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A major therapeutic goal of studying blood-forming hematopoietic stem cells
(HSCs) is to understand the mechanisms by which HSCs are maintained in the bone
marrow, so that they can be grown outside of the body and used in lieu of or in
combination with bone marrow transplantation to treat hematopoietic illnesses.
HSCs, as well as other somatic stem cells from different organ systems and
organisms, rely on signals from their local microenvironment for their maintenance.
However, the identity of the HSC niche is still poorly understood. One new model of
the HSC niche is that HSCs, periarteriolar stromal cells, and nerve fibers are closely
associated in rare periateriolar niches. Using a novel marker to identify HSCs in
three-dimensional confocal images, a-catulin-GFP, we measured the distances from
thousands of HSCs to various landmarks in the bone marrow. We found that few
HSCs are closely associated with either nerve fibers or arterioles. Mice lacking
sympathetic nerves exhibit multiple changes in hematopoiesis, especially in
response to injury, though all of the studies published so far have systemically
ablated sympathetic nerves. This left unresolved the question of whether the
changes in hematopoiesis reflect bone marrow denervation itself, or systemic effects
of general sympathectomy. To test this, | developed a model for bone marrow-
specific neuropathy by conditionally deleting nerve growth factor (Ngf) from bone
marrow stromal cells. Using this model, | analyzed the role of bone marrow
peripheral nerves in hematopoiesis. | demonstrated that while nerves play no role in
bone marrow homeostasis, nerve signaling after bone marrow injury is essential for

hematopoietic regeneration. Future studies will build on this work to understand how
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nerve fibers promote the regeneration of HSCs and bone marrow cells despite not

innervating the HSC niche themselves.
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CHAPTER ONE
A history of the hematopoietic stem cell and its niche

1.1Introduction

Nearly twenty thousand hematopoietic stem cell (HSC) transplants are
performed in the United States each year to treat genetic diseases, anemias, and
malignancies of the blood (C.W. Bill Young Cell Transplantation Program, 2015).
Despite the high volume of transplants being performed, many patients remain
without a matched bone marrow donor, and the success rate of transplants is only
about 75% (Mayo Clinic, 2015). Further study of the HSC and the mechanism by
which it is maintained in the bone marrow holds the promise of improving the safety
and efficacy of bone marrow transplants (Bowman and Zon, 2009). In addition to the
medical payoffs of studying mechanisms of stem cell maintenance, understanding
how the blood maintains homeostasis while generating billions of new cells every
day is a question of incredible scientific interest. Furthermore, the cell-intrinsic and
cell-extrinsic mechanisms used to maintain stem cells are often co-opted by cancer
cells, so understanding these mechanisms may create new avenues to combat
cancer. In this chapter, | will present a brief history of bone marrow transplantation
and the challenges that the practice currently faces; then | will discuss the cell-

extrinsic maintenance of HSCs.

1.2A brief history of early organ transplantation



The oldest reliable records of organ transplantation date back to the sixth
century BCE, when the Indian surgeon Sushruta performed a nose reconstruction
with skin grafted from a patient’s own forehead (Shiffman and Di Giuseppe, 2013).
However, the modern history of transplantation medicine begins in the sixteenth
century, when Gasparo Tagliacozzi recorded his efforts to perform both skin
autografts, from a patient’s own body, and allografts from an unrelated donor (Micali,
1993; Tagliacozzi, 1597). Tagliacozzi never succeeded in performing an allograft,
due to what he surmised was the “force and power of individuality.” This observation
from 1597 represents the first recorded evidence of immune rejection.

The practice of transplantation was formalized in the modern sense by the
Swiss surgeon Theodor Kocher, who performed the first thyroid transplant after
perfecting the surgical procedure for removing the thyroid (Morris and Schirmer,
1990). Shortly afterwards, the brilliant surgeon and scientist Alexis Carrel was the
first to scientifically pose the problem of transplant rejection while doing experiments
in dogs as he was developing his method of arterial grafts (Morris and Schirmer,
1990). These two pioneers were the recipients of some of the first Nobel Prizes for
their work: Kocher in 1909 and Carrel in 1912.

Building on Carrel’s notes about transplant rejection, Peter Medawar, a
research fellow at Oxford, performed the foundational work to understand why
allografts were rejected. After years of characterizing the infiltration of hematopoietic
cells into rejected rabbit allografts (Gibson and Medawar, 1943; Medawar, 1944), he

successfully transplanted skin between dizygotic twin cattle, even while transplants



from an unrelated donor were rejected (Billingham et al., 1953). Afterwards,
Medawar became aware that Ray Owen had previously found circulating red blood
cells of an adult cow with genetic markers from its fraternal twin (due to a shared
placental blood supply quite rare among mammals) (Owen, 1945). Medawar’s
results indicated that transplantation early in life creates a permissive environment
for engraftment. For his observations, he was awarded a Nobel Prize in 1960, and
the fields of hematopoietic biology and organ transplantation became inextricably

linked.

1.3Development of bone marrow transplantation

Interest in immune cells during transplantation was accelerated by concerns
about radiation in the atomic age. As radiation technology entered common use in
the laboratory in the late 1950s, it was rather quickly discovered that mice could be
saved from radiation-induced lethality by shielding the spleen with lead (Jacobson et
al., 1949) or by giving them a transplant of bone marrow cells (BMT) (Lorenz et al.,
1951). Interestingly, both of these studies mistakenly attributed the rescue to
humoral instead of cellular factors. However, this was rectified when it was shown
that tolerance to skin transplants, such as those Medawar and colleagues had
performed, could be induced by performing irradiation and bone marrow
transplantation (Main and Prehn, 1955). Furthermore, the use of cytogenic
techniques showed decisively that the hematopoietic cells of mice that had received

bone marrow transplants were of donor origin (Ford et al., 1956).



These observations made the leap to the clinic rapidly, when E. Donnall
Thomas and colleagues attempted to use irradiation, chemotherapy, and bone
marrow transplants to treat patients with acute leukemia, a disease that was at the
time almost universally lethal (Thomas et al., 1957). Although early experiments in
humans to treat leukemia were unsuccessful, Thomas’s group had some glimmers
of success, such as a benign recovery in a leukemia patient given a transplant from
their identical twin before the disease relapsed (Thomas et al., 1959). During this
period, the incredible challenges facing marrow transplantation were laid out,
including immunosuppression, donor matching, and the possibility of Graft Versus
Host Disease (GVHD) (Mathe et al., 1963; Thomas et al., 1962, 1975). However,
Thomas’s conviction about the necessity of BMT as a medical tool was apparent
from his very first writings:

“In an atomic age, with reactor accidents not to mention stupidities with
bombs, somebody is going to get more radiation than is good for him. If infusion of
marrow can induce recovery in a mouse or monkey after lethal radiation, one had
best be prepared with this form of treatment in man. The leukemic patient who
needs radiation and bone marrow and the uremic patient who needs a spare kidney
are people who deserve immediate consideration. From helping them one will be
preparing for the atomic disaster of tomorrow and it is high time one did.” (Thomas et
al., 1957).

It was not until a decade after the first attempts at BMT that Robert Good,

working at the University of Minnesota in 1968, performed the first wholly successful
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bone marrow transplant to treat an X-linked genetic immunodeficiency syndrome in

a newborn child who would have otherwise died (Gatti et al., 1968).

The creation of tests for matching histocompatibility loci and the development
of the immunosuppressive drug Cyclosporine A to help mitigate the response of
transplant rejection and GVHD (Powles et al., 1978) established BMT as the most

powerful tool for treating inherited defects of the blood, as well as leukemia.

1.4History and challenges of early gene therapy

Good’s success was the first example of using BMT to repair a genetic defect.
However, with all the complications associated with BMT, not to mention the
difficulty of finding an appropriately matched donor, the treatment options for most
patients were still quite limited. In theory, the best way to correct faulty genes would
be to modify the patient’s own cells, thereby circumventing the complications of
donor matching and potential GVHD. Stanfield Roger, writing in a 1970 edition of
New Scientist magazine, first suggested using exogenous DNA to correct inborn
genetic defects, a notion shortly thereafter championed by Ted Friedmann
(Friedmann and Roblin, 1972), who performed much of the early work that laid a
foundation for cell modification technologies (Friedmann, 1989; Gruber et al., 1985).

The concept of gene therapy is predicated on the ability to accurately
manipulate DNA. In the early 1970s biochemist Paul Berg had succeeded in creating
a hybrid DNA vector of the cancer-causing virus SV40 and the bacteriophage

Lambda (Jackson et al., 1972). In response to a call from other investigators to halt



the experiments, Berg never inserted the hybrid virus into E. coli bacteria, for fear
that the cancer-causing SV40 DNA could end up in the intestinal tract of humans
who came into contact with the infected bacteria (Carmen, 1985). This concern
caused Berg and others to enact a voluntary moratorium on recombinant DNA
experiments. Inserting healthy human genes into viruses with the intention to infect
diseased human cells, as advocated by Friedmann in 1972, carried with it a series of
scientific questions. (1) Could DNA actually be designed and inserted into human
cells? (2) Would inserted DNA have other effects besides repairing the damaged
gene? And (3) How could we verify that the cells being targeted by the therapy were
successfully modified? Although the answers to these questions were not
immediately apparent, Berg organized the Asilomar Conference on Recombinant
DNA in 1975 to lift the moratorium on experiments involving recombinant DNA. The
attendees, including biologists, physicians, and lawyers, drew up voluntary
guidelines which established a consensus for how recombinant DNA research would
continue (Carmen, 1985). The power and potential of gene therapy captured the
attentions of the public and eminent researchers alike, but it took fifteen years to
develop the technology to a sufficient stage to begin the first human gene therapy
trials.

The first attempts at gene therapy were performed in isolated T cells of
patients with genetic immunodeficiency in 1990, but relief of the immunodeficiency
symptoms was transient due to the fact that isolated T cells and not blood stem cells

were genetically corrected (Blaese et al., 1995). Shortly afterwards, a new genetic
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immunodeficiency trial was initiated using whole bone marrow as the target for gene

therapy (Cavazzana-Calvo et al., 2000). Unfortunately, three out of the twenty
patients in this trial developed leukemia as a result of the therapy, one of whom died
as a result of their disease (Hacein-Bey-Abina et al. 2003; Woods et al. 2006;
Thrasher et al. 2006). The fear of what Sheryl Gay Stolberg of the New York Times
termed a “Biotech Death” induced a crackdown by the Food and Drug Administration
and the National Institutes of Health on the practice of gene therapy (Stolberg,
1999).

The leukemias developed by these three patients had insertional
mutagenesis of proto-oncogenes, which predisposed them to cancer development
(Hacein-Bey-Abina et al. 2003; Woods et al. 2006; Thrasher et al. 2006). Modern
gene therapy trials have avoided this pitfall by using viral vectors that integrate into
the genome at predictable, indolent sites (Naldini, 2009; Ronen et al., 2011;
Tubsuwan et al., 2013). Thanks to these vectors, recent gene therapy trials have
succeeded with no reports of oncogenesis in patients (Cartier et al., 2009; Herzog et

al., 2010; Takefman and Bryan, 2012).

1.5Challenges facing gene therapy for hematopoietic cells

HSCs persist after a bone marrow transplantation and produce the full
spectrum of red and white blood cells; they are the active cells that determine the
genetic makeup of a transplant recipient’'s new blood supply (Morrison et al., 1995).

Hematopoietic stem cells used for transplantation can come from bone marrow,



mobilized peripheral blood, or umbilical cord blood. Bone marrow and mobilized
peripheral blood donation is uncommon, and between twenty-five and eighty-five
percent of patients (depending on the individual patient’s genetic background) in
need of a transplant are unlikely to find an HLA-matched donor (Gragert et al.,
2014). Cord blood is more readily available and does not require the donor and
recipient to have perfectly matched HLA loci (Norkin et al., 2012), but a single
umbilical cord does not contain enough HSCs to fully reconstitute a patient (Barker
et al., 2005; Norkin et al., 2012). To circumvent this issue, two cords are often
combined and infused into a recipient, but this practice leads to a number of
complications (Barker et al., 2005). Expanding HSCs ex vivo from either bone
marrow or cord blood, and thereby enabling HSCs from a single donor to
reconstitute multiple matched recipients, is a major clinical goal of HSC research
(Norkin et al., 2012; Walasek et al., 2012).

Although we are able to isolate HSCs with exceptionally high purity in both
mice and humans (Kiel et al., 2005; Notta et al., 2011), maintaining and expanding
HSCs outside of the body for clinical use has remained challenging despite
promising efforts (Boitano et al., 2010; Fares et al., 2014; Norkin et al., 2012;
Walasek et al., 2012). HSCs exhibit incredible self-renewal potential in vivo (Pawliuk
et al., 1996), so in order to reach the goal of growing HSCs ex vivo, a promising
approach is to understand and then recreate key aspects of the HSC’s
microenvironment in the bone marrow, the stem cell niche. However, it remains a

topic of disagreement among different groups which cells make up the HSC niche.



1.6Early evidence for a hematopoietic stem cell niche

HSCs make up only a tiny fraction of all bone marrow cells—fewer than 1 in
20,000 (Kiel et al., 2005; Ng et al., 2009). However, only these cells give rise to all
the various lineages of hematopoietic cells (Ng et al., 2009). Ernest McColloch and
James Till performed the first definitive experiments showing that the hematopoietic
system had a single common precursor by investigating the cell types in clonogenic
colonies within the spleens of irradiated mice (Till and McCulloch, 1961).
Furthermore, these spleen colonies (Spleen Colony Forming Units, or CFU-S) could
be transplanted into new recipient mice and give rise to more spleen colonies,
indicating that these cells had the potential to self-renew (Siminovitch et al., 1963).
However, these cells could not self-renew indefinitely, as subsequent
transplantations frequently failed to yield new CFU-S (Schofield, 1978). Another
model of transplantation used at the time was the W/W" mouse. This mouse, which
carried a spontaneous mutation in the c-kit gene, would accept a bone marrow
transplant without prior conditioning by irradiation (Sharkis et al., 1978). Of interest,
wild-type donor cells could survive and proliferate in the bone marrow of W/W" mice
throughout the lifetime of the recipient.

In 1978, Ray Schofield was struggling with this apparent contradiction
between these two models of HSCs. The CFU-S would form a colony and then fail to
self-renew upon serial transplantation, but the W/W" mice would host donor cells in

their bone marrow for a seemingly unlimited time. It was not until much later that it
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became apparent that most CFU-S are not HSCs (Ploemacher et al., 1989). So in

Schofield’s mind, the question was simple: why do CFU-S lose self-renewal capacity
while HSCs transplanted into W/W" mice retain it? From these fragments of data,
combined with evidence from Dexter and colleagues, who were able to grow
hematopoietic progenitors on feeder layers of bone marrow stroma (Dexter et al.,
1977), Schofield hypothesized the existence of a niche for HSCs. He suggested that
this niche would have five characteristics: 1) It would be a defined anatomic site, 2)
stem cells would be maintained and proliferate there, 3) differentiation would be
inhibited in the niche, 4) it would have limited space so that the number of stem cells
would be limited, and 5) slightly more mature cells would revert to a stem-cell
phenotype if they could take up residence in an unoccupied niche (Schofield, 1978).
Although many aspects of Schofield’s niche were a far stretch from the
available data, his hypothesis showed incredible creativity and prescience. However,
it would be two decades before the existence of a stem cell niche would be
demonstrated in any tissue; it would not be in mice or men, but in the ovaries of the

fruit fly Drosophila melanogaster.

1.7Evidence for niches in Drosophila melanogaster

Stem cells were first identified in the Drosophila ovary in 1966, when Ann
Chandley used thymidine labeling to show clonogenicity of rare cells at the anterior
region of each ovariole (Chandley, 1966). This observation was echoed in other

descriptive studies (Carpenter, 1975; Koch and King, 1966) and later by more
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rigorous clonal analysis (Schupbach et al., 1978; Wieschaus and Szabad, 1979).

However, it was not until Haifan Lin and Allan Spradling developed a transplantation
model for Drosophila ovaries, then deleted the ovary stem cells by laser ablation,
that the identity of ovary stem cells was demonstrated functionally (Lin and
Spradling, 1993). Then in 1998, Xie and Spradling reported the first molecular
evidence for a stem cell niche, showing that BMP homolog dpp was required to
maintain germline stem cells in the ovary (Xie and Spradling, 1998), and
subsequently identified the cap cells as the key niche component for the germ line
stem cells (Xie and Spradling, 2000).

The germline stem cell is not the only progenitor within the ovary. Developing
germline cysts are surrounded by a layer of follicle cells, which are produced by a
pair of follicle stem cells (FSCs) on opposite sides of the germarium, posterior to the
germline stem cells (Margolis and Spradling, 1995). These FSCs are regulated by
wingless and DE-cadherin, which regulate signaling of the Drosophila equivalent of
the B-catenin pathway in mammals (Song and Xie, 2002, 2003).

To this point, powerful genetic tools to address the function of different cell
types were limited to Drosophila and C. elegans. However, in the early 2000s,
mouse genetics tools were becoming much more powerful with the maturation of
cre-recombinase mediated deletion technologies (Rossant and McMahon, 1999)
combined with the publication of the mouse genome sequence (Chinwalla et al.,
2002). Equipped with these new tools, multiple groups wanted to test whether

Schofield’s hypotheses held up as well in the system he was originally describing,
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the HSC niche in the bone marrow, as they did in the Drosophila germline. Would

BMP or B-catenin signaling be critical for HSC maintenance, as they were for
different populations of ovary stem cells? And more broadly, which types of cells
created the niches for HSCs in the bone marrow? To better approach this second
guestion, we should first discuss the different types of non-hematopoietic cells that

make up the bone marrow microenvironment.

1.8The development and anatomy of murine bone marrow

The marrow cavity in long bones is created during fetal development shortly
before birth in mice, around day E15.5, during which a mass of cartilage rapidly
undergoes endochondrial ossification and vascularization, starting from the center
and spreading towards the ends of the bone (Gilbert, 2000). Hematopoiesis begins
in the marrow at day E18.5, after vascularization is complete, and continues in the
marrow for the remainder of the mouse’s life. The bone marrow cavity consists of the
diaphysis, the volume within the long shaft of the cortical bone, and the wider
metaphysis and epiphysis that occupy the wide head of the bone. The metaphysis
and the epiphysis are separated by the growth plate, and both have trabecular bone
within their marrow. Both the cortical and trabecular bone are lined with bone-
forming osteoblasts and punctuated by occasional bone-resorbing osteoclasts
(Morrison and Scadden 2014).

Blood flows into the bone marrow primarily within the nutrient artery, which

enters the diaphysis through a passage created during ossification called the
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foramen that tunnels through the cortical bone. This large artery quickly branches in

the central marrow into a series of small arterioles covered with smooth muscle
cells, pericytes, nerve fibers, and glia (Calvo and Forteza-Vila, 1969; Yamazaki and
Allen, 1990). These arterioles run longitudinally through the marrow towards the
metaphases, branching at various times towards the endosteum, where they narrow,
lose their smooth muscle sheathes, and supply a complex network of thin capillaries
near the bone surface in a region termed the “transition zone” (Li et al., 2009). These
capillaries connect to large diameter sinusoidal vessels, which run centripetally away
from the bone surface towards a large central sinus parallel to the bone. The central
sinus is drained by the nutrient vein, which exits the marrow through the foramen. Of
these categories of blood vessels, sinusoids are by far the most abundant type of
vessel in the bone marrow (Morrison and Scadden 2014).

Arterioles, capillaries, and sinusoids are all surrounded by perivascular
stromal cells on their abluminal surfaces (Calvo and Forteza-Vila, 1969; Yamazaki
and Allen, 1990). Similar stromal cells are also found stretching between vessels in
addition to wrapping around them, forming a continuous lattice of reticular processes

that spans the entire marrow cavity (Agar et al., 2015).

1.9Cell types purported to create a niche for HSCs
1.9.1 The osteoblast niche hypothesis
Before Schofield had even hypothesized the existence of a hematopoietic

niche, early experiments suggested that not all regions of the bone marrow were
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created equal. Lord and Hendry reported that the frequency of CFU-S was higher

closer to the femoral endosteum than in the middle of the marrow, (Lord and Hendry,
1972) and that CFU-S in that region were more highly proliferative (Lord et al.,
1975). The notion that HSCs reside in close proximity to the endosteum started with
these observations. Before investigations of the mammalian niche were started in
earnest, credence to the notion of an osteoblastic niche was bolstered by Taichman
and Emerson (Taichman and Emerson, 1994), who grew hematopoietic progenitors
on a feeder layer of osteoblasts. They showed that osteoblasts expressed the
myeloid growth factor GCSF and grew hematopoietic progenitors for up to two
weeks—much shorter than experiments done by Michael Dexter in 1977, who used
a general preparation of bone marrow mesenchymal cells (Dexter et al., 1977).
These studies, combined with the recent elucidation of the Drosophila germ
cell niche, set the stage for studying the HSC niche using genetic tools. This was
first done in the laboratories of Linheng Li and David Scadden in the early 2000’s
(Calvi et al., 2003; Zhang et al., 2003). Li’s group followed the lead of Drosophila
researchers and deleted the receptor for BMP from hematopoietic and stromal cells
in the bone marrow. They reported an increase in bone density and ectopic bone
growth concomitant with an increase in the frequency and number of HSCs.
Scadden’s group analyzed a mouse in which osteoblasts were engineered to
overexpress an active form of the parathyroid hormone receptor. They too reported

an expansion of both osteoblasts and HSCs. These observations were widely
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interpreted to mean that osteoblasts create the niche for HSCs, although these

studies did not directly test this.

The notion that HSC and osteoblasts numbers would always be correlated
has not survived subsequent experimentation. Depletion of osteoblasts using
multiple model systems depleted lymphoid and myeloid cells long before HSCs were
affected (Kiel et al., 2007a; Visnjic et al., 2004; Zhu et al., 2007), and increased
numbers of osteoblasts did not always increase HSC numbers either (Lymperi et al.,
2008).

A major appeal of the osteoblastic niche for HSCs was the suggestion that
osteoblasts and HSCs both expressed N-cadherin, and that N-cadherin acting
through B-catenin promoted HSC maintenance (Reiss et al., 2005; Sugimura et al.,
2012; Wilson and Trumpp, 2006). This hypothesis was closely analogous to studies
from Drosophila follicle stem cells, which depend on DE-cadherin-mediated
activation of B-catenin for their maintenance (Song and Xie, 2002). While it is
intellectually appealing that the stem cell niche would function very similarly in both
systems, claims about the role of N-cadherin in the HSC niche have failed to hold up
to further testing. In fact, HSCs do not actually express N-cadherin (Kiel et al.,
2007a; Morita et al., 2010), N-cadherin is not required for HSC function (Foudi et al.,
2009; Kiel et al., 2007Db; Li and Zon, 2010), and the HSC markers used by Zhang et
al. yield a very low purity of HSCs (Kiel et al., 2009).

Another study localized HSCs in three dimensional confocal images (Kunisaki

et al., 2013) and came to the conclusion that most HSCs were located near the
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endosteum. However, the authors arrived at this conclusion by counting the number

of HSCs in concentric cylinders that each accounted for 10% of the marrow radius,
so that the outermost cylinders contained a much greater volume than the innermost
cylinders (Kunisaki et al., 2013). Reanalysis of both their data and additional data
after correcting the analysis to separate HSCs into cylinders of equal volumes
suggested that HSCs are located in the central marrow, away from the endosteum
(Acar et al., 2015).

In summary, the evidence does not support the conclusion that HSCs reside
in an osteoblastic niche. However, multiple groups have shown that some more
differentiated hematopoietic progenitors are regulated by osteoblasts, especially
lymphoid progenitors, suggesting that there may be an osteoblastic niche for certain
kinds of restricted progenitors (Ding and Morrison, 2013; Lymperi et al., 2008; Visnjic

et al., 2004, Zhu et al., 2007).

1.9.2 The perivascular niche hypothesis

Early imaging studies of HSCs pointed to an endosteal niche, but substantial
evidence also suggested a role for vasculature in regulating hematopoiesis. Shahin
Rafii’'s work throughout the 1990s demonstrated that hematopoietic progenitors
could be grown upon feeder layers of endothelial cells (Rafii et al., 1994, 1995,
1997). Rafii had also characterized the role of endothelial cells in promoting the
maturation of megakaryocytes and the production of platelets (Avecilla et al., 2004),

a process dependent upon the cytokines thrombopoietin and CXCL12, which act on
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immature hematopoietic cells (Ara et al., 2003; Sugiyama et al., 2006a; Zou et al.,

1998). Furthermore, HSCs can extravasate into the blood and mobilize to other
tissues through the sinusoidal endothelium within minutes of receiving a mobilization
signal (Fukuda et al., 2007; Pelus and Fukuda, 2008), indicating that at least some
HSCs likely reside in close proximity to sinusoids.

Before 2005, imaging studies of HSC localization used BrdU retention (Zhang
et al., 2003) or c-Kit staining (Calvi et al., 2003) to identify HSCs. These markers
yield a very low purity of HSCs, such that fewer than one in twenty cells identified in
sections were likely to actually be HSCs (Kiel et al., 2005, 2007b). In 2005, Sean
Morrison’s laboratory introduced the SLAM markers for HSCs, which improved the
purity of stem cells to 1 in 2.5 or better (Kiel et al., 2005). With this tool, they
performed the first imaging studies of HSCs with markers that give a very high
purity. They found that fewer than fifteen percent of HSCs localized near the
endosteum, and the vast majority of HSCs resided close to sinusoidal blood vessels
(Kiel et al., 2005).

Shortly afterwards, Sugiyama and colleagues discovered that CXCL12 in the
bone marrow is produced primarily by perivascular stromal cells (Sugiyama et al.,
2006a) long known to exist (Yamazaki and Allen, 1990) but previously without a
marker to identify them. Ding and Morrison went on to functionally demonstrate that
these cells, along with endothelial cells, are the critical sources of CXCL12 and SCF
in the bone marrow (Ding and Morrison, 2013; Ding et al., 2012). A follow-up study

showed that conditionally deleting SCF from both endothelial cells and leptin
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receptor (LepR) expressing stromal cells depletes all quiescent and serially

transplantable HSCs (Oguro et al., 2013). These results prove that HSC
maintenance depends on a perivascular niche.

This concept, however, challenged some parts of Schofield’s 1978 hypothesis
which had held up so well in studies of the fly ovary and testes. Both endothelial
cells and perivascular stromal cells are very common in the bone marrow, with
nearly 90% of the marrow volume within 10um of a perivascular cell, and 85% of
marrow volume within 10um of a blood vessel (Acar et al. 2015, unpublished data). It
remains possible that Schofield’s hypothesis was correct, and that the HSCs are
restricted in their localization to a subset of endothelial or perivascular cells that
define a rare niche. However, this would require the identification of new markers
that label only subsets of perivascular stromal or endothelial cells and for HSCs to

preferentially localize in close proximity to those cells.

1.9.3 The neuro-arteriolar niche hypothesis

Paul Frenette’s group had previously worked on the regulation of
hematopoiesis by the sympathetic nervous system (Katayama et al., 2006; Méndez-
Ferrer et al., 2008, 2010a). They demonstrated that mobilization of HSCs into the
blood is influenced by signals from sympathetic nerves. Nerves primarily innervate
stromal cells around arteries and arterioles, where they regulate blood flow by

contracting or relaxing the smooth muscle sheathes surrounding the blood vessel



19
(Gilbert, 2000). Thus, the endothelial and perivascular cells near the nerves and

arterioles seemed an intuitively promising site for the HSC niche.

Frenette’s group identified cells in the bone marrow based upon their
expression of a transgenic reporter using the promoter of the intermediate filament
protein Nestin (Méndez-Ferrer et al., 2010b). The authors drew parallels to the
Drosophila germline, where germline stem cells reside in close proximity to cyst
progenitor cells (male) (Yamashita et al., 2005) or escort stem cells (female)
(Decotto and Spradling, 2005). They claimed that HSCs reside adjacent to rare
Nestin-GFP-expressing cells and that Nestin-GFP cells are mesenchymal stem cells
(MSCs), capable of producing osteoid, chondrocyte, and adipocyte progeny.
Unfortunately, the claim that HSCs and rare arteriolar Nestin-expressing cells form a
unique niche, a pairing in line with Schofield’s original predictions in 1978, is not
supported by data.

There are at least two populations of cells marked by the Nestin-GFP
transgene, a very rare population that runs along the arterioles and expresses high

levels of the transgene (Nestinbfight

cells), along with a much more common
population of perivascular stromal cells present throughout the marrow. This second
population overlaps strongly with the LepR™ cells that are functionally important in
the perivascular HSC niche (Ding et al., 2012; Oguro et al., 2013; Zhou et al., 2014).
The abundant LepR™ population contains over 90% of CFU-F in the bone marrow, a

bright

surrogate marker of MSCs, while the Nestin population contains less than 10%

of all CFU-F (Zhou et al., 2014). LepR" cells are abundant throughout the marrow
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(Acar et al., 2015; Zhou et al., 2014), and roughly one in six LepR" cells has CFU-F

activity (Zhou et al., 2014). Therefore, Nestin®9™ cells are not the only MSCs in the
bone marrow.
HSCs are approximately twice as likely to be within twenty microns of a

bright

perivascular cell compared to a Nestin cell, with 70% of all HSCs found localizing

farther than twenty microns from a Nestin®""

cell. The vast majority of HSCs are in
close proximity to LepR" perisinusoidal stromal cells (Agar et al., 2015; Kunisaki et

al., 2013). Thus, Nestin®9"™ cells and HSCs are not frequently associated with each
other. These data dispel the notion that HSCs can only exist in rare niches created

by Nestin°

cells, although they do support the idea that MSCs play a role in the
HSC niche, since LepR" cells are MSCs (Zhou et al., 2014) and associate with
nearly all HSCs (Acar et al., 2015). However, because LepR" cells are abundant
throughout the marrow, the vast majority cells contacting LepR" cells are not HSCs.

Despite the low frequency of association between HSCs and arteriolar

bright bright

Nestin cells, Frenette’s group claimed that Nestin cells were crucial to HSC
maintenance by selectively eliminating Nestin-expressing cells using Nestin-CreER
or NG2-CreER paired with an inducible diphtheria toxin receptor. They observed a
slight depletion of HSCs in the marrow after administration of diphtheria toxin, but
the deletion of any cell population from the bone marrow leads to a modest reduction
in HSCs, even when the deleted cells are not a significant source of HSC
maintenance factors (Visnjic et al., 2004; Zhu et al., 2007), suggesting that this

response may be a non-specific consequence of tissue damage. Nestin-CreER and
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NG2-CreER-expressing cells do not detectably express Scf or Cxcl12 (Kunisaki et

al., 2013; Méndez-Ferrer et al., 2010b), and when the critical niche factors Cxcl12
and Scf were deleted from Nestin-CreER or NG2-CreER-expressing cells, HSCs
were not affected (Acar et al., 2015; Ding and Morrison, 2013; Ding et al., 2012).
Another group led by Hiromitsu Nakauchi presented data suggesting that
HSCs reside in close proximity to bone marrow nonmyelinating Schwann cells,
which surround nerve fibers in the marrow (Yamazaki et al., 2011). Similar to the

bright a||s, only a minority of Schwann cells are closely associated with HSCs

Nestin
(Acar et al., 2015; Yamazaki et al., 2011). However, the authors presented
compelling evidence that the activation of latent TGF- 3 signaling maintains stem cell
guiescence. But because few HSCs localize close to Schwann cells, it remains
unclear whether stem cell quiescence is directly maintained through the diffusion of
active TGF-B from distant Schwann cells or TGF- receptor indirectly regulates
HSCs.

A unique cell type that creates a specialized niche for HSCs may exist, as in
the Drosophila germline. However, there is no evidence for such a cell based on
current data. While Schofield’s hypotheses, if true, would have significant
implications for understanding the biology of hematopoiesis as well as improving
transplantation therapy, much of the past fifteen years has been spent fitting the
data to the hypothesis, as opposed to rigorously testing hypotheses based on the

data. A huge number of variables that are just beginning to be investigated could

define specific stem cell niches in the bone marrow, including oxygen tension, shear
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forces, extracellular matrix structures, secreted factors, and markers that allow for

the detection of rare subpopulations of perivascular or endothelial cells uniquely
suited to maintain HSCs (reviewed in Wang and Wagers, 2011). As a null
hypothesis, however, future studies must always evaluate their data against the
possibility that the entire central bone marrow serves as a niche for HSCs—that
long-range signals such as TGF-$ or abundant signals such as SCF and CXCL12
regulate both stem cells and differentiated cells. In this model, the intrinsic
differences between the stem cells and other cells are what determine their behavior
in response to these signals—not a difference in their localization within the bone
marrow. Future studies of the HSC niche and regulation of HSC function will have to

distinguish between these two possibilities.

1.10 Evidence for neural regulation of hematopoiesis and marrow
regeneration

There are substantial data suggesting that various aspects of hematopoiesis
are regulated by the sympathetic nervous system (SNS). Afan and colleagues were
the first to report that marrow cellularity and CFU-C decrease in the marrow after
surgical or chemical sympathectomy (Afan et al., 1997). However, attempts to repeat
these experiments have given variable results, with some groups reporting the same
decrease in marrow cellularity and CFU-C (Yamazaki et al., 2011) and others seeing
no effect on steady state hematopoiesis after sympathectomy (Katayama et al.,

2006; Lucas et al., 2013).
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The SNS has also been reported to play a role in regulating the mobilization

of hematopoietic cells into the blood, either during natural circadian oscillations
(Lucas et al., 2008; Méndez-Ferrer et al., 2008) or upon administration of a chemical
agent designed to mobilize progenitors (Katayama et al., 2006; Lucas et al., 2013;
Méndez-Ferrer et al., 2008). Sympathectomized mice and humans fail to mobilize
hematopoietic progenitors into their blood during circadian cycles or upon chemical
mobilization (Lucas et al., 2008; Méndez-Ferrer et al., 2008). The physiological
importance of this HSC mobilization is not clear, however, since mice with disrupted
circadian rhythms do not develop any hematopoietic complications.

While the data suggest that the SNS does not play a critical role in steady
state hematopoiesis, one recent study found that nerves may play a critical role
during regeneration of the bone marrow after injury (Lucas et al., 2013). In this
study, the authors used the chemotherapeutic agent cisplatin or a dopamine analog,
6-hydroxydopamine (6OHDA) to chemically sympathectomize mice and then
performed bone marrow transplants. To their surprise, sympathectomized mice did
not recover hematopoiesis after BMT as well as control mice. They repeated these
observations with another model of SNS depletion, activation of diphtheria toxin
receptor on peripheral nerves using Tyrosine hydroxylase-Cre (TH-Cre) paired with
an inducible diphtheria toxin receptor, and saw the same effect of nerve loss. The
authors went further to demonstrate that the impaired recovery was due to the

nerves themselves, as mice with p53-deficient nerves and mice treated with the
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neuroprotective drug 4-methylcatechol were resistant to nerve depletion caused by

cisplatin treatment and recovered normally from hematopoietic injury.

While striking, the mechanism governing this impairment of regeneration in
the context of nerve loss is not clear. The authors observed a modest (roughly
twofold) reduction in the number of Nestin-GFP-expressing cells and endothelial
cells one month after bone marrow transplantation. (It is not clear from their text
dim

bright

whether the authors analyzed Nestin arteriolar or Nestin™" perivascular cells, but

based upon the frequency of the reported cells | believe they must have quantified
dim

Nestin bright

cells, although all of their images show only Nestin cells). They also
evaluated the cell cycle status of these cells either under steady state or after three
days of treatment with chemical antagonists to f2- and 3-adrenergic receptors,
which are required for marrow cells to internalize norepinephrine signals from
peripheral nerves (Méndez-Ferrer et al., 2008). They reported that the frequencies of
both Nestin-expressing and endothelial cells in cell cycle by Ki-67 staining increased
after adrenergic receptor blockade. From these experiments the authors concluded
that nerves are required to maintain quiescence of perivascular and endothelial
cells, so after nerve loss these cells are more susceptible to genotoxic stress such
as that from irradiation. Thus, since more of these cells are destroyed during
irradiation, fewer are left to repair the marrow, leading to the failure of hematopoietic
recovery.

Both their data and conclusions conflict with earlier observations concerning

the mechanism by which the SNS regulates the bone marrow. Firstly, the authors’
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data which showed an increase in perivascular and endothelial cell cycling after

adrenergic receptor blockade suggested that ~55% and ~50% of these cells,
respectively, are in cell cycle (Ki-67+) in the steady state. This observation is at odds
with other data suggesting that both perivascular and endothelial cells are highly
guiescent (Li et al., 2008; Zhou et al., 2014). Despite being highly quiescent, the vast
majority of marrow endothelial cells are destroyed following irradiation, suggesting
that cell cycle status has no bearing on the sensitivity of these cells to irradiation
(Hooper et al., 2009; Li et al., 2008). The authors did not perform BrdU incorporation
experiments to test whether these cell populations are truly driven to proliferate after
adrenergic blockade, nor did they attempt to quantify levels of apoptosis in these cell
populations after genotoxic insult.

Despite these shortcomings, Lucas and colleagues discovered a context in
which the nerves do affect hematopoiesis. Nerve signaling during injury may be
important in therapeutic contexts, as two recent reports have suggested that the
presence of nerves slows the progression of myeloproliferative neoplasms (MPNSs)

or acute myeloid leukemia (AML) (Arranz et al., 2014; Hanoun et al., 2014).

1.11 Statement of purpose

In every model of sympathetic nervous system activation or inhibition thus far
studied in the context of hematopoiesis, experimental systems have used either
systemic ablation of the SNS (Katayama et al., 2006; Lucas et al., 2013; Méndez-

Ferrer et al., 2008) or highly invasive surgeries that may induce injury responses
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(Yamazaki et al., 2011). There have been no studies that determine whether the

effects of nerve loss on hematopoietic regeneration, mobilization of HSCs, or
circadian release of progenitors are the result of bone marrow nerves or a
consequence of the whole-body inactivation of the SNS.

| identified nerve growth factor (Ngf) as the only neurotrophin produced in the
bone marrow microenvironment. Deletion of Ngf from perivascular stromal cells
using LepR-Cre or Prx1-Cre led to a depletion of peripheral nerves specifically within
the bone marrow. | showed that HSCs do not acutely depend on bone marrow
nerves for their maintenance, the circadian mobilization of hematopoietic progenitors
is dependent upon their marrow nerves, and that regeneration of the bone marrow
following irradiation is dependent upon local innervation.

By clarifying the role of bone marrow nerves in hematopoiesis both in steady
state and after injury, as well as identifying the cells responsible for maintaining
peripheral innervation of the bone marrow, my work lays a foundation for further
study of the regulation of hematopoiesis and leukemia by the SNS.

| also performed work to aid in the identification of cellular or anatomical
landmarks that define HSC niches. | created computational tools to compare the
distributions of cell populations in three dimensional spaces. Working as part of a
team, we dispelled many of the claims made about HSC localization relative to
various bone marrow landmarks.

Whether original conclusions were mostly correct, as with the SNS regulation

of hematopoietic regeneration, or incorrect, as with the arteriolar niche hypothesis,
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performing conclusive experiments to definitively test hypotheses is a prerequisite to

move forwards in studying the hematopoietic niche.



CHAPTER TWO
Deep imaging of bone marrow shows non-dividing stem
cells are perisinusoidal

The following manuscript is in press at Nature. Melih Acar is the first author on this
study, and | am a co-second author with Kiran Kocherlakota and Malea Murphy. |
have included an additional discussion of my role in this research and the

computational tools | generated in Appendices A and B.

2.1 Abstract

Hematopoietic stem cells (HSCs) reside in a perivascular niche but the
location remains controversial (Morrison and Scadden, 2014). HSCs are rare
and few can be found in thin tissue sections (Kiel et al., 2005, 2007a) or upon
live imaging (Lo Celso et al., 2009), making it difficult to comprehensively
localize dividing and non-dividing HSCs. Here we describe the ability to image
all HSCs in large segments of optically cleared bone marrow using deep
confocal imaging and digital tissue reconstruction. We discovered that in the
hematopoietic system a-catulin is nearly uniquely expressed by HSCs. a-

catulin®PH

was expressed by only 0.02% of bone marrow hematopoietic cells,
including virtually all HSCs. One in 3.5 a-catulin-GFP*c-kit" cells gave long-
term multilineage reconstitution of irradiated mice. We systematically

localized thousands of a-catulin-GFP*c-kit" cells in optically cleared bone

28
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marrow. HSCs were more common in central marrow than near bone surfaces

and in the diaphysis relative to the metaphysis. Nearly all HSCs contacted
Leptin Receptor® and Cxcl12"9" niche cells. Approximately 85% of HSCs were
within 10um of a sinusoidal blood vessel. The vast majority of HSCs were
distant from arterioles, transition zone vessels, and bone surfaces. This was
true of Ki-67" dividing HSCs and Ki-67 non-dividing HSCs. Dividing and non-
dividing HSCs thus reside in perisinusoidal niches throughout bone marrow

marked by contact with Leptin Receptor*Cxcl12"9" cells.

2.2 Introduction

Adult hematopoietic stem cells (HSCs) reside in a perivascular niche in the
bone marrow in which leptin receptor” (LepR™) perivascular stromal cells and
endothelial cells secrete factors that promote their maintenance (Ding and Morrison,
2013; Ding et al., 2012; Greenbaum et al., 2013; Kobayashi et al., 2010; Poulos et
al., 2013). Nearly all of the cells that express high levels of Scf or Cxcl12 in the bone
marrow are LepR" (Zhou et al., 2014). Conditional deletion of Scf from LepR" cells
and endothelial cells eliminates all quiescent and serially-transplantable HSCs from
adult bone marrow (Oguro et al., 2013). The perivascular niche cells that we
identified based on LepR expression have also been identified by others based on
their expression of high levels of Cxcl12 (Ding and Morrison, 2013; Omatsu et al.,

2014; Sugiyama et al., 2006b), low levels of the Nestin-GFP transgene (Kunisaki et
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al., 2013; Méndez-Ferrer et al., 2010b), PDGFR (Morikawa et al., 2009; Zhou et al.,

2014), and Prx-1-Cre (Greenbaum et al., 2013).

Established elements of the HSC niche localize primarily around sinusoids in
bone marrow tissue sections including HSCs (Kiel et al., 2005, 2007a; Nombela-
Arrieta et al., 2013), LepR" stromal cells (Ding et al., 2012), Angiopoietin-1-
expressing stromal cells (Sacchetti et al., 2007; Zhou et al., 2015), Scf-expressing
stromal cells (Ding et al., 2012), Cxcl12"9" stromal cells (Ding and Morrison, 2013;
Omatsu et al., 2010; Sugiyama et al., 2006b) and mesenchymal stem/stromal cells
(Omatsu et al., 2010; Sacchetti et al., 2007; Zhou et al., 2014). Moreover, sinusoidal
endothelial cells are functionally important for hematopoiesis after myeloablation
(Hooper et al., 2009). HSCs have also been suggested to reside in a hypoxic niche
(Parmar et al., 2007) and the most hypoxic region of the bone marrow is around
sinusoids (Spencer et al., 2014). Nonetheless, some have suggested that HSC
niches are concentrated near bone surfaces (Arai et al., 2004; Lo Celso et al., 2009;
Nilsson et al., 2001; Zhang et al., 2003) or around arterioles close to bone surfaces
(Kunisaki et al., 2013). The differences among studies arise partly from the rarity of
HSCs—all of these studies are based on very small numbers of HSCs. No study has
been able to comprehensively image HSCs throughout the bone marrow.

It has been speculated that dividing HSCs reside in a niche that is spatially
distinct from quiescent HSCs, which have been proposed to reside near arterioles or

bone surfaces (Kunisaki et al., 2013; Li and Clevers, 2010; Wilson et al., 2009).
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However, dividing HSCs are even more rare than non-dividing HSCs making it

difficult to find significant numbers of those cells within tissue sections.

HSC imaging throughout the bone marrow is also limited by the inability of
even multiphoton microscopy to penetrate more than 150um into bone marrow (Lo
Celso et al., 2009; Malide et al., 2012; Takaku et al., 2010). Optical clearing
techniques (Chung et al., 2013; Dodt et al., 2007; Hama et al., 2011; Renier et al.,
2014; Susaki et al., 2014; Yang et al., 2014) have enabled deep imaging of other
tissues and have been used to image hematopoietic progenitors in embryos
(Yokomizo et al., 2012). However, to our knowledge these approaches have not
been applied to the imaging of rare stem cells or to the digital reconstruction of bone

marrow.

2.3 Results

To systematically identify HSCs throughout the bone marrow, we sought a
single, highly specific HSC marker. By re-examining gene expression profiles of
highly purified HSCs, multipotent hematopoietic progenitors (MPPs), and whole
bone marrow (WBM) cells (Kiel et al., 2005) we found that a-catulin is highly
restricted in its expression to HSCs. a-catulin encodes a protein with homology to a-
catenin that has been suggested to function as a cytoskeletal linker(Janssens et al.,
1999) or a modulator of the Rho guanine nucleotide exchange factor(Park et al.,
2002). By quantitative real time RT-PCR (gRT-PCR) we found that a-catulin was

expressed at 19+9.3 (mean+SD) fold higher levels in CD150"CD48Lin"Sca-1"c-kit"
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(CD150"CD48'LSKs) HSCs as compared to unfractionated bone marrow cells and

3.3%0.8 fold higher levels in HSCs as compared to CD150 CD48 LSK MPPs.
To assess a-catulin expression in detail we knocked GFP into the first exon of

a-catulin in frame with the start codon (Figure 1a). Although this was predicted to be

GFP/+ GFP/GFP

a loss of function allele, both a-catulin and a-catulin mice were born and

survived into adulthood with expected Mendelian frequencies (Figure 1e). Young

GFP/GFP

adult a-catulin mice were normal in size and body mass (Figure 1d) as well as

bone density and bone volume (Figure 1f) relative to littermate controls. o-

GFP/+ GFP/GFP

catulin and a-catulin mice exhibited normal hematopoiesis as well as
normal HSC frequency, HSC cell cycle kinetics, and normal HSC function upon
primary and secondary transplantation into irradiated mice (Figure 2).

Only 0.021+0.006% of WBM cells in a-catulin®*"* mice were o-catulin-GFP*
(Figure 3a). Most of the a-catulin-GFP™ cells were c-kit" (Figure 4a) and 49+8.3% of
CD150"CD48LSKs HSCs were a-catulin-GFP* (Figure 4c). We did not detect o-
catulin-GFP expression among MPPs (Figure 4c), CLPs, CMPs, GMPs, or MEPs
(Figure 4d). a-catulin-GFPc-kit" cells appeared to be highly purified HSCs as they
represented only 0.007+0.003% of WBM cells and were uniformly CD150" and
CDA48" (Figure 3b and Figure 4b).

To test the function of a-catulin-GFP™ cells we performed long-term

competitive reconstitution assays in irradiated mice. One in 37,000 WBM cells gave

long-term multilineage reconstitution (Figure 3c). One in 6.7 a-catulin-GFP™ cells
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gave long-term multilineage reconstitution (a 5500-fold enrichment over WBM,;

Figure 3c). In contrast, only 1 in 2,847,000 a-catulin-GFP™ bone marrow cells gave
long-term multilineage reconstitution (a 77-fold depletion over WBM; Figure 3c). The
a-catulin-GFP” fraction of CD150"CD48LSK cells gave long-term multilineage
reconstitution (1 in 3.1 cells) but the a-catulin-GFP" fraction had little HSC activity (1
in 110 cells) (Figure 3c). Therefore, virtually all HSC activity in adult bone marrow is
contained within the a-catulin-GFP™ fraction of cells.

We further increased the purity of HSCs in the a-catulin-GFP* fraction by
staining with an antibody against c-kit. One in 3.5 a-catulin-GFPc-kit" cells gave
long-term multilineage reconstitution of irradiated mice (Figure 3c). a-catulin-GFP*c-
kit" cells are thus comparable in purity to the best HSC markers available. All of the
primary recipient mice that were long-term multilineage reconstituted by 1 or 5 o-
catulin-GFPc-kit" cells also gave long-term multilineage reconstitution in secondary
recipient mice (Figure 5).

a-catulin-GFP*c-kit" cells are largely quiescent, comparable to CD150*CD48"
LSKs HSCs, with only 1.2+0.5% of cells in S/G2/M phase of the cell cycle (Figure
6a). The a-catulin-GFP* fraction of CD150"CD48 LSK cells divided significantly less
frequently than the a-catulin-GFP" fraction of CD150"CD48°LSK cells (Figure 6c).

To systematically identify all of the a-catulin-GFP*c-kit” HSCs within a large
segment of bone marrow we implemented a clearing technique (Becker et al., 2012;

Dodt et al., 2007), which permitted deep confocal imaging as well as computational
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approaches to digitally reconstruct three-dimensional segments of bone marrow.

GFP/+ mice

After antibody staining of half bones or bone marrow plugs from a-catulin
we cleared the specimens (Figure 3d versus e) then used confocal microscopes to
acquire tiled, Z-stacked optical sections throughout the bone marrow to a depth of
up to 600 pm.

We identified all a-catulin-GFPc-kit” HSCs within large segments of bone
marrow and assessed their localization relative to other cell types (Figure 3f-m).
Isotype controls showed low levels of background fluorescence that could readily be
distinguished from positive signals (Figure 7). The complex, three-dimensional
datasets are difficult to present effectively in two-dimensional images. In some
figures, we computationally masked specific features of images so that the
relationship of HSCs to other features could be presented more clearly (e.g. Figure
3f versus 2.3g). We also include videos that animate three-dimensional images of
the bone marrow to show the localizations of HSCs, niche cells, vasculature, and
bone surfaces (Supplementary videos 2.1-2.3). Note that when thick specimens are
collapsed into a single 2 dimensional image on the printed page, a-catulin-GFP*
cells and c-kit+ cells can appear much more frequent than they actually are because
all of the cells from the thick specimens are collapsed into a single 2 dimensional
image (e.g. see Figure 8i versus 2.8)). Note as well that in thick specimens there are
cases in which an a-catulin-GFP™ cell and a c-kit™ cell are present in different optical
planes but appear to be a single a-catulin-GFP*c-kit" cell when collapsed into a

single 2 dimensional image. For this reason, cells we identified as a-catulin-GFP c-
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kit" were individually examined at high magnification in a three-dimensional

rendering of the entire dataset to confirm double labeling of single cells.

To systematically analyze the location of a-catulin-GFP*c-kit" HSCs relative
to bone surfaces we divided the bone marrow in the tibia diaphysis (shaft) into
concentric cylindrical volumes that each encompassed 10% of the marrow volume
(Figure 9a). Although HSCs were found throughout the marrow, they were
significantly enriched toward the center of the marrow and depleted near the bone
surface (Figure 10a). A recent study that divided bone marrow into concentric
cylinders that each accounted for 10% of the marrow radius concluded that HSCs
were more enriched close to bone surfaces (endosteum) (Kunisaki et al., 2013).
However, that study did not control for the increase in marrow volume due to the
increased circumference of outer versus inner cylinders (Figure 9b). When we
normalized those data to control for differences in marrow volume, they also
appeared to show a higher HSC density in the central marrow (data not shown).

HSCs have been suggested to be enriched within trabecular bone
(metaphysis) as compared to cortical bone (diaphysis) (Sugimura et al., 2012; Zhang
et al., 2003), though these studies did not use HSC-specific markers(Kiel et al.,
2007a, 2007b). We found that the frequencies of CD150"CD48LSK HSCs and
catulin-GFPc-kit" HSCs were both significantly lower in the epiphysis and
metaphysis as compared to the diaphysis by flow cytometry in the femur and tibia
(using WBM from crushed bones; Figure 8a,c,f,g). Consistent with this, three-

dimensional confocal imaging of bisected tibias showed the frequency of a-catulin-
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GFP*c-kit" HSCs was significantly lower in the metaphysis as compared to the

diaphysis (Figure 8h). Thus, both deep imaging and flow cytometric analysis indicate
that HSCs are more enriched in the diaphysis as compared to the metaphysis when
using markers that give high levels of HSC purity.

We measured the nearest distance from each a-catulin-GFP*c-kit" HSC in a
bisected tibia to a bone surface in three dimensions. In the diaphysis, HSCs were
significantly less likely than randomly placed spots to localize close to a bone
surface (Figure 10b; random spots were distributed throughout areas occupied by
hematopoietic cells but excluded from areas occupied by bone or blood vessel
lumens). Only 0.65+0.58% of HSCs were within 10um of a bone surface in the
diaphysis (Figure 10d) and 86+6.1% were more than 80um away (Figure 10b). In the
metaphysis, the localization of HSCs relative to bone surfaces did not significantly
differ from the distribution of random spots: 7.0+4.1% of HSCs were within 10um of
a bone surface (Figure 10e) and 53+11% were more than 80um away (Figure 10c).
These data are consistent with our observation that fewer than 10% of
CD150"CD48 Lineage” HSCs were within 10um of bone in femur sections (Kiel et al.,
2005, 2007a).

Schwann cells and nerve fibers are present in the bone marrow (Katayama et
al., 2006; Méndez-Ferrer et al., 2010b; Yamazaki et al., 2011) but it is not clear
whether HSC niches are innervated or how the position of nerve fibers compares to
HSCs. We found that GFAP* Schwann cells and nerve fibers clustered in the center

of the marrow in the diaphysis (Figure 11a,b). HSCs did not significantly differ from
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random spots in their distance from GFAP" cells (Figure 10f). Only 6.2+3.0% of o-

catulin-GFP c-kit" HSCs were within 10um of GFAP™ cells in the bone marrow but
28+3.8% were within 30um (Figure 10f). Thus, HSCs and niche cells rarely have
contact with Schwann cells or nerve fibers but a subset of HSCs may be close
enough to be regulated by diffusible factors secreted by Schwann cells (Yamazaki et
al., 2011).

HSCs were significantly more likely than random spots to be close to Cxcl12-
DsRed"9" stromal cells. 97+1.2% of HSCs were within 5um of Cxcl12-DsRed""
stromal cells (Figure 10h), which are an important element of the HSC niche (Ding
and Morrison, 2013; Greenbaum et al., 2013; Omatsu et al., 2014; Sugiyama et al.,
2006b). Although the Cxcl12"" stromal cells represent only 0.3% of WBM cells
(Zhou et al., 2014), they have long processes that extend throughout the marrow
(Suppl. video 2). Consequently, 89.2+4.9% of random spots were also present within
5um of a Cxcl12-DsRed™" stromal cell (Figure 10h). 94+2.5% of HSCs appeared to
have cell-cell contact with a Cxcl12-DsRed™®" stromal cell (Figure 10i). Of those,
30+3.6% appeared to contact the cell body (Figure 10j and 2.10k) and 70£3.6%
appeared to contact a cellular process (Figure 10j).

Consistent with our observation that virtually all Scf-expressing and Cxcl12"%"
stromal cells are LepR" (Zhou et al., 2014), 93.+3.7% of a-catulin-GFP*c-kit" HSCs
were within 5um of a LepR™ cell (Figure 10m). LepR" cells were visualized using
LepR®®; tdTomato mice in these experiments but 99% of Tomato™ bone marrow cells

in 8-12 week old LepR*"®; tdTomato mice also stain with an antibody against
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LepR(Zhou et al., 2014). HSCs were significantly more likely than random spots to

be close to LepR" cells (Figure 10m) and almost always contacted a LepR" cell
(Figure 10I).

We next imaged the localization of HSCs relative to three kinds of blood
vessels in the bone marrow: arterioles, sinusoids, and transition zone capillaries®’.
Blood enters the marrow via arterioles, which are variable in diameter, lined by
smooth muscle, and have a continuous basal lamina (Figure 12). Sinusoids carry
blood to the central sinus where it leaves the marrow through venous circulation.
They are large in diameter, with a fenestrated basal lamina (Figure 12). Transition
zone capillaries connect arterioles to sinusoids, are close to the bone surface, small
in diameter, and have a continuous basal lamina (Figure 12). We distinguished
blood vessels based on these characteristics, using anti-laminin antibody staining to
visualize the basal lamina (Figure 13a and 2.13b).

a-catulin-GFP*c-kit" HSCs significantly differed from random spots in their
distance to arterioles: they were slightly less likely than random spots to be within
25um of an arteriole but slightly more likely than random spots to be 30 to 50um
away (Figure 13c). Only 15£2.3% of HSCs were within 10um of an arteriole (Figure
13f). In contrast, 84+6.2% of HSCs were within 10um of a sinusoid (Figure 13g).
HSCs did not significantly differ from random spots in terms of their localization
relative to sinusoids (Figure 13d), presumably because sinusoids are present
throughout the bone marrow. This makes the important point that although HSCs are

nearly always close to a sinusoid, they are not spatially restricted within the bone
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marrow as has often been proposed. HSCs are modestly enriched within the central

marrow of the diaphysis but otherwise are present throughout the entire bone
marrow.

HSCs also significantly differed from random spots in their proximity to
transition zone blood vessels because they were less likely than random spots to be
within 25um of these vessels (Figure 13e). Only 12+2.1% of HSCs were within 10pum
of a transition zone blood vessel (Figure 13h). Since transition zone vessels occupy
the outer 20% of bone marrow, close to the endosteum, the depletion of HSCs near
these vessels is consistent with our observation that HSCs are less common near
the endosteum (Figure 10a).

Overall, 85+£3.1% of HSCs were closer to sinusoids than other blood vessels
(significantly more than random spots; Figure 13i and 2.13k). Only 7.7+£2.3% of
HSCs were closest to an arteriole (not significantly different from random spots;
Figure 13i and 2.13)) and 6.8+1.8% were closest to a transition zone vessel
(significantly fewer than random spots; Figure 13i and 2.13Il). We have not detected
any differences between male and female mice in the localization of HSCs with
respect to central marrow, arterioles, sinusoids, or TZ vessels (Figure 14). Since the
vast majority of a-catulin-GFP*c-kit" cells were quiescent (Figure 6) and the vast
majority of a-catulin-GFP*c-kit" cells (Figure 13i) localized nearest to sinusoids, this
suggests that most quiescent HSCs are in perisinusoidal niches.

The ability to deep image large segments of bone marrow allowed us to

localize much larger numbers of HSCs than prior studies. This allowed us to
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systematically compare the localization of dividing Ki-67" a~catulin-GFP*c-kit* HSCs

(Figure 15b, c; which accounted for 15+2.0% of HSCs) and non-dividing Ki-67" a-
catulin-GFPc-kit" HSCs (Figure 15a). Both dividing and non-dividing HSCs were
most closely associated with sinusoids (Figure 15e): 81+5.9% of Ki-67" a-catulin-
GFP*c-kit" cells and 79+14% Ki-67 a-catulin-GFPc-kit" cells were within 10um of a
sinusoid (Figure 15h). In contrast, only 12+7.3% of Ki-67" a-catulin-GFP*c-kit" cells
and 16+7.4% Ki-67 a-catulin-GFPc-kit" cells were within 10um of an arteriole
(Figure 15d and 2.15g). 16+4.5% of Ki-67" a-catulin-GFPc-kit" cells and 14+4.8%
Ki-67 a-catulin-GFP c-kit" cells were within 10um of a transition zone vessel (Figure
15f and 2.15i). None of the differences between dividing and non-dividing HSCs
were statistically significant except that dividing HSCs tended to be closer to
transition zone vessels near the bone surface.

Overall, 79+9.3% of Ki-67" a-catulin-GFP*c-kit" dividing HSCs were most
closely associated with sinusoids, 14+9.8% were most closely associated with
transition zone vessels, and 7.5£3.5% were most closely associated with arterioles
(Figure 15j). Similarly, 81+6.0% of Ki-67 a-catulin-GFP*c-kit" non-dividing HSCs
were most closely associated with sinusoids, 9.0+6.8% with transition zone vessels,
and 9.9+3.7% with arterioles (Figure 15j). Ki-67" a-catulin-GFP*c-kit" dividing HSCs
were significantly more likely than Ki-67 a-catulin-GFP*c-kit" non-dividing HSCs to

localize close to the bone surface (Figure 15k).
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Our results are not consistent with the idea that quiescent HSCs reside in

arteriolar niches associated with NG2-CreER-expressing stromal cells (Kunisaki et
al., 2013). The data in our study and the study by Kunisaki et al. (Kunisaki et al.,
2013) both show that there is a higher density of HSCs per unit marrow volume in
the central marrow as compared to the endosteal marrow and that most HSCs are
closer to sinusoids as compared to arterioles. While Kunisaki et al. concluded that
NG2"Nestin"®" periarteriolar cells, not LepR* perisinusoidal cells, express the
highest levels of Scf and Cxcl12, the RNAseq data on which this conclusion was
based showed that the “Nestin"®"LepR™ cells they analyzed were negative for
Nestin and positive for Lepr expression (see GSE48764 in the Gene Expression
Omnibus (Kunisaki et al., 2013)). Thus, their data also show that the cells that
express Scf and Cxcl12 are LepR" (Zhou et al., 2014).

To address this issue directly we generated NG2"ER; Rosa'@Tomalol: gefeFPi
and NG2°"ER: Rosa"™"*; Cxcl12%R* mice. While 97% of Scf-GFP" stromal cells
and 96% of Cxcl12-DsRed"" stromal cells were LepR*, we did not detect any
expression of NG2-CreER in these cells (Figure 16a, b, g, h). We also conditionally
deleted Scf or Cxcl12 with NG2-CreER but did not detect any effect on bone marrow
cellularity, HSC frequency, hematopoietic progenitor frequency, or bone marrow
reconstituting capacity upon transplantation into irradiated mice (Figure 16c¢-f and i-
). NG2-CreER-expressing cells are therefore not a source of SCF or Cxcl12 for HSC

maintenance in the bone marrow.
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2.4 Discussion

Although Kunisaki et al. observed HSC depletion when NG2-CreER-
expressing cells were ablated from the bone marrow with diphtheria toxin, there is
no bone marrow cell population that when ablated has not led to HSC depletion,
including osteoblasts (Visnjic et al., 2004; Zhu et al., 2007) and Nestin-CreER-
expressing cells (Méndez-Ferrer et al., 2010b) neither of which are significant
sources of HSC niche factors (Ding and Morrison, 2013; Ding et al., 2012,
Greenbaum et al., 2013). The could reflect extensive cross regulation in the bone
marrow in which many cell populations indirectly regulate each other, or the non-
specific activation of HSCs by tissue damage. Our data are consistent with recent
studies that found quiescent HSCs co-localize with megakaryocytes in the bone
marrow (Bruns et al., 2014) as megakaryocytes localize around sinusoids (Lichtman
et al., 1978).

Our data demonstrate that both dividing and non-dividing HSCs are most
closely associated with sinusoids and that few cells from either population are
closely associated with arterioles or bone surfaces. Our data provide little support for
the idea that dividing and non-dividing HSCs reside in spatially distinct niches, with
the exception that dividing HSCs were more likely than non-dividing HSCs to localize
near the endosteum. Nonetheless, it remains possible that there are distinct
perisinusoidal domains for dividing and non-dividing HSCs. Deep imaging and digital
reconstruction of large three-dimensional segments of bone marrow makes it

possible to systematically and quantitatively assess the localization of each
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hematopoietic stem and progenitor cell populations relative to every other bone

marrow component.

2.5 Methods
To perform bone and bone marrow imaging, tibias or femurs were removed from 8-

CFPI* mice and immediately fixed in 4% paraformaldehyde for 7

12 week old a-catulin
hours at 4°C. Fixed bones were cryoprotected in 30% sucrose in PBS overnight at
4°C, then immersed in OCT and flash frozen using liquid nitrogen. Frozen bones
were longitudinally bisected using a cryostat, then the OCT was washed away and
the half bones were incubated in blocking solution overnight at room temperature.
The half bones were then incubated in primary antibodies for 3 days at room
temperature, followed by one day of washes in PBS, then secondary antibody
incubation for another 3 days at room temperature, followed by another day of
washes. The antibody-stained half tibia bones were then cleared by ethanol
dehydration followed by incubation in benzyl alcohol:benzyl benzoate 1:2 mix (BABB
clearing (Becker et al., 2013; Dodt et al., 2007)). In some experiments, intact marrow
plugs were first ejected from the diaphysis of the tibia using a 4% PFA filled-syringe
with a 25G needle. The marrow plugs were then fixed for 3 hours at room
temperature followed by the same staining protocol as described above. A Zeiss
LSM780 or a Leica SP8 confocal microscope was used to take Z stack images of

stained and cleared half bones or bone marrow plugs. In some samples, bone was

visualized by second harmonic generation (SHG) imaging using a Zeiss LSM780
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with a Coherent Chameleon Vision Il pulsed NIR laser. The images were analyzed

using Imaris (Bitplane) software.

Mice. The targeting construct for a-catulin®"*

mice was generated by
recombineering (Liu et al., 2003). Linearized targeting vector was electroporated into
Bruce4 ES cells. Correctly targeted ES cell clones were identified by Southern
blotting and injected into C57BL/6-Tyr®? blastocysts. The resulting chimeric mice
were bred with C57BL/6-Tyr®* mice to obtain germline transmission. Then the Frt-
Neo-Frt cassette introduced by the targeting vector was removed by mating with
Flpe mice (Rodriguez et al., 2000). These mice were backcrossed onto a C57BL/Ka
background and germ-line transmission was checked by PCR. C57BL/Ka-Thy-
1.1(CD45.2) and C57BL/Ka-Thy-1.2(CD45.1) mice were used in transplant
experiments. Male and female mice from eight to twelve weeks old were used for all
studies. Scf°™* and Scf® mice (Ding et al., 2012), Cxcl12°5F* and Cxcl12" mice
(Ding and Morrison, 2013), LepR-Cre mice (DeFalco et al., 2001), Rosa26-CAG-
loxp-stop-loxp-tdTomato conditional reporter mice (Madisen et al., 2010), Rosa26-
loxp-stop-loxp-EYFP conditional reporter mice (Srinivas et al., 2001), and NG2-
CreER mice (Zhu et al., 2011) were all previously described. All mice were housed
in AAALAC-accredited, specific-pathogen-free animal care facilities at the UT

Southwestern Medical Center (UTSW). All procedures were approved by the UTSW

Institutional Animal Care and Use Committee.



45
HSC isolation and flow cytometry. Bone marrow cells were isolated by either

flushing the long bones (tibias and femurs), or by crushing the bones using a mortar
and pestle in Ca®* and Mg®* free Hank’s buffered salt solution (HBSS, Gibco)
supplemented with 2% heat inactivated bovine serum (Gibco). Spleen cells were
prepared by crushing the spleen between two glass slides. The cells were gently
passed through a 25G needle then filtered using a 100 pum mesh to generate a
single cell suspension. Viable cell number was calculated using a Vi-Cell cell counter
(Beckman Coulter) or by counting manually with a hemocytometer. For HSC
identification by flow cytometry, the cells were stained with antibodies against
CD150 (TC15-12F12.2), CD48 (HM48-1), Scal (E13-161-7), and c-kit (2B8), as well
as the following lineage markers: CD42d (1C2), CD2 (RM2-5), CD3 (17A2), CD5
(53-7.3), CD8 (53-6.7), B220 (6B2), Ter119 (TER-119), and Gr1 (8C5). Antibody
staining of cell suspensions was always performed at 4°C for 20 minutes. After
antibody staining, the cells were stained with the viability dyes 4',6-diamidino-2-
phenylindole (DAPI; 2 ug/ml in PBS) or propidium iodide (PI; 1 ug/ml) to exclude
dead cells during flow cytometry. To identify other hematopoietic progenitors (CLPs,
CMPs, GMPs and MEPs; see Figure 4) we stained cell suspensions with antibodies
against CD34 (RAM34), CD127 (II7TRa, A7R34), CD16/32 (FcyR, 93), Scal (E13-
161-7), c-kit (2B8) and the lineage markers listed above. Stains that involved anti-
CD34 antibody were conducted for 90 minutes on ice. To identify myeloid cells,
erythrocytes, megakaryocytes, T cells, B cell progenitors and B cells the following

antibodies were used: anti-Grl (8C5), anti-CD11b (Macl, M1-70), anti-Ter119 (TER-
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119), anti-CD41(MWReg30), anti-CD3 (17A2), anti-CD4 (GK1.5), anti-CD8 (53-6.7),

anti-B220 (6B2), anti-IgM (11/41), anti-CD24 (M1/69), and anti-CD43 (1B11). For
Figure 16, Terl19 (TER-119), CD45 (30-F11), and CD31 (MEC13.3) antibodies
were used to mark erythrocytes, nucleated hematopoietic cells, and endothelial cells
respectively. Goat anti-mouse Leptin Receptor biotinylated antibody (BAF497,
Fisher Scientific) and Streptavidin-BvV421 (405226, Biolegend) were used to mark
LepR™ cells. Antibodies were conjugated to one of the following dyes depending on
the experiment and cell population: PE-Cy5, PerCP-eFluor710, PE-Cy7, PE, APC,

APCeFluor 780, APC-H7, PerCP-Cy5.5, eFluor 660, Alexa Fluor 700, PE-Cy5.

Colony formation in methylcellulose. Individual HSCs were sorted into
methylcellulose culture medium (3434, Stemcell Technologies) in 96 well plates (one
cell/well). After sorting the plates were kept at 37°C in a cell culture incubator with
6.5% CO, and constant humidity for 14 days. Then colonies were counted and
identified based on size and morphology using an Olympus IX81 inverted

microscope.

Bone marrow preparation from metaphysis and diaphysis for FACS analysis.
To compare bone marrow from the epiphysis/metaphysis to the diaphysis, the
metaphysis was separated from the diaphysis using scissors at the point where the
central sinus branches (see Figure 8). Then each segment of bone was crushed

using a mortar and pestle and small bone fragments were suspended in staining
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medium (Ca** and Mg?*-free Hank's buffered salt solution (HBSS, Gibco)

supplemented with 2% heat inactivated bovine serum (Gibco)) and gently triturated
until no marrow was visibly attached to the bone. The cell suspension was filtered
through a 100pm mesh to obtain a single cell suspension. The cell suspensions

were then analyzed to determine cellularity and HSC frequency.

Competitive reconstitution assays in irradiated mice. Adult recipient mice were
administered a minimum lethal dose of radiation using an XRAD 320 X-ray irradiator
(Precision X-Ray) to deliver two doses of 540 rads at least 3 hours apart. Cells were
transplanted by injection into the retro-orbital venous sinus of anesthetized recipient
mice. 300,000 recipient whole bone marrow (WBM) cells were transplanted along
with the donor cells. For secondary transplants, 3 million WBM cells from primary
recipient mice were transplanted into irradiated secondary recipient mice. Blood was
collected from the tail vein of recipient mice at 4 week intervals after transplantation
for at least 16 weeks after transplantation. For analysis of the levels of donor cells in
peripheral blood, red blood cells were lysed with ammonium potassium buffer then
the remaining cells were stained with antibodies against CD45.1 (A20), CD45.2

(104), CD11b (Macl, M1-70), Gr-1 (8C5), B220 (6B2), and CD3 (17A2).

Cell cycle analysis. For analysis of DNA content in HSCs and other hematopoietic
cells, the cells were isolated by flow cytometry as described above and sorted

directly into 70% ethanol then stored at -20°C for at least 24 hours. The cells were
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washed multiple times with staining medium (see above) then incubated in staining

medium containing 50ug/ml propidium iodide (Molecular Probes) for 30 minutes at
room temperature and analyzed using a FACSAria or FACSCanto Il flow cytometer
(BD Biosciences). Data were analyzed using FACSDiva (BD Biosciences) or FlowJo
(Tree Star) software. To assess 5-bromo-2'-deoxyuridine (BrdU) incorporation in vivo
mice were intraperitoneally injected with a single dose of BrdU (1mg BrdU/10g body
mass) then maintained on 0.5mg BrdU/ml drinking water for three days. For analysis
of BrdU incorporation into HSCs bone marrow cells were stained with the following
antibodies that were selected to survive fixation: anti-CD150-BV421, anti-CD48-
AF700, anti-CD2-PE, anti-CD3-PE, anti-CD5-PE, anti-CD8-PE, anti-Ter119-PE, anti-
Grl-PE, anti-Scal-PerCpCy5.5 and c-kit-APCH7 (BD Biosciences; antibody clones
are as described above for HSC isolation and flow cytometry). For isolation of a-
catulin-GFPc-kit" cells, bone marrow cells were stained with anti-c-kit-APCH7
antibody. After antibody staining, the target cell populations were double sorted to
ensure purity, then fixed and stained with an anti-BrdU antibody using the BrdU APC

Flow Kit (BD Biosciences) according to the manufacturer’s instructions.

Sorting of a-catulin-GFP*c-kit" cells to determine cell diameter. Bone marrow

SFP* mice were prepared for flow cytometric analysis as

cells from a-catulin
described above. Biotinylated anti-c-kit antibody (2B8 clone, 13-1171-85,
eBiosciences) followed by streptavidin-AF647 (S32357, Life Technologies) were

used to stain bone marrow cells. a-catulin-GFP*c-kit" cells were sorted into a drop of
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staining medium on a slide coated with poly-D-lysine (0.5mg/ml poly-D-lysine in

water was used to coat the slides over night at room temperature). Slides were
incubated for 45 minutes at 4°C to let the sorted cells attach to the slide surface.
Then a 16% PFA stock solution was added gently into the drop of staining medium
to achieve a final PFA concentration around 4%. Cells were fixed for 10 minutes at
room temperature and washed multiple times with PBS. Then the cells were stained
with DAPI (2 ug/ml in PBS), with 0.1% IgePal630 (Sigma) for 30 minutes, followed by
multiple washes in PBS. Prolong gold antifade (Life Technologies) was used to
mount the cells. An LSM780 confocal microscope (Leica) was used to image the

cells and Imaris software was used to measure cell diameter.

microCT analysis of bones. Dissected intact femurs from 10-12 week old littermate
mice were fixed in 4% PFA overnight at 4°C. Then the bones were washed multiple
times with 70% ethanol and stored in 70% ethanol until they were scanned using a
Scanco Medical uCT 35 machine at the Texas A&M University Baylor College of
Dentistry. The scan was performed with a 3.5 um voxel size resolution, 55kV,
145pA, and an integration time of 800 ms. Scanco software was used for analysis. A
common reference point was determined for all bones scanned based on the growth
plate, and trabecular and cortical regions were analyzed for each bone.

GFP

PCR genotyping. The following primers were used to genotype a-catulin® " allele:

Cin-G1, 5- GAAGTAGTGGCACAAGGGTAGGGG-3’; Cin-G2, 5'-
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GGCCGCGGTACCTGAGAAAC-3’; Cin-G3, 5-GTTGCCGTCGTCCTTGAAGAAG-

2DsRed

3’. Genotyping primers for Cxcll mice(Ding and Morrison, 2013) were

previously reported.

Immunofluorescence, clearing, microscopy, and analysis.

Half bone whole mount tissue preparation for imaging: Freshly dissected tibia were
fixed in cold 4% paraformaldehyde (PFA) in PBS (Affymetrix) for 7-8 hours at 4°C
while shaking. The bones were washed with PBS to remove the PFA and
cryoprotected in 30% sucrose PBS solution overnight at 4°C while shaking. The
bones were embedded in OCT (Fisher) and flash frozen in liquid nitrogen. A Leica
cryostat was used to longitudinally bisect the bones. Intact half bone was washed in
PBS to remove OCT then processed for staining, clearing and imaging as below.
Bone marrow whole mount plug preparation for imaging: Intact bone marrow plugs
from freshly dissected tibia were extruded from the bone using a PFA filled syringe
with a 25G needle and placed directly into 4% PFA solution for 3 hours at room
temperature. Fixed plugs were then washed in PBS before being stained, cleared
and imaged as below.

Whole mount immunostaining: All staining procedures were performed in Eppendorf
tubes on a rotator at room temperature. The staining solution contained 10% DMSO,
0.5% lgePal630 (Sigma), and 5% donkey serum (Jackson Immuno) in PBS. Half
bones and plugs were blocked in staining solution containing anti-CD16/32 mouse

Fc blocking antibody (BD Biosciences) and 1% Blokhenll (Aves Labs) over night at
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room temperature. After blocking, half bones were stained for 3 days at room

temperature with primary antibodies in staining solution. Then the tissues were
washed multiple times in PBS at room temperature for one day and put into staining
solution containing secondary antibodies for 3 days followed by a one day wash to
remove any unbound secondary antibodies. Antibodies used for whole mount
staining included chicken anti-GFP (GFP-1020, Aves Labs), goat anti-c-kit
(BAF1356, R&D Systems), rabbit anti-Laminin (ab7463, abcam), rat anti-Ki-67
(SolA15, eBioscience), Alexa Fluor 647-AffiniPure F(ab')2 Fragment Donkey Anti-
Chicken IgY, Alexa Fluor 488-AffiniPure F(ab')2 Fragment Donkey Anti-Rabbit 1gG,
AMCA-AffiniPure F(ab’)2 Fragment Donkey Anti-Rabbit Ig, Alexa Fluor 488-
AffiniPure F(ab')2 Fragment Donkey Anti-Rat IgG (all from Jackson
ImmunoResearch), and 555 or 488 conjugated donkey anti-goat (A-11055 and A-
21432 from Life Technologies). For isotype control staining in Figure 7, Goat IgG
control (BAF108, R&D Systems), Rabbit IgG control (ab27478-100, Abcam), Rat IgG
control (012-000-003, Jackson Immuno) and Non-Immune Chicken IgY control (N-
1010, Aves Labs) were used along with the secondary antibodies described above.
The fixation time of the tissue, using 0.5% IgePal630 and 10% DMSO in the staining
solution, and incubation of the tissue for 3 days in both primary and secondary
antibodies were critical factors for efficient deep penetration of antibodies throughout
the whole mount tissue. For anti-Ki-67 antibody penetration, before the blocking

step, treatment of the tissues with 0.05% SDS over-night in PBS was necessary.
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Comparison of clearing protocols: Scattering and spherical aberration due to

refractive index mismatch limit the maximum depth of penetration of visible light into
aqueous tissue to about 100um (Zhu et al., 2013). Optical clearing agents can
decrease the amount of scattered light and therefore increases the depth of
penetration. Most optical clearing agents work by replacing the low refractive index,
aqueous components of the tissue with agents of a higher refractive index to match
that of the tissue such as collagen and cell components. Because each tissue has
unique properties, such as density of cells and extracellular matrix, the optimum
tissue clearing method must be determined empirically. Bone marrow does not have
a high lipid content and therefore, unlike brain, is not limited by the opacity of lipids.
Therefore clearing methods that remove the lipid with SDS by either electrophoresis
(Chung et al., 2013) or passive flow (Yang et al., 2014) were ineffective and had the
additional disadvantage of SDS destruction of cell surface epitopes. Bone marrow is
very densely packed with cells, which likely explains why optical clearing agents and
methods with lower refractive indices such as Sca/eA2 (Hama et al., 2011), CUBIC
(Susaki et al., 2014), and Focus Clear (Chung et al., 2013) did not efficiently clear
the marrow in our hands. We found Murray’s clear (1:2 Benzyl Alcohol: Benzyl
Benzoate or BABB) (Becker et al., 2013) to be the most effective clearing method,
but it is only compatible with antibodies conjugated with stable chemical
fluorophores, such as the Alexa Fluor dyes. Murray’s clear rapidly quenches
fluorescent proteins, so GFP” cells were identified using an antibody against GFP

when performing deep imaging of tissues. For imaging bone marrow cells from
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Cxcl12%Re or LepR®"®; tdTomato mice we used the 3DISCO (Ertiirk et al., 2012)

clearing method because THF and DBE preserve endogenous fluorescence better
than BABB, although they did not clear the tissue as effectively as Murray’s clear.
Tissue clearing using modified Murray’s clear: All clearing of half bones and bone
marrow plugs was performed in Eppendorf tubes on a rotator at room temperature.
Immunostained tissues were washed in PBS and dehydrated in either a methanol or
ethanol dehydration series then incubated for 3 hours in methanol or overnight in
ethanol with several changes of 100% alcohol. The alcohol was then exchanged
with BABB. The tissues were incubated in BABB for 3 hours to overnight with
several exchanges of fresh BABB. Half bones or bone marrow plugs were mounted
in BABB between two cover slips and sealed with silicone (Premium waterproof
silicone Il clear, General Electric). As previously published(Becker et al., 2012), we
found it necessary to clean the BABB of peroxides (which can accumulate as a
result of exposure to air and light) by adding 10g of activated aluminum oxide
(Sigma) to 40ml of BABB and rotating for at least 1 hour, then centrifuging at 2000xg
for 10 minutes to remove the suspended aluminum oxide particles.

Confocal imaging of thick tissue: Three dimensional confocal microscopy of the bone
marrow at sub-micron resolution requires specialized equipment. We used both a
Zeiss LSM780 and a Leica SP8 resonant scanning confocal. Specifications for the
Zeiss LSM780: AxioExaminer upright stand; 405, 488, 561, 594 and 633 nm visible
laser lines; internal 32-channel GaAsP detector; Prior OptiScan motorized stage;

Coherent Chameleon Vision Il pulsed NIR laser for two photon excitation; Zeiss BiG
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two channel nondescanned detector. Specifications for the Leica: Acousto Optical

Beam Splitter, Spectral detection, 8kHz Resonant tandem scanner, HyD hybrid
detectors, and 405, 488, 561, 633 nm laser lines. The optimum clearing agent
(BABB) for bone marrow has a refractive index of 1.56, similar but not identical to
standard immersion oil. Deep imaging also requires a long working distance
objective. For the Zeiss LSM780 we found the best available objective was a

Zeiss LD LCI Plan-Apo 25x/0.8 multi-immersion objective lens, which has a 570 pm
working distance. We used Immersol 518F immersion oil for Zeiss LSM780 imaging.
For the Leica SP8, we used an HCX APO L20x/0.95 BABB immersion objective with
a 1.95 mm working distance. High resolution imaging of large volumes of thick tissue
by acquisition of tiled Z-stacks is very time consuming, thus it was important to
optimize the acquisition settings for each microscope to minimize acquisition time
while preserving adequate resolution and signal to noise ratio. On the Zeiss
LSM780 images were taken at 512X512 pixel resolution with 2 um Z-steps, pinhole
for the internal detector at 47.7 pm. Bone was imaged by second-harmonic
generation (SHG) with 850 nm pulsed NIR excitation using the nondescanned
detector. On the Leica SP8, images were taken using the resonance scanner using
8X line averaging with the minimum zoom of 1.25X at 812X812 pixel resolution,

pinhole at 44.7 pum, and 2um Z-steps.

Image annotation and analysis. Confocal tiled Z-stack images were rendered in 3

dimensions and analyzed using Bitplane Imaris v7.7.1 software installed on a Dell



55
Precision T7610 64-bit workstation with Dual Intel Xeon Processor E5-2687W v2

(Eight Core HT, 3.4GHz Turbo, 25 MB),128GB RAM, and 16 GB AMD FirePro
W9100 graphics card. Individual a-catulin-GFP*c-kit” HSCs were identified using the
Ortho slicer function in Imaris software to visualize digital serial sections of the large
3D image. We identified HSCs as having a round morphology, with GFP throughout
the cell, and c-kit expression surrounding the cell surface. These criteria prevented
false positive identification of cellular debris or a-catulin-GFP*c-kit” endothelial cells
with elongated cell body morphology. HSC co-ordinates and size were interactively
annotated using the Imaris spots function in manual mode. Bone and non-
myelinating Schwann cells were segmented based on thresholding of the second
harmonic generation (SHG, which detects collagen fibers in bone) or GFAP
channels, respectively, using the Imaris surface function. Cortical and trabecular
bone were then divided into separate surfaces interactively based on SHG signal
and morphology. We used anti-laminin antibodies to immunofluorescently label all of
the vasculature within the bone marrow. Arteries, arterioles, and capillaries have
continuous basement membranes, which are observable as uniform laminin staining.
In contrast, bone marrow sinusoids have a discontinuous fenestrated basement
membrane (Inoue and Osmond, 2001). Laminin staining of sinusoids clearly
demonstrates discontinuous basement membranes, thereby allowing unambiguous
identification of sinusoidal vessels in the absence of other markers (Inoue and
Osmond, 2001). Because we were able to image the entire marrow cavity we were

able to trace and digitally label each artery and all of its subsequent branching into
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smaller arteries and arterioles as they approached the endosteal surface. This is a

great advantage of the deep imaging approach that allowed us to unambiguously
identify vessels in a way that is not possible in thin sections where the connectivity of
vessels cannot be traced.

Near the endosteum, arterioles connect to the smallest diameter vessels of
the capillary network that line the endosteum. These capillaries then connect to
larger diameter sinusoidal vessels. By carefully following the blood vessel paths in
six samples, we determined that in the diaphysis the outer 20% of the marrow by
volume contained all of the vessels involved in the transition from arteriole to
sinusoid, i.e. the most distal portion of the arterioles, the connecting capillaries, and
the initial portion of sinusoids. We identified this region as the transition zone in
keeping with published criteria (Li et al., 2009). Therefore, we used the published
morphological characteristics of orientation, location, and basement membrane
continuity to subdivide blood vessels within the bone marrow. The Imaris surface
function was used to create three distinct digital surfaces corresponding to each type
of blood vessel. SHG signal was used to create bone surfaces. Three dimensional
distances between HSCs and digital vessel or bone surfaces were calculated using
the Imaris Distance Transform Matlab XTension and volumetric decile calculations
were performed using a Matlab-based Imaris XTension. The annotated programs,
entitled "Visualizing Progressive Zones of Equal Volume in a 3D Tissue (Matlab

Extensions for Imaris)" are available for download from the Morrison lab protocols
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webpage at the CRI website under "More Information” (http://cri.utsw.edu/sean-

morrison-laboratory/more-information/).

Random spot generation and insertion. The original 3 dimensional images of the
GFP channel in the Imaris format were used to generate random spots for each
sample. In a 16 bit Imaris file of the original bone marrow image, 3 dimensional
voxels were represented by signal intensity values that ranged between 0 and
65,535. Those signal intensity values were imported into MATLAB using the
imreadBF package (http://www.mathworks.com/matlabcentral/fileexchange/32920-
imread-for-multiple-life-science-image-file-formats) and the Bio-Formats software
(http://www.openmicroscopy.org/site/products/bio-formats). The images were filtered
to exclude low-intensity regions that included cracks in the specimen, blood vessel
lumens, and fat bodies where HSCs were not found and random spots were not
generated. The intensity-filtered images, of which the excluded portions were given
zero intensity values, were processed with MATLAB's median filter to remove salt-
and-pepper noise. Then the intensity images were converted to binary signals by
turning any non-zero intensity value into “one”. Those “one” signals were used to
determine the voxel locations that were used to generate random spots. The
locations were randomly permuted, and enough random spot coordinates were
designated to approximate the random spot distribution (more than 50,000 per
bone). The random spot coordinates were transferred to Imaris to generate the

random spots, and distances from random spots to cell types or landmarks in the
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bone marrow were calculated based on the distance transformation files generated

using landmark surfaces such as arterioles, sinusoids, transition zone vessels, and
bone. We confirmed the randomness of the distribution of the random spots by
measuring the frequency of random spots in each percentile of bone marrow
volume. Random spots were given a diameter of 6 microns, similar to the observed

average HSC diameter.

Statistical methods. To assess whether the distribution of HSCs significantly
differed from random spots with respect to particular bone marrow landmarks, we
used a normalized 2-sample Kolmogorov—Smirnov test. The 2-sample Kolmogorov—
Smirnov test calculates and evaluates the maximum difference between the
empirical cumulative distribution functions (ECDFs) of two test groups where each
group is a vector of continuous values, which in our case were the distances from
HSCs or random spots to particular bone marrow cell types or structures. Since we
had multiple biological samples, we normalized them by the following approaches:
1. HSCs and random spot distances from the same sample were pooled to
determine a range of distances, which was then used to generate 100 equal-length
bins for each sample so that each bin represented 1% of the distance range for that
sample.

2. For each sample, the number of HSCs or random spots in each bin was

determined and normalized to percentages.
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3. The average percentage of HSCs or random spots in each bin was calculated

across all samples.

4. The averaged, binned percentages of HSCs or random spots were used to
approximate the probability density functions (PDF), and the ECDFs were calculated
based on those approximate PDFs.

5. MATLAB's 2-sample Kolmogorov—Smirnov test was used and slightly modified so
that it accepted the two normalized ECDFs as inputs. The Kolmogorov—Smirnov p-
values were adjusted using the Bonferroni method to account for multiple
comparisons.

The data presented in figure panels reflect multiple independent experiments
performed on different days using tissues from different mice. Sample sizes were not
based on power calculations. No randomization or blinding was performed. Variation
is always indicated using standard deviation. For analysis of the statistical
significance of differences between two groups we first assessed whether variance
in the two groups was similar using an F test (it always was) and then two-tailed
Student's t-tests. Single factor ANOVA tests were used for comparisons in Figure 2.

Not all samples were suitable for image analysis and those that did not meet
the criteria were not analyzed. Occasionally the antibody staining was not strong
enough for us to detect HSCs or other landmarks in the deepest part of the bone
marrow or the samples were damaged during processing. In these cases the
samples were not analyzed. All mice used in our studies were between 8 and 12

weeks old, including both male and female mice. We did not observe any differences
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in HSC localization among male and female mice (Figure 14), so the data were

combined for purposes of analysis. All conclusions were based on data obtained
from at least 3 independent experiments involving samples obtained from different

mice and processed on different days.

Code availability. Code was written to separate bone marrow into volumetric
deciles and to identify the transition zone in the outer 20% of bone marrow. This
code is available on the Morrison lab protocols webpage at the CRI website under

"More Information” (http://cri.utsw.edu/sean-morrison-laboratory/more-information/).
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SFP mice. a, The targeting strategy to generate

Figure 1. Generation of a-catulin

GFP

the a-catulin®™" allele is shown. The targeting vector was generated by retrieving a

genomic fragment of the a-catulin gene, including exonl, from BAC clone RP24-
146F11 by recombineering(Liu et al., 2003). The retrieved genomic region was then
modified to replace most of the exonl coding region and the exonl-intronl junction
with an EGFP-bGH-pA-FRT-neo-FRT cassette in frame with the first ATG of a-
catulin. The final targeting vector was then linearized and electroporated into C57BL-
derived Bruce4 ES cells. b, New Nsil and Spel sites introduced with the EGFP-bGH-
pA-FRT-neo-FRT cassette were used to screen correctly targeted ES cell clones by
Southern blotting for 5’ and 3’ probes. Correctly targeted ES cells were used to

generate chimeric mice. Upon confirmation of germ-line transmission by PCR, the a-

GFP-neo

catulin mice were crossed with FIpe mice(Rodriguez et al., 2000), to remove

the neomycin resistance cassette. ¢, PCR genotyping of a-catulin® (WT) and a-

GFP GFP/+ GFP/GFP

catulin®™" alleles from a-catulin*’*, a-catulin and a-catulin mice. d, a-

GFPIGFP

catulin”* and a-catulin mice did not show any difference in size or body mass

GFP/GFP

(n=9 a-catulin”* and 8 a-catulin male mice, n=7 a-catulin** and 7 a-

GFP/+

catulin®™/¢"P female mice, all were 8-10 weeks old). e, a-catulin and a-

GFP/GFP

catulin mice were born at mendelian frequencies, survived into adulthood in

normal numbers, and were apparently developmentally normal. The statistics reflect
mice genotypes at 8-10 weeks of age. f, Cortical and trabecular femur bone (CB
and TB) did not show any statistically significant differences among a-catulin*"* and

GFP/GFP

a-catulin mice by microCT (micro Computed Tomography) analysis (6 a-



GFPIGFP and 5 a-catulin** controls at 10-12 weeks of age). HA refers to

catulin
Hydroxyapatite. All data represent meanzs.d. The significance of differences
between genotypes was assessed using Student's t-tests. None were statistical

significant.
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Figure 2. a-catulin®/cF?

mice had normal hematopoiesis, normal HSC
frequency, and normal HSC function. a, Hindlimb bone marrow cellularity (n=4-9
mice/genotype) and spleen cellularity (n=4-6 mice/genotype), spleen mass (n=4-7
mice/genotype). b, White blood cell (WBC), red blood cell (RBC) and platelet (PLT)

+/+

counts per microliter of peripheral blood from 8-12 week old a-catulin™", a-

GFP/+ GFP/GFP

catulin , and a-catulin mice (n=9 mice/genotype). c,d, Frequencies of
mature hematopoietic cells and progenitors in the bone marrow of 8-12 week old a-
catulin™* and a-catulin®™"°F” mice (Pre-ProB cells were B220*sIgM CD43'CD24";
ProB cells were B220"sIlgM'CD43"CD24"; Pre-B cells were B220"sIlgM'CD43";
common lymphoid progenitors (CLPs) were Linc-kit®*Scal®“CD127*CD135";
common myeloid progenitors (CMPs) were Linc-kit"Scal CD34"'CD16/32";
granulocyte-macrophage progenitors (GMPs) were Lin'c-kit"Scal CD34"CD16/32";
and megakaryocyte-erythroid progenitors (MEPs) were Linc-kit'Scal CD34
CD16/32" (n=3 mice/genotype). e, Bone marrow CD150"CD48LSKs HSC frequency,
bone marrow CD150'CD48LSKs MPP frequency (n=12 mice/genotype in 12

independent experiments), and spleen HSC frequency (n=3 mice/genotype in 3

experiments). f, Percentage of HSCs and whole bone marrow cells that incorporated

GFP/+ GFP/GFP

a 3 day pulse of BrdU in vivo (n=6 a-catulin*’*, 9 a-catulin , and 7 a-catulin
8-12 week old mice in 3 independent experiments). g, Colony formation by HSCs in
methylcellulose cultures (GM means granulocyte-macrophage colonies, GEMM

means granulocyte-erythroid-macrophage-megakaryocyte colonies, Mk means

megakaryocyte colonies; (n=5 mice/genotype in 5 independent experiments). h,
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Reconstitution of irradiated mice by 300,000 donor bone marrow cells from 8-12

GFP/+ GFP/GFP

week old a-catulin™*, a-catulin , Or a-catulin mice competed against

300,000 recipient bone marrow cells (n=4 donor mice and 16 recipient mice for a-

GFP/+

catulin™*, n=3 donor mice and 9 recipient mice for a-catulin , and n=4 donor mice

and 18 recipients for a-catulin® /¢

in 3 independent experiments). i, Serial
transplantation of 3 million WBM cells from primary recipient mice shown in panel d
into irradiated secondary recipient mice (n=4 primary a-catulin*’* recipients were

transplanted into 17 secondary recipients and n=6 primary a-catulin®F>/erP

recipients
were transplanted into 20 secondary recipients). All data represent meants.d. The
statistical significance of differences between genotypes was assessed using

Student's t-tests or ANOVAs. None were significant.
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Figure 3. Deep imaging of a-catulin-GFP* HSCs in digitally reconstructed bone

GFP* hone marrow cells were GFP*

marrow. a, Only 0.021+0.006% of a-catulin
(n=14 mice in 11 independent experiments). b, Nearly all a-catulin-GFP*c-kit" bone
marrow cells were CD150"CD48™ (n=9 mice in 3 independent experiments Figure 4b
shows ungated cells from this analysis; Figure 17 shows scatter profiles). c,
Competitive reconstitution assays in irradiated mice showed a-catulin-GFP™ cells
were highly enriched for long-term multilineage reconstituting HSCs. Donor cells
were competed against 300,000 recipient WBM cells. HSC frequency was calculated
using Extreme Limiting Dilution Analysis(Hu and Smyth, 2009) software
(http://bioinf.wehi.edu.au/software/elda/) (2-4 independent experiments per cell
population). d-e, A half tibia before (d) and after clearing (e). f-m, Deep imaging of a-
catulin-GFPc-kit" HSCs in the epiphysis and metaphysis of a half tibia (360 um
thick) showing digital bone surfaces (based on second harmonic generation, white),
as well as blood vessels (laminin, blue), hematopoietic progenitors (c-kit*, red), and
a-catulin-GFP" cells (green). Endothelial cells also express a-catulin-GFP but were
easily distinguished from a-catulin-GFP*c-kit" HSCs based on c-kit expression and
morphology. Note that in 2 dimensional projected images of thick specimens, a-
catulin-GFP" cells and c-kit+ cells can appear much more frequent than they actually
are because all of the cells from the thick specimens are collapsed into a single 2
dimensional optical plane. g) Same as (f), digitally masked to reveal only HSCs and
bone. The positions of the a-catulin-GFP*c-kit” HSCs are represented by yellow

spheres to make them visible at this magnification. h-j) A higher magnification view
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of the boxed region from panel g. Panel i digitally masks all hematopoietic cells other

than HSCs (yellow spheres). Panel  digitally masks blood vessels and
hematopoietic cells other than HSCs. k-m) A higher magnification view of the boxed
area from panel j. Panel | digitally masks all hematopoietic cells other than HSCs
(arrows). Panel m additionally masks blood vessels. Images are representative of
three independent experiments. Supplementary video 1 shows a three dimensional
digital reconstruction of bone and bone marrow. The relative positions of HSCs and
other bone marrow structures can appear to change slightly in thick specimens when
magnification is changed due to the rendering perspective for 3 dimensional display

of volume data.
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Figure 4. a-catulin-GFP expression among hematopoietic cells is highly

restricted to HSCs. a, The frequency of a-catulin-GFP* bone marrow cells in

GFPI* mice (n=14 mice per

negative control a-catulin** (WT) mice and a-catulin
genotype in 11 independent experiments). In all cases in this figure percentages
refer to the frequency of each population as a percentage of WBM cells. b, a-catulin-
GFP™ckit™ cells from Figure 1b are shown (blue dots) along with all other bone
marrow cells in the same sample (red dots). ¢, CD150"CD48 LSK HSCs express a-
catulin-GFP but CD150 CD48LSK MPPs do not (n=17 mice in 12 independent
experiments). A minority of the a-catulin-GFPckit" cells had high forward scatter,
lacked reconstituting potential, and were gated out when flow cytometrically isolating
HSCs and when identifying HSCs during imaging (see Figure 17 for further
explanation). d, , Linc-kit®“Sca1®“CD127*CD135" common lymphoid progenitors
(CLPs), Linc-kit"'Scal CD34°CD16/32 cells common myeloid progenitors (CMPs),
Linc-kit'Scal'CD34"CD16/32" granulocyte-macrophage progenitors (GMPs), and
Linc-kit'Scal CD34 CD16/32  megakaryocyte-erythroid progenitors (MEPS) did not

GFPI* and control cell populations had similar levels

express a-catulin-GFP. a-catulin
of background GFP signals that accounted for fewer than 1% of the cells in each

population (n=9 mice/genotype in 2 independent experiments).
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Figure 5. a-catulin-GFP*ckit” bone marrow cells are highly enriched for HSC

activity. a, Competitive reconstitution assays in which one donor a-catulin-
GFPckit"GFP* bone marrow cell was transplanted along with 300,000 recipient
bone marrow cells into irradiated recipient mice. Each line represents one of the nine
mice (out of 34 transplanted; see Figure 1c) that were long-term multilineage
reconstituted by donor cells. b, Three million WBM cells from primary recipient mice
1-4 from panel a (indicated by an asterisk) were transplanted into secondary
recipient mice (3-5 secondary recipients/primary recipient for a total of 17 secondary
recipient). The average (xs.d.) levels of donor cell reconstitution in secondary

recipient mice from each primary donor are shown.
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Figure 6. a-catulin-GFPckit” HSCs are quiescent. a, DNA content of WBM cells,

a-catulin-GFP*ckit* HSCs, and CD150"CD48LSK HSCs. While 11.5% of WBM cells
had greater than 2N DNA content (in S/G2/M phases of the cell cycle), only around
1% of a-catulin-GFP*ckit" HSCs or CD150"CD48LSK HSCs had greater than 2N
DNA content. b, BrdU incorporation into WBM cells, c-kit" cells, a-catulin-GFP"
CD150"CD48LSK cells, a-catulin-GFP*CD150"CD48LSK HSCs, and a-catulin-
GFP*ckit" HSCs after 3 days of continuous BrdU administration (BrdU treated).
Untreated negative control mice are also shown. ¢, Percentage of BrdU™ cells in
each cell population. In each panel, the number of mice from which each cell
population was isolated for analysis (without being pooled) is indicated. All data
reflect meanzs.d. from 2 to 5 independent experiments. Statistical significance was

assessed using Students t-tests (*, P<0.05; **, P<0.01).
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Chicken
isotype
control

Figure 7. c-kit and a-Catulin-GFP staining do not reflect autofluorescence or
background staining. a, 4-color confocal analysis of a bone marrow plug from a tibia
diaphysis stained with primary and secondary antibodies against Ki-67, a-catulin-GFP, c-kit,
and laminin. A 2 um optical section is shown from a thick specimen to illustrate typical
staining. b, Negative control in which a bone marrow plug from a tibia diaphysis was stained
with isotype control and secondary antibodies then imaged under the same conditions as
shown in panel a. c, Ki-67 staining was largely or exclusively nuclear, co-localizing with

DAPI.
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Figure 8. HSC density is higher in the diaphysis as compared to the

metaphysis. a, Schematic of a femur showing the separation of
epiphysis/metaphysis from diaphysis. We divided metaphysis from diaphysis at the
point where the central sinus branched (see red line in panels a,f and i). This is also
the point at which the density of trabecular bone declines moving into the diaphysis.
b, A bisected femur before and after clearing. ¢, The frequency of CD150°CD48"
LSK cells and a-catulin-GFP*c-kit" cells by flow cytometry in the
epiphysis/metaphysis versus diaphysis (n=9 mice in 2 independent experiments).
Note that bone marrow cells were extracted from crushed bones. d, The distance
from a-catulin-GFP*c-kit" cells to the nearest bone surface in the femur diaphysis
based on deep imaging (n=368 cells in 3 bisected femurs). e, The distance from a-
catulin-GFPc-kit" cells to the nearest bone surface in the femur diaphysis based on
analysis of thin (7 um) sections (n=45 cells). f, Schematic of a tibia showing the
separation of epiphysis/metaphysis from diaphysis (red line). g, The frequency of
CD150"CD48LSK cells and a-catulin-GFP*c-kit" cells by flow cytometry in the
epiphysis/metaphysis versus diaphysis (n=9 mice in 2 independent experiments). h,
The frequency of a-catulin-GFP c-kit" cells in the tibia epiphysis/metaphysis versus
diaphysis based on deep confocal imaging (n=3 bisected tibias in 3 independent
experiments). i, Deep imaging of a bisected tibia showing the separation of
metaphysis and diaphysis (red line) where the central sinus branches . Note that
these tibias were digitally reconstructed from two different imaging sessions, above

and below the diagonal white line. This image shows a 349 um thick specimen
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collapsed into 2 dimensions. Note that this causes a-catulin-GFP* cells and c-kit+

cells to appear much more frequent than they actually were because all of the cells
from the thick specimen were collapsed into a single 2 dimensional optical plane for
presentation. j, For comparison purposes, a single 2 um thick optical slice from the
tibia in panel i. k, High magnification images of single a-catulin-GFP*c-kit" cells from
the same tibia. Note that a-Catulin-GFP is also expressed by sinusoidal endothelial
cells but these cells are easily distinguished from HSCs because the endothelial
cells lack c-kit expression and have a very different morphology. Statistical
significance was assessed using Students t-tests (*, P<0.05; ** P<0.01; ***,

P<0.001).
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Figure 9. HSCs are enriched in the central marrow and depleted near the

endosteum. a,b, The distribution of HSCs from the central marrow to the
endosteum can be determined by drawing concentric cylinders that correspond to
equal volumetric deciles from the center of the marrow to the endosteum (a) or to
equal radial deciles from the center to the endosteum (b) as in a recent
study(Kunisaki et al., 2013). c,d, Each volumetric decile (as in a) contains 10% of
the marrow volume (c). However, cylinders based on radial deciles (as in b), contain
successively larger volumes of marrow as they approach the endosteum because
the radius of the cylinders becomes larger (d). e,f, The distribution of random spots
among volumetric deciles (a) is nearly equal because each cylinder contains an
equal marrow volume (e). However, the number of random spots per cylinder based
on radial deciles (b) increases from the center to the endosteum as cylinder volume
increases (f). g, If we plotted our HSC localization data by volumetric deciles (as in
Figure 10a), HSC were enriched toward the central marrow. h, If we plotted our HSC
localization data by radial deciles, the number of HSCs per cylinder increased
toward the endosteum as cylinder volume increased, similar to random spots and
similar to the data recently published by another group based on radial
deciles(Kunisaki et al., 2013). When we plotted the data from the other group based
on volumetric deciles (by scaling radial decile data based on the known differences
in volume between radial and volumetric deciles, as shown in panel d), then those
data also appeared consistent with our conclusion that HSC density is higher in the

center of the marrow. i, A representative cross sectional image of a tibia diaphysis
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plug 49um thick showing a typical distribution of a-catulin-GFP ckit" cells (yellow).

Note that although the a-catulin-GFPckit* cells are quite uniform in size, they
appear to differ in size in this image because some are deeper in the z plane than

others.
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Figure 10. HSCs localize adjacent to Cxcl12"9" and LepR* niche cells but

distant from bone surfaces. a, The distribution of a-catulin-GFP*c-kit" HSCs and
random spots in concentric cylinders corresponding to equal volumetric deciles from
central marrow to endosteal marrow (near the bone surface) from the tibia diaphysis
(2977 HSCs in 6 bone marrow plugs (390-550 um thick) in 6 independent
experiments). See Figure 9 for further explanation. Relative to random spots, HSCs
were significantly enriched in central marrow. b,c, The distance from HSCs or
random spots to the nearest bone surface in the diaphysis (b) or metaphysis (c).
HSCs were significantly less enriched than random spots near bone surfaces in the
diaphysis (b). d,e, Percentages of all HSCs and random spots within 10pm of a bone
surface in the diaphysis (d) or metaphysis (e; b-e show 817 HSCs in the diaphysis
and 218 HSCs in the metaphysis of 3 bisected tibias that were 360-400 pum thick). f,
The distance from HSCs or random spots to the nearest GFAP* Schwann cell
(n=608 HSCs in bone marrow plugs (430 to 530 um thick) from the diaphysis of 3
tibias). g, Percentages of all HSCs and random spots within 10um of a GFAP”*
Schwann cell. h, The distance from HSCs or random spots to the nearest Cxcl12"9"
stromal cell (=596 HSCs in bone marrow plugs (235-450 pum thick) from the
diaphysis of 4 tibias). i-k, The percentage of HSCs that appear to have cell-cell
contact with a Cxcl12"9" stromal cell (i) and whether the contact is with the cell body
or a cellular process (j). k, An a-catulin-GFPc-kit" cell in apparent contact with a
Cxcl12-expressing cell. |, An a-catulin-GFP*c-kit™ cell in apparent contact with a

LepR-expressing cell. m, The distance from HSCs or random spots to the nearest
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LepR" stromal cell in LepR®®; tdTomato (ref (Ding et al., 2012; Zhou et al., 2014))

bone marrow (n=384 HSCs in bone marrow plugs (500 um thick) from the diaphysis
of 3 tibias). All data reflect meanzs.d. from at least three independent experiments.
In panels a,b,c,f,h,m the significance of differences in the distribution of HSCs
versus random spots was assessed by Kolmogorov—Smirnov analysis. The
statistical significance of differences between HSCs and random spots within 5 or 10
microns of a particular stromal cell type (panels d, e, g, h, m) was assessed using

Student’s t tests (*, P<0.05).
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Figure 11. GFAP" non-myelinating Schwann cells are in the center of the

marrow. Low (a-d) magnification images of bone marrow plugs from tibia diaphysis
stained with antibodies against a-catulin-GFP, c-kit, and GFAP. GFAP" non-
myelinating Schwann cells are associated with nerve fibers that run longitudinally
along the central bone marrow, where innervated arterioles are located(Kunisaki et
al., 2013). a-catulin-GFP c-kit" cells were identified and annotated with blue spheres
using the Imaris spot function in panels b and d. For clarity, other hematopoietic
cells and endothelial cells are not shown in panels b and d. e, A higher magnification
image showing two a-catulin-GFP*c-kit" cells (arrows) and their localization relative
to GFAP positive glia (white) and a-catulin-GFP" endothelial cells (green). The
images in panels a-d show a 505 pm thick specimen. This causes a-catulin-GFP*
cells and c-kit+ cells to appear much more frequent than they actually were because
all of the cells from the thick specimen were collapsed into a single 2 dimensional
optical plane for presentation. Note as well that because these were thick
specimens, there were cases in which an a-catulin-GFP" cell and a c-kit" cell were
present in different optical planes such that they appeared to be a single a-catulin-
GFPc-kit" cell when collapsed into a single 2 dimensional image. For this reason, a-
catulin-GFPc-kit" cells cannot be reliably identified in low magnification 2
dimensional projected images. In all cases, cells that we identified as a-catulin-
GFP"c-kit" were manually examined at high magnification in 3 dimensions to confirm

double labeling of single cells, as shown in panel e.
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Figure 12. Bone marrow blood vessel types can be distinguished based upon
vessel diameter, continuity of basal lamina, morphology, and position. a,b,
Schematic (a) and properties (b) of blood vessels in the bone marrow. Blood enters
the marrow through arterioles that branch as they become smaller in diameter and
approach the endosteum, where they connect to smaller diameter transition zone
capillaries near the bone surface. These transition zone capillaries connect to the
large diameter sinusoids that feed blood into the central sinuous through which it
leaves the bone marrow in venous circulation. ¢, Each type of blood vessel was

distinguished based on vessel diameter, continuity of basal lamina, morphology, and
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position then color coded using published criteria(Draenert and Draenert, 1980;

Kopp et al., 2009; Li et al., 2009; Nombela-Arrieta et al., 2013). To create distinct
digital surfaces associated with each type of blood vessel we first designated all
laminin-stained blood vessels in the outer 20% of the marrow volume (adjacent to
the endosteum) as transition zone vessels (blue). Arterioles were identified and
manually traced in the remaining 80% of marrow volume based on high intensity
laminin staining, continuous basal lamina, and morphology. Remaining blood
vessels with low intensity laminin staining, fenestrated basal lamina, large diameter,
and sinusoidal morphology were designated sinusoids. Note that this cross-sectional
image is also shown in Figue 2.9i to illustrate a typical distribution of a-catulin-
GFPc-kit" cells. The longitudinal images (top) show bone marrow plugs that were

150 pm thick and the cross-sectional images (bottom) were 49 um thick.
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Figure 13. HSCs localize adjacent to sinusoids but distant from arterioles and

transition zone vessels in tibias. a,b, The position of a-catulin-GFP*c-kit" HSCs
(arrows) relative to sinusoids (purple), arterioles (white), and transition zone vessels
(blue). Vessels were categorized and false colored based on morphology, position,
and laminin staining as detailed in Figure 12. Hematopoietic cells other than HSCs
were masked in panel b for clarity. c-e, The distance from HSCs or random spots to
the nearest arteriole (c), sinusoid (d), or transition zone vessel (e). f-i, Percentages
of all HSCs and random spots within 10um of an arteriole (f), a sinusoid (g), or a
transition zone vessel (h). i, Percentages of HSCs and random spots that were
closest to arterioles, sinusoids, or transition zone vessels. j-I, Representative images
of a-catulin-GFP*c-kit" HSCs (arrows) that localized immediately adjacent to an
arteriole (j), a sinusoid (k), or a transition zone vessel (I). All data reflect meanzs.d.
from bone marrow plugs (390-550 um thick) from the diaphysis of 6 tibias in which a
total of 2977 HSCs were analyzed in 6 independent experiments. In panels c-e the
statistical significance of differences in the distribution of HSCs versus random spots
was assessed by Kolmogorov—Smirnov analysis. Statistical significance in panels f-i

was assessed by Student’s t-tests (*, P<0.05; **, P<0.01; ***, P<0.001).
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Figure 14. We could not detect any difference in the distribution of HSCs in the
bone marrow of male and female mice. a, The distribution of a-catulin-GFPc-kit"
cells in concentric cylinders corresponding to equal volumetric deciles from central
marrow to endosteal marrow (near the bone surface) in bone marrow plugs from the
tibia diaphysis of male and female mice. b,c,d, The distance from a-catulin-GFP*c-
kit" cells in male or female mice to the nearest arteriole (b), sinusoid (c), or transition
zone vessel (d) in tibia based on deep imaging. e,f,g, The percentage of a-catulin-

GFP*c-kit" cells within 10 um of arterioles (e), sinusoids (f) and transition zone
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vessels (g) in the tibias of male versus female mice. h, The percentage of a-catulin-

GFP*c-kit" cells closest to arterioles, sinusoids, or transition zone vessels in the
tibias of male versus female mice. These data show meanzs.d. for a total of 1345 a-
catulin-GFPc-kit" cells from 3 female tibias and 1632 a-catulin-GFP*c-kit" cells from
3 male tibias. The statistical significance of differences were assessed using
Kolmogorov—Smirnov tests in panels a-d and Student’s t tests in panels e-h. None of

the differences were statistically significant.
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Figure 15. Both dividing and non-dividing HSCs are most closely associated

with sinusoids. a,b, Representative images of a Ki-67 a-catulin-GFP c-kit" non-
dividing HSC (a, arrow) and a Ki-67"a-catulin-GFP*c-kit" dividing HSC (b, arrow). c,
14.9+2.0% of HSCs were Ki-67". All data reflect meanzs.d. from bone marrow plugs
(410-440 pm thick) from the diaphysis of 5 tibias in which a total of 2132 HSCs were
analyzed in 5 independent experiments. d-f, The distance from Ki-67" non-dividing
HSCs, Ki-67" dividing HSCs, or random spots to the nearest arteriole (d), sinusoid
(e), or transition zone vessel (f). g-i, The percentages of all Ki-67" non-dividing
HSCs, Ki-67" dividing HSCs, or random spots within 10um of an arteriole (g), a
sinusoid (h), or a transition zone vessel (i). j, Most Ki-67" non-dividing HSCs and Ki-
67" dividing HSCs were most closely associated with sinusoids. k, The distributions
of Ki-67" non-dividing HSCs, Ki-67" dividing HSCs, and random spots in concentric
cylinders corresponding to equal volumetric deciles from central marrow to
endosteal (outside) marrow. Non-dividing HSCs were significantly enriched in central
marrow while dividing HSCs were significantly enriched toward the endosteum (d-k
reflect meanzs.d. from bone marrow plugs from the diaphysis of 5 tibias in which a
total of 1840 Ki-67" HSCs and 292 Ki-67" HSCs were analyzed in 5 independent
experiments). In panels d-f and k the statistical significance of distribution
differences was assessed by Kolmogorov—Smirnov analysis. In panels g-j, the
statistical significance of differences between Ki-67" HSCs, Ki-67" HSCs, and
random spots was assessed by Student’s t-tests (*, P<0.05) and none were

significant.
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Figure 16. We were not able to detect any expression of NG2-CreER in Scf or

Cxcl12 expressing cells and conditional deletion of Scf or Cxcl12 using NG2-
CreER did not affect HSC frequency or bone marrow reconstituting capacity.
a, Confocal image of a 20 um optical section from a 390 um thick cleared bone
marrow plug from the tibia diaphysis of an NG2°5R; Rosa'™™%"*: ScfeFP* mouse
(image is representative of bones from 4 mice). The image shows rare Tomato+
periartieriolar smooth muscle cells (arrow) as well as glial associated with nerve
fibers (arrow head); however, we were unable to detect Scf expression by any of
these cells. b, Representative flow cytometry plots showing the percentage of Scf-
GFP+ stromal cells that were positive for Tomato expression (reflecting
recombination by NG2-CreER) or LepR antibody staining (mean+SD from 4 mice in
3 independent experiments). Scf-GFP+ stromal cells were uniformly positive for
LepR expression but negative for NG2-CreER. c,d,e,f, Conditional deletion of Scf in
NG2°"ER: Scf° M mice had no effect on bone marrow cellularity (c), HSC frequency
(d), CMP, GMP, or MEP frequency (e) or bone marrow reconstituting capacity upon
transplantation into irradiated mice (f) (=5 mice/genotype in 5 independent
experiments with 4-5 recipient mice/donor in each experiment). g, Confocal image of
a 20 um optical section from the diaphysis of a 130 um thick cleared bisected tibia
from a NG2°"ER; Rosa"™™*: Cxcl12%R** mouse. The image shows rare YFP+
periartieriolar smooth muscle cells; however, we were unable to detect Cxcl12
expression by these cells. h, Representative flow cytometry plots showing the

percentage of Cxcl12-DsRed+ stromal cells that were positive for YFP expression



98
(reflecting recombination by NG2-CreER) or LepR antibody staining. Cxcl12-DsRed+

stromal cells were uniformly positive for LepR expression but negative for NG2-
CreER. i,j,k,!, Conditional deletion of Cxcl12 in NG2°ER: Cxcl12™ mice had no
effect on bone marrow cellularity (i), HSC frequency (j), CMP, GMP, or MEP frequency
(k) or bone marrow reconstituting capacity upon transplantation into irradiated mice () (n=4
mice/genotype in 4 independent experiments with 4-5 recipient mice/donor in each

experiment).
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Figure 17. All HSC activity resides among a-catulin-GFPckit" cells with low

forward and side scatter. a, Most a-catulin-GFP ckit" cells (63+7.2%) had low
forward and side scatter but a distinct minority population (36+7.2%) had higher
forward and side scatters that were not typical of HSCs. b, We sorted the low scatter
and the high scatter a-catulin-GFPckit" cell populations gated in panel a and
measured their diameters (3 independent experiments). ¢, Competitive
reconstitution assays in irradiated mice revealed that all HSC activity resided in the
low scatter cell fraction. For each recipient mouse, the indicated donor cells (based
on the number of cells from each population contained within 300,000 bone marrow
cells) were transplanted into irradiated mice along with 300,000 recipient bone
marrow cells (meanzs.d. from 2 independent experiments with 4-10 recipient mice
per group). d, The size distribution of all a-catulin-GFP*ckit" cells identified by
confocal microscopy in bone marrow plugs from the tibia diaphysis (6 bones
analyzed in 6 independent experiments). In keeping with the flow cytometry data, the
largest 40% of cells were not considered HSCs, excluding all cells with diameter

larger than 7 pm.
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2.7 Supplementary videos

Supplementary video 2.1. HSCs in the metaphysis of a tibia. A segment of tibia
was fixed, stained with antibodies against c-kit (red), a-Catulin-GFP (white), and
laminin (green), then cleared and imaged. Bone was imaged as second harmonic
generation (gray). Endothelial cells were a-Catulin-GFP" and HSCs were a-Catulin-
GFPc-kit". To show the spatial relationship between HSCs and bone, blood vessels
and other hematopoietic cells were masked, then laminin staining was unmasked to

show the relationship between HSCs and blood vessels.

Supplementary video 2.2. HSCs are closely associated with Cxcl12"9" stromal
cells throughout the bone marrow. A bone marrow plug from the tibia of a
Cxcl12P5Red* - o Catulin®™* mouse was stained with antibodies against GFP (green)
and c-kit (white). Hematopoietic progenitors are c-kit" (white), HSCs are a-Catulin-
GFP*c-kit" (green and white), and Cxcl12"9" stromal cells are DsRed" (red). To
make it possible to see examples of interactions between HSCs and Cxcl12M9"
stromal cells, all channels 20-30um beyond the spot of interest were occasionally

masked.

Supplementary video 2.3. HSCs localize mainly around sinusoids. A bone

GFP* mouse was stained with antibodies

marrow plug from the tibia of a a-Catulin
against GFP (green), c-kit (red), and laminin (white). Hematopoietic progenitors are

c-kit" (red), HSCs are a-Catulin-GFP*c-kit" (green and red), and blood vessels are
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marked by laminin (white). Hematopoietic cells other than HSCs are masked

throughout most of the video to make it possible to see HSCs throughout the
marrow. Note that HSCs tend to localize in the central marrow around sinusoids that
are dimly stained for laminin. The a-Catulin-GFP signal from c-kit negative

endothelial cells was also masked for clarity.
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CHAPTER THREE
Bone marrow sympathetic nerves are required for
hematopoietic regeneration after injury

3.1 Abstract

Sympathetic nerves innervating the bone marrow have been implicated in the
regulation of hematopoiesis. However, these studies relied on model systems
that induced a loss of sympathetic nerves in both the bone marrow and other
tissues. We discovered that nerve growth factor (Ngf) is the primary
neurotrophin expressed in the bone marrow. It is produced by leptin receptor-
expressing perivascular stromal cells. By conditionally deleting Ngf from
perivascular stromal cells we generated mice that lack innervation of the bone
marrow, but are not generally sypathectomized. We then used these mice to
assess the role of bone marrow nerves in regulating hematopoiesis. Mice
which lacked bone marrow innervation had normal hematopoiesis, but
exhibited defects in circadian mobilization of progenitors. Ngf conditional
mutant mice failed to recover bone marrow hematopoiesis after irradiation and
bone marrow transplantation, and this defect was rescued by treating
irradiated mice with the B2 adrenergic receptor agonist salbutamol. Previous
studies suggested that perivascular stromal cells and endothelial cells are
induced to proliferate in mice lacking sympathetic nerves. However, we found

that perivascular stromal cells and endothelial cells of mice without bone
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marrow nerves did not exhibit defects in frequency or proliferative status,

either in steady state or during regeneration.

3.2 Introduction

The autonomic nervous system has been implicated in regulating
hematopoiesis and hematopoietic stem cells (HSCs), but the contexts in which
nerves regulate hematopoiesis and the mechanisms through which they influence
the bone marrow remain controversial. Reports using different models of peripheral
neuropathy suggest that nerves are required for hematopoietic homeostasis and
HSC maintenance (Afan et al., 1997; Yamazaki et al., 2011), mobilization of
progenitors to the blood (Katayama et al., 2006; Lucas et al., 2008; Méndez-Ferrer
et al., 2008, 2010a), homeostasis of HSC niche cells (Lucas et al., 2013), recovery
from bone marrow injury (Lucas et al., 2013), and also play a role in antagonizing
tumorigenesis (Arranz et al., 2014; Hanoun et al., 2014). These studies have used
three different approaches for removing sympathetic nerves, (1) surgically resecting
the lumbar sympathetic trunk (Afan et al., 1997; Yamazaki et al., 2011), (2) chemical
sympathectomy with 6-hydroxydopamine or chemotherapy (Lucas et al., 2013), and
(3) deleting genes essential for peripheral nerve function from neurons or from the
germline (Katayama et al., 2006; Lucas et al., 2013). A shortcoming of all these
approaches is that the sympathetic nerves are absent from both the bone marrow
and other tissues, making it impossible to distinguish between the direct effects of

bone marrow nerves on hematopoiesis and indirect effects of SNS dysfunction.
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To avoid these shortcomings, we sought to develop a model of peripheral

denervation in which only the bone marrow nerves, but not other peripheral nerves,
are disrupted. Sympathetic nerves rely on signaling from the neurotrophin family of
proteins for their survival, which act through p75 and the Trk family of receptors to
maintain healthy axons. Sympathetic neurons grown in vitro retract in the absence of
neurotrophins, and genetic deletion or antibody-mediated inactivation of
neurotrophins in vivo leads to the retraction of peripheral nerves (Aloe et al., 2012;
Gomez-Casati et al., 2010; Lindsay, 1988; Ma et al., 2009). Neurotrophins are
expressed within the target tissues of the peripheral nerves (Terenghi, 1999).
Conditional deletion of brain-derived neurotrophic factor (Bdnf) in the tongue or
neurotrophin 3 (Ntf3) in the inner ear from non-neural cells leads to defects in
synapse formation and innervation (Gomez-Casati et al., 2010; Ma et al., 2009; Wan
et al., 2014). Therefore, we hypothesized that by conditionally deleting the
neurotrophins crucial for bone marrow innervation from marrow cells but not other
tissues, we could generate mice lacking bone marrow nerves but not other nerves.
These mice would then allow us to address whether the previously reported roles for
innervation in the regulation of hematopoiesis were due to the action of bone marrow

nerves or an indirect consequence of general sympathectomy.

3.3 Results

Ngf is the only neurotrophin expressed at high levels in the bone marrow
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Sympathetic nerves require continuous signaling from neurotrophin family

members for their survival (reviewed by Patapoutian and Reichardt 2001). To
identify the source of neurotrophin expression in the adult bone marrow, we
analyzed the expression of neurotrophins from various bone marrow populations.
Nerves enter the bone marrow along the nutrient artery through the foramen in
diaphyseal bone (Figure 18a), and nerves and arterioles co-localize throughout the
bone marrow (Travlos, 2006). We measured neurotrophin expression in perivascular
stromal cells expressing Scf, osteoblasts, endothelial cells, and whole bone marrow
cells. Only one neurotrophin, Ngf, was expressed in the marrow, and almost all Ngf
expression was restricted to Scf-expressing perivascular cells (Figure 18c). Scf-
expressing cells can also be identified using LepR®"®; tdTomato lineage tracing
(Zhou et al., 2014), which marks primarily perisinusoidal cells, but also some
periarteriolar smooth muscle cells (Ding et al., 2012; Zhou et al., 2014) (Figure 18b).
Ngf was expressed by both smooth muscle cells expressing express smooth muscle
actin (Sma) or Ng2 (Zhou et al., 2014) and in populations composed of primarily
perisinusoidal cells, marked by Scf-GFP or LepR®®; tdTomato (Figure 18d). We
directly tested the abundance of neurotrophin transcripts in the bone marrow using
RNA-seq analysis, and found that no neurotrophins besides Ngf were expressed at

a level above background (Figure 19a).

Ngf produced by leptin receptor-expressing perivascular stromal cells is

required to maintain bone marrow innervation
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We next wanted to test whether Ngf was required to maintain innervation of

the bone marrow. To do this, we generated mice with a conditional knockout allele
for Ngf (Ngf "~ mice, Figure 20a-d) and crossed them to mice expressing Cre under
the control of promoters specifically active in bone marrow perivascular stromal
cells. We previously showed that LepR expression marks bone marrow stromal cells
responsible for producing SCF and CXCL12 to maintain HSCs (Ding and Morrison,
2013; Ding et al., 2012). Since Ngf production in the bone marrow is restricted to
these cells, we tested whether leptin receptor-expressing cells also play a role in
maintaining bone marrow innervation. In mice younger than eight weeks old, when
the recombination efficiency of LepR-Cre is below 80% (Ding et al., 2012), LepR*";
Ngf " mice have peripheral nerves in their bone marrow (Table 1). However, after
sixteen weeks of age, when the deletion efficiency of LepR-Cre is above 95% (Zhou
et al., 2014), LepR®"®; Ngf " mice exhibit a lack of bone marrow nerves in all marrow
compartments analyzed, including the vertebrae (Figure 21a, b), long bones (Figure
21c, d, Table 1), and sternum (data not shown). LepR®®; Ngf "~ mice only lack
nerves in the marrow, as tyrosine hydroxylase-positive (TH") or neurofilament H-
positive (NFH") neurons can be seen in the sciatic nerves (Figure 21e, f) and within

the nutrient foramen of the bone (Figure 21d, arrowhead).

LepR®®; Ngf " mice have normal hematopoiesis but lack circadian progenitor

mobilization
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Nerves have been reported to regulate hematopoiesis in the steady state to

maintain HSCs (Afan et al., 1997; Yamazaki et al., 2011) or induce circadian
mobilization of progenitors to the peripheral blood (Katayama et al., 2006; Lucas et
al., 2013; Méndez-Ferrer et al., 2008). To test whether the bone marrow nerves play
a role in these processes, we analyzed the hematopoietic systems of LepR®®; Ngf "
mice. Bone marrow cellularity and the number of circulating white blood cells,
lymphocytes, and red blood cells were unchanged between LepR®®; Ngf "~ mice and
littermate controls (Figure 22a-c). The frequency of hematopoietic stem and
progenitor cells was also not significantly different when assessed either by flow
cytometry, transplantation, or CFU-C (Figure 22d-g). In agreement with earlier
studies (Lucas et al., 2008; Méndez-Ferrer et al., 2008), we observed a defect in the
circadian mobilization of Lin"Scal*c-kit" (LSK) progenitor cells into the blood during
midmorning (Zeitgeiber Time 5) (Figure 22h, i). However, we did not observe a
defect in G-CSF-induced mobilization of hematopoietic progenitors, as the frequency
of colony-forming progenitors present in the spleen or peripheral blood was equally
enhanced by four days of G-CSF administration in both LepR®®; Ngf "~ mice and

littermate controls (Figure 22j, k).

Prx1°"®; Ngf " mice lack innervation in long bones but not vertebrae
Our group and others (Ding and Morrison, 2013; Greenbaum et al., 2013)
have previously shown that LepR-expressing stromal cells can also be targeted in

the bone marrow by Prx1-Cre, which deletes with high efficiency during early
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development in the limb bud mesoderm (Logan et al., 2002). Prx1-Cre deletes with

high efficiency in the perivascular stromal cells of limb bones, but does not
recombine at all in vertebral bone marrow (Figure 23a, b, Figure 24a, b). We found
that young Prx1°®; Ngf "~ mice have TH" neruons in their vertebrae (Figure 23c) and
sciatic nerve (Figure 24c) but not in their long bones (Figure 4D, Table 1). Like
LepR®®: Ngf "~ mice, young Prx1°®; Ngf "~ mice had no gross defects in
hematopoiesis in their long bones, as measured by marrow cellularity, frequency of
progenitors, competitive transplantation, and CFU-C (Figure 23e-j). Prx1°®; Ngf -
mice did have a small but significant increase in the frequency of HSCs in their long
bones (Figure 23g) but not their vertebrae (Figure 24d); however, this difference was
very small and did not reflect any change in the frequency of HSCs actively in cycle,
as measured by BrdU incorporation (Figure 23i).

Previous work has implicated nerves in the regulation of endothelial and
perivascular cell proliferation (Lucas et al., 2013). Prx1°®; Ngf " mice have equal
numbers of both endothelial (VE-Cadherin"CD45/Ter119) and perivascular cells
(PDGFRa'VE-CadherinCD45/Ter119") (Figure 23k), and equal numbers of CFU-F
(Figure 23l), compared to littermate controls, suggesting that there is no defect in the
maintenance of these cells in mice lacking bone marrow nerves. In healthy bone
marrow, endothelial cells (Li et al., 2008) and perivascular cells (Zhou et al., 2014)
are both highly quiescent, an observation we confirmed (Figure 23m, n). We did not
observe an increase in the frequency of either endothelial or perivascular cells that

enter cell cycle in Prx1®; Ngf ¥ mice (Figure 23m, n). Furthermore, when we give
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Prx1°®; Nof " mice the B2 adrenergic receptor agonist salbutamol, a memetic for

catecholiminergic nerve signaling (Cullum et al., 1969), there is no reduction in the
frequency of stromal cells entering cell cycle (Figure 23m, n). This suggests that
bone marrow nerves do not function by regulating the proliferation of endothelial and

perivascular cells.

Prx1°"; Ngf " mice fail to recover from severe bone marrow injury

Previous data suggest that sympathetic nerves are required for successful
recovery after bone marrow injury (Lucas et al., 2013). To test whether these defects
in marrow recovery were due to the lack of bone marrow nerves or were an indirect
consequence of general sympathectomy, we gave bone marrow transplants to
Prx1°®: Ngf " mice and control mice treated with either 6-hydroxydopamine
(60OHDA) or saline. We observed that some 60HDA-treated mice (5/20 mice, 25%)
(Figure 25a) and a similar frequency of Prx1°®; Ngf " mice (3/14, 21%) (Figure 25a)
died following transplantation, suggesting that indeed the marrow nerves do play a
role in recovery after transplantation. Surviving Prx1°®; Ngf "~ mice exhibited marrow
aplasia in their leg bones (Figure 25b, c) accompanied by an overgrowth of
adipocytes (Figure 25d, e, Figure 26¢). Compared to wild-type controls, Prx1®; Ngf
" mice displayed a severe reduction in the frequency of LSK cells and HSCs in their

denervated leg bones, but not vertebral bones thirty days after transplantation

(Figure 251, g). The restoration of hematopoiesis in the innervated vertebral bones of
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Prx1°®: Ngf " mice is especially useful as an internal control, showing that only

innervated marrow compartments are capable of normal regeneration after injury.

Marrow nerves do not control sensitivity of stromal cells to genotoxic insult

One proposed mechanism by which nerves regulate marrow regeneration is
by increasing the frequency of perivascular stromal cells and endothelial cells in
cycle in the steady state, which make them more susceptible to genotoxic stressors
such as irradiation, which preferentially kills cells in cycle (Lucas et al., 2013).
Although we showed that the frequency and proliferation of endothelial and
perivascular stromal cells is not changed by the absence of bone marrow nerves, we
wanted to test directly whether these cell populations are more susceptible to
genotoxic insult in the absence of nerves. We observed no significant differences in
the number or proliferative status of perivascular or endothelial cells one, two, or four
weeks following irradiation and transplantation into 60HDA or saline treated mice,
even though 60HDA-treaded mice exhibited aplasia (Figure 26a, Figure 27a-d).
Perivascular cells were also no more likely to be undergoing apoptosis in aplastic,
nerveless mice than normally regenerating mice a four weeks after transplant
(Figure 27e). These data challenge the hypothesis that nerve-mediated marrow
regeneration is caused by increased susceptibility of endothelial and perivascular
cells to irradiation.

Since we could detect no hematopoietic defects in bone marrow homeostasis

in Prx1°®; Ngf " or 60HDA-treated mice, we hypothesized that signaling from the
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nerves during regeneration, not before injury, was critical to successful recovery.

Sympathetic nerves act through the secretion of norepinephrine from their axon
terminals, which signals through adrenergic receptors (ARs) on target cells (Molinoff,
1984). Both 32 and 3 ARs are expressed in the bone marrow (Figure 28a) and
have been reported to regulate the behavior of hematopoietic (32) and stromal cells
(B2 and B3) in the bone marrow (Lucas et al., 2013; Méndez-Ferrer et al., 2010a).
To test whether post-injury signaling through BARs was sufficient to induce marrow
recovery, we administered daily intravenous injections of the B2 AR agonist
salbutamol to nerveless Prx1®; Ngf "~ or 60HDA-treated mice for two weeks after
irradiation and bone marrow transplantation. Salbutamol rescued the defects in the
numbers of hematopoietic cells, progenitors, and stem cells in the bone marrow of
mice that lacked bone marrow nerves (Figure 25h-j). Those mice also exhibited no
marrow aplasia (Figure 26b) and reduced adiposity (Figure 26¢) compared with
untreated nerveless mice. These data suggest that adrenergic signals after
catastrophic bone marrow injury are necessary to successfully regenerate the

marrow and restore hematopoiesis.

3.4 Discussion

Here we present the first model of bone marrow specific denervation, which
allows us to distinguish between the specific influences of marrow nerves and the
effects on hematopoiesis of the SNS as a whole. Our data support the conclusion

that disruption of bone marrow nerves has no dramatic effects on steady-state
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hematopoiesis, except to inhibit the circadian cycling of hematopoietic progenitors, in

agreement with the conclusions from previous studies using models of complete
sympathectomy (Katayama et al., 2006; Lucas et al., 2013; Méndez-Ferrer et al.,
2008) but in contrast to studies that used invasive surgical denervation (Afan et al.,
1997; Yamazaki et al., 2011). Our data indicate that mice lacking bone marrow
nerves have no defect in endothelial or perivascular cells. This is consistent with
data showing that nerves do not alter steady-state hematopoiesis, as changes in
homeostasis of HSC niche components would likely alter HSC frequency or
proliferation. This observation addresses some inconsistencies in a previous report,
which suggested that the HSC niche was expanded in the absence of nerves, but
showed no increase in HSCs in nerveless mice (Lucas et al., 2013).

A previous study came to the conclusion that the role of bone marrow nerves
is to negatively regulate the proliferation of perivascular and endothelial cells, and
thereby protect them from genotoxic insult by preventing radiation-induced cell death
(Hanoun et al., 2015; Lucas et al., 2013). This conclusion is not consistent with our
data. Our data suggest that the absolute number and proliferative status of HSC
niche components is not different between mice with and without nerves both in
steady state and throughout the first month after marrow injury. By rescuing
nerveless, injured mice with agonists to 3 adrenergic receptors, our data
demonstrates that nerve signaling after injury is responsible for successful
regeneration, an observation consistent with but not directly tested in previous

studies.
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The mechanism by which nerves promote marrow regeneration remains

unclear. Previous studies have implicated TGF-f signaling activated by non-
myelinating Schwann cells in regulating hematopoiesis (Yamazaki et al., 2011), but
other signaling pathways have been associated with both nerve action and
regeneration after injury, especially in the modulation of inflammatory responses
(Pongratz and Straub, 2014; Straub et al., 2006). To understand the mechanism of
neural regulation of bone marrow regeneration, it will be critical to examine the cell-
intrinsic and cell-extrinsic pathways active during normal regeneration but absent
during regeneration in nerveless mice.

Yamazaki and Allen used electron microscopy to describe the periarteriolar
cell types on which efferent nerves form terminals (Yamazaki and Allen, 1990);
however, whether these cells are SMA-expressing smooth muscle cells, LepR-
expressing reticular cells, or another type of cell not identified by existing markers is
unknown. Future studies will have to identify the target cells of marrow nerves and
evaluate how they change in response to signaling from the SNS.

Since SNS denervation is a relatively common consequence of both
chemotherapy (Kelly and Karcher, 2005) and diabetes mellitus (Tesfaye and
Selvarajah, 2012), understanding the precise role of marrow nerves is critical to
protecting denervated patients from unforeseen complications as a consequence of
marrow injury, such as bone marrow transplantation or additional rounds of
chemotherapy. Additionally, our data suggest that activation of bone marrow

adrenergic receptors may provide a clinically applicable route to help patients in
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need of chemotherapy or a bone marrow transplant recover their hematopoietic

function, even patients that already lack nerves, such as those with advanced

diabetes mellitus, for whom neuroprotective therapies would have no effect.

3.5 Methods
Mice. The targeting vector was obtained from The European Conditional Mouse
Mutagenesis Program (EUCOMM), linearized, and electroporated into C57BL-
derived Bruce4 ES cells. Successfully targeted clones were expanded and injected
into C57BL/6-Tyr"? blastocysts. Chimeric mice were bred with C57BL/6-Tyr* mice
to obtain germline transmission. The Frt-flanked LacZ and neo cassette was
removed by mating with FIpe mice (Rodriguez et al., 2000) and backcrossed for at
least two generations onto a C57BL/Ka background. Mice used in this study
included LepR-Cre (DeFalco et al., 2001), Prx1-Cre (Logan et al., 2002), tdTomato,
which we obtained from Jackson Laboratories, Scf-GFP, which was generated in our
lab and we reported previously, and the germline null allele of Ngf (Crowley et al.,
1994), which was a gift from David Ginty. Ngf mice were maintained as flox over
null, since this breeding strategy sensitizes mice to changes in gene expression in
the context of incomplete deletion by Cre alleles.

All mice were housed in the Animal Resource Center at the University of
Texas Southwestern Medical Center. All protocols used in this study were approved
by the University of Texas Southwestern Institutional Animal Care and Use

Committee.
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Quantitative RT-PCR analysis. Cell populations were sorted directly into Trizol
(Life Technologies). Total RNA was extracted according to manufacturer’s
instructions. Total RNA was subjected to reverse transcription using the Superscript
lIl system (Life Technologies). Quantitative real-time PCR was run using SYBR
green on a LightCycler 480 (Roche). B-Actin was used to normalize the RNA content
of samples. Primers used in this study were: Ngf: OJPO11F, 5'-
CCAAGGACGCAGCTTTCTATAC-3' and OJP011R 5'-
CTGCCTGTACGCCGATCAAAA-3'; B-actin: ActF, GCTCTTTTCCAGCCTTCCTT-3'

and ActR, 5-CTTCTGCATCCTGTCAGCAA-3".

Microarray and RNA-seq analysis. We performed microarray analysis of bone
marrow populations as reported previously (Ding et al., 2012). 5,000 Scf-GFP+ cells,
osteoblasts, endothelial cells, or whole bone marrow cells were sorted into Trizol.
Total RNA was extracted and amplified using the WT-Ovation Pico RNA
Amplification system (Nugen) following manufacturer’s instructions. Sense strand
cDNA was generated using the WT-Ovation Exon Module (Nugen). Then, cDNA was
fragmented and labelled using FL-Ovation DNA Biotin Module V2 (Nugen). The
labelled cDNA was hybridized to Affymetrix Mouse Gene ST 1.0 chips following the
manufacturer’s instructions. Expression values for all probes were normalized and
determined using the robust multi-array average (RMA) method (Irizarry et al.,

2003). cDNAs from LepR®®; tdTomato+ cells, endothelial cells, and whole bone
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marrow cells were similarly isolated for RNA-seq analysis, which was performed on

an lllumina sequencer in accordance with manufacturer's instructions.

PCR genotyping. The following primers were used to identify the successful
insertion of the Ngf "™ construct into ES cells: 5' Primer F.GF4, 5'-
GAGGCGGCTGTCGCTCCGGAGTTGTG-3'; 5' Primer R.LAR3, 5'-
CACAACGGGTTCTTCTGTTAGTCC-3; 3' Primer F.R2R, 5'-
TCTATAGTCGCAGTAGGCGG-3'; 3' Primer R.GR3, 5'-
CACAAGGCCTTCTCATCCGCATTCAACCAG-3'; dLoxP R, 5'-
GTATGCTATACGAAGTTATCATTAATTGC-3'. The following primers were used for
genotyping. Ngf "* allele: OJP.Ngf.geno.F, 5'-
CTTGTTTTCCATCATAGAGTTGGCTTGTT-3'; OJP.Ngf.alt.geno.R, 5'-
TATACTGGCCGCAGTGAGGTAAG-3'. Ngf "l allele: oIMR5367, 5™
CAGGCAGAACCGTACACAGA-3'; 0oIMR5368, 5'-CTGTCACTCGGGCAGCTATT-3';
0IMR6218, 5-CCTTCTATCGCCTTCTTGACG-3'. Cre allele: CreF2, 5'-
CGCCGCATAACCAGTGAAAC-3'; CreR3, 5-GGACATGTTCAGGGATCGCC-3'.
Scf-GFP allele: OJP_SCF-GFP_1, 5-CCCGCAGCTCTGGTATATTTGC-3;
OJP_SCF-GFP_2, 5-CGGACACGCTGAACTTGTGG-3'; OJP_SCF-GFP_3, 5
AAGCACTTCAGATTCTAGGG-3'. TdTomato allele: OJP_Tdtomatol, 5'-
AAGGGAGCTGCAGTGGAGTA-3'; OJP_Tdtomato2, 5'-

CCGAAAATCTGTGGGAAGTC-3'; OJP_Tdtomato3, 5'-
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GGCATTAAAGCAGCGTATCC-3'; OJP_Tdtomato4, 5'-

CTGTTCCTGTACGGCATGG-3'.

Immunofluorescence, clearing, microscopy, and analysis.

Confocal images were obtained using a method we previously described (Acar et al.,
2015). Briefly, bones were fixed in cold 4% paraformaldehyde (PFA) in PBS
(Affymetrix) for 7-8 hours at 4°C. The bones were washed with PBS and
cryoprotected in 30% sucrose PBS solution overnight at 4°C and embedded in OCT
(Fisher) and flash frozen in liquid nitrogen. A Leica cryostat was used to
longitudinally bisect the bones. Intact half bone was washed in PBS to remove OCT
then processed for staining. The staining solution contained 10% DMSO, 0.5%
IgePal630 (Sigma), and 5% donkey serum (Jackson ImmunoResearch) in PBS. Half
bones were blocked in staining solution overnight at room temperature. After
blocking, half bones were stained for 3 days at room temperature with primary
antibodies in staining solution. Then the tissues were washed multiple times in PBS
at room temperature for one day and put into staining solution containing secondary
antibodies for 3 days followed by a one day wash. Antibodies used for whole mount
staining included chicken anti-GFP (GFP-1020, Aves Labs) rabbit anti-Laminin
(ab7463, abcam), rabbit anti-Tyrosine Hydroxylase (AB152, Millipore), chicken anti-
Neurofilament H (NFH, Aves Labs), goat anti-CD105 (AF1320, Fisher), chicken anti-
GFP (GFP-1020, Aves Labs), rabbit anti-DsRed (632496, Clontech), Alexa Fluor

647-AffiniPure F(ab’)2 Fragment Donkey Anti-Chicken IgY, Alexa Fluor 488-
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AffiniPure F(ab")2 Fragment Donkey Anti-Rabbit IgG, AMCA-AffiniPure F(ab')2

Fragment Donkey Anti-Rabbit 1g, Alexa Fluor 488-AffiniPure F(ab')2 Fragment
Donkey Anti-Rat IgG (all from Jackson ImmunoResearch), and 555 or 488
conjugated donkey anti-goat (A-11055 and A-21432 from Life Technologies). The
stained half bones were dehydrated in a methanol dehydration series then incubated
for 3 hours in 100% methanol with several changes. The methanol was then
exchanged with benzyl alcohol:benzyl benzoate 1:2 mix (BABB clearing®). The
tissues were incubated in BABB for 3 hours to overnight with several exchanges of
fresh BABB. Half bones were mounted in BABB between two cover slips and sealed
with silicone (Premium waterproof silicone Il clear, General Electric). . Images were
acquired using a Zeiss LSM780 confocal microscope with a Zeiss LD LCI Plan-Apo
25x/0.8 multi-immersion objective lens, which has a 570 um working distance.
Images were taken at 512x512 pixel resolution with 2 um Z-steps, pinhole for the

internal detector at 47.7 pm.

Image annotation and analysis. Confocal tiled Z-stack images were rendered in 3
dimensions and analyzed using Bitplane Imaris v7.7.1 software installed on a Dell
Precision T7610 64-bit workstation with Dual Intel Xeon Processor E5-2687W v2
(Eight Core HT, 3.4GHz Turbo, 25 MB),128GB RAM, and 16 GB AMD FirePro
W9100 graphics card. Nerve staining with tyrosine hydroxylase antibodies was
identified manually and nerve surfaces were generated procedurally in innervated

regions identifying high, continuous, tyrosine hydroxylase staining. The nerve
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surfaces generated this way have been superimposed over the images of

vasculature to aid in the visualization of bone marrow innervation in three

dimensions.

Hematopoietic and stromal cell isolation and flow cytometry. Bone marrow cells
were isolated by either flushing the long bones (tibias and femurs), or by crushing
vertebrae or long bones using a mortar and pestle in Ca®* and Mg** free Hank’s
buffered salt solution (HBSS, Gibco) supplemented with 2% heat inactivated bovine
serum (Gibco). Spleen cells were prepared by crushing the spleen between two
glass slides. The cells were gently passed through a 25G needle then filtered using
a 100 um mesh to generate a single cell suspension. Viable cell number was
calculated using a Vi-Cell cell counter (Beckman Coulter). For flow cytometry
involving stromal cells, bone marrow plugs were flushed into Eppendorf tubes
containing Liberase TM (Roche Biosciences) and DNAse (Sigma), agitated using a
rotary shaker for 15 minutes two times, collecting the cells in the supernatant and
filtering into tubes containing HBSS with 2% serum after each cycle before counting
and flow cytometric analysis. For HSC identification by flow cytometry, the cells were
stained with antibodies against CD150 (TC15-12F12.2), CD48 (HM48-1), Scal
(E13-161-7), and c-kit (2B8), as well as the following lineage markers: CD42d (1C2),
CD2 (RM2-5), CD3 (17A2), CD5 (53-7.3), CD8 (53-6.7), B220 (6B2), Ter119 (TER-
119), and Grl (8C5). For stromal cell identification, cells were stained with

antibodies to PDGFRa. (APA5), CD105 (MJ7/18), VE-Cadherin (BV13), CD45 (30-
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F11), and Terl119. Antibody staining of cell suspensions was always performed at

4°C for 30 minutes. After antibody staining, the cells were stained with the viability
dyes 4',6-diamidino-2-phenylindole (DAPI; 1ug/ml in PBS) or 7-Aminoactinomycin D
(7-AAD; 5ug/ml) to exclude dead cells during flow cytometry. To identify other
hematopoietic progenitors (CMPs, GMPs and MEPs) we stained cell suspensions
with antibodies against CD34 (RAM34), CD16/32 (FcyR, 93), Sca1 (E13-161-7), c-
kit (2B8) and the lineage markers listed above. Stains that involved anti-CD34

antibody were conducted for 90 minutes on ice.

Colony formation in methylcellulose. 10,000 bone marrow or 100,000 spleen or
blood cells were sorted into methylcellulose culture medium (M3434, Stemcell
Technologies) in 6 well plates. After sorting the plates were kept at 37°C in a cell
culture incubator with 6.5% CO, and constant humidity for 14 days. Then colonies
were counted and identified based on size and morphology using an Olympus 1X81

inverted microscope.

Bone marrow transplantation assays. Adult recipient mice were administered a
minimum lethal dose of radiation using an XRAD 320 X-ray irradiator (Precision X-
Ray) to deliver two doses of 540 rads at least 3 hours apart. Cells were transplanted
by injection into the retro-orbital venous sinus of anesthetized recipient mice.
200,000 recipient whole bone marrow (WBM) cells were transplanted along with the

donor cells in competitive transplants. Blood was collected from the submandibular
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veins of recipient mice 16 weeks after transplantation. For analysis of the levels of

donor cells in peripheral blood, red blood cells were lysed with ammonium
potassium buffer then the remaining cells were stained with antibodies against
CD45.1 (A20), CD45.2 (104), CD11b (Macl, M1-70), Gr-1 (8C5), B220 (6B2), and
CD3 (17A2).

For experiments involving the transplant of bone marrow into nerve-impaired
recipient mice, only 200,000 wild-type donor cells were used with no competitor
cells, and mice were sacrificed for analysis 7, 14, or 30 days after irradiation and

transplantation.

Mobilization of progenitors with G-CSF. Mice received G-CSF (250 mg per kg
body weight per day) subcutaneously every day for four consecutive days. The final
dose of G-CSF was given 2 hours before the mice were analyzed at the lowest point

of circadian-induced mobilization, ZT13.

Adrenergic receptor 32 stimulation. Either 6 hours before analysis is steady state
mice or daily for 14 days starting the day after bone marrow transplantation, mice
were given intravenous injections of 2.5 mg/kg/day salbutamol to inhibit adrenergic

receptor 32 signaling.

Cell Cycle Analysis. To assess 5-bromo-2'-deoxyuridine (BrdU) incorporation in

vivo mice were intraperitoneally injected with a single dose of BrdU (1mg BrdU/10g
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body mass) twenty-four hours before analysis. For analysis of HSCs, perivascular

cells, or endothelial cells, after antibody staining, the target cell populations were
double sorted to ensure purity, then fixed and stained with an anti-BrdU antibody
using the BrdU APC Flow Kit (BD Biosciences) according to the manufacturer’s

instructions.

Chemical sympathectomy with 6-hydroxydopamine. Mice were given
intraperitoneal injections of 60HDA-hydrobromide (Sigma) 3 days (100 mg/kg body
weight) and 1 day (250 mg/kg body weight) before irradiation and transplantation.
Mice were sacrificed 48 hours after the last dose of 60HDA for steady state

analyses.

Histological analysis of bone marrow sections. Bones from irradiated mice were
handed over to the UT Southwestern histology core, where they were fixed and
decalcified before being embedded in paraffin. Thin sections were then taken and
stained briefly with hematoxylin and eosin and then imaged using an Olympus 1X81

microscope.

Quantification of marrow adiposity. The proportion of bone marrow area within
single optical sections 2um thick occupied by adipocytes was calculated using the
area measurement function in ImageJ. To do this, fields of view in an imaged tibia

were randomly selected using a random number generator to select X, Y, and Z start
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coordinates within the bone marrow image in Imaris. Then, a snapshot was taken of

a single optical section and exported to ImageJ. There, adipocytes were manually
identified by their characteristic round shape, and a circular selection tool was used
to highlight the area occupied by that adipocyte in the optical section. This process
was repeated for each adipocyte visible in an optical section, and then the total
adipocyte area was summed and compared to the total bone marrow area present in

the field of view that had been chosen.

Quantification of perivascular cell apoptosis. Levels of apoptosis in perivascular
cells was detected by flow cytometry using the CellEvent Caspase-3/7 Green Flow
Cytometry Assay Kit (Life Technologies). Cells were simultaneously stained with the
Caspase-3/7 detection reagent according to the manufacturer's instructions and
antibodies to the cell surface markers we used to identify perivascular cells above

before being analyzed by flow cytometry.
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Figure 18: Nerve growth factor produced by perivascular stromal and smooth

muscle cells is the primary bone marrow neurotrophin. a, Tyrosine hydroxylase
(TH) and Neurofilament H (NFH) staining in longitudinally bisected tibia from wild-
type mice. Nerves enter the marrow through a nutrient foramen in the bone (arrow).
Image is a maximum projection of a 168um thick image, scale bar represents
200um. b, Leptin receptor expression (LepR®®; tdTomato) marks both periarteriolar
cells in close proximity to TH+ nerves (arrow) and perisinusoidal reticular cells
(asterisk). ¢, Expression of neurotrophins in various bone marrow populations by
microarray. n=3 replicates per population. d, Expression of Ngf in different marrow
populations by quantitative RT-PCR. Expression levels are presented as a percent
of actin levels in each cell population. n=3-6 replicates per population. Statistical
significance was assessed using one way ANOVA with Tukey’s correction for

multiple comparisons (*, P<0.05; ** P<0.01; ***, P<0.001).
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Figure 19: Ngf is the only neurotrophin family member expressed in the bone
marrow. a, RNA-seq analysis of LepR®"®; tdTomato™ bone marrow cells, endothelial
cells, and whole bone marrow showing the expression of the four neurotrophin

family members in the bone marrow by FKPM. n=2 samples for each population.
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f 1°* mice. a, The targeting strategy for generating the

Figure 20: Generation of Ng
Ngf " allele is shown. The targeting vector was obtained from The European
Conditional Mouse Mutagenesis Program (EUCOMM), linearized, and
electroporated into C57BL-derived Bruce4 ES cells. b, PCRs using primers within
the neomycin gene (neo) and outside the homology arms were used to verify that
the construct was successfully incorporated into the correct location in the genome
of ES cells. ¢, The presence of the distal LoxP site (dLoxP) in successfully targeted
ES cells was confirmed by PCR using primer sets in neo and overlapping with the
distal LoxP site. Successfully targeted ES cell clones that retained their distal LoxP
site were chosen for chimera generation. Upon confirmation of germ-line
transmission by PCR, the Ngf-LacZ-neo-flox mice were crossed with Flpe mice
(Rodriguez et al., 2000) to remove the neomycin resistance and LacZ casettes. d,

f flox

PCR genotyping of wild type and heterozygous mice carrying the Ng allele.
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Figure 21: LepR®®;Ngf " conditional knockout mice lack bone marrow

innervation. a, Image of TH+ peripheral nerves in vertebral bone marrow.
Vasculature is marked by CD105 staining (red) and procedurally identified TH+
sympathetic nerves are digitalized as a 3D surface (green) and shown in an overlay.
b, Vertebral bone marrow of LepR®®:Ngf "~ conditional knockout mice show no
innervation of vertebral marrow, although small fragments of TH+ nerves can be
seen vertebral bone (left side of image). Representative image of n=3 mice
analyzed. c, Vasculature and innervation of tibial bone marrow. d, Tibial bone

f ¥ mice with no nerves in the marrow. A nerve can be

marrow of adult LepR“"®;Ng
seen in the nutrient foramen of cortical bone but does not enter the marrow cavity
(arrow). Representative image of n=11 mice analyzed. Scale bar in (a-d) represents
200um. Images are a maximum projection of images (a), 352um; (b), 136um; (c),
398um; and (d), 186um thick. We also confirmed that mutant mice lacked nerves in
their femur as well as tibia (n=3, data not shown). For more information on the
penetrance of marrow denervation see Table 1. e-f, Both (e) control LepR®"®;Ngf "
and (f) mutant LepR®®;Ngf "~ mice have TH and NFH-expressing neurons in their

sciatic nerves. Images were taken of thin sections (12um thick). Scale bar

represents 50um.
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Figure 22: LepR®®;Ngf " mice have no defects in HSC homeostasis, but lack

circadian mobilization of progenitors. a, Cellularity of two femurs and two tibiae of

LepR®®:Ngf "* control mice (black) or LepR®®:Ngf "

mutant mice (purple). Data are
normalized to body weight to allow males and females to be pooled. Control and
mutant mice sharing a gender showed no differences in body weight (data not
shown). b, c, (b) White blood cell (WBC), lymphocyte (LY), and (c) red blood cell

f fll-

(RBC) counts in the peripheral blood of control and LepR®®;Ngf "~ mice. Data were

gathered at ZT 5-8. n=9 (control) and 4 (mutant). d, Frequency of hematopoietic

f fl/+ f fl/-

progenitors in the femur and tibia of LepR“®;Ngf """ control and LepR“"®;Ngf "~ mutant
mice. CMP, Lin-c-kit+CD34+CD16/32-; GMP, Lin-c-kit+CD34+CD16/32-; MEP, Lin-
c-kit+CD34-CD16/32-. n=4 mice per group from 3 independent experiments. e,
Frequency of HSC (LSK, CD48-CD150+) and multipotent progenitors (MPPs, LSK,
CD48-CD150-). f, Percent donor chimerism of different hematopoietic lineages in the
peripheral blood 4 months after transplantation. 200,000 CD45.2+ whole marrow
cells from femurs and tibiae of control (black) or LepR"®;Ngf "~ mutant mice (purple)
was mixed with 200,000 whole marrow cells from congenic CD45.1+ donors and
transplanted into five CD45.1+/CD45.2+ F1 recipients per donor. n=15 mice per
group from 3 independent experiments. g, CFU-C from femoral and tibial bone
marrow. BFU-E, blast-forming unit, erythrocyte; GM, granulocyte and monocyte; MK,
megakaryocyte colony; M, monocyte only; GEMM, granulocyte, erythroid,

megakaryocyte, and monocyte; G, granulocyte only. n=3 mice per genotype.

Significance assessed both among colony types and total number of colonies. h,
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Mice lacking marrow nerves do not mobilize progenitors to the blood. CFU-C per

milliliter of blood at different Zeitgeber times (ZT5, late morning; ZT13, just after
nightfall). All observed colonies were GM. i, Abundance of hematopoietic progenitor
cells per milliliter of blood at different Zeitgeber times. n=4 mice per group. j, k, CFU-
C in the (j) spleen and (k) blood of GCSF-treated mice. Mice were treated with saline
or G-CSF subcutaneously daily for four days and sacrificed and analyzed on the fifth
day at ZT13. All colonies observed in the spleen were GM. n=4-5 mice per group.
Statistical significance was assessed using student’s t-tests when comparing only
two populations and by one way ANOVA with Tukey’s correction for multiple

comparisons (*, P<0.05; **, P<0.01; ***, P<0.001).
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Figure 23: Prx1°®¢; Ngf " mice lack innervation in long bones but not vertebrae

and show no defects in HSC niche components. a, b, Deletion pattern of Prx1°®;
tdTomato in (a) vertebrae and (b) tibia. SCF-GFP positive cells but not tdTomato
positive cells can be observed in the vertebral marrow, while nearly all SCF-GFP+
cells in tibial marrow are tdTomato positive. ¢, d, SNS innervation of (c) vertebral
bone marrow but not (d) tibial bone marrow in Prx1°®; Ngf " mice. Scale bars
represent 150um. Images are maximum projections of (¢) 374um, and (d) 370um
thick images. e, Cellularity of tibial and femoral bone marrow in Prx1°; Ngf "*
control (black) or Prx1°®; Ngf ¥~ mutant (blue) mice. n=5 mice. f, No changes in the
frequency of progenitors in Prx1°®; Ngf ¥~ mice. n=5-7 mice from at least 3
independent experiments. g, Slight increase in the frequency of HSCs, but not MPPs
in Prx1°®; Ngf " mice. n=6-14 mice from at least 3 independent experiments. h,
Relative contribution of Prx1®; Ngf "* control (black) or Prx1¢; Ngf "~ mutant (blue)
to peripheral blood lineages of transplanted mice 4 months after transplantation.
n=25 mice per group from 5 independent experiments. i, Frequency of HSCs that
incorporated BrdU during a 24 hour pulse. n=3 mice per group. j, CFU-C of 10,000
femur and tibia whole bone marrow cells. n=7-9 mice per group. k, Frequency of VE-
Cadherin+ endothelial and PDGFRa." perivascular cells in leg bones. n=4 mice per
group. I, CFU-F colonies formed from one million whole bone marrow cells. n=3-4
mice per group. m, n, Proportions of (m) VE-Cadherin+ endothelial and (n)
PDGFRa" perivascular cells in leg bones that incorporate BrdU during a 24 hour

pulse. n=3 mice per group. Statistical significance was assessed using student’s t-
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tests when comparing only two populations and by one way ANOVA with Tukey’s

correction for multiple comparisons (**, P<0.01).
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Figure 24: Prx1-Cre deletes in leg bones but not vertebrae and Prx1°"®; Ngf "

mice have peripheral neurons in their sciatic nerves. a, b, Flow cytometric
analysis of digested bone marrow from the vertebrae or leg bones of Prx1®;
tdTomato; SCF-GFP mice. (a) SCF-GFP+ CD45/Ter119- perivascular stromal cells
can be identified from both vertebrae and leg, (b) but only SCF-GFP+ cells from the
leg bones are recombined by Prx1-Cre and express tdTomato. ¢, Thin cross section
of a sciatic nerve from a Prx1°®; Ngf ¥~ mouse, showing the presence of peripheral
neurons (NFH) and sympathetic neurons (TH). d, Frequency of HSCs in the leg

bones and vertebrae of Prx1°®; Ngf "~ mutant mice and littermate controls.
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Figure 25: Prx1°®; Ngf " mice require nerve signaling to recover after

irradiation and marrow transplantation. a, Survival of wild type (black), 60HDA-
treated (red), and Prx1®; Ngf " (blue) recipient mice after receiving 11Gy of X-Ray
irradiation and 200,000 whole bone marrow cells from a CD45.1 donor. n=36 control,
20 60HDA-treated, and 14 Prx1°®; Ngf " mice. b, ¢, Representative H&E staining of
tibial bone marrow of (b) wild-type or (c) Prx1®; Ngf "~ mice 30 days after
transplantation. Scale bar represents 50um. d, e, Representative
immunofluorescence images of bisected tibiae from (d) Prx1®; Ngf "* control or (e)
Prx1°®: Ngf " mice 30 days after irradiation stained with antibodies CD105 (white) to
mark vasculature and Laminin (green) to mark basement membranes and
adipocytes. Scale bars represent 80um. Images are maximum projections of 22um
thick optical sections. f, g, Frequency of (f) LSKs and (g) HSCs in leg or vertebral
bone marrow 30 days after transplantation. n=8 control and 5 mutant mice for leg
bones, n=3 and 3 mice for vertebrae. h-j, Analysis of hematopoiesis 30 days after
bone marrow transplantation. (h) Total cellularity, (i) absolute numbers of LSKs, and
(j) absolute numbers of HSCs per one femur and one tibia in wild-type control
(n=21), 60HDA-treated (n=13), Prx1°®; Ngf "~ mutant mice (n=8), and wild-type
(n=5) or mutant (n=4) mice that received the f2AR agonist salbutamol. Statistical
significance was assessed using a Mantel-Cox test for differences in survival after
injury and one way ANOVA with Tukey’s correction for multiple comparisons (*,

P<0.05; **, P<0.01; ***, P<0.001).
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Figure 26: B adrenergic receptor agonist salbutamol rescues marrow adiposity

after injury. a, b, Representative immunofluorescence images of bisected tibiae
from (a) 60HDA-treated or (b) 60HDA-treated mice that received 14 days of
salbutamol injections after irradiation analyzed 30 days after irradiation and stained
with antibodies CD105 (white) to mark vasculature and Laminin (green) to mark
basement membranes and adipocytes. Scale bars represent 80um. Images are
maximum projections of 22um thick optical sections. ¢, Quantification of bone
marrow adiposity. The proportion of bone marrow area within single optical sections
2um thick occupied by adipocytes was calculated using the area measurement
function in ImageJ. At least 5 optical sections per mouse and two mice were
analyzed for each population. Statistical significance was assessed using one way
ANOVA with Tukey’s correction for multiple comparisons (***, P<0.001; ****,

P<0.0001).
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Figure 27: Peripheral nerve loss does not induce changes in HSC niche cell

frequency, proliferation, or apoptosis after irradiation. a, c, Absolute numbers of
(a) PDGFRa" perivascular stromal cells and (¢) CD105";VE-Cadherin® endothelial
cells in one femur and one tibia of untreated (WT) or 60HDA-treated mice that
received either saline or salbutamol (ADR[B2-ag) daily for 14 days following
irradiation and transplantation. Mice were analyzed in steady state 6h after a saline
or salbutamol injection (-1), and also 7, 14, or 30 days after irradiation. b, d,
Proportions of (b) perivascular and (d) endothelial cells that incorporate BrdU after a
24 hour pulse at different time points after irradiation. (a-d) n=4-8 mice per group in
at least 3 independent experiments. For statistical analysis, each population was
compared to the other three populations at the same time point using ANOVA.
Statistical significance to each other population was marked as follows: *, significant
to WT; #, significant to 60HDA; %, significant to WT+ADRB2-ag; &, significant to
60HDA+ADRf2-ag. These data indicate that while there are no significant changes
between WT and 60HDA-treated mice, treating mice with ADRB2-ag after irradiation
does enhance the speed of endothelial cell recovery. e, Frequency of live PDGFRa"
cells that stain positive for a fluorescent marker of activated caspase-3 by flow
cytometry. All mice were analyzed at 30 days after irradiation. n=3 mice per group.
Statistical significance was assessed using one way ANOVA with Tukey’s correction

for multiple comparisons (one symbol, P<0.05).
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Figure 28: B adrenergic receptor expression in the bone marrow. a, Expression
level of the three B adrenergic receptors in perivascular leptin receptor-expressing
cells, endothelial cells, and whole bone marrow cells by RNA-seq (as in Figure 1).
ADRPB2 is expressed by both hematopoietic and perivascular cells, whereas ADR[33

is expressed exclusively by perivascular cells in the bone marrow.
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Mice with
Genotype Age Range Tibia Nerves
LepR-Cre; Ngf f/- 6-12 wks 4/4
LepR-Cre; Ngf f/- 16-50 wks 2/11
Prx-Cre; Ngf f/- 6-12 wks 0/14
Prx-Cre; Ngf f/- 20-30 wks 4/5

Table 1: Penetrance of nerve loss in long bones of Ngf conditional mutant
mice. The genotypes, ages, and frequency of nerve loss in Ngf conditional mutants
is reported. Young LepR-Cre mutants have nerves, but lose them when the deletion
of LepR-Cre becomes high. Young Prx1-Cre mutants have no nerves, since Prx1-
Cre deletes during early development, but the nerves regenerate in most older Prx1-

Cre mutant mice.



CHAPTER FOUR
Conclusions and future directions

4.1 ldentification of the HSC niche

HSCs function in dynamic microenvironments, capable of entering the blood,
moving to the spleen, and visiting other bones during hematopoietic homeostasis.
Because HSCs can occupy distinct tissues with only some features in common
(abundant Scf and Cxcl12 expression in both the marrow and spleen, for example),
it seems unlikely that there is a single uniqgue microenvironment designed to
maintain HSCs but not occupied by other types of cells. While the work that | present
in this dissertation shows that HSCs have biases in their distributions towards the
central marrow, and are nearly all located in close proximity to LepR-expressing
perivascular cells as well as sinusoidal endothelial cells, for every HSC in these
locations there are ten thousand non-HSCs. While future work identifying the spatial
distributions of extracellular matrix proteins, cytokines, or previously unknown sub-
populations of LepR-expressing cells may help us further define the optimal
microenvironment for HSCs, our data suggest that HSCs do not reside in the same
sort of niche that Schofield hypothesized in 1978. Schofield's niche was a unique
environment for HSCs that determined whether a cell was an HSC or a progenitor
cell. Only a cell within its niche could be an HSC, and once it left it would become a

multipotent progenitor (MPP).
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Abandoning parts of Schofield’s niche hypothesis leaves us with a number of

unresolved questioned which must be answered to understand the biology of the
hematopoietic system.

What signals do HSCs respond to that progenitors do not? This could be
through the accessibility of those signals (i.e. only a cell in the niche receives the
signal, as Schofield hypothesized) or through the sensing of those signals, such as
distinct receptors on HSCs versus MPPs. Identification of HSC-specific receptors is
a very active field, and HSC-specific sensing mechanisms identified in the future
should be mapped to ligand distributions within the bone marrow to see if specific
receptor-ligand pairs can define rare bone marrow microenvironments.

How do HSCs regulate their cell number in the absence of a defined, rare
niche? One of the most appealing notions of Schofield's niche is that it explains why
we have so few stem cells. There can only be as many stem cells as there are
niches, so when niches shrink or expand, stem cells differentiate or self-renew,
respectively. If HSCs only rely on abundant or widely diffusing signals in the bone
marrow for their maintenance, however, how are their numbers maintained? Why do
almost all mice have similar frequencies of HSCs in their marrow, and why do those
numbers return to their original values after BMT? One interesting observation from
our work is that HSCs tend to be quite spatially distinct. With the exception of HSCs
that have recently divided, most stem cells in the bone marrow are located quite
distant from one another. This raises the possibility that HSCs could regulate their

own frequency by negatively regulating other HSCs. A secreted protein or metabolite
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produced by HSCs could induce chemorepulsion or the differentiation of HSCs in its

immediate environment. This would allow HSCs to remain rare among bone marrow
cells, despite the signals required for their maintenance and self-renewal being

abundant.

4.2 Role of Nerves in hematopoiesis

The data | have presented in this dissertation are the first definitive
experiments examining the role of bone marrow nerves in regulating hematopoiesis,
and showing that bone marrow nerves are critical for the recovery of hematopoiesis
after irradiation. However, how the nerves regulate hematopoiesis is not clear. My

work raises a number of questions about the function of bone marrow nerves.

4.2.1 What cells cause innervation of the bone marrow?

Previous work implicated arteriolar Nestin transgene-expressing cells as the
target cells of nerve signaling. We show that Ngf is expressed by both perivascular
stromal and periarteriolar smooth muscle cells (the cells that express high levels of
the Nestin-GFP transgene), and use Cre lines that delete in both of these
populations. Thus, we cannot determine from our experiments whether only one or
both of these populations are required to maintain innervation. Yamazaki and Allen
describe efferent nerve terminals on both reticular and smooth muscle cells in their
early studies of bone marrow innervation, but future work will have to be done to

determine whether both of these cell types are functionally important for maintaining
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nerves. We are currently crossing our Ngf conditional mutant mice to SMA-CreER

mice, so that we can conditionally delete Ngf from smooth muscle cells but not
perisinusoidal cells. If these mice lack peripheral innervation, then the periarteriolar

smooth muscle cells are necessary for maintaining nerves in the bone marrow.

4.2.2 What cells marrow cells receive signals from the nerves?

Yamazaki and Allen performed the first landmark study in 1990 of what they
dubbed the "neuro-reticular complex." They observed that the majority of bone
marrow neurons formed efferent terminals on smooth muscle cells close to the
artery, but a substantial minority also formed efferent terminals on reticular cells.
Now that we and others have defined multiple populations of bone marrow stromal
cells using fluorescent markers, we need to determine what fraction of nerve
terminals are on LepR-, NG2-, or SMA-expressing cells, as well as other populations
of bone marrow cells. To accomplish this, we plan on performing correlative
fluorescence and electron microscopy, where we will embed bone marrow from a
fluorescent reporter mouse in low melting point agarose, image the nerves and
stromal cells in the mouse, and then take scanning electron microscopy images of
serial sections of that bone marrow. We will then find innervated cells in the electron
microscopy images, and map them to the fluorescent images (as done by Tamplin
and colleagues to identify zebrafish HSCs (Tamplin et al., 2015)) to determine the

frequency of nerve terminals on different stromal cell populations.
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4.2.3 How are signals from the nerves transmitted throughout the marrow?

Nestin-GFP-expressing periarteriolar cells are not important sources of HSC
maintenance factors (Ding and Morrison, 2013; Ding et al., 2012), nor are HSCs
closely associated with nerve fibers or arterioles (Acar et al., 2015). Therefore, the
connection between nerves and HSCs (especially in the context of regeneration,
where nerves are required for successful healing) is not clear. Norepinephrine
signaling from catecholiminergic neurons is very short range, believed to act only in
the vicinity of the efferent nerve terminal (Esler et al., 1990; Schroeder and Jordan,
2012); therefore, a number of hypotheses can be constructed about the relationship

between nerves and hematopoietic regeneration.

4.2.3.1 HSCs are regulated by nerve-induced signals in stromal cells that
diffuse through the marrow.

To begin testing this hypothesis, we plan to perform RNA-seq analysis of
regenerating bone marrow in wild-type and nerve-compromised mice after
administering BMTs. By finding factors produced during normal regeneration, absent
in mice lacking nerves, and rescued by salbutamol administration, we hope to
identify signaling pathways that rely on peripheral innervation and are responsible

for regeneration of the bone marrow after injury.

4.2.3.2 Nerve signals are transmitted throughout the bone marrow by a

reticular cell network.
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An interesting hypothesis regarding the transmission of nerve signals is that

signals from the nerves reach the HSCs through a network of reticular cells that
span the whole marrow. MSCs derived from adipose tissue respond to
norepinephrine with an increase in calcium ion (Ca?") flux (Kotova et al., 2014). In
this study, MSCs exhibited a positive feedback loop for calcium signaling:
transmission of the signal through the cells happened much faster than predicted by
diffusion. It is possible that MSCs can relay signals through the bone marrow using a
positive feedback loop of calcium signaling. To investigate this hypothesis, we plan
to study the nerve-induced regulation of calcium signaling in bone marrow stromal
cells. To begin with, we will test whether perivascular cells initiate calcium signaling
in response to 3 adrenergic receptor stimulation by placing beads coated in
adrenergic receptor agonist in live bone marrow preparations of mice transgenic for
a fluorescent reporter of calcium signaling. We can then see in real time whether
cells close to the bead have more active Ca?* signaling than those further away.
Secondly, we can test whether nerve signaling propagates a calcium signal. Using a
calcium signaling detector and a channel rhodopsin transgenic mouse, in which
peripheral nerve signaling can be turned on by exposure to blue light, we can force
the nerves of live bone marrow preparations to fire, and then record the calcium
fluctuations in responding cells near the peripheral nerve. These studies will help us
determine whether the nerve can directly induce a coordinated signal in a large

number of connected perivascular cells.
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4.2.3.3 HSCs are indirectly regulated through altered cell fates of stromal cells.

One striking observation of our studies is that nerveless mice have large
numbers of adipocytes in their bone marrow after injury. Leptin receptor-expressing
cells are mesenchymal stem cells, so one possible mechanism for the role of nerves
in regeneration is that in the absence of nerves, MSCs into adipocytes after injury.
However, we did not observe a difference in the frequency or the proliferative status
of MSCs in nerveless mice after injury, suggesting that these cells are neither lost
nor more proliferative. However, a possibility remains that a progenitor for
adipocytes downstream of MSCs rapidly proliferates and produces large numbers of
adipocytes in the context of injury and sympathectomy. This hypothesis cannot be
directly tested at this time, however, since markers for bone marrow adipocyte

progenitors have not been identified.

4.2.3.4 HSCs are regulated indirectly by other nerve-influenced cells.

Existing data supports the idea that nervous system regulation of HSCs may
be indirect. Neutrophils enter the bone marrow to be recycled in accordance with a
circadian pattern, which may be a cause of circadian HSC mobilization (Casanova-
Acebes et al., 2013), and G-CSF-mediated mobilization is known not to act through
HSCs directly, but by influencing other hematopoietic populations in the bone
marrow (Molineux et al., 2012). Therefore it is possible that the failure of
hematopoietic recovery is not due to any deficiency in signaling to the HSCs, but to

another cell population regulated by nerves that plays a role in either regulating
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HSCs or recovering after marrow injury. The most promising cell population to test

this hypothesis is megakaryocytes. Megakaryocytes produce platelets, which are
crucial for early stage regeneration during bone marrow transplantation. Release of
platelets by megakaryocytes is regulated by sympathetic nerve signaling in a
circadian pattern (Ozdemir et al., 2004), and megakaryocytes have recently been

suggested to directly regulate HSC maintenance (Bruns et al., 2014).

4.2.3.5 HSCs localize close to arterioles during regeneration, so are especially
susceptible to nerve signaling during this time.

The possibility that HSC localization changes after injury is remarkably
difficult to test, because the markers we use to identify HSCs in bone marrow
images, c-kit and a-catulin, change after injury. This makes it impossible to rule out
the possibility that HSCs reside close to arterioles and nerve fibers in the
regenerating marrow. However, some evidence of ex vivo-labeled HSCs
transplanted into mice and visualized shortly afterwards suggests that HSCs tend to
localize near the endosteum in the first few days after injury (Lo Celso et al., 2009;

Sipkins et al., 2005), not arterioles.

4.3 Final remarks
We began to study the niche based on the promise of being able to
indefinitely culture HSCs, but the more we learn about the niche, the further from

that goal we seem to be. HSC maintenance is a multifaceted process. They cannot
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divide too quickly or they lose stem cell potential; they require some specific signals

to survive, but the signals we know of are not sufficient to maintain HSCs in culture;
they require the bone marrow environment to prosper, but we have been unable to
identify clear landmarks in the bone marrow that give us further clues to the
regulation of HSC maintenance. The next breakthrough in this field would be the
identification of a protein, ECM structure, metabolite, or cell population that is both
rare and highly co-localized with HSCs. It is my hope that the lasting value of my
work will be that fewer groups will expend effort looking for these structures in the
wrong places, around nerves, arterioles, or osteoblasts, and concentrate their efforts
on identifying heterogeneity in perisinusoidal regions that distinguish HSC
microenvironments from others. Regardless of the degree to which Schofield’s niche
hypothesis is true for HSCs, there is still much for us to learn about the HSC’s

microenvironment so that we might recreate it for the benefit of patients.



APPENDIX A
Quantitative analysis of three dimensional tissue images

A.l Introduction

My primary contribution to the work presented in Chapter 2 of this dissertation
was figuring out how to learn something from three dimensional reconstructions of
bone marrow that we could not from lots of discontinuous two dimensional sections.
A number of incredible technical innovations over the past five or so years, such as
CLARITY and 3DISCO have allowed researchers to create amazing three
dimensional images, but there is almost no follow-up work that has generated novel
insights from these images: they are just (incredibly) pretty pictures. | became
interested in the spatial distribution of stem cells in images after presenting a paper
about the topic from Paul Frenette’s group to the rest of the laboratory. While
analyzing the paper, | realized that Frenette made a serious error in mapping the
distribution of HSCs away from the bone surface. He reported only absolute
distances of HSCs from the bone, which led him to the conclusion that HSCs are
enriched at the bone surface despite the fact that there is much more marrow
volume five microns from the bone (in the outermost marrow) than fifty microns from

the bone (in the middle of the bone marrow).

A.2 Volumes as distributions
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This observation started me thinking about the bone marrow as a series of

distributions from various landmarks. For any given cell type or structure in the bone
marrow, we wanted to know if stem cells were closer to or further from that landmark
than would be predicted by a random distribution. Measuring this required two
technical innovations apart from simply identifying and digitalizing bone marrow

landmarks (a task undertaken by Malea Murphy and me).

A.2.1 Defining marrow boundaries

Before | could do any sort of mathematics involving the distribution of
volumes within the marrow, | had to define the marrow space. The simplest unit of a
confocal image is the voxel, which is simply a series of numbers at a specific
location in a three dimensional grid, representing the intensity of fluorescence in
various channels at that point. | needed to teach a computer program to differentiate
between voxels that contained bone marrow and voxels that did not. To accomplish
this | developed a method to generate a new channel that did not represent
fluorescent intensities, but instead was a signifier of whether that voxel was a part of
the bone marrow (given a value 1) or lay outside of it (given the value 0). This was
accomplished by generating a digital volume that occupied the entire image except
for locations that had any fluorescent signal, then setting the voxels within the
surface to 0 and voxels outside that surface to 1 in an artificially generated new

channel.
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A.2.2 Creating a percentile distribution of volumes

For voxels within the bone marrow, | now added another artificial channel on
top of the image. In this channel, each voxel was given an intensity value that
corresponded to the distance that voxel was from a defined bone marrow landmark,
a process called a Distance Transformation (DT) in Imaris. | wrote a program to read
the DT distances from every voxel within the bone marrow and assemble them into a
list tens of millions of entries long. | ranked this list according to the distances, then
binned it into 100 different bins, each one representing 1/100™ of the voxels in the
bone marrow, or one percentile of the marrow volume. | output the maximum values
in each of the 100 bins to a spreadsheet file. The values in this file represent the
percent of bone marrow volume within a given distance from a landmark (this code

and an example of this output file is included in Appendix B).

A.3 Utility of percentile distributions for analyzing three dimensional images

There are two major reasons to use this tool to evaluate three dimensional
images. Firstly, it is a tool to generate accurate three dimensional distributions within
a tissue. Randomly distributed cells would fall along this distribution in the bone
marrow. We used these distributions to confirm that the set of random spots we
generated to compare to our HSC distributions did in fact represent a random
distribution. Secondly, it allows for the identification of zones of enrichment within
three dimensional spaces, a concept which has the potential to untangle the

complexity of multifaceted microenvironmental interactions. The most substantial
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difference in the localization of HSCs that we discovered in our work was between

the inner marrow, where HSCs are comparatively abundant, and outer marrow,
where HSCs are comparatively scarce. As we identify new landmarks in the bone
marrow that have distributional biases for HSCs, this tool can be used as part of a
combinatorial approach to identify zones that are enriched for HSCs in respect to
multiple different landmarks, identify the overlap between these zones, and thereby
narrow down the location in which HSCs are highly enriched in order to study what it

is about that zone in the bone marrow that makes it a suitable niche for HSCs.



APPENDIX B
COMPUTER PROGRAMS USED FOR ANALYSIS OF STEM
CELL DISTRIBUTION IN THREE DIMENSIONAL IMAGES

B.1 Binning voxels into percentiles of bone marrow volume according to their

distance from a landmark.

o° oo

o\

Peyer binVoxels for Imaris 7.7.1

o\

o\°

Copyright James Peyer 2015

o\

o\

Installation:

o\°

o\

- Copy this file into the XT\matlab folder in the Imaris
installation directory.

% - Set the value of aXls in this file to specify the
location you want to save the table this program generates

- You will find this function in the Image Processing menu

o° o°

o\°

<CustomTools>
<Menu>
<Item name="Peyer binVoxels" icon="Matlab"
tooltip="Bins voxel intensity into equal parts.">

o

o°

% <Command>MatlabXT::Peyer binVoxels (%1i)</Command>
% </Item>

% </Menu>

% </CustomTools>

% Description:

% Returns the percentile intensities of voxels in a specific

function Peyer binVoxels (almarisApplicationID, aExcludeZero)
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% connect to Imaris interface
if ~isa(almarisApplicationID, 'Imaris.IApplicationPrxHelper')

javaaddpath ImarisLib.jar

vIimarisLib = ImarisLib;

if ischar(aImarisApplicationID)

almarisApplicationID =

round (str2double (aImarisApplicationID)) ;

end

vIimarisApplication =
vImarisLib.GetApplication(aImarisApplicationID);
else

vIimarisApplication = almarisApplicationID;
end

o°

o\°

Set the lower bound.

A value of 0 here means that all voxels >=0 will be counted.
A value greater than 0 means that voxels less than the
entered value will be ignored.

[e)

% This is useful because you only want break the parts of the
image that represent tissue into percentiles.

[

o

[¢)

o°

o°

vThreshold = 0;
if nargin == 1
vAnswer = inputdlg({'Exclude Voxels less than'}, 'Peyer
binvVoxels', 1, {'1'});
if ~isempty (vAnswer)
vThreshold = str2double (vAnswer (1)) ;
else
return;
end
elseif nargin ==
if akExcludeZero
vThreshold = 3;
end
end

o°

o\°

Set the upper bound.
A value of 0 here means that there will be no upper bound.

o°
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o)

% A value greater than 0 means that voxels greater than the
entered value will be ignored.

% This is useful because you only want break the parts of the
image that represent tissue into percentiles.

% This can be useful if you want to include voxels with a
value of 0 (e.g. overlapping the surfaces), but still have
regions to exclude.

% So mask the area that does not represent tissue to a value
of 255,

% then run Peyer binVoxels from 0 to 255 to exclude all the
voxels equal to 255 (i.e. the ones that do not represent

tissue).

[

o

[¢)

vUpperThreshold 0;
if nargin ==
vUpperAnswer = inputdlg({'Exclude Voxels greater than'},
'Peyer binVoxels', 1, {'255'});
if ~isempty (vUpperAnswer)
vUpperThreshold = str2double (vUpperAnswer (1))
else
return;
end
elseif nargin ==
if aExcludeZero
vUpperThreshold = 0;
end
end

o

% Select the Channel of interest on which to make the surfaces
% The top channel in the Imaris display is Channel 1, then 2,
and so on.

(o)

o

o

vSurfaceChannel = 0;
if nargin ==
vSurfaceChannelAnswer = inputdlg({'Select the channel to

make volumetric surfaces'}, 'Peyer binVoxels', 1, {'1'});
disp (vSurfaceChannelAnswer) ;
vSurfaceChannel = str2double (vSurfaceChannelAnswer);
disp (vSurfaceChannel) ;
elseif nargin ==
if akExcludeZero
vSurfaceChannel = 1;
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end
end
% Select the number of equal volumes that you wish to divide
the channel into
% Standard here is 100, to give the value for each 1% of
volume.

vNumberVolumes = 0;
if nargin ==

vNumberVolumesAnswer = inputdlg({'Select the number of
equal volumes to divide the channel into'}, 'Peyer binVoxels',
1, {'100'});

vNumberVolumes = str2double (vNumberVolumesAnswer) ;

elseif nargin ==
if akExcludeZero
vNumberVolumes = 10;
end
end

% Start Waitbar
vProgressDisplay = waitbar (0, 'Peyer binVoxels');

% fetch 1d array data from open Imaris file for the selected
channel.

% For large images, it is common to get a memory overload.

% Try converting a distance transformation to 8 bits before
running Peyer binVoxels if you get memory overloads.

if strcmp(vImarisApplication.GetDataSet.GetType, 'eTypeUInt8')
vimage =
vIimarisApplication.GetDataSet.GetDataVolumeAslDArrayBytes (
vSurfaceChannel-1,0);
disp ('8 bit image');
vimage = typecast (vImage, 'uint8');
vIimage = double (vImage) ;
elseif strcmp(vImarisApplication.GetDataSet.GetType,
'eTypeUIntloe')
vImage =
vIimarisApplication.GetDataSet.GetDataVolumeAslDArrayShorts (

vSurfaceChannel-1,0);
disp('l6 bit image'):;
vIimage = double (vImage);
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elseif strcmp(vImarisApplication.GetDataSet.GetType,
'eTypeFloat')
vimage =
vIimarisApplication.GetDataSet.GetDataVolumeAslDArrayFloats (

vSurfaceChannel-1,0);
disp('32 bit image');
vimage = double (vImage) ;
end
% display the normal maximum and minimum of the data received
disp (max (vImage)) ;
disp (min (vImage)) ;
% reshape the 1d array to exclude pre-defined minimum and
maximum values
if vUpperThreshold ==
vDataVector = vImage ((vImage>=vThreshold)) ;
else
vDataVector = vImage ((vIimage>=vThreshold) &
(vImage<vUpperThreshold)) ;
end
% Reshape the vector and display the new maximum and minimum
values.
vDataVector = reshape (vDataVector,1,([]1,1);
disp (max (vDataVector));

disp (min (vDataVector));

% Create the boundaries for the table.
% The first column will be the percents of volume, the second
column will be the voxel intensities
vBins (1:101,1) = O;
vBins (1:101,2) = vThreshold;
vVoxels = size (vDataVector);
nVox = num2str (vVoxels);
disp ([ 'Number of Voxels being analyzed: ' nVox]);
% Put the total number of voxels analyzed in the table
vBins (1,3:4) = vVoxels;
inteod i=1;
for i = 1l:vNumberVolumes
vBins (i+1,1) = (100*i/vNumberVolumes) ;
waitbar (i/vNumberVolumes, vProgressDisplay) ;
1=1+1;
end
Y = vBins (2:vNumberVolumes+1,1);
disp (isvector (Y)):;
Z = reshape(Y,1,[1);
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disp (isvector (Z2));

dz = double (Z);

disp (isvector (dZ));

prcs = prctile(vDataVector,dZ);
disp (prcs);

vBins (2 :vNumberVolumes+1,2) = prcs;

% The program will create a save file with the name of a
channel in the folder you specify

% EACH USER MUST MANUALLY SET THE FOLDER LOCATION IN THIS
PROGRAM BY CHANGING THE VALUE FOR "aXls"

aChName =

char (vimarisApplication.GetDataSet.GetChannelName (vSurfaceChan
nel-1));

% Change the value of aXls to specify a save location. You can
copy the directory and paste it over the

% "C:\Users\Public\Documents\" portion of aXls

aXls = ['C:\Users\Public\Documents\Percentiles ' aChName
'.x1lsx'];

xlswrite (aXls,vBins) ;

disp(['Data saved to ' aXls]);

close (vProgressDisplay) ;

B.1.2 Example of output of above program.

Marrow Distance to bone Total Marrow
Percentile (microns) Voxels

0 0 6.23E+08

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 9

11 11

12 11

13 13




14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

13
15
15
17
17
18
19
21
21
22
23
25
25
27
28
29
30
31
32
33
34
35
36
38
39
40
41
42
43
45
46
47
48
49
51
52
53
55
56
57
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

58
60
61
62
64
65
67
68
70
71
72
74
75
77
79
80
82
83
85
87
89
90
92
94
96
98
100
102
104
106
109
111
113
116
118
121
124
127
130
134
137
141
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96 146
97 151
98 158
99 168
100 201

Table 2: Example output of “Peyer_binVoxels.”

B.2.1 Separating bone marrow volume into progressive shells.

o\°

o°

Peyer binVoxels for Imaris 7.7.1

o° o°

o°

Copyright James Peyer 2015

o° o°

Installation:

o°

o\

- Copy this file into the XT\matlab folder in the Imaris
installation directory.

% - Set the value of aXls in this file to specify the
location you want to save the table this program generates

- You will find this function in the Image Processing menu

o° o°

o

<CustomTools>
<Menu>
<Item name="Peyer createShellChannels" icon="Matlab"
tooltip="Uploads channels of equal volumes according to
percentiles.">

Q

o

<Command>MatlabXT::Peyer createShellChannels (%i)</Command>
</Item>
</Menu>
</CustomTools>

o°

o

o° o© o° o o°

o\°

Description:

o\°

o°

Creates a series of concentric shells of equal volumes
radiating away from an Imaris surface.

Q

o\

o°
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function Peyer createShellChannels (almarisApplicationID,
aExcludeZero)

% connect to Imaris interface
if ~isa(almarisApplicationID, 'Imaris.IApplicationPrxHelper')

javaaddpath ImarisLib.jar

vIimarisLib = ImarisLib;

if ischar(aImarisApplicationID)

almarisApplicationID =

round (str2double (aImarisApplicationID)) ;

end

vIimarisApplication =
vImarisLib.GetApplication(aImarisApplicationID);
else

vIimarisApplication = almarisApplicationID;
end

o°

o\°

Set the lower bound.

A value of 0 here means that all voxels >=0 will be counted.
A value greater than 0 means that voxels less than the
entered value will be ignored.

% This is useful because you only want break the parts of the
image that represent tissue into percentiles.

[

o

[¢)

o°

o°

vThreshold = 0;
if nargin == 1
vAnswer = inputdlg({'Exclude Voxels less than'}, 'Peyer
binvVoxels', 1, {'1'});
if ~isempty (vAnswer)
vThreshold = str2double (vAnswer (1)) ;
else
return;
end
elseif nargin ==
if akExcludeZero
vThreshold = 3;
end
end

o°

o\°

Set the upper bound.
A value of 0 here means that there will be no upper bound.

o°
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o)

% A value greater than 0 means that voxels greater than the
entered value will be ignored.

% This is useful because you only want break the parts of the
image that represent tissue into percentiles.

% This can be useful if you want to include voxels with a
value of 0 (e.g. overlapping the surfaces), but still have
regions to exclude.

% So mask the area that does not represent tissue to a value
of 255,

% then run Peyer Peyer createShellChannels from 0 to 255 to
exclude all the voxels equal to 255 (i.e. the ones that do not

represent tissue).

[

o

[¢)

vUpperThreshold = 0;
if nargin ==
vUpperAnswer = inputdlg({'Exclude Voxels greater than'},

'Peyer Peyer createShellChannels', 1, {'255'});
if ~isempty (vUpperAnswer)
vUpperThreshold = str2double (vUpperAnswer (1))
else
return;
end
elseif nargin ==
if aExcludeZero
vUpperThreshold = 0;
end
end

o

% Select the Channel of interest on which to make the surfaces
% The top channel in the Imaris display is Channel 1, then 2,
and so on.

(o)

o

o

vSurfaceChannel = 0;
if nargin ==
vSurfaceChannelAnswer = inputdlg({'Select the channel to

make volumetric surfaces'}, 'Peyer Peyer createShellChannels',
1, {'1'});
disp (vSurfaceChannelAnswer) ;
vSurfaceChannel = str2double (vSurfaceChannelAnswer);
disp (vSurfaceChannel) ;
elseif nargin ==
if aExcludeZero
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vSurfaceChannel = 1;
end
end
% Select the number of equal volumes that you wish to divide
the channel into
% Standard here is 100, to give the value for each 1% of
volume.

vNumberVolumes = 0;
if nargin ==
vNumberVolumesAnswer = inputdlg({'Select the number of

equal volumes to divide the channel into'},
'Peyer createShellChannels', 1, {'10'});

vNumberVolumes = str2double (vNumberVolumesAnswer) ;
elseif nargin ==

if akExcludeZero
vNumberVolumes = 10;

end

end

try

vIimarisApplication.DataSetPushUndo ('Peyer createShellChannels'
) ;
catch er

% nothing to do
er.message;

end

try
% get the data set
vDataSet = vImarisApplication.GetDataSet.Clone;

catch er
msgbox (['Invalid dataset\n\n', er.message])
return

end

% Get DatasSet

% Convert the image into 8 bit first to avoid memory
overloads.

vProgressDisplay = waitbar (0, 'Peyer createShellChannels');

if strcmp (vDataSet.GetType, 'eTypeUInt8')
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vimage =
typecast (vDataSet.GetDataVolumeAslDArrayBytes (
vSurfaceChannel-1, 0), 'uint8'");
vimage = typecast (vImage, 'uint8');
vimage = double (vImage) ;
elseif strcmp(vDataSet.GetType, 'eTypeUIntle')
msgbox (['First Convert Dataset to 8bit
integers!\n\n', er.message]);
elseif strcmp (vDataSet.GetType, 'eTypeFloat')
msgbox (['First Convert Dataset to 8bit
integers!\n\n', er.message]);
end

aX = vImarisApplication.GetDataSet.GetSizeX;
aY vimarisApplication.GetDataSet.GetSizeY;
az vIimarisApplication.GetDataSet.GetSizeZ;

vDataSet3d = reshape (vIimage,aX,a¥,az);
% display the normal maximum and minimum of the data
received
disp (max (vImage)) ;
disp (min (vImage)) ;
% reshape the 1d array to exclude pre-defined
minimum and maximum values
if vUpperThreshold ==
vDataVector = vImage ((vImage>=vThreshold)) ;
else
vDataVector = vImage ((vImage>=vThreshold)
& (vImage<vUpperThreshold)) ;
end
disp (max (vDataVector))
disp (min (vDataVector));

vBins (1:101,1) = O;
vBins (1:101,2) = vThreshold;

% Clone the DataSet to put in the new Intensities
vNewDataSet = vDataSet3d;
inte4d i=1;
for i = 1l:vNumberVolumes
wailtbar (i1/vNumberVolumes, vProgressDisplay) ;

vBins (i+1,1) = (100*i/vNumberVolumes) ;
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vBins (1+1,2) =
prctile (vDataVector, (100*1i/vNumberVolumes)) ;

% Set values between the last and current shell as

1 in

% NewDataSet. Other Values become 0

vNewDataSet ( (vDataSet3d< (vBins (1i,2))) |
(vDataSet3d>=(vBins (i+1,2))))=0;

vNewDataSet ( (vDataSet3d>=(vBins (1i,2))) &
(vDataSet3d< (vBins (i+1,2))))=1;

aMin = int2str(vBins(i,2));

aMax = int2str (vBins (i+1,2));

% Create a new channel where the result will be
sent

vNumberOfChannels =
vIimarisApplication.GetDataSet.GetSizeC;

vIimarisApplication.GetDataSet.SetSizeC (vNumberOfChannels + 1);
shellNum = int2str(i);
aCName = ['Shell ' shellNum ' - ' aMin ' to '
aMax];
disp (aCName) ;

vIimarisApplication.GetDataSet.SetChannelName (vNumberOfChannels
,aCName) ;

vIimarisApplication.GetDataSet.SetChannelColorRGBA (vNumberOfCha
nnels, 255*256*250);

%Set the values of vNewDataSet as the intensities
of the new
$channel

if ay > 3000
vSet = vNewDataSet (:,1:1500,:);

vImarisApplication.GetDataSet.SetDataSubVolumeBytes (vSet, 0, 0,
0, vNumberOfChannels,0);

aStatus = ['Shell ' shellNum ' part 1
written.'];

disp (aStatus) ;

vSet2 = vNewDataSet (:,1501:3000, :);
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vIimarisApplication.GetDataSet.SetDataSubVolumeBytes (vSet2,0,
1500, 0, vNumberOfChannels,0);

aStatus = ['Shell ' shellNum ' part 2
written.'];

disp (aStatus) ;

vSet3 = vNewDataSet (:,3001:end, :);

vIimarisApplication.GetDataSet.SetDataSubVolumeBytes (vSet3, 0,
3000, 0, vNumberOfChannels,0);
aStatus = ['Shell ' shellNum ' part 3
written.'];
disp (aStatus) ;
else

vIimarisApplication.GetDataSet.SetDataVolumeBytes (vNewDataSet, v
NumberOfChannels, 0) ;

end

i=1i+1;

end

% The program will create a save file with the name of a
channel in the folder you specify

% EACH USER MUST MANUALLY SET THE FOLDER LOCATION IN THIS
PROGRAM BY CHANGING THE VALUE FOR "aXls"

aChName =

char (vimarisApplication.GetDataSet.GetChannelName (vSurfaceChan
nel-1));

% Change the value of aXls to specify a save location. You can
copy the directory and paste it over the

% "C:\Users\Public\Documents\" portion of aXls

aXls = ['C:\Users\Public\Documents\Percentiles ' aChName
'.x1lsx'];

Xxlswrite (aXls,vBins) ;

disp(['Data saved to ' aXls]);

close (vProgressDisplay) ;
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B.2.2 Example of output of Peyer_createShellChannels program.

Figure 29: Creation of progressive shells around a bone marrow landmark. a,
Manually created digital surface of bone marrow arterioles. A distance
transformation from this surface was fed into the program in B.2.1. b, Output of the
above program. Each color represents 10% of the total bone marrow volume. The
10% of marrow volume closest to the arterioles is in teal, the volume furthest from

the arterioles is in pink. Scale bar represents 80 microns.
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