be detected within 200 um from the bone surface (Fig.
1D) and showed no specific enrichment near or away from the bone. Tom™* cells could be
similarly detected by TPLSM when Lin~ cells from induced reporter mice were injected i.v.
into wild-type animals (Fig. S1D). Thus, our setup allows visualization of fluorescently
labeled HSCs in the long bones of live animals.

Analysis of HSC behavior in the steady-state bone marrow by TPLSM

We observed Tom* HSCs by TPLSM continuously for 1-6 hours (average observation
length 3.6 hours). Multiple fields with Tom* cells were identified in the same tibia and
scanned sequentially every 2-10 min, capturing 139 cells in 16 independent animals. As
illustrated by representative time-lapse still images (Fig. 2A) and videos (Video S1), HSCs
exhibited dynamic non-spherical morphology with protrusions and prominent motility
relative to the sessile macrophages. Track reconstruction in the XY plane showed that the
majority of observed HSCs were motile, including HSCs in animals with 90-100% labeling
specificity (Fig. 2B and S2A). Reflecting their sessile nature, >90% of observed
macrophages showed maximum displacements (MD) of <15 um in the XY plane, and none
showed MD >20 um. In contrast, only 13% of HSCs showed MD of <15 um, whereas 68%

Cell Stem Cell. Author manuscript; available in PMC 2021 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Upadhaya et al.

Page 5

of HSCs showed MD of >20 um (25-85 um, average 35 um) (Fig. 2C). The fraction of
HSCs with MD >20 um in each animal correlated with the specificity of HSC labeling in
that animal (Fig. S2B), suggesting that long-range movement is a representative behavior of
HSCs. Accordingly, HSCs reached average displacement velocity of 0.15 um/min, compared
to 0.02 um/min for macrophages (Fig. 2D).

To extend our results to other BM depots, we also recorded 12 Tom™ cells in the
unmanipulated calvarial bone of 3 independent animals. Notably, these cells manifested the
same motile behavior as HSCs in tibia (Fig. 2E and Video S2). Moreover, the distribution of
displacement velocities of HSCs in the tibia and calvaria were comparable (Fig. 2F and
S2C), confirming that our results were not grossly affected by the site of observation or
mechanical thinning of the tibia.

We characterized HSC morphology by deriving cell perimeter (L) and area (A) from XY
images and defining the shape factor (SF) as L2/4rA), with SF=1 for a perfectly round cell.
As shown in Fig. 2G, HSC shapes fluctuated within 10-20 min, with SF largely in 1.1-1.3
range (1.18 £0.06) but never approaching 1. Importantly, SF was highly correlated to HSC
velocity (Pearson’s correlation coefficient 0.5 0.1, Fig. 2H), highlighting the association
between HSC motility and dynamic cell morphology.

The plot of mean squared displacement (MSD) versus time is commonly used in TPLSM
analysis to define cellular behaviors such as a random walk (RW), a confined random walk
(CRW) or a processive motion (PM) (Fooksman et al., 2010). However, MSD analysis of
tracked HSCs revealed their widely different behaviors even within the same animal (Fig.
S2D,E), and failed to establish a clear pattern across all analyzed HSCs (Fig. S2F). To better
characterize HSC dynamics, we built upon the tools from single molecule imaging studies
(Saxton, 1993) and their subsequent application to protein dynamics (Bouzigues and Dahan,
2007; Simson et al., 1995). The resulting algorithm performed unbiased segmentation of a
cell trajectory and determined probabilities of each segment being a RW or CRW; segments
with low probabilities of either behavior were identified as PM (Fig. S2G). When applied to
HSCs, the algorithm segmented and parsed the tracks into stretches of PM separated by
occasional short stretches of CRW (Fig. 21). This approach revealed that 71% of HSCs
contained at least one PM segment. On average, PM segments reached MD of 44 +18 ym
and displacement velocities of 0.77 £0.43 pm/min (Fig. 2J). The remaining HSCs did not
undergo PM during the observation period, displaying lower MD (11 +4 um) and velocities
(0.03 £0.02 pm/min). The stretches of PM covered distances of 30 £18 pm and lasted for 44
+28 min (versus 3.5 £1.9 um and 114 £66 min, respectively, for stretches of CRW) (data not
shown). These results suggest that the majority of HSCs exhibit a complex motile behavior
with intermittent stretches of processive motion.

Exploring the phenotype and niche interactions of motile HSCs

To directly confirm the identity of motile Tom™* cells, we used a mouse strain expressing the
photoactivatable variant of GFP (PA-GFP) (Victora et al., 2010). Two-photon irradiation at
720-840 nm renders PA-GFP detectable by TPLSM with 940 nm excitation or by flow
cytometry with 488 nm excitation. Pazk1ipI-CreER R26-SL-ToM reporter mice carrying the
ubiquitously expressed UBC-PA-GFP allele were induced with tamoxifen, confirmed for
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specific labeling by BM biopsy and examined by TPLSM (Fig. 3A). Tracking of Tom™* cells
in the tibia for 2.5 hours confirmed their motility with long stretches of PM (Fig. 3B).
Precise volumes (1200-1600 um3) surrounding only these motile Tom™* cells were then
illuminated with an 840 nm laser, converting PA-GFP molecules to GFP in Tom* and their
neighboring (Tom™) cells (Fig. 3C). The animals were sacrificed and BM cells from the
entire photoactivated tibia were analyzed by flow cytometry. Tom* cells in the
photoactivated tibia, but not in control contralateral tibia, contained rare GFP* cells (Fig.
3D). Importantly, the majority of GFP* Tom* cells had the SLAM-LSK phenotype (Fig.
3E), confirming that motility with PM represents an inherent behavior of HSCs in the steady
state.

To visualize HSCs relative to blood vessels, we used Pdzk1jpI-CreER R26-SL-T0M mice
carrying the Fga52SCreen reporter (Fig. S1C) that is strongly expressed in the endothelium
(Gazit et al., 2014). Double-reporter mice were induced with tamoxifen and examined by
TPLSM as above to visualize labeled HSCs (red), endothelial cells (green) and macrophages
(red and green autofluorescence). This analysis confirmed their expected perivascular
localization (Fig. S3A) and movement in the perivascular space (data not shown). Next, we
used the knock-in reporter strain expressing GFP from the SCF-encoding Kiit/locus (Ding et
al., 2012). In the resulting tamoxifen-induced Pazk1jpI-CreER R26-SL-Tom KijtfSFPI+ mice,
we were able to detect HSCs among the sprawling network of stromal cells with thin
processes; importantly, HSCs exhibited the same motile behavior as observed in single-color
reporters. Moreover, HSCs appeared to form close transient contacts with SCF* cells
throughout their movement, including serial contacts with multiple SCF* cells along the
track (Fig. S3B and Video S3). Consistent with the high density of sinusoids and
perivascular stromal cells in the BM (Gomariz et al., 2018), we did not observe a
preferential enrichment of HSCs in proximity to SCF* cells (data not shown). Collectively,
these results reveal an unexpectedly dynamic HSC behavior and sequential interactions with
multiple cells SCF* cells in the BM niche.

Analysis of HSC behavior during mobilization

To visualize HSC behavior following the disruption of HSC-niche interactions, we used
AMD3100 (Plerixafor) and the N-benzenesulfonyl proline-based compound BOP, which
block CXCR4 and a4b1/a9b1 integrins, respectively, and induce efficient HSC mobilization
within ~30 minutes (Cao et al., 2016). We tracked Tom*™ HSCs in tamoxifen-induced
anesthetized reporter mice by TPLSM for 3 hours, administered AMD3100+BOP s.c. and
continued cell tracking for additional 4 hours (Fig. 4A). Because only a minor fraction of
BM HSCs is mobilized into the blood, actual mobilization events are rare and could not be
captured. Nevertheless, AMD3100+BOP administration reduced HSC motility (Fig. 4B and
Video S4), resulting in lower maximal displacement (Fig. 4C). Furthermore, displacement
velocities of HSCs were significantly reduced by AMD3100+BOP (Fig. 4D), as was the
fraction of PM stretches (Fig. 4E,F). Likewise, shape fluctuations decreased by about 30%
as reflected by reduced standard deviation of SF (data not shown), and the correlation
between SF and cell velocity diminished significantly after treatment (Fig. 4G, S4A,B).
Thus, the blockade of CXCR4 and integrin signaling rapidly abrogated HSC motility,
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suggesting that HSC movement and BM retention are linked; disrupting one process disrupts
both.

Discussion

We found that the majority of HSCs in their native BM environment exhibit dynamic
morphology and substantial matility. A fraction (13%, Fig. 2C) of static HSCs was also
observed and may represent insufficient observation time or a distinct functional subset
(Zhao et al., 2019). Notably, our system labels actively contributing HSCs as well as a small
subset of HSCs that do not differentiate (Sawai et al., 2016), and therefore is likely to
capture the entire spectrum of HSC behavior. The motility of HSCs may have gone
undetected in previous transplantation-based intravital microscopy studies because of
recipient irradiation, which severely perturbs the BM compartment. Indeed, hematopoietic
progenitors transferred into non-irradiated mice showed increased motility (Foster et al.,
2015) and transient protrusions (Bixel et al., 2017; Kohler et al., 2009), although HSCs were
not specifically examined in these settings. A recent study genetically labeled ~12% of
endogenous HSCs and reported their limited motility in the calvarial BM in the steady state
(Christodoulou et al., 2020). The discrepancy between our respective studies is not due to
the site of TPLSM, as we observed higher HSC motility even in the calvaria (Fig. S2C). It is
possible that the genetic model of (Christodoulou et al., 2020) preferentially labels a minor
distinct subset of HSCs, e.g. those that are less motile in our observations as mentioned
above. Notably, the data of Christodoulou et al. represent 16 cells from 3 animals with six
captured frames per cell; this limited dataset, along with the equally limited data from the
calvarial BM reported herein, may be subject to batch effects and warrants additional
observations. Indeed, representative videomicrocopy data presented in (Christodoulou et al.,
2020) suggest HSC movement and shape dynamics that would be consistent with our data.

All mature cell types that originate from the HSCs show matility in the BM, including B cell
progenitors (Beck et al., 2014; Fistonich et al., 2018), mature B cells (Cariappa et al., 2005),
T cells (Milo et al., 2013), NK cells (Milo et al., 2018) and plasmacytoid dendritic cells
(Spaulding et al., 2016). The observed motility of HSCs resembles these cell types but
proceeds at much lower speeds, e.g. compared to pro/pre-B cells that move at ~2 mm/min
(Fistonich et al., 2018). Accordingly, the pattern of HSC migration could not be adequately
described by a single motion type, as also observed with other cell types over long periods of
time (Banigan et al., 2015; Fricke et al., 2016). Instead, HSCs exhibited a complex pattern of
intermittent processive motion, which may represent migration towards gradients of
chemotactic factors such as CXCL12, and/or persistent search for limited growth factors
such as the membrane-associated SCF. Notably, the perisinusoidal BM space features high
sheer hydrodynamic forces, and immature B cells use active CXCR4-dependent migration to
resist these forces and remain in the BM (Beck et al., 2014). Similarly, motility may actively
retain HSCs in the BM, and its observed disruption during the mobilization via CXCR4 and
integrin blockade may increase the likelihood of HSC exit into the blood.

In addition to its possible role in BM retention, the observed steady-state motility of HSCs
has important implications for the nature of their BM niche. Instead of a static lodging with
the nearest stromal cell, HSC motility allows dynamic interactions with multiple putative
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niche constituents (Crane et al., 2017; Wei and Frenette, 2018). This scenario is consistent
with other specific anatomical niches such as the splenic marginal zone, whose resident cells
are motile and retained dynamically (Arnon et al., 2013). It is also supported by our initial
observations of HSCs undergoing dynamic interactions with SCF-expressing stromal cells.
The network of BM stromal cells producing CXCL12 and/or SCF is dense, and it was
proposed that HSC association with them may arise by pure chance (Gomariz et al., 2018).
While our data do not imply a preferential association of HSCs with these stromal cells, they
document prolonged interactions of HSCs with multiple SCF* cells. Such interactions may
be critical for the delivery of HSC-maintaining local signals such as membrane-bound SCF,
integrin ligands and so on.

Limitations of the study

In addition to common technical caveats of TPLSM-based studies, such as the effects of
anesthesia and of laser irradiation, our system comprises several features that may affect cell
behavior. These include the potential effects of tamoxifen and of bone drilling, although
these were mitigated by the low tamoxifen dose and by parallel observations in intact
calvarial bones, respectively. In addition, the effects of high-level tdTomato expression on
HSC behavior cannot be ruled out, although this expression is compatible with the normal
expression profile and functionality of HSCs (Sawai et al., 2016; Upadhaya et al., 2018).

With respect to the analysis of HSC behavior during mobilization, the relative contributions
of CXCR4 and specific integrins to HSC motility have not been addressed here and remain
to be established. Given that the blockade of either pathway alone produces a relatively
weak mobilization (Cao et al., 2016), this may require more sensitive detection methods.
Finally, the preliminary visualization of HSCs and niche components presented herein needs
to be expanded and subjected to robust quantification of cell-cell interactions. Future
imaging at higher resolution should elucidate the relationship between the type and speed of
HSC motion and their interaction with SCF* cells and other components of the niche.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Boris Reizis
(boris.reizis@nyulangone.org).

Materials Availability—The Pdzk1ip1-CreER transgenic strain is available from the Lead
Contact’s lab upon request and following the completion of a Material Transfer Agreement.
All other strains are available from mouse repositories as described in the Key Resources
Table.

Data and Code Availability—All computer codes used in the data analysis are available
from the GitHub software repository.

Python files: https://github.com/okrichev/Python-Files-HSC-project
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Matlab files: https://github.com/okrichev/Matlab-Files-HSC-project

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Pdzk1jp1-CreER R26-SL-ToM/LSL-Tom renorter animals have been described
previously (Sawai et al., 2016; Upadhaya et al., 2018). Adult (8 to 16 weeks) mice of both
sexes were used. Where indicated, the mice were crossed to a photoactivatable GFP (UBC-
PA-GFP) transgenic mouse strain (B6.Cg-Ptorc? Tg(UBC-PA-GFP)1Mnz/J), Kit/knock-in
GFP reporter strain (Kitf™-15/m]3) or Fga5knock-in GFP (ZsGreen) reporter strain
(C57BL/6N-Fga5™m2LJ1]) obtained from the Jackson Laboratories. All animal studies were
performed according to the investigators’ protocols approved by the Institutional Animal
Care and Use Committees of New York University School of Medicine and the Albert
Einstein College of Medicine.

METHOD DETAILS

Animal Procedures—To induce recombination in the reporter mice, a single dose of 20—
30 mg/kg tamoxifen (Sigma-Aldrich) was administered by gavage. BM biopsy was
performed on day 2 or 3 after tamoxifen administration. Briefly, following isoflurane-
induced anesthesia, a 28% G insulin syringe needle was inserted into the joint surface of the
femur through the patellar tendon and then into the bone cavity. Up to 20 ml of the bone
marrow suspension was collected.

Cell Staining and Flow Cytometry—~For stem and progenitor cell identification in the
BM, cell suspensions were subjected to red blood cell lysis and stained with antibodies
against CD150, CD48, c-Kit, Sca-1 and CD41 in addition to a cocktail of lineage markers
(CD11b, NK1.1, B220, TCRb, Gr-1 and Ter119). Samples were acquired on an Attune NxT
flow cytometer (Thermo Fisher Scientific). A detailed list of antibodies is provided in the
Key Resource Table. Conventional flow cytometry analysis was performed using FlowJo
software (FlowJo, LLC). Cell populations in the BM were defined as follows: HSC, Lin™
Sca-1* c-Kit* (LSK) CD150* CD48™; ST-HSC, LSK CD150~ CD48~; MPP2, LSK CD150*
CD48*; MPP3/4, LSK CD150~ CD48*; MyP, Lin~ Sca-1~ c-Kit" CD150~ CD41~; MEP, Lin
~ Sca-17c-Kit" CD150" CD417; MKP, Lin~ Sca-1~ ¢c-Kit* CD150" CD41*.

Intravital TPLSM—One day following BM biopsy, mice were anesthetized using KXA
(Ketamine, Xyalzine, Acepromazine) solution (4 pl/g) and secured on an externally heated
imaging plate in a supine position. The medial region of tibia (contralateral to the femur
used for biopsy) was surgically exposed and thinned to approximately 200 um thickness
using a mechanical microdrill. The leg was immobilized using a custom-built apparatus
which contained an opening for the drilled bone to be exposed to the microscope objective.
Images were collected on an Olympus FVV1000-MPE upright laser scanning microscope
fitted with a 25x 1.05NA water immersion objective and Mai Tai DeepSee Ti:Sapphire laser
(Spectra-Physics) for two-photon excitation. For photoactivation experiments, selected cells
were exposed to a brief pulse of laser tuned to 830 nm then subsequently imaged at 920 —
940 nm. Animal were kept under anesthesia using isoflurane inhalation during the entire
intravital imaging session. 100-200 pl of lactated Ringer’s solution was periodically
administered by subcutaneous injection to ensure proper hydration.
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AMD3100 and BOP Treatment—rFor in-vivo HSC mobilization studies, a combination
of AMD3100 (Sigma-Aldrich), 4 — 10 mg/kg and N-(Benzenesulfonyl)-L-prolyl-L-O-(1-
pyrrolidinylcarbonyl)tyrosine (BOP, Tocris), 10-15 mg/kg was administered via
subcutaneous injection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Analysis—3D microscopy has much higher resolution in lateral dimensions than in
the axial one, therefore, we limited our analysis to the cell motion in XY plane (i.e. the XY
component of the overall motion). Thus, we avoided relatively large errors in the determined
Z coordinates infringing on the accuracy of our method. Collected images were analyzed
using Volocity 6.3 (PerkinElmer). Displacement velocity was defined as a maximal distance
in XY plane between any two points on the track (i.e. largest displacement on the trajectory)
divided by the whole track observation time. Another possible definition of the displacement
velocity, as a distance between the initial and the final points on the track divided by the
track observation time, produced similar results in all experiments. However, it tends to
underestimate the dynamics of multiple HSCs that undergo a large circular motion that ends
in the vicinity of the starting point.

General principles.: The basic premise of our analyses is that the simplest type of motion
that a cell could perform is Random Walk (RW). In simple terms, RW represents
uncorrelated and unbiased movements, i.e., every progressive step is dependent only the step
preceding it and the direction of each step is completely random. The statistics of RW are
well known, and any significant deviation of the actual trajectory statistics from that of RW
necessitates the introduction of additional models. We used two such models for our
analyses: 1) processive motion (PM) dynamics, where a cell largely preserves the general
direction of its velocity, and 2) confined random walk (CRW) or confined motion (CM)
dynamics, where cell exhibits RW that cannot (or has a low probability of) escaping from
some space e.g. surrounded by obstacles.

Kinetics of RW is characterized by its diffusion coefficient D that determines how fast (on
average) a random walker moves from its initial location. More specifically, for RW, D
describes the rate of change of mean-square displacement {/2) (MSD) with time £ For
motion in XY plane, MSD is represented as:

(r?) =4D1. @)
Distance exceeding /4Dt by a significant factor is highly unlikely to be caused by RW and
thus would indicate PM. In contrast, motion of a trajectory covering distance significantly
smaller than /4D, has a high likelihood of assuming CM. These likelihoods have been

evaluated in (26). The probability AR) of finding a random walker at any distance larger
than Ris given by:

P= exp(—R2/4Dt) )
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For identification of confinements, the probability A @) of RW to be fully confined within
the distance dfrom the origin is (Saxton, 1993):

P~ 1.602 % exp(—5.783Dt/d2) @

Tracks segmentation into processive and confined motions (PM and CRW).: The
application of Egs. 2&3 assumes knowledge of D. This can be measured only on RW and
CRW segments which at this stage are not identified yet. Thus, we proceed iteratively. We
first estimate D for each trajectory using its MSD and Eq. 1. Since there are PM stretches in
the trajectory this approach overestimates D and therefore, is only used to exclude PM
segments (excluded were segments for which P(R)as given by Eq.2 is smaller than ~+=0.05)
preliminarily so that D can be measured on the rest of the track. MSD (#) measured after PM
is excluded were fitted with Eq. 1 for RW and Eq. 4 (below) for CRW dynamics respectively
to obtain new estimates for D

<r2> = a2(1 - exp(—4Dt/a2)), (4)

where arepresents confinement radius. The value D given by the better of the two fits was
used in further calculations. For the tracks that had too short or no RW and CRW segments,
the median value of D over all tracks was used.

PM identification: given D, for every two time points #, and &, on a track, we evaluated the
probability ARm,) that the measured displacement R,y between the two points is achieved
by a simple RW dynamics within |4, — &| time (Eq. 2). An example of A R,m) shown in the
“heat map” in Fig. 3D (top inset). Low A R,m) values point to PM dynamics. Local minima
with values below 0.005 were used: their nand m values identify the beginning and the end
of a PM segment. Associated parameters such as distance covered (length), velocity, and
time spent in each segment is also calculated.

CRW identification: Track segments in between PM were tested for the CRW dynamics.
For each pair %, and £, we determine confinement g, as the largest distance between
locations in the [#,, &y] interval and evaluate the probability A(dh,) of RW staying within the
confinement (Eq. 3). An example of the corresponding “heat map” is shown in Fig. 3D
(bottom inset). Low values of Alany) point to CRW dynamics. Local minima with values
below 0.005 were used: their 7and m values identify the beginning and the end of a CRW
segment. Segments containing only a few points (typically below 10) are not considered.

All of the algorithms were tested on tracks generated by numerical simulations. Analysis
was done in a program written in Python and all of the parameters discussed in this section
can be varied. None of the conclusions reached in this work depends critically on the chosen
parameters within a reasonably wide range.

Morphology analysis—Morphology analysis was performed in a custom-built Matlab
code: 2D images of cells were used to avoid noisiness of the 3D images. Planes crossing
HSCs were summed up, passed through a Gaussian filter (width of ~ 2 um) and thresholded
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using Otsu’s algorithm applied to an area of ~30x30 pum? around the cell. The perimeter L
and area A of HSC binary images were measured using standard Matlab commands. The
shape factor (SF) was calculated as L2/4rA). Such defined SF is generally larger than one,
being equal to one for a perfectly round cell.

Statistical analysis—Normal distribution of data was not assumed and statistical
significance of differences between experimental groups was determined by non-parametric
Mann-Whitney test using Prism software (GraphPad, La Jolla, CA) or by using the
scipy.stats package in Python.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Endogenous HSCs in the bone marrow of live adult mice were observed for
many hours
. HSCs show dynamic morphology and complex motile behavior
. Motile HSCs closely interact with perivascular SCF-expressing stromal cells

. Mobilization-inducing blockade of CXCR4 and integrins rapidly arrests HSC
motility
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Fig. 1. A system for intravital imaging of endogenous HSCs.
(A) Experimental design of HSC observation by intravital microscopy.

(B) The expression of Tom in CreER reporter or CreER-negative (Control) animals 2-3 days
after induction as determined by flow cytometry. Shown are representative staining profiles
of total BM cells (gray) and gated Tom™* cells (red).

(C) The specificity of labeling shown as the fraction of each cell population among Tom*
cells. Symbols represent individual animals (n = 16); bars represent median. The inset shows
the distribution of HSC labeling specificity across animals.

(D) Representative micrographs from TPLSM with signals from Tom (arrowhead),
autofluorescent macrophages (autofl.) and bone (second harmonic generation, SHG). Scale
bar, 8 um.
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Fig. 2. Analysis of HSC behavior in the steady-state BM by TPLSM.
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(A) TPLSM snapshots at the indicated times (hours:minutes) demonstrating a representative
Tom* HSC (red) among autofluorescent macrophages (orange). The trajectory of the HSC

during the observation period is indicated. Grid, 25 pm.

(B) Two-dimensional (XY) tracks of individual Tom* HSCs imaged in the tibia of a

representative animal. Times of HSC tracking in hours are indicated by the colored legends;

right panel shows tracks of autofluorescent macrophages from the same animal.

(C) The distribution of maximum displacements of Tom* HSCs (red) or autofluorescent
macrophages (blue). Fractions of cells above the threshold 20 um displacement (dashed line)

are indicated.

(D) Displacement velocities of individual Tom* HSCs (n = 139) and macrophages (n = 582).

Dashed lines indicate medians.

(E) Two-dimensional (XY) tracks of individual Tom* HSCs imaged in the calvaria of a

representative animal. Data are presented as in panel B.

(F) The distribution of displacement velocities of Tom* HSCs in the tibia (red) or calvaria

(blue).

(G) Change in shape factor over time in representative HSCs from five individual animals;

average values for each cell are indicated.
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(H) Correlation between shape factor and cell velocity for cells from panel G; each symbol
represents a separate time point.

(I) Representative examples of processive motion (PM) segments (solid colored lines) for six
different HSCs from five individual animals.

(J) Distribution of movement parameters for PM (blue) and CRW segments (orange) across
all Tom* HSCs; numbers on each plot represent median values for the respective parameters.
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Fig. 3. The phenotype of motile HSCs as determined by photoactivation
(A) Schematic illustrating the experimental design of photoactivation, including tamoxifen

administration, BM biopsy, and intravital TPLSM before and after photoactivation. Only
Tom™* that were motile were selected for photoactivation.

(B) XY tracks of individual HSCs before photoactivation (left) and a representative example
of track segmentation of a single HSC (right). Numbers on the plot on the right represent

A Rnm) values for each PM segment.

(C) Representative fluorescent micrograph image from a photoactivation experiment. Shown
is a compressed z-stack image of a Tom* HSC (white arrowhead) immediately before (left)
and following photoactivation (right). Autofluorescent macrophages are distinguished in
orange. Scale bars 12.7 ym (left) and 14.2 pm (right).

(D-E) The detection and analysis of Tom and GFP signals cells in Pazk1ip1-CreER
R26-SL-Tom (JBC-PA-GFP animals either photoactivated tibia (PA) or contralateral tibia
(Control). CreER-negative (Wild-type) animal used as negative control. Shown are
representative FACS plots showing expression of Tom and GFP within the total BM cells
(D) and the phenotypes of Tom™ and GFP* cells (E). Data concatenated from two individual
experiments from two separate animals.
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Fig. 4. Analysis of HSC behavior during mobilization.
(A) Experimental design of TPLSM before and after administration of AMD3100 and BOP

(RX).

(B) TPLSM snapshots at the indicated times demonstrating the trajectory of a Tom* HSC
before (cyan, Pre-Rx) and after (magenta, Post-Rx) treatment. Scale bar, 17um.

(C) Representative XY trajectories of two Tom* cells (labeled “a” and “b”) from three
separate experiments before (cyan) and after (magenta) the treatment. Hours of tracking for
each cell before and after the treatment are indicated.

(D) Displacement velocities before and after the treatment for 14 cells from 5 individual

animals.

(E) Track segmentation of a representative Tom* HSC before and after treatment. Associated
A R.m) values for each PM segment before (Pre-Rx) and after treatment (Post-Rx) are

indicated.

(F) Fraction of track segments comprising PM and CRW before (blue) and after treatment

(green).
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(G) 1Shape factor and velocity (V) of a single representative HSC before (blue) and after
(red) the treatment. Dashed lines represent average values; correlation coefficients (k) are
indicated.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-mouse B220-eFluor 450

ThermoFisher Scientific

Clone: RA3-6B2
RRID:AB_1548761

anti-mouse CD11b-eFluor 450

ThermoFisher Scientific

Clone: M1/70
RRID:AB_1582236

anti-mouse CD150-PE/Cy7

Clone: TC15-12F12.2

BioLegend RRID:AB_439796
anti-mouse CD41-APC or -APC/Cy7 . Clone: MWReg30

BioLegend RRID:AB 11125581
anti-mouse CD48-AF700 BioLegend Clone: HM48-1

RRID:AB_10612754

anti-mouse cKit-APC or -APC/Cy7

ThermoFisher Scientific

Clone: 2B8
RRID:AB_469429

anti-mouse Gr-1-eFluor 450

ThermoFisher Scientific

Clone: RB6-8C5
RRID:AB_1548788

anti-mouse NK1.1-eFluor 450

ThermoFisher Scientific

Clone: PK136
RRID: AB_2043877

anti-mouse Sca-1-PerCP/Cy5.5

ThermoFisher Scientific

Clone: D7
RRID: AB_914372

anti-mouse TCRb-eFluor 450

ThermoFisher Scientific

Clone: H57-597
RRID:AB_11062012

Chemicals, Peptides, and Recombinant Proteins

AMD3100 Sigma-Aldrich CAS# 155148-31-5

N-(Benzenesulfonyl)-L-prolyl-L-O-(1- Tocris CAS# 1947348-42-6

pyrrolidinylcarbonyl)tyrosine (BOP)

Tamoxifen Sigma-Aldrich CAS# 10540-29-1
CHEBI:41774

Ketamine Covetrus cat # 056344
NIFSTD:DB01221

Xylasine Covetrus cat # 033198

Acepromazine Covetrus cat # 003845
CHEBI:44932

Experimental Models: Organisms/Strains

Pdzk1ijp1-CreER Reizis lab N/A

B6. Cg- Gi f(RO S, A) 12650 ,(m14( CAG-td TUmal‘D)HZE/ Al

Jackson Laboratories

Stock No: 007914
RRID:IMSR_JAX:007914

B6.Cg-Piorc? Tg(UBC-PA-GFP)1Mnz/J

Jackson Laboratories

Stock No: 022486
RRID:IMSR_JAX:022486

Kitfm2-15im)y

Jackson Laboratories

Stock No: 017860
RRID:IMSR_JAX:017860

C57BL/6N-Fga5™™m2Lir])

Jackson Laboratories

Stock No: 027788
RRID:IMSR_JAX:027788

Software and Algorithms

\olocity 6.3 PerkinElmer RRID:SCR_002668
FlowJo FlowJo, LLC RRID:SCR_008520
Prism GraphPad Software RRID: SCR_002798
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REAGENT or RESOURCE SOURCE IDENTIFIER
Matlab The MathWorks, Inc. RRID:SCR_001622
Python Python.org RRID:SCR_008394
Matlab-based code and files this paper https://github.com/okrichev/Matlab-Files-
HSC-project
Python-based code and files this paper https://github.com/okrichev/Python-Files-

HSC-project
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