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ARTICLE INFO ABSTRACT

Bone marrow contains numerous different cell types arising from hematopoietic stem cells (HSCs) and non-
hematopoietic mesenchymal/skeletal stem cells, in addition to other cell types such as endothelial cells- these
Bone non-hematopoietic cells are commonly referred to as stromal cells or microenvironment cells. HSC function is

Keywords:
Imaging

Eiches o intimately linked to complex signals integrated by their niches, formed by combinations of hematopoietic and
Lel’;‘(am?'nes‘s stromal cells. Studies of hematopoietic cells have been significantly advanced by flow cytometry methods, en-
eukemia

abling the quantitation of each cell type in normal and perturbed situations, in addition to the isolation of these
cells for molecular and functional studies. Less is known, however, about the specific niches for distinct de-
veloping hematopoietic lineages, or the changes occurring in the niche size and function in these distinct ana-
tomical sites in the bone marrow under stress situations and ageing. Significant advances in imaging technology
during the last decade have permitted studies of HSC niches in mice. Additional imaging technologies are
emerging that will facilitate the study of human HSC niches in trephine BM biopsies. Here we provide an
overview of imaging technologies used to study HSC niches, in addition to highlighting emerging technology
that will help us to more precisely identify and characterize HSC niches in normal and diseased states.

1. Introduction

We make billions of mature blood cells every day by highly defined
processes involving the commitment and differentiation of blood-
forming stem cells (hematopoietic stem cells, HSCs). Numerous dif-
ferent steps are required for an HSC to become a mature blood cell and
these occur in the bone marrow (BM), in specialized BM micro-
environments (aka niches). The niches are largely composed of non-
blood cells, including cells that form bone, and there are specific niches
for primitive cells, including HSCs and progenitors, in addition to all of
the different maturing blood cell lineages [1,2].

There are numerous types of niche cells in the BM in human and
mouse. Most of what we know about these niche cells have arisen from
studies using mouse models. Numerous excellent reviews are available
that provide extensive overviews of the distinct cell types that comprise
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HSC niches, recent ones include those by Crane et al. [3] and Gao et al.
[4]. The purpose of this current review is to discuss the different ima-
ging technologies that are currently being used to study HSC niches in
human and mouse samples. Nevertheless, a basic overview of different
cell types that contribute to bone marrow niches is provided here.
There are a range of osteoblast lineage cells present in BM, ranging
from the most immature skeletal stem cells, osteoprogenitors, osteo-
blasts, which are found on the bone (endosteal) surface, to the most
mature osteocytes, which are embedded in the bone [5]. Perivascular
cells, which line arteries in the bone marrow, include MSCs that are
derived from two separate sources: neural crest-derived Nestin (Nes)-
expressing MSCs [6] and mesenchymal limb bud-derived Prx1-expres-
sing MSCs [7,8]. Nes+ MSCs cannot form adipocytes [9,10]. In con-
trast, progeny of the Prx1+ MSCs include leptin receptor + (LepR+)
mesenchymal cells [9] and CXCL12-abundant reticular (CAR) cells
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[9,11], the latter which have been shown to be the source of all adi-
pocytes in BM [9].

Endothelial cells line all blood vessels in the body and in the BM
they form a barrier between the developing hematopoietic cells and the
blood. The two major types of blood vessels in BM are sinusoids and
arterioles [10,12]. The arteriolar vessel types are lined by perivascular
cells, such as osteoprogenitors or smooth muscle cell alpha-expressing
cells. Furthermore, arteriolar vessel types consist of CD31M#" en-
domucin"®" type H endothelial cells, which are located in the meta-
physis and near the endosteum, and connect to endomucin™* arterioles
[12]. BM sinusoids (also referred to as CD31'°" endomucin'®" Type L
vessels) [12] are more permeable than BM arterioles [10] and are as-
sociated with different mesenchymal cell types, such as LepR+ cells
and some of their progeny.

2. Approaches used for the visualization of bone marrow niches in
mice

The use of genetically modified mouse models has enhanced the
study of phenotypic murine HSCs and the manipulation of specific
niche cells, such as deletion of specific niche regulatory factors. The
many transgenic mouse lines used in HSC and HSC niche research were
previously reviewed by Joseph et al. [13]. Updates of additional me-
senchymal transgenic mice that have been generated more recently are
provided in an accompanying review by Green et al. in this edition of
Bone [14]. These mice, combined with fluorescent reporter mice, have
been very useful for many imaging studies investigating HSC niches.

2.1. Fluorescent reporter mice

The use of fluorescent reporter mice to detect different cell types in
vivo have become a gold standard tool for imaging studies investigating
interactions of different niche cells and hematopoietic cells. There are
an increasing number of transgenic mice being made that have re-
porters in which a fluorescence protein (most commonly green fluor-
escence protein, GFP) is driven by or fused to the gene of interest and
hence only cells that express that gene are fluorescent (for example,
Col2.3-GFP [15], nestin-GFP [16], Osx1-GFP [17]) [18] and Flk1-GFP
[19]). In addition, numerous transgenic Cre lines have been generated
without a fluorophore, but can be used for imaging by crossing the Cre
transgenic mouse to a fluorescent reporter mouse. The most commonly
used are the Rosa26 (R26) reporter strains previously discussed in Jo-
seph et al. [13]. The largest limitation of these latter reporter strains for
use in imaging studies is that all progeny of the cell that is targeted by
the Cre transgene will be detected by the fluorescent reporter, as dis-
cussed in Green et al. [14].

2.1.1. GFP and RFP based fluorophores

GFP was first isolated from the jellyfish Aequorea victoria [20] and
since then further research on the DNA encoding the protein has gen-
erated a series of fluorophores that have enhanced emission intensity
and stability compared to the first generation GFP. Some of the most
well-known fluorophores that are derivatives of GFP are yellow fluor-
escence protein (YFP), cyan fluorescence protein (CFP) and the en-
hanced versions of these latter two, which are brighter and more
photostable fluorochromes [21]. The advantage of GFP is its ability to
be spontaneously fluorescent when produced by the cells, hence the
formation of chimeric GFP fusion proteins through genetic engineering
allows for the visualization and localization of proteins of interest
within the cells in real-time. However, while many derivatives of the
GFP molecule are available, the emission maxima of these fluorescent
proteins are limited in the red fluorescence. The discovery and isolation
of the red-fluorescent protein (RFP) from the discosoma coral [22] was
therefore a significant step forward for imaging studies.

RFP and RFP-derived fluorophores have emission in the red range
[23] which complements with the GFP fluorophores. Furthermore, as
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native autofluorescence of cells and tissue is typically in the green-
yellow range, RFP suffers from less issues with spectral overlap with
autofluorescence, allowing it to be visualized much more easily com-
pared to GFP which emits in the autofluorescence range. Both GFP and
RFP can be used in tandem to tag multiple proteins of interest and vi-
sualizing the interactions between them. Recently, far red-shifted
fluorescent proteins have been generated, with the aim to increase the
palette of fluorophores available. mCherry, neptune, crimson, plum and
Katushka are examples of such proteins and are reviewed by Chudakov
et al. [24].

2.1.2. Multicolored reporter strains

Multicolored reporter strains such as R26R-Confetti mice [25], HUe
mice [26] and Rainbow mice [27] are increasingly being used in ima-
ging studies of HSCs and microenvironment cell types. A “Zebrabow”
rainbow zebrafish reporter has also recently been generated [28].

The Brainbow 2.1 mice [29] were generated to study lineage tracing
in the brain, producing at least 90 colors in vivo. The R26R-Confetti
mice are a modified version of the Brainbow 2.1 mice, where four
fluorescent proteins (GFP, YFP, RFP and CFP) were inserted into the
ubiquitously expressed R26 locus, with a LoxP “stop” site inserted up-
stream of the R26 locus. Upon Cre activation, the LoxP site is excised
and recombination occurs in a random fashion to permit one of the four
colors to be expressed by the Cre-targeted cell [25].

A similar approach has led to the recent generation of another
transgenic mouse strain (HUe) in which four fluorophores (GFP, EYFP,
tDimer2 and Cerulean) are driven by a ubiquitously expressed chicken
actin promoter [26]. The HUe reporter strain has approximately 20
tandemly integrated cassettes, theoretically producing over 1000 dif-
ferent colors in the red, blue and green hues permitted by the fluor-
ophores. In contrast, the Rainbow mice, in which the fluorophores are
also driven by the chicken actin promoter, harbors three fluorophores
(EGFP, ECFP and mRFP1) [27]. The Zebrabow fish also has three
fluorophores: RFP, CFP and YFP [28].

There are some caveats associated with the use of these multi-
colored reporter animals. One is the dominance of some of the colors
over others, which can vary from tissue to tissue. For example, in the
R26R-Confetti reporter, the GFP (which is nuclear) is not expressed
very well by the marked cells [25] (and Purton lab, unpublished ob-
servations). The RFP (which is cytoplasmic) is very bright in both
imaging and FACS studies, with YFP (which is also cytoplasmic) also
being readily detectable. The CFP is membrane associated and weaker
to detect using both FACS and imaging methods, but is nevertheless
detectable. For FACS studies, significant effort is required to compen-
sate between GFP and YFP, however, with appropriate filters, this is
possible to achieve. Finally, the number of colors that can be expressed
is reliant on whether the reporter is heterozygous or homozygous: for
example, if the R26R-Confetti genotype is heterozygous only four colors
can be expressed, however, if homozygous then 10 different color
combinations are possible [30]. This is especially important to re-
cognize if using these reporter mice for studies incorporating FACS,
particularly if combining the use of antibodies with the fluorophores to
detect different cell types.

Recent studies have used these different multicolored reporter mice
to investigate properties of bone marrow niche cells, including bone
marrow vasculature using R26R-Confetti mice [31], mesenchymal
lineage cell populations using Rainbow mice [32] and HSCs and me-
senchymal lineage cell populations using HUe mice [26]. Furthermore,
the Zebrabow fish have been used to study clonal hematopoiesis from
HSCs [28].

2.2. Challenges linked to fluorescence immunostaining
While multicolored reporter mice allow clonal analyses within the

targeted cell population, lineage or cell type-specific fluorophores must
be combined to simultaneously observe combination of cells. This is
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particularly challenging for the study of HSC niches, as lineage re-
porters are limited and most often only available as GFP, or requiring
complex breeding strategies to intercross them. Antibodies conjugated
to a variety of fluorophores are the ideal tool when several markers
need to be combined to identify HSCs and niche components. As is the
case for flow cytometry (FACS), there are numerous different antibodies
that can be used to detect distinct niche cell types and HSCs on tissue
sections. However, this approach too presents significant challenges.
The largest limitation of fluorescence microscopy compared to FACS is
the number of fluorophores that can be simultaneously imaged within a
single sample. While it is routine to detect cells that have been si-
multaneously stained with > 10 fluorophores using FACS, it becomes
exponentially more difficult after 4 colors with every additional fluor-
ophore using standard fluorescence microscopy.

As the number of fluorophores within the experiment grows, the
fluorescence emission spectra of the fluorophores starts to overlap and
the signal from adjacent fluorophores are then detected in the detector
dedicated to a neighboring fluorophore, an event known as spillover.
One of the techniques employed to distinguish between overlapping
fluorescence profiles is fluorescence compensation, which is a require-
ment for FACS [33] but is not easily performed for fluorescence mi-
croscopy. This originates from the difference in the acquisition protocol
and post-processing capability of the two techniques.

Fluorescence compensation for FACS is simple to perform as all of
the cells are in suspension and hence the data is acquired for each in-
dividual cell. However, in a tissue one must first be able to distinguish
between each cell and the boundaries between them in order to obtain
fluorescence emission profile for each individual cell. This is made more
difficult by the fact that cells in tissue sections exist in 3D with multiple
cells stacked on top of each other. When sectioning the tissue for
imaging studies, each section will cut through some of the cells and thus
only parts of cells may be present within the image. Furthermore, for
accurate compensation a large sample number is required, this is par-
ticularly difficult for rare cell populations. For FACS, millions of cells
can be analyzed within a short period of time, however fluorescence
microscopy is limited to analysis within the field of view which, de-
pending on the magnification and cell density, can contain anywhere
between dozens to hundreds of cells. While lower magnification images
can be taken one must consider the resolution of the image as it must be
high enough to resolve individual cells within the image; this is not a
problem for FACS as analysis is done for each individual cell.

Another challenge to consider for fluorescence imaging is the
sample preparation. Most samples for fluorescence imaging are either
formalin fixed paraffin embedded tissues (FFPE) or fresh frozen tissues.
Fixed samples can be stored for an extended period of time and thus
allow for analysis of historical samples. Most pathological samples are
stored as FFPE samples and due to the process of fixation, there are
inevitable changes to the epitopes on the sample, requiring additional
steps to unmask the epitopes for the target protein of interest [34].
Additionally, the fixation process often increases the level of
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autofluorescence within the tissue, compounding an already prominent
problem as tissue samples have high levels of autofluorescence due to
numerous proteins having inherent fluorescence [35]. As a result, signal
amplification is often required in immunofluorescence protocols to
overcome this issue.

Signal amplification can be achieved through several techniques. A
common method is to use indirect labelling using fluorophore con-
jugated secondary antibodies against the primary antibody for a modest
signal amplification (multiple secondary antibodies can bind to a single
primary antibody). Further signal amplification can be achieved
through the avidin biotin complex (ABC) signal amplification whereby
the primary/secondary antibody is conjugated to a biotin molecule that
will form a complex with multiple fluorophore-conjugated avidin mo-
lecules. However, for the purposes of fluorescence multiplexing, these
indirect signal amplification techniques are of limited utility. If multiple
primary antibodies are raised in the same species and are of the same
isotype, the secondary antibody will not be able to distinguish between
each of these primary antibodies on a single section. The ABC signal
amplification also presents with the same problem as the complex will
form for any antibody complexed with biotin. Even combining these
two techniques will only amplify two of the markers in the panel,
leaving directly conjugated primaries or the need for antibodies raised
in different species as the remaining option. However, until very re-
cently, these limitations using antibody-based approaches have re-
stricted many of the imaging studies that have been performed to date
to four colors. One of the most exciting to overcome this limitation is
the use of tyramide signal amplification (TSA) in immunofluorescence.
2.2.1. Overcoming antibody species limitation in
immunolabeling with tyramide signal amplification (TSA)

Tyramide molecules are converted into a highly oxidized free ra-
dical in the presence of peroxidase (i.e. horseradish peroxidase) and
hydrogen peroxide, causing it to covalently bond with tyrosine residues
adjacent to the peroxidase. Through the conjugation of tyramide with
fluorophores, the deposition of a vast number of fluorophores onto the
site of antibody binding is possible, achieving signal amplification that
is far superior to even the ABC system and in fact can be done in tandem
with other signal amplification protocols because TSA is a modification
of the reaction product and not the detection system [78].

Additionally, the deposition of fluorophores by TSA is achieved
through covalent binding and thus is permanent [78]. This allows the
sample to be “stripped” of the antibody used for the detection of the
marker without affecting the fluorophore, unlike other amplification
methods whereby the “stripping” process would also strip the fluor-
ophores from the sample. This permits fluorescence multiplexing by
sequential antibody labelling and stripping with the TSA using tyramide
molecules conjugated to different fluorophores. The end result achieves
signal amplification for all labels within the panel with signal in-
tensities brighter than any other signal amplification protocols (Fig. 1).
Furthermore, because antibodies from the previous sequence have been

fluorescence

Fig. 1. Tyramide signal amplification for mul-
tiplexed immunofluorescence. The primary an-
tibody (red) complex containing HRP catalyzes
the formation of reactive tyramide molecules
that form covalent bonds with tyrosine residues
in the tissue. Subsequent heat treatment/heat
induced antigen retrieval removes the primary
antibody complex while retaining fluorophore-
conjugated tyramide molecules bound to the
tissue and primes the tissue for the next primary
antibody complex to detect a different epitope.
The process is repeated until all targets of in-
terest have been labelled with fluorophore con-
jugated to tyramide. Abbreviations:

HRP = horseradish peroxidase, H,O, = hydrogen peroxide. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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removed prior to subsequent antibody labelling, antibody species lim-
itations found with indirect signal amplification methods no longer
apply and antibodies from the same species/isotype can be used and
amplified equally [79].

The development of the TSA technique allowed for the potential of
fluorescence microscopy to catch up with FACS in the number of
markers that can theoretically be labelled. However, this has still not
resolved the issue of fluorescence spectral overlap when working with
multiple fluorophores, and fluorescence compensation still remains a
challenge on tissue samples. Recent developments with this technology
have overcome this limitation through a technique known as spectral
imaging combined with linear unmixing which are discussed in Section
6 further below in this review.

3. Sample preparation for imaging tissue sections in both 2D and
3D

The optimization of the samples from harvest to im-
munohistochemistry (IHC) interpretation is essential for accurate
quantitation of the different proteins of interest, including markers for
HSCs and bone marrow microenvironment cell types. The IHC protocol
begins from sample preparation and it is one of the most important
steps in the experiment. Optimized and standardized sample prepara-
tion allows for the acquisition of reliable and reproducible results.
Different tissues require distinct processing protocols. An overview of
important parts of the bone processing is provided below.

3.1. Tissue preparation

Adequate fixation of bone tissue is essential prior to processing and
embedding the samples [36,37]. Under- or over-fixation can be detri-
mental to the tissue, as antigen degradation may occur and therefore
affect antibody-epitope/antigen binding [36-38]. Inadequately pro-
cessed tissue will also pose problems when sectioning and staining
samples [36]. Histopathology workflow requires bone to be decalcified
as a fundamental procedure, with various decalcifying solutions avail-
able [39]. Many factors may influence the decalcification process and
tissue infiltration, such as skin or muscle attached to the bone, bone
size, and the type of decalcifying solution used [40]. Morphology and
antigenicity may be negatively impacted if the decalcification process is
not carried out correctly [37], therefore proper decalcification is
paramount for successful sectioning and IHC staining.

3.2. The importance of control sections

The detection of specific proteins such as antigens within or on the
surface of specific cell types, or tissue architecture such as vasculature is
conducted via IHC [38,41]. Due to the nature of this technique and
subjectivity, having appropriate positive and negative controls is cri-
tical for the valid and accurate interpretation of IHC results [41]. The
method used to detect and amplify the protein of interest and promote
antibody-antigen binding is another variable to be considered when
interpreting results [36,38].

Non-specific binding of an antibody may result in false-positive
interpretation; therefore, the use of a negative control is of utmost
importance [38,41]. Omitting the primary antibody as a negative
control is not a valid method to accurately assess primary antibody-
epitope binding specificity. Primary antibody omission is only in-
dicative of the secondary antibody binding non-specifically to the sec-
tion [38,41]. To validate specific primary antibody-epitope binding, a
suitable negative control would be a serum or immunoglobulin that is
isotype specific to your primary antibody [41] and ideally, although
rarely available, sections of tissues known not to express the antigen
studied, such as sections from knock out animals.
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4. Imaging in 2 dimensions: studies of thin tissue sections

4.1. Histomorphometry-based approaches for quantitation of bone marrow
niches

Histomorphometry involves the quantitative analysis of the micro-
architecture of a tissue section. It is a gold standard imaging technology
used to quantitate bone [42] in addition to other components of the
bone marrow microenvironment, such as blood vessels [43]. There are
different software packages that can be used to quantitate the bone
microenvironment, such as ImageJ (and its plugin, BoneJ) or Osteo-
Measure. The quantitation of bone parameters including osteoid is
commonly performed using undecalcified plastic-embedded samples,
and has been extensively reviewed by Dempster et al. [42]. Quantita-
tion can also be performed using decalcified bones, in particular when
combined with immunohistochemistry (IHC) to detect specific cell
types [43,44].

OsteoMeasure (OsteoMetrics, Atlanta, GA, USA) is the most com-
monly used software designed for histomorphometry analyses, and it is
used predominantly in the bone and musculoskeletal fields [45,46].
OsteoMeasure software links a real-time view of a stained sample under
a microscope, and sends this information to a computer tablet via a
camera [45]. A pen detected by the tablet can then be guided by the
user to identify the cells of interest, or trace around cells or structures
(such as vessels) within a sample to obtain information on the cell size,
perimeter and cell number.

Using OsteoMeasure, locating a region of tissue for analysis can be
done in real-time, using structures or landmarks inherent to the tissue
(Fig. 2). The production of trabecular bone occurs via a process called
endochondral ossification [47]. This is a complex, finely regulated
process involving crosstalk between chondrocytes, osteoblast lineage
cells, osteoclasts and endothelial cells [48]. During this process, carti-
lage is initially formed, and then gradually becomes replaced by bone,
with a combination of mineralized bone tissue and cartilage forming
the primary spongiosa [47]. The primary spongiosa is located just
below the growth plate as indicated by the green box in Fig. 2. The
secondary spongiosa is located just below the primary spongiosa, as
shown by the red squares arranged in a grid pattern (Fig. 2). The sec-
ondary spongiosa is a standard area in which measurements are made
for comparable analyses across multiple samples. These landmark re-
gions are easily identifiable and provide a consistent comparison of the
same region across samples.

OsteoMeasure allows the user to trace regions of interest such as the
volume of blood vessels (sinusoids), trabecular bone, and adipocytes, as
well as manually quantifying the numbers of vessels or cells of interest
(Fig. 3) [5]. OsteoMeasure will calculate the volume and area of defined
regions, the cell or tissue perimeter, and the numbers of cells or vessels
counted manually by the user [45] (Fig. 3). Expertise is required in
identifying various structures and differentiating the cell types by the
user, which can be aided by IHC (Fig. 3). This technique is labor in-
tensive as it requires the user to visually identify and manually de-
marcate areas of interest as demonstrated in Fig. 3 [46]. Accurate
identification of cell types and structures is underpinned by robust/
specific reproducible IHC staining.

The applications of this software are broad, with respect to quan-
tification of various cell types and niches, therefore the use of
OsteoMeasure can be applied in many fields. Other open-source soft-
ware such as Image J can also be utilized to write specific programs and
tailor the analyses towards specific stains to identify particular cell
types [46]. We have recently used this approach to show that endosteal
vessels are remodeled in patients with AML [49].

4.2. Imaging in 2 dimensions: tissue arrays for the study of hematopoiesis

Tissue arrays consist of at least two different specimens in one slide,
but the number of specimens installed can go up to the hundreds. One
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of the main purposes of a tissue array is to perform a simultaneous and
standardized study of two or more samples, hence it has been generally
used along with IHC to validate and/or discover protein biomarkers.
Tissue arrays are not restricted to protein studies; they can also be used
to analyze nucleic acids [50]. Tissue arrays have been used in the re-
search of solid tumors [51], but are not limited to those, as they can be
successfully used for the study of hematologic diseases [52,53]. Tissue
arrays are useful for studying hematopoiesis and hematopoietic dis-
orders; they can be built from different hematopoietic organs, such as
spleen, bone marrow and thymus; and they can also be built from
suspensions of hematopoietic cells [54]. Tissue arrays from bone
marrow require special technical consideration [52], as they may
contain two or three types of tissue including cortical or trabecular
bone, cartilage and bone marrow stroma.

4.2.1. Types of tissue arrays

There are many types of tissue arrays and many methods of con-
struction [55]. According to the size of the specimen, there are two
main categories, tissue macroarrays (also called tissue arrays) and
tissue microarrays (TMA). Tissue macroarrays consist of entire organs
(from mouse or other small species), human biopsies or small pieces of

Bone 119 (2019) 19-35

Fig. 2. Spatial localization of OsteoMeasure fields.
Shown is a mouse tibia cut at 5 pm, stained with vascular
endothelial growth factor 3 (VEGFR-3), amplified using
3,3’-diaminobenzidine (DAB) and counter-stained with
hematoxylin, original magnification 4 x. The primary
spongiosa is indicated by the green box and the sec-
ondary spongiosa regions by the red boxes. The primary
spongiosa is used as a reference point for locating the
secondary spongiosa, which is the common site of mea-
surement for different bone marrow niche cell types and
tissues including osteoblasts, trabecular bone and blood
vessels. Scale bar = 500 um. (For interpretation of the
references to color in this figure, the reader is referred to
the web version of this article.)

tissue. The number of samples per slide is limited, due to the size of the
specimens, for example; tissue macroarrays from mouse hematopoietic
tissues can contain up to five or 6 spleens, femurs, tibiae or pelvises
(Fig. 4).

Tissue macroarrays can be built by placing different samples that
have been embedded separately (referred to as single specimens on
Table 1) onto one slide after cutting, or from tissues that have been
embedded together (Fig. 4). In either case, it is important to include a
small piece of a different tissue (as a marker), to control the orientation
of the slide and track the identity of the tissues (Fig. 4). This tissue can
also be used as a control tissue for the stain.

In contrast, tissue microarrays (TMA) can contain hundreds of
samples, but the size of each sample is limited. TMA are very useful for
finding or validating biomarkers that have been identified by genomics
or proteomics, as they allow the simultaneous staining and scoring of a
large number of samples.

The most commonly used core size for TMA varies from 0.6 mm to
1 mm (Fig. 5). It is important to consider the histology of the tissue and
the representation of the area included in the core. TMAs will leave a
hole in the original block; this has to be taken in consideration when
diagnostic human samples are being used to build them (Table 1). TMA

) P o e e T Y

Fig. 3. OsteoMeasure user interface. This image is of a mouse tibia stained with VEGFR-3 to detect BM sinusoids at 20 X magnification. A) The BM sinusoids were
traced and are outlined in red, the trabecular bone is traced and outlined in yellow. B) A summary view of traced regions. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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can be built from paraffin embedded or frozen tissue [55]. Dec-
alcification of the bone is required when using human bone marrow
trephines or mouse bone samples.

4.2.2. Tissue array planning and quality control

The first step in building a tissue array is to select the type of array
that works best for your experiment. To be taken in consideration are
the size of the specimen, the importance to preserve the original block
intact, the size of the area of interest and the number of samples to be
included (Table 1).

The second step is to build a tissue array map or TMA map, in-
cluding control tissue that facilitates the orientation of the block and
the slide, and preserves the identity of the samples. The control tissue
can also be used as a positive or negative control of the stain (Figs. 4
and 5). It is important that all of the samples included on the tissue
array have the same fixation and decalcification protocol. The tissue
array can contain only controls or experimental groups, or can be a mix
of both. The TMA map should include a duplicate or triplicate of each
sample that will be identified with a consecutive number, including the
code of the sector (see S1-S4 in Table 2) and the number of samples,
(e.g. 101 refers to the first sample of sector 1, 201 refers to the first
sample of sector 2 in Table 2). It is important to maintain the or-
ientation when placing the cut tissue onto the slide, hence asymmetric
sectors are recommended to assist with this.

The map needs to contain a code for each sample; samples can be
arranged in sectors (S1-S4). Sectors are best to be arranged in an
asymmetric format, which helps the histotechnologists to place the cut
section in the right orientation according to the map. Control tissue can
help with both orientation and to function as a positive or negative
control of the stain.

The quality control of the tissue array includes an evaluation of a
slide consisting of a 4 um hematoxylin and eosin (H&E) stained section
representative of the array. The H&E stain will determine if the tissue
has been preserved and if the area of interest is represented, or if there
are some areas missing or with artifacts (Fig. 6). In order to avoid ar-
tifacts, it is important to embed the samples on the flattest side and to
keep the tissue at the same level. If the block is going to be used

Table 1
A comparison of tissue macroarrays and tissue microarrays.
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Fig. 4. An example of a tissue macroarray.
Photomicrograph of a tissue microarray (4 um sec-
tions) that included five xenografted mouse pelvises.
The slide has been stained by immunohistochemistry
with an anti-human CD45 antibody (detected using
3,3’-diaminobenzidine, DAB) and counterstained
with hematoxylin. The array included one small
piece of normal mouse spleen (black arrow) to con-
trol the orientation of the slide and the identity of the
specimens. The normal mouse spleen was also used
as a negative control for the anti-human CD45 anti-
body. The slide has been digitalized using an Aperio
CS2 scanner.

extensively, it is recommended to include a slide stained with H&E that
is obtained on the 10th cut of each block.

The problem of having too much bone or cartilage (if analysis of
bone marrow is being performed) can be minimized by carefully
marking the representative areas in the bone marrow samples and by
punching the selected areas exactly [52] (Fig. 7A and B). Each spot
needs to assessed and missing or empty spots (Fig. 8A) or spots with
artifacts have to be discarded from the analysis, empty spots usually
account for < 5% of the spots [52]. Spots that do not have re-
presentative areas also need to be discarded (Fig. 8B and C). If the TMA
shows only muscle, sometimes a deeper cut can solve the problem
(Fig. 8C). It is expected that between 10% and 20% of the cores will not
be suitable for evaluation [52,53].

One of the most critical steps for building a tissue array from bone
marrow is the selection of the cores. Smaller cores (0.6 mm) are usually
less likely to detach from the slide, but the area of interest can be un-
derrepresented. Bones are surrounded by muscle and depending on age
and species, by cartilage. Bone or cartilage need to be excluded from the
analysis of the bone marrow. It is preferable not to select areas with
muscle or cartilage, but in the case of cores that contain a different
tissue, those areas can be discarded when the TMA is being analyzed
(Fig. 9). The researcher needs to establish the minimum size of the area
of interest on each core to be valid. It is recommended to use at least
two or three cores per sample.

4.2.3. How to select bone marrow cores for a tissue microarray

One needs to select the type of mouse bone type to include in the
TMA based on the aim of each experiment. If you want to analyze
trabecular bone, sternebrae are easy to work with, as each sternebra is
about the size of a 1 mm core. However, most of the image analysis
studies on bone marrow have been performed on femurs, tibiae and
cranium, which can also be used for TMA. Human bone marrow core
biopsies are taken from the iliac crest and represent trabecular bone. It
is important that a haematopathologist mark the area of interest on the
H&E slides, in order to avoid subcortical biopsies, or artifacts (Fig. 10).

After core selection, the remaining tissue from the bone marrow
blocks, either from mouse or human, will not be damaged. As shown in

Tissue macroarray single specimens”

Tissue macroarray Tissue microarray TMA

Limited number of specimens

Preservation of intact original block

Area of interest > 1 mm

Study experimental and control groups on the same slide
Large number of samples (hundreds)

Area of interest < 1 mm

PR X

X X

X

X X
X
X

2 Each sample is embedded in different blocks, but after cutting, they are placed on the same slide.
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Fig. 11, the core will only leave a hole in the spot that was taken, this is
not different from soft tissue, as the bone marrow has been previously
been decalcified.

4.2.4. Tissue microarrays for studying hematopoietic and stromal cells in
human bone marrow

The use of TMA for studying the hematopoietic and stromal com-
partments of the bone marrow has been validated by several studies
that have shown that the results found on TMAs correlated to those
obtained with whole tissue sections of bone marrow trephines
[52,56-59]. These findings support the proposal by Naiem et al. [60],
that each bone contains a specific number of repeating structures re-
sembling a fractal organization. Flores-Figueroa and Gratzinger have
further discussed this notion. They proposed that all bone marrow
elements are arranged on subunits, denominated hematopoietic units
(HU) [61], which are connected by the vascularity and localized within
the intratrabecular space. The composition of a HU may vary between
species, type of bone and with age [61].

The interactions and composition of the stromal cells and the bone
marrow microenvironment has been explored using TMA. TMA have
been successfully used for the assessment of microvessel density [62]
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Fig. 5. An example of a tissue microarray (TMA).
Photomicrograph of a TMA (4 pm sections) from mouse
bone marrow samples. The design of the TMA is asym-
metrical (having more rows in one direction) to control
the orientation of the slide. The TMA includes a positive
control (arrowhead) and negative control (arrow). The
slide has been digitalized using an Aperio CS2 scanner.

iron stores and macrophage heme oxygenase 1 expression in myelo-
dysplastic syndromes patients [63] and the numbers of mega-
karyocytes, micro-vessel density and myelofibrosis in myeloprolifera-
tive neoplasms [56]. The frequency and location of CD271+
mesenchymal stromal cells in benign, dysplastic and leukemic bone
marrow has been studied by TMA [64] and demonstrated that the re-
sults correlated to those with whole tissue from human bone marrow
biopsies [57], where they have been validated as independent prog-
nostic factors [53].

5. Imaging in 3 dimensions: laser scanning confocal microscopy

While 2D imaging studies provide valuable information about tissue
sections, as discussed above, these studies lack depth discrimination
and are not suitable to image thick or highly scattering samples, such as
bone. To understand the spatial and temporal distribution of cells, the
structure of the tissue must be kept intact, thus microscopy techniques
are a valuable tool to interrogate the different niches that exist in the
bone marrow microenvironment. One of the simplest techniques to
achieve this is using basic wide-field fluorescence microscopy but there
are significant limitations to this technique and the foremost of it all is

Table 2

A representative TMA map.
TMA 1D:
TOP left Sector 1 Sector 2

Row 7.0 8.2 9.4 10.6 11.8 13.0 14.2 15.4 166 17.8 19.0 202 21.4 226 23.8 25.0 26.2

Column 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
21.0 0 101 101 102 102 103 103 104 104 1 201 201 202 202 203 203 204 204
19.8 1 105 105 106 106 107 107 108 108 2 205 205 206 206 @ 207 207 208 208
18.6 2 109 109 110 110 111 111 112 112 3 209 209 210 210 211 211 212 212
17.4 3 113 113 114 114 115 115 116 116 4 213 213 214 214 215 215 216 216
16.2 4 117 117 118 118 119 119 120 120 5 217 217 218 218 219 219 220 220
15.0 5 121 121 122 122 123 123 124 124 6 221 221 222 222 223 223 224 224
13.8 6 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
12.6 7 301 301 302 302 303 303 304 304 1 401 401 402 402 403 403 404 404
11.4 8 305 305 306 306 307 307 308 308 2 405 405 406 406 407 407 408 408
10.2 9 309 309 310 310 311 311 312 312 3 409 409 410 410 411 411 412 412
9.0 10 313 313 314 314 315 315 316 316 4 413 413 Liver Liver Cerebrum Cerebrum Kidney Kidney
7.8 11 Heart Heart Spleen2 Spleen2 Spleen Spleen Lungs Lungs 5
Bottom left Sector 3 Sector 4
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its limitation to 2D imaging. Considering the complexity of the bone
marrow microenvironment, 2D imaging techniques are limited in vi-
sualizing and analyzing the 3D interactions between the various cell
types within the bone marrow [65].

To overcome this limitation, the application of laser scanning con-
focal microscopy (LSCM) techniques allows us to visualize the tissue in
3D, along with other applications, such as intravital microscopy, that
will be discussed further below in Section 5.2. LSCM uses lasers to
excite fluorescent molecules within the sample and distinguish between
different focal planes and increasing z-resolution using a small pinhole
to block out-of-focus light from the detector in the imaging system
(Fig. 12). This approach achieves a slicing effect that allows the vi-
sualization of proteins and structure in 3D with a high degree of spatial
resolution.

There are some major limitations of confocal microscopy such as
sample thickness; with increasing depth, signal intensity decreases
proportionally. While this may be overcome by samples with strong
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Fig. 6. Quality control of the tissue macroarray.
Photomicrograph of a tissue array composed of three
mouse sternums. The slide (4 pum) has been stained with
H&E. The inset of one of the sternebrae shows that ster-
nebrae 1 and 4 are intact but sternebrae 2 and 3 have
muscle instead of hematopoietic tissue, caused by irre-
gular embedding. Using a deeper cut can solve this arti-
fact.

fluorescence emission signal, this is often not the case for most samples.
Additionally, photobleaching is a serious issue as increased sample
thickness often means increased scan times which will cause photo-
bleaching of the samples over time. In standard confocal microscopy,
the excitation laser excites fluorophores along the z-axis through the
full depth of the sample but images are taken for every focal plane;
therefore, during the scanning process fluorophores above and below
the focal plane currently being imaged are constantly excited and
gradually photobleached [66].

The axial (z) resolution of the confocal microscopy is always worse
than the lateral (x and y) resolution by a factor of 3. The highest lateral
resolution that can be achieved using standard confocal microscopy is
approximately 150 nm while axial resolution is typically at 500 nm.
This means that in 3D imaging there is a discrepancy in the resolution
between the lateral and axial dimensions.

Another limitation of the technique is inherent in the fluorophores
most commonly used for live cell imaging, which excite at around
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Fig. 7. Representative bone marrow TMA cores. Photomicrographs of two H&E stained human bone marrow cores. A) 1 mm core from a human bone marrow biopsy
with 100% cellularity. B) 1 mm core from a human bone marrow biopsy with 60% cellularity.
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Fig. 8. Bone marrow TMA cores that cannot be used for studies. Photomicrographs of three H&E stained human bone marrow cores. A) Empty or missing spot. B)
Human bone marrow core with < 10% of cellularity, the core is filled with adipocytes. C) Core with muscle and not hematopoietic tissue.

400-500 nm wavelengths. At these wavelengths, which are close to the
ultraviolet range, the laser could induce phototoxicity in the samples
during the imaging process. More advanced approaches have been
developed to overcome some of the limitations present in basic confocal
microscopy: on one side, far red shifted fluorophores are increasingly
utilized (see above), on the other side, multiphoton microscopy allows
exploiting less phototoxic infrared wavelength for fluorophore excita-
tion.

LSCM acquires a series of optical sections, by rejecting the light
from out-of-focus z planes, and is therefore ideal for thick specimens. It
has been often used for imaging tissue sections and for intravital mi-
croscopy (IVM), which is discussed further below. Nevertheless, LSCM
is limited to the tissue surface and for depths over 100 um there is in-
creased light scattering, which limits the contrast and signal strength.
Despite this, LSCM has become an increasingly popular tool to study
interactions of HSCs with their niche cells.

Traditional methods for the study of hematopoietic stem and pro-
genitor cell (HSPC) niches in the bone marrow in vivo involved the
transplantation of FACS sorted genetically or chemically labelled HSPCs
[67] into recipient mice and studying the homing of transplanted
HSPCs in the recipient mice BM. The limitation of this study is the fact
that functional, engrafting HSPCs were observed only within the mye-
loablated recipient mice, however the myeloablation achieved through
irradiation causes alterations to the BM niche cells such as endothelial
cells [68], osteoblasts [69] and bone itself [44], preventing the study of
native HSPCs and their niche in unperturbed environments. The de-
velopment of the SLAM markers, which allowed for the identification of
HSPCs using a limited panel of markers, allowed for the first analysis of
HSPCs in native BM sections imaged using LSCM [70]. It has since been
recognized that SLAM HSPCs are heterogeneous and require further
purification (and hence more than four colors) to separate HSCs from

multipotent progenitors [71,72], nevertheless, this was a key study that
was a significant step forward in increasing the popularity of histolo-
gical studies of HSPCs in BM sections.

In the last decade, there have been numerous studies using LSCM
technology together with a combination of reporter mice and anti-
bodies to study HSC niches. All of these studies have advanced our
understanding of the HSC niche, but have also contributed further to
the controversy about the nature of HSC niches. These studies are re-
vealing that there are numerous different niche cell types that con-
tribute to the regulation of HSCs, and that quiescent and cycling HSCs
have different niches [10,12,73]. The recent reviews by Gao et al. [4]
and Crane et al. [3] have provided excellent overviews of these studies,
hence they are not discussed further here.

5.1. Multiphoton microscopy

Despite the advances that LSCM studies have provided in studies of
HSC niche, to fully capture all the interactions of the HSC with the
surrounding microenvironment cells, 3D analysis in thick tissues are
required; alternatively, serial sections can be used as a substitute but it
increases the complexity and labor required. Additionally, the BM is a
highly dynamic environment and a single time point is not sufficient to
capture the dynamic interactions, nor does it let the investigator know
if the cell is truly in its niche, or if it is just passing through the bone
marrow in that particular location at that given time.

To overcome the limitations of sample thickness and phototoxicity,
a technique known as two-photon excitation fluorescence (TPEF) mi-
croscopy is utilized [74,75]. TPEF is achieved through the excitation of
a fluorophore by two photons of double the wavelength (thus half the
energy) required to excite the molecule; thus using infra-red lasers (i.e.
800 nm) to excite fluorophores in the UV range (i.e. 400 nm). When the

C

Fig. 9. Image analysis of bone marrow cores. Core A has no muscle or bone, cores B and C have muscle (asterisk) that has been eliminated in the image analysis.
Positive signal (red, orange and yellow). Negative stain (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 10. Selection of bone marrow cores. Photomicrograph of A) a mouse sternebra and B) a human bone marrow biopsy. The circles represent the area of a core. In
the human bone marrow biopsy two different areas have been selected a 0.6 mm core (smaller circle) and a 1 mm core (largest circle). Each area is placed on the

parenchyma of the bone marrow.

Fig. 11. A photograph from a mouse sternum, where four cores of 0.6 mm have
been taken. The remaining tissue is intact.

two photons excite the fluorophore at extremely close intervals (femto-
seconds), it will cause the energy from both photons to combine and
excite the fluorophore as if it is excited by a single fluorophore con-
taining the combined energy of the two photons. This is achievable
through the utilization of a femto-second (fs) pulsed laser to deliver
extremely short pulses of photons onto the sample at high repetition
rates [76]. Additionally, the excitation laser in a TPEF system is focused
onto the focal plane and excitation does not happen above or below the

Dichroic mirror

focal plane (out of focus region) thus eliminating the need for a pinhole.
This focused excitation has the benefit of increasing resolution, espe-
cially in deeper samples and tissues characterized by high scattering
such as the bone marrow (Fig. 13), and of reducing photodamage as
fluorophores in the out of focus plane are not excited during the ac-
quisition process [76].

3D imaging of thick tissue sections can be better achieved by using
multiphoton microscopy (MP) [77]. MP includes any microscopy that
uses at or above 2-photon microscopy, and has the capability to image
thicker pieces of tissues; with depths ranging from 150 pm, such as in
the calvarium [78] to 500 um deep in soft tissues like the lymph nodes
[79]. The advantages of MP microscopy stems from its use of near in-
frared light (700-1000 nm) to excite the fluorophores, the higher the
wavelength of the excitation laser, the greater the penetration ability
thus allowing excitation deeper into the tissue. In addition, infra-red
light has less phototoxicity and photobleaching, in comparison to the
UV and visible light lasers used in LSCM [76]. 2-Photon excitation also
allows better 3D resolution, photolytic release of caged molecules and
second harmonic generation (SHG) signal to image the collagen 1 fibres
that compose the bone itself [80-82]. These strategies are often used in
isolation, however, the combination of reporter mice, antibodies and
SHG signals allows for the simultaneous imaging of different BM niche
cell components either in sections or in live imaging as recently shown
by Duarte et al. [49].

In summary, the major advantages of this technique are the increase
in sample penetration (of up to 1 mm in thickness in the case of brain)
and reduced phototoxicity. This is due to the use of infra-red lasers
which have far higher sample penetration than lasers of lower wave-
lengths, and lower phototoxicity as fluorophores are no longer excited
with lasers close to the UV range [76].

!fd'cal Plane
Out of
Focus Plane

Laser

Objective Lens

Fig. 12. Schematic of basic confocal microscopy. The pinhole blocks out of focus light (red dotted line) originating from the out of focus plane while allowing in focus
light (blue line) to pass to the detector. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A- two-photon excitation
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5.2. Intravital microscopy

Due to their ability to excite fluorescence in thick tissues, LSCM and
particularly MP microscopy, have been used in time-lapse mode either
alone or in combination to perform IVM and capture biological pro-
cesses in four dimensions (4D). IVM permits real-time imaging of cell-
cell interactions and cell differentiation in BM niches, capturing the
dynamics and complexities of biological processes that are not possible
to detect in static tissue sections. Processes that can be captured using
IVM include, for example, information of a cell's motility, and, if a cell
is determined to be mobile, how fast it is moving and where is it moving
to; the interactions of distinct cells with other cell types; the time taken
for a cell to divide, and the ability to detect other cellular properties in
living cells in real time, such as apoptosis [83-85].

The limitations of IVM studies are that the ability to detect different
niche cell types and HSCs require methods that permit the detection of
these cells in living animals. Numerous reporter mice are routinely
used; however, these mice also have limitations (see above).
Fortunately, many fluorophore-conjugated antibodies and reagents can
be intravenously injected into the live mouse to visualize different bone
marrow niche cell types when performing IVM. For example, methods
for detecting endothelial cells include the use of Dil-labelled acetylated
low-density lipoprotein (Dil-Ac-LDL) [73], fluorescently conjugated
Griffonia simplicifolia isolectin B4 (IB4) [86] or fluorophore-conjugated
antibodies specific for endothelial antigens [87]. It should be noted,
however, that macrophages, which are abundant in bone marrow,
readily take up Ac-LDL [88] and IB4 has also been shown to be an
excellent marker of macrophages [89]. Blood vessels are also often
identified in IVM studies using intravascular dyes, such as fluorescently
tagged bovine serum albumin (BSA), dextrans with various molecular
weights (note that, again, particularly high molecular weight dextrans
should be used to minimize extravasation from bone marrow sinusoids
and macrophage labelling), and non-targeted Quantum dots (Qdots)
have also been successfully used for IVM studies [78]. Using this ap-
proach, human leukemic cells have been visualized in the bone marrow
[18], and immune cells in multiple tissues [90].

For studies assessing HSC niches in bones, the best results are ob-
tained using bones that are readily accessible. Some initial studies, such
as those by Xie et al. [91] transplanted mice with phenotypic HSCs then
removed the tibiae and femurs of the mice and imaged them outside of
the body, using a method called ex vivo imaging of stem cells (EVISC).
This study suggested that after irradiation the endosteal area becomes
highly stimulatory, promoting HSC expansion. It is important to note,
however, that the imaging was performed using bones that had been
removed from the mouse, and hence lacked the innervation from nerves
and blood vessels, which have been shown to be important in regulating
HSCs [92].

B- RFP confocal excitation
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Fig. 13. Two-photon excitation of deep bone
marrow. Two-photon excitation increases spa-
tial resolution. A 2D image of the same deep BM
area containing H2BGFP+ mTmG+ hemato-
poietic cells was acquired (A) using 970 nm and
1030 nm two-photon excitation, and (B) using
970 nm two photon and 561 nm confocal ex-
citation. Red: membrane tomato; green: GFP;
grey: bone collagen SHG. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Furthermore, while other investigators have since modified
methods to use long bones in IVM imaging studies, these studies require
significant manipulation of the thick bone to be able to image the bone
marrow. Some studies, such as those by Kohler et al., who revealed
differential positioning and activity of young and aged HSCs [93], and
Pitt et al., who studied the interactions between T-cell acute lympho-
blastic leukemia (T-ALL) cells and CXCL12-producing stromal cells in
the BM [94], thinned the bone (using methods such as shaving the
bone) prior to imaging. The impact of this bone thinning on the overall
function of the bone microenvironment is unclear, however, osteocytes,
which are embedded within the bone matrix, are known to commu-
nicate with cells within the bone marrow and have been implicated in
regulating the mobilization of HSCs [95].

In a different approach, Lewandowski et al. used a fiber-optic
imaging system akin to a miniaturized endoscope and inserted it di-
rectly into the femoral bone cavity via the knee to image the central
marrow [96]. Although highly invasive and disruptive for the tissue,
this approach allowed imaging of the interactions of HSCs and en-
dothelial cells in central bone marrow, and revealed an important role
for reactive oxygen species in the regeneration of bone marrow after a
bone marrow transplant. The question remains whether some of the
interactions were the result of cell compaction in front of the advancing
probe.

In contrast to the challenges of imaging bone marrow in long bone,
the calvarium (skull bone) is very thin and does not require manip-
ulation (such as shaving) prior to imaging. It is also less invasive to
readily access this skull bone repeatedly in living mice, and is covered
by a thin skin that can readily be removed to expose the bone surface
for imaging. Importantly, the calvarium has been shown to be as re-
presentative as the femur and the tibia in the study of hematopoiesis in
mice [78,86]. The von Andrian group pioneered studies of calvarium
BM, using epifluorescence microscopy to study HSPC rolling in vessels
[97]. More recently, laser-mediated osteotomy of the calvarium has
been used to improve the quality of the imaging studies [98].

In the first IVM studies of HSC niches in calvarium BM, Lo Celso
et al. showed that LT-HSCs localize very closely to endosteal Col 2.3GFP
+ osteoblasts in irradiated recipients and to the endosteum in both
irradiated wildtype mice and in non-irradiated W/Wv mice, the latter
which permit engraftment without requiring prior irradiation [78]. In
contrast, the more mature progeny of LT-HSCs were found to be distal
from the endosteal osteoblasts [78]. A refined technology from the Lo
Celso lab resulted in the ability to repeatedly image the same area of
calvarium BM over very long periods of time, hours (Fig. 14) or days
apart [18]. This technology allowed the mouse to be either imaged over
the course of a number of hours, or to be removed from the imaging
platform in between imaging sessions, with the exact same region im-
aged longitudinally in subsequent imaging sessions [85]. This
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Fig. 14. Longitudinal IVM of mouse bone marrow. DiD labelled HSCs (A-C) or hematopoietic progenitor cells (HPC) (D-F) were injected into a col2.3GFP mouse and
imaged three times within the same day [T1 = 0’, T2 = 150” and T3 = 330’ (C) / 390’ (F)]. Green: osteoblastic cells, red: DiD labelled cells. Arrows point at static
cells, arrowhead at a cell that disappears, asterisk highlights an area where an HPC appears during the last session, dotted line encircles two cells that may move.
Scale bars: 50 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

adaptation has permitted the study of the interactions between LT-HSCs
and osteoblasts and between leukemia cells and multiple components of
the bone marrow microenvironment over a long period of time [18,49].

To date, the studies performed using this technological platform
have revealed that in the steady state, LT-HSCs are stationary and are
primarily localized near osteoblasts [84]. In contrast, in response to
infection, the interactions between the LT-HSCs and osteoblasts are
altered, with the LT-HSCs being more motile and engaging with larger
BM niches [84]. Furthermore, this platform has also been used to show
that T-ALL cells destroy osteoblasts via inducing their apoptosis [18],
whereas AML cells selectively remodel endosteal vessels in mice [49].
The findings of these latter two studies were validated in human studies
using trephine BM sections of T-ALL [18] and AML patients [49], re-
spectively.

The Bonnet lab has also used IVM to image human HSCs in xeno-
transplanted mice. In these studies, human HSCs were reported to be
transiently migratory until they reached their niche, whereas more
mature human hematopoietic progenitors remained motile after
homing to the BM [99]. IVM studies have also been used in a mouse
model of myeloma to show that osteoblasts regulate the dormancy of
myeloma cells at the endosteal niche, and that osteoclasts awaken the
myeloma cells from quiescence [100].

5.3. Large 3D images

As well as longitudinal, or time-lapse, imaging over extended per-
iods of times, another type of imaging is becoming increasingly im-
portant in the hematopoietic field: this is the acquisition of images
covering large areas of bone marrow, and ideally entire bone marrow
cavities. Tilescan imaging is well established for the study of sections,
but it is now increasingly used for intravital (Fig. 15) and whole mount
images of hematopoietic tissues. Calvarium bone marrow can now be
acquired in less than an hour thanks to fast acquisition protocols
[18,49], and large 3D images of whole mount thick sections or cleared
entire bones have been increasingly used to investigate the position of
hematopoietic stem cells [73,101].

30

As previously mentioned, for 3D imaging the axial (z) resolution in
imaging is always worse than the lateral (x and y) resolution. This issue
is even more apparent when acquiring large 3D images of whole mount
preparations and thick sections, where both the axial resolution and the
depth of tissue that can be imaged are limited. This limitation is caused
by scattering and spherical aberration of light as it passes through
different components of the tissue with varying refractive indexes, with
the surrounding bone itself being a major contributor to scattering and
loss of signal [102]. One of the methods used to overcome this is
through optical clearing techniques. The goal of optical clearing is to
minimize the refractive index mismatch between the low refractive
index of aqueous components of the tissue and the higher refractive
index of the cell membranes and extracellular matrix (i.e. collagen)
found within the same tissue. It should be noted that the tissue com-
ponents (i.e. cells and extracellular matrix) vary between different
tissue types and thus clearing protocols should be optimized for each
tissue. Moreover, certain clearing protocols may be detrimental to the
target epitope and/or the structure of the tissue. Richardson et al.
provides a comprehensive review and comparison of different tissue
optical clearing methods [102]. Furthermore, Acar et al. has compared
the effects of various different optical clearing agents for the purpose of
imaging bone marrow samples using confocal microscopy [101].
Clearing methods continue to be developed [103] and evaluated and
each researcher should carefully troubleshoot this step, to avoid gen-
eration of any artefacts.

A first challenge of these types of images comes from their size,
which requires appropriate computing power to be imaged and ana-
lyzed. Furthermore, complex spatial statistics need to be used to in-
terpret the results obtained, especially measurements of relative posi-
tions relative to multiple tissue components and cell types. The
distribution of two different cell types can be compared [73], or, in the
absence of a comparable control population, artificial cells randomly
positioned within the 3D image can be used [18]. Cytometry software
has been developed to tackle these challenges [103,104], and the
generation of reliable, user friendly analysis pipelines will be key to
fully take advantage of the wealth of information contained in large 3D
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Fig. 15. Tissue-wide bone marrow microscopy. Maximum intensity projection
of a 3D tilescan of mouse calvarium bone marrow. Blood vessels were identified
with high molecular weight cy-5 dextran injected intravenously (magenta).
Col2.3 cyan osteoblasts are shown in cyan. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

images. Big data analytical approaches, such as dimensional reduction
techniques and deep learning applied to both large 3D and longitudinal
images hold the promise to unravel the spatial organization of hema-
topoietic tissues and to solve multiple controversies still ongoing on the
nature of the cellular interactions supporting hematopoiesis.

6. Emerging technologies that are advancing imaging studies of
tissue sections

6.1. Spectral imaging and linear unmixing for fluorescence multiplexing

As previously mentioned, one of the limitations of fluorescence
multiplexing is the spillover when multiple fluorophores with over-
lapping emissions are used in the same panel. Linear unmixing is a
technique used to separate overlapping fluorophores by distinguishing
the “spectral fingerprint” of each fluorophore. Every fluorophore has its
own distinct spectral emission profile, it emits maximally at different
wavelengths and the shape of the emission profile is unique to each
fluorophore. Both fluorescence compensation and linear unmixing as-
sumes that when two fluorophores have overlapping emission profiles,
the combined fluorescence intensity signal for the overlapping wave-
lengths are the sum of the intensity from each individual fluorophore.
Where fluorescence compensation “subtracts” the estimated spillover
fluorescence signal to correct for the intensity of each fluorophore in
each detector [33], linear unmixing uses an algorithm to calculate the
contribution of each fluorophore on the combined fluorescence spectra
using the known fluorescent profiles of each fluorophore as reference.
Thus, theoretically, as long as the “spectral fingerprint” of each

31

Bone 119 (2019) 19-35

fluorophore is distinct from each other, multiple fluorophores with
overlapping profiles can be used together. In practice, the greater the
difference the more accurate the separation of the fluorophores using
linear unmixing. It is also important that each of the fluorophores are of
similar intensity as it is possible to overwhelm the signal from the
weaker fluorophore when there are extreme differences in fluorescence
intensities between the fluorophores. It should be noted that linear
unmixing can also be set up to include autofluorescence as another
fluorophore, thereby negating autofluorescence and possibly even using
the inherent autofluorescence to the advantage of the researcher.

This technique has excellent synergy with the TSA method of
fluorescence multiplexing. As TSA allows for the labelling of tissue
sections with multiple fluorophores regardless of antibody species with
ease and linear unmixing allows for the identification of multiple
overlapping fluorophores.

Linear unmixing is limited by the hardware available for the ac-
quisition of spectral images. Most of the fluorophores used in cell
biology emit in the visible light range between 400 and 700 nm and the
hardware have been designed for such. With spectral detectors now
capable of detecting further into the infra-red region (> 700nm)
combined with fluorophore-conjugated tyramide simplifying the mul-
tiplexing protocol, it is possible to expand the utility of linear unmixing
to include even more fluorophores than what is currently available.

Commercially available kits include the Opal™ multiplexing tech-
nology from Perkin Elmer, which currently permit up to 7 colors plus
DAPI to be visualized on the same section [105]. Sections can be
scanned using specialized imaging technology such as the Perkin Elmer
Mantra, Vectra or Polaris systems; however, the technology can also be
imaged using LSCMs equipped with spectral imaging and unmixing
capabilities (Fig. 16).

6.2. Imaging Mass Cytometry (IMC)

The field of hematopoiesis has advanced to the point that requires
robust imaging techniques to visualize complex hematopoietic sub-
populations and to study the interactions between different and several
subpopulations within the bone marrow. As discussed above, a sig-
nificant challenge for imaging studies are the number of parameters
than we can assess simultaneously. Imaging Mass Cytometry (IMC) is
another novel technique based on the use of metal-tagged reagents that
allows for the simultaneous imaging of at least 40 different parameters
including antibodies, DNA, and mRNA. IMC is a robust technique than
can be used with cytospins, frozen and paraffin embedded tissue sec-
tions [106,107]. It will enable us to study the “topobiology” [61] of
benign and malignant hematopoiesis, allowing the location of single
cell populations and the study of their interactions within the bone
marrow.

The staining technique for IMC is similar to that used for im-
munofluorescence studies. It requires an antigen retrieval step (prior
deparaffinization is required only if using paraffin embedded tissues), a
blocking step (usually with serum) and staining procedure. Tissue
sections or cell slides, including cytospins [108] are incubated with a
mixture of metal-tagged antibodies. This technique can be multiplexed
to detect both proteins and mRNA [109,110]. The largest limitation of
this technology is that the slide cannot be visualized under a fluorescent
microscope, but needs to be ablated with a laser and analyzed with a
mass cytometer [Hyperion™ Imaging System (Fluidigm, Inc.)] which is
able to detect dozens of parameters simultaneously with subcellular
resolution [108]. Finally the image is reconstructed digitally [106,107]
(Fig. 17).

7. Conclusions
During the last decade there have been significant advances in our

ability to image HSCs and HSC niches in tissues and living animals,
providing investigators with a range of techniques with which to study
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Fig. 16. Multiplexing with 7 colors on a single BM section. The Opal™ kit commercially available from Perkin Elmer consists of 6 fluorophores with distinct spectral
emission profiles that uses the TSA technique for signal amplification, combining the advantages of both TSA and linear unmixing together to achieve robust
multispectral imaging of up to 7 colors in tissue (6 fluorophores + DAPI for nuclei). Shown is a BM section from a paraformaldehyde fixed, paraffin-embedded mouse
tibia that was stained with antibodies against BM sinusoids and different maturing hematopoietic cells, allowing ease of identification of all colors separately on the
same section using the Opal™ kit. Both panels show the same image, however, DAPI has been excluded from the right panel. These images were scanned and acquired
on a Nikon A1R LSCM. Yellow (Opal 540) = Gr-1+ granulocytes, orange (Opal 570) = Ter119+ erythrocytes, red (Opal 620) = F4/80 + macrophages, purple (Opal
650) = vVWF + megakaryocytes, cyan (Opal 690) = B220+ B lymphocytes and green (Opal 520) = vascular endothelial growth factor-3 (VEGFR-3) + BM sinusoids,
plus blue (DAPI) nuclear stain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

interactions of HSCs and their niches in normal and diseased states. The
recent development of multiplexing technologies will permit the de-
tection of numerous rare cells in the same tissue in a manner that has
never been possible before, and will significantly aid the study of
human HSC niches in bone marrow biopsies. Finally, while this review
has focused on HSC niches, the technologies overviewed here are ap-
plicable to the studies of numerous different tissues in normal and
diseased states, and will likewise significantly contribute to advances in
numerous research fields.
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