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Abstract

Artemin is a neurotrophic factor that plays a crucial role in the regulation of neural development and regeneration and has also
been implicated in the pathogenesis of inflammatory pain. The receptor for artemin, GFR«3, is expressed by sympathetic and
nociceptive sensory neurons, including some that innervate the bone marrow, but it is unclear if it is also expressed in other cell
types in the bone marrow. Our goal in the present study was to characterise the expression of GFR«3 in nonneuronal cells in the
bone marrow. Immunohistochemical studies revealed that GFRa3-expressing cells in the bone marrow are spatially associated
with blood vessels and are in intimate contact with nerve fibres. We used various combinations of markers to distinguish different
cell types and found that the GFR oc3-expressing cells expressed markers of nonmyelinating Schwann cells (e.g. GFAP, p75SNTR,
nestin). Analysis of bone marrow sections of Wntl-reporter mice also demonstrated that they originate from the neural crest.
Further characterisation using flow cytometry revealed that GFR o3 is expressed in a population of CD51*Scal PDGFRo cells,
reinforcing the notion that they are neural crest-derived, nonmyelinating Schwann cells. In conclusion, there is a close association
between peripheral nerve terminals and a population of nonneuronal cells that express GFRa3 in the bone marrow. The
nonneuronal cells have characteristics consistent with a neural crest-derived, nonmyelinating Schwann cell phenotype. Our
findings provide a better understanding of the expression pattern of GFRo3 in the bone marrow microenvironment.
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Introduction Malin et al. 2006; Nencini et al. 2018). It acts through a core

receptor tyrosine kinase RET and an accessory GDNF family

Artemin is a member of the glial cell line-derived neurotrophic
factor (GDNF) family of ligands that is involved in the devel-
opment of the peripheral nervous system (Andres et al. 2001;
Honma et al. 2002), axonal regeneration (Harvey et al. 2010;
Wang et al. 2008) and in pain signalling (Albers et al. 2014;
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receptor alpha-3 (GFR«3) which confers ligand specificity for
the receptor complex (artemin/GFR«3) (Baloh et al. 1998).
The GFRa3 receptor is expressed in developing sympathetic
postganglionic neurons (Baloh et al. 1998) and a subpopula-
tion of small-diameter peptidergic sensory neurons
(Ernsberger 2008; Orozco et al. 2001). Artemin- and
GFRa3-deficient mice have abnormalities in the migration
and axonal projection pattern of sympathetic neurons
(Honma et al. 2002; Nishino et al. 1999). There are also a
number of reports of GFR«3 expression in nonneuronal cells
across many different tissue systems. For example, Widenfalk
et al. (1998) reported GFR«3 mRNA expression on Schwann
cell precursors, olfactory ensheathing cells, chromaffin cells in
the adrenal gland and small clusters of cells in the intestinal
epithelium. Baloh et al. (1998) provided a broader expression
pattern, including in the digestive tract, appendix and kidneys.
It has also been reported in a subset of epithelial cells in the
human digestive and reproductive systems (Yang et al. 20006).
The functional significance of GFR«3 expression in
nonneuronal cells remains poorly understood.
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In our previous studies, we have reported that GFR«3 is
expressed in approximately 40% of sensory neurons that in-
nervate the bone marrow, and that artemin/GFR 3 is involved
in the pathogenesis of inflammatory bone pain (Nencini et al.
2018, 2019). However, there are many other nonneuronal and/
or stromal cell types that are essential components of the bone
marrow microenvironment (Anthony and Link 2014; Boulais
and Frenette 2015; Isern et al. 2014; Wang et al. 2013).
Mesenchymal stem cells (MSCs) represent a heterogeneous
population of multipotent cells capable of giving rise to vari-
ous mesenchymal tissues, including bone, cartilage and adi-
pose (Caplan 1991; Pittenger et al. 1999). Perivascular cells,
endothelial cells and Schwann cells also form a complex and
supportive niche for haematopoietic stem cells (HSCs) and
cells of the immune system. Many of these cell types are
spatially associated with HSCs and provide regulatory signals
to preserve and maintain aspects of stem cell function, both by
cell-cell interactions and release of soluble factors (Morrison
and Scadden 2014). It is unknown if GFR«&3 is expressed in
any of the nonneuronal cells in the bone marrow microenvi-
ronment, and importantly, if artemin/GFR«3 is involved in
the regulation of haematopoiesis or other bone marrow
functions.

In the present study, we have identified and characterised
the expression of GFR«3 in nerve terminal endings and
nonneuronal cells in the bone marrow with a view to better
understanding the role of artemin/GFR o3 in the bone marrow
microenvironment. In particular, we describe the morphology,
distribution and molecular profile of GFRx3-expressing
nonneuronal cells.

Materials and methods
Animals

Immunohistochemistry and fluorescence-activated cell
sorting (FACS) were used to identify the expression of
GFR &3, and a variety of cell specific markers for nonneuronal
cells, in the bone marrow of long bones taken from 8- to 10-
week-old C57BL/6 mice. To examine whether GFR«x3-
expressing cells in the bone marrow also expressed the inter-
mediate protein nestin, we immuno-labelled the bone marrow
of long bones taken from 9- to 13-week-old Tg(Nes-cre) 1 KIn
mice, hereafter termed Nes-cre mice. Nes-cre mice expressed
the Cre recombinase enzyme under the control of the nestin
promoter gene and were crossed to Rosa26-loxP-stop-
loxP-enhanced yellow fluorescent protein (R26-stop-EYFP;
B6.129X1-Gt(ROSA)26Sor™! EYEP)Cos 1y (Nes-cre; EYFP).
To identify neural crest-derived cells in the bone marrow, we
used postnatal (P4) and 7-week-old Wnt/-cre mice crossed to
Ai32(RCL-ChR2(H134R)/EYFP) mice, which expressed
ChR2-EYFP fusion protein after exposure to Cre recombinase
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(Wntl-cre; ChR2-EYFP). Animals were killed by cervical dis-
location or by cardiac perfusion with saline. All experiments
performed were in accordance with ethical standards of the
University of Melbourne Animal Experimentation Ethics
Committee, St. Vincent’s Health Animal Ethics Committee
and the Animal Welfare Committee of Flinders University of
South Australia.

Tissue preparation and immunohistochemistry

The femurs and tibias of mice were dissected and cleaned of
surrounding soft tissue. They were fixed with 4% paraformal-
dehyde at 4 °C overnight and immersed for 7 days in a
decalcifying solution containing 10% ethylenediamine-
tetraacetic acid (EDTA; pH 7.3) in 0.1 M phosphate-
buffered solution (PBS). The solution was replaced every
2 days. After 7 days, the bones were cryoprotected in PBS
containing 30% sucrose overnight at 4 °C. On the following
day, they were embedded in optimal cutting temperature com-
pound and sectioned at 30 wm using a cryostat. Sections were
collected on gelatinised glass slides (1% gelatin and 0.1%
chrome alum), air-dried for 1 h and processed for immuno-
labelling.

Sections were washed three times in PBS and blocked for
1 h in PBS containing 10% normal horse serum and 1% Triton
X-100. They were incubated in primary antibody (see Table 1)
overnight at room temperature. All antibodies were diluted in
PBS containing 0.3% Triton X-100 and 0.1% sodium azide.
Sections were immuno-labelled to identify coexpression of
GFR«3, nestin-EYFP, the neurotrophic receptor p75
(p75NTR), glial fibrillary acidic protein (GFAP) and/or
Wntl-EYFP. Double labelling was also used to detect associ-
ation of GFRa3-expressing cells with nerve terminals labelled
with the panneuronal marker protein gene product 9.5
(PGP9.5), the sympathetic neuron marker tyrosine hydroxy-
lase (TH) or the peptidergic sensory neuron marker calcitonin
gene-related peptide (CGRP). On the following day, sections
were washed three times in PBS and then incubated in sec-
ondary antibody (see Table 1) for 2 h at room temperature.
Following another three washes in PBS, the slides were cover-
slipped using DAKO fluorescence mounting medium
(Carpentaria, CA) and air-dried before imaging. Some sec-
tions were counterstained during the last PBS wash with
DAPI (1:1000). Controls were prepared by incubating sec-
tions with an isotype-matched control antibody (normal goat
IgG) or by omission of primary antibody.

The anti-GFR«&3 antibody (R&D Systems, #AF2645) is a
goat polyclonal antibody raised against the purified recombi-
nant mouse GFR«3 extracellular domain (Glu34-Arg379).
Using direct ELISA, this antibody shows less than 2%
crossreactivity with recombinant mouse GFRx2 or GFRa4
or recombinant rat GFRx1 (manufacturer’s information).
Immuno-labelling of dorsal root ganglion (DRG) neurons
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with this antibody is not present in GFR«3 knockout mice,
but is present in wild-type controls (Fasanella et al. 2008). We
have also performed experiments to show that preadsorption
with the manufacturer’s peptide (tested at 0.01, 0.1, 1 and
10 pg/ml; Recombinant Mouse GFR alpha-3 Fc Chimera
Protein; R&D Systems; #2645-FR-050) completely abolishes
staining of GFR«3 profiles in the bone marrow of mice at
1 pg/ml (data not shown).

Anterograde tracing of sensory nerve terminals
in bone

C57BL/6 mice were anaesthetised with isoflurane (induction
4%, maintainence 1.5%, in oxygen). A 1-2-cm incision was
made at the dorsal surface of the lumbar vertebrae, and into the
musculature over the intervertebral foramina, to identify the
DRG. L3-5 DRG were exposed and injected with 50—-100 nl
dextran biotin (10-20% in saline; Molecular Probes #D1956,
Eugene, Oregan, USA), using a custom made nitrogen-
delivered drug spritzer system. The musculature was sutured
with 4.0 suture (Dynek, Australia), and the skin incision was
closed with fine suture. Mice were given a 7-day recovery
period to allow for the tracer to be transported from DRG
soma to nerve terminals in bone (Spencer et al. 2014). Seven
days post surgery, mice were anaesthetised with sodium pen-
tobarbitone (60 mg/ml; 0.1 ml/100 g; i.p.) and perfused via the
aorta with 100 ml of heparinised saline, followed by 100 ml of
4% paraformaldehyde. The femurs and tibias were removed,
prepared and processed for GFRa3 immuno-labelling as
above. Streptavidin-Alexa Flour 488 conjugate (Molecular
Probes, #S11223, 1:200) was included in the secondary anti-
body incubation solution to bind to and reveal the extent of
anterograde labelling of sensory nerve terminals with dextran
biotin.

Imaging

High-power images of immuno-labelled sections were cap-
tured using a confocal microscope (Airyscan LSM800 confo-
cal microscope with Zen 2.1 imaging software, Carl Zeiss
Microlmaging, Oberkocken, Germany). Alexa Fluor 488
(AF488), Rhodamine and DAPI filter sets were used to dis-
criminate cells labelled with AF488 and 594 fluorophores and
the DAPI counterstain, respectively. Optical z-stack projec-
tions were generated using a maximal intensity algorithm to
examine nerve terminals and cell profiles through the full
thickness of bone marrow sections at multiple magnifications
(%20, x 40 and x 63 objectives). For each objective, the pin-
hole was set to 1 Airy unit to obtain optimal slice thickness.
Lower-power images of whole sections were imaged using a
Zeiss Axioscope.Z1 fluorescence microscope (Carl Zeiss
Microscope, Oberkocken, Germany) using x 20 objective
magnification and stitched together using ImageJ software
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(National Institutes of Health, Bethesda, Maryland). Images
were examined using Zen imaging software (v 8.1, Carl Zeiss
Microscopy, Oberkocken, Germany), and figures were pre-
pared on CorelDraw software (v 12, Corel Corporation,
Ottawa, Canada). Adjustments to the brightness and contrast
were made to individual images. No other manipulations were
made.

Fluorescence-activated cell sorting

FACS was performed on bones from C57BL/6 mice or Wnt1-
cre; ChR2-EYFP mice to examine the different populations of
cells that expressed GFR«3 or Wnt1-EYFP in the bone mar-
row. Long bones were dissected and gently crushed with a
mortar and pestle in sterile PBS serum (PBS supplemented
with 2% fetal bovine serum and 3 mM EDTA) to remove
the bone marrow. Bone fragments were washed twice in
PBS and digested in collagenase type I (3 mg/ml;
Worthington, NJ) in PBS twice for 25 min at 37 °C. The
released digested bone suspensions were washed, centrifuged
at 400xg for 5 min and resuspended in PBS serum. Cells were
then incubated for 30 min on ice with an antibody cocktail
comprised of allophycocyanin (APC)-eFluor780 conjugated
haematopoietic lineage markers (CD3, CD4, CD8«x, CD11b,
CD45, Gr-1, Terl19 and B220), CD31-peridinin chlorophyll
protein (PerCP)-eFluor710, CD51-phycoerythrin (PE), Scal-
Pacific blue and PDGFRx-PE-CF594, together with the
GFR«3 antibody (see Table 2). Cells were then washed twice
in PBS serum and incubated with the secondary anti-goat
AF488 antibody for 30 min on ice. Analysis of the back-
ground fluorescence of the GFRa3 antibody was conducted
using the corresponding isotype-matched control primary an-
tibody (normal goat IgG). Single stain controls were also pre-
pared using BD CompBeads (BD Biosciences) to set fluores-
cence compensation. The expression of Sca-1 and CD51 in
EYFP* bone marrow cells from Wntl-cre; ChR2-EYFP mice
was assessed in separate experiments. All FACS data were
acquired using a FACSAria Cell Sorter (BD Biosciences,
San Jose, CA) and analysed with FlowJo software (v. 8.8.7,
Treestar, Ashland, OR, USA).

Results

Morphology and distribution of GFRa3-expressing
cells in the bone marrow

We used immunohistochemistry to identify GFR«3 expres-
sion in the femoral bone marrow of C57BL/6 mice.
Longitudinal sections through the whole femur showed nucle-
ated GFRo3-expressing cells distributed along the length of
the marrow cavity (n =17, Fig. 1la—e). These cells were found
in greater numbers at the central diaphysis (Fig. 1a). Double
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Table 2 Antibodies used for flow

cytometric analysis Antigen Conjugate Manufacturing details Dilution
CD3 APCeFluor780 Jomar Biosciences; #47-0031-82 1:200
CD4 APCeFluor780 Jomar Biosciences; #47-0041-82 1:200
CD8x APCeFluor780 Jomar Biosciences; #47-0081-82 1:200
CDI11b APCeFluor780 Jomar Biosciences; #47-0112-82 1:200
CD45 APCeFluor780 Jomar Biosciences; #47-0451-82 1:200
Gr-1 APCeFluor780 Jomar Biosciences; #47-5931-82 1:200
Terl19 APCeFluor780 Jomar Biosciences; #47-5921-82 1:200
B220 APCeFluor780 Jomar Biosciences; #47-0452-82 1:200
Sca-1 Pacific Blue BioLegends; #108120 1:250
CD51 PE BioLegends; #551187 1:250
CD31 PerCPeFluor 710 Jomar Biosciences; #46-0311-82 1:500
PDGFR«x PE-CF9594 BioLegends; #562775 1:500
GFRa3 R&D Systems; #AF2645 1:100
Isotype control R&D Systems; #AB108C 1:100
Donkey « Goat Alexa Flour488 Molecular Probes; #A11055 1:100

labelling with an antibody directed against &x-smooth muscle
actin («-SMA) revealed that the majority of these cells were
found within the vicinity of blood vessels covered by x-SMA-
positive cells (Fig. 1f, g) and particularly around the nutrient
foramen. The GFRa3-expressing cells associated with larger
vessels were often elongated, spindle-structured cells with ex-
tensive processes that wrapped around the length of the ves-
sels (Fig. 1f). A number of single, thin-shaped GFRx3-ex-
pressing cells were also noted along smaller vessels near the
endosteum or appeared to be distributed away from blood
vessels within the bone marrow (Fig. 1g). Staining of these
elongated GFR«3-expressing cells was absent when the bone
marrow sections were incubated with a GFR«3 isotype-
matched control primary antibody.

GFRa3-expressing cells are distinct from nerve
terminals in the bone marrow, but some bone
marrow nerve terminals also express GFRa3

To determine if the GFR«3 expression was on cells distinct
from peripheral nerve terminals in the bone marrow, we used
double labelling with antibodies directed against PGP9.5. This
revealed a relatively rich distribution of nerve fibres and termi-
nals in the bone marrow, particularly around the nutrient fora-
men and branching arterioles (n =38, Fig. 2). We noted on
higher-power imaging and in images of single optical planes
captured by confocal microscopy, that GFR«3-expressing cells
were often closely associated with, but clearly distinct from the
PGP9.5 immuno-labelled nerve terminals in the marrow cavity
(Fig. 2d—g and h-k). The PGP9.5 immuno-labelled nerve ter-
minals had a fine varicose appearance that appeared to make
contact with the cell body of GFRo3-expressing cells (Fig. 2d—
g) or the elongated processes of GFRa3-expressing cells (Fig.

2h-k). We also observed GFR«3 expression in some of the
PGP9.5 immuno-labelled nerve terminals (Fig. 21-0). We used
an antibody directed against TH to determine if some of these
nerve terminal endings were sympathetic (n =11, Fig. 3). TH
immuno-labelled nerve terminals were also in close contact
with, but clearly distinct from, the soma (Fig. 3d—g) and elon-
gated processes (Fig. 3h-—k) of GFRo3-expressing cells, and
GFR«3 expression was observed in some of the TH immuno-
labelled nerve terminals (Fig. 31-0).

We also used anterograde tracing (n =4, Fig. 4) and an
antibody directed against CGRP (n =3, Fig. 5) to determine
if some of the nerve terminal endings were of sensory origin.
Anterograde-labelled, sensory nerve terminal endings had a
similar relationship with the soma (Fig. 4d—g) and the elon-
gated processes (Fig. 4h—k) of GFRa3-expressing cells to TH
immuno-labelled nerve terminals, and some also expressed
GFRoa3 (Fig. 4l-0). CGRP immuno-labelled nerve terminal
endings were characteristically varicose and also observed in
close contact with, but distinct from, the soma of GFR«x3-
expressing cells (Fig. 5d—g) and their elongated processes
(Fig. 5h—k), and some CGRP immuno-labelled nerve termi-
nals expressed GFRo3 (Fig. 51-0). Taken together, these find-
ings show that GFR«3 is expressed in some sensory and sym-
pathetic nerve terminal endings in the bone marrow, but that
there are also many GFRa3-expressing cells that are closely
apposed to, but distinct from both sensory and sympathetic
nerve terminal endings in the bone marrow.

GFRa3-expressing cells are coexpressed with markers
of nonmyelinating Schwann cells

‘We used the bone marrow obtained from Nes-cre; EYFP mice
to further characterise the GFRa3-expressing cells. Sections
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Fig. 1T Immunostaining for GFR«3 in the femoral bone marrow of
C57BL/6 mice (n=17). a Low-magnification image of the whole bone
marrow shows the distribution of GFR«3-labelled cells in the medullary
cavity (arrowheads). Dashed lines indicate marrow cavity. b—e High-
magnification confocal image of a GFRx3-expressing cell. b Z-
projection of cell through full thickness of the section. Insets (c—e) show

were immuno-labelled with antibodies directed against EYFP
(to detect nestin-targeted cells), p7SNTR and GFAP, all
known markers of nonmyelinating Schawnn cells (Jessen
and Mirsky 1999; Mendez-Ferrer et al. 2010; Yamazaki
etal. 2011).

The intermediate filament protein nestin is expressed in
dividing cells during early development and has previously
been used to identify neural crest-derived MSCs and
nonmyelinating Schwann cells in the bone marrow (Isern

@ Springer

single optical sections of ¢ GFRa3, d DAPI and e a merged image of the
same cell. f~g Representative Z-projection images showing a close asso-
ciation of the GFRa3-expressing cells with blood vessels. Sections were
double-labelled with an antibody against x-SMA to identify arterioles.
Arrowheads in g indicate single GFRx3-expressing cells along smaller
vessels. Scale bars =500 um (a), 50 um (b, f and g) and 10 pm (e)

et al. 2014; Yamazaki et al. 2011). Immuno-labelling of
EYFP™ cells in bone marrow sections obtained from
Nes-cre; EYFP mice revealed that the elongated GFR«3-
expressing cells in the bone marrow were targeted by nestin
(n =35, Fig. 6a—). However, the majority of the nestin-targeted
EYFP cells had a satellite-shaped appearance and did not ex-
press GFR«3 (Fig. 6a). We further characterised the GFR«3-
expressing cells by double labelling with an antibody directed
against p75SNTR (n =6, Fig. 6d—f and g—j), a receptor that is
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Fig. 2 GFR«&3 and PGP9.5 immunostaining in the bone marrow of
C57BL/6 mice (n=8). a—¢ Confocal images of a Z-projection through
the full thickness of GFRa3-expressing cells showing a close association
with PGP9.5-labelled nerve fibres in the mouse femur. d—g High-
magnification confocal images of single optical sections through the cell
indicated by the arrowhead in a—c. This shows an example of a nucleated
(DAPI stained) GFRo3-expressing cell with PGP9.5-labelled nerve ter-
minal endings closely apposed to the surface of the cell. h-k High-

involved in cell survival and/or apoptosis and axonal growth
(Dechant and Barde 2002; Underwood and Coulson 2008;
Yamashita et al. 1999), or GFAP (n=11, Fig. 6k-m and n—
q), a major component of immature and nonmyelinating
Schwann cells (Jessen and Mirsky 2008). We observed that
all of the GFR«a3-expressing cells were positive for p7SNTR
and GFAP and vice versa.

The neural crest is the source of the GFRa3-expressing
nonmyelinating Schwann cells in the bone marrow

The neural crest can give rise to diverse cell types in the
peripheral nervous system, including both glial cells and pe-
ripheral neurons (Le Douarin and Dupin 2003; Stemple and
Anderson 1992). Wnt1 signalling is important for maintaining
proliferation of neural crest progenitors during development,
and its expression on cells indicates a neural crest develop-
mental origin (Ikeya et al. 1997). To determine whether bone
marrow GFRa3-expressing cells were derived from the neural
crest, we performed immunohistochemical analysis of Wnt!-
cre; ChR2-EYFP transgenic mice (n =8, Fig. 7). Double la-
belling of GFRa3-expressing cells with antibodies directed

-

magnification confocal images of single optical sections through the elon-
gated process of a GFRa3-expressing cell. This shows an example of
PGP9.5-labelled nerve terminals closely apposed to, but clearly distinct
from, the GFRa3-expressing cell process. I-o High-magnification con-
focal images of single optical sections showing that some PGP9.5-la-
belled nerve terminals expressed GFRa3. Scale bars =20 um (a—c) and
10 um (d-o)

against EYFP revealed that all of the GFR«3 immuno-
labelled cells and/or nerve terminals in the bone marrow were
positive for Wntl (Fig. 7-h and i-1). This indicates that both
GFRo3-expressing cells and nerve terminals in the bone mar-
row are derived from the neural crest.

Flow cytometric analysis identified GFRa3-expressing
cells within the CD51*Sca-1"PDGFRa™~ population

To further characterise the GFRa3-expressing cells in the
bone marrow, the expression of GFR«3 was examined in
collagenase-digested bone marrow microenvironment cells
(n=3). Potential haematopoietic lineage (CD2, CD3, CD4,
CD5, CDS, CD11b, Gr-1, CD45, B220, Ter119) and vascular
endothelial (CD31) cells were initially gated out of bone mar-
row suspensions (Fig. 8a, b; see Table 2 for antibodies used).
The resulting lin CD45 CD31" cells were further subdivided
using antibodies directed against integrin oV (CD51) and
Sca-1 to resolve for four cell populations within the bone
marrow (Fig. 8c—e): the mesenchymal stem/progenitor cells
(CD51%Sca-1%), osteoblast-lineage cells (CD51%Sca-17),
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Fig. 3 GFR«3 and TH immunostaining in the bone marrow of C57BL/6
mice (n=11). a—¢ Confocal images of a Z-projection through the full
thickness of GFRa3-expressing cells showing that GFRa3-expressing
cells are in intimate contact with TH-labelled sympathetic nerve termi-
nals. d—g High-magnification confocal images of single optical sections
through the cell indicated by the arrowhead in a—c. This shows an exam-
ple of a nucleated (DAPI stained) GFRa3-expressing cell with TH-
labelled nerve terminal endings closely apposed to the surface of the cell,

CD51 Sca-1" and CD51 Sca-1" populations (Green et al.
2017).

We then examined the proportion of cells that
expressed GFRa3 and PDGFR« within each subpopu-
lation. PDGFR« is an important marker of MSCs and is
required for mesodermal development (Pinho et al.
2013). Flow cytometric data revealed that the
CD51%Sca-1" population of cells expressed GFR«3
above the IgG isotype control, with 18.95+4.26%
(mean = SD) of cells expressing GFRa3 (n=3, Fig.
8c, d). Furthermore, the GFR«&3-expressing cells in this
population showed negligible PDGFRx expression. A
second GFRa3-expressing population was identified in
the CD51*Sca-1* cells (Fig. 8d¢). These cells did ex-
press PDGFRx (mean + SD 11.73+1.86) (n=3, Fig.
8d‘). No GFR«3 expression was detected in the
CD51 Sca-1- or CD51 Sca-1* populations (n=3, Fig.
8d“ and d“°).

In a separate method of analysis, we examined the
expression of EYFP* cells in different populations of
collagenase-digested bone marrow microenvironment
cells using the Wntl-cre; ChR2-EYFP mice (n=3, Fig.
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but clearly distinct from GFR«3 labelling. h—k High-magnification con-
focal images of single optical sections through the elongated process of a
GFRa3-expressing cell indicated by the arrow in a—c. This shows an
example of TH-labelled nerve terminals closely apposed to, but clearly
distinct from, the GFR«3-expressing cell process. 1-o High-
magnification confocal images of single optical sections showing that
some TH-labelled nerve terminals expressed GFR«3 (arrow). Scale
bars =20 pum (a—c) and 10 um (d—o)

8e, e, e“, e“°). This revealed that 55.8+13.02% of the
Wntl-EYFP cells are lin CD31 CD51"Sca-1 PDGFRo~
cells. There was also another EYFP-positive population
observed in the lin CD31 CDS51 Sca-1 PDGFRx pop-
ulation (39.83+£11.83% of Wntl-EYFP+ cells). The
CD51%Sca-1" cells did not express EYFP.

Immuno-labelling of sections with GFAP and
PDGFR«, or GFRa3 and Sca-1, confirmed that the
elongated cells in the bone marrow do not express
PDGFR« (Fig. 9a—c) or Sca-1 (Fig. 9d-f). It also re-
vealed that Sca-1" and GFRa3™ cells were found along
the endosteal surface of the cortical bone (data not
shown). However, this labelling was not abolished by
omission of the primary antibody and so was likely
nonspecific staining.

Discussion
In the present study, we have identified and

characterised a population of GFR«a3-expressing
nonneuronal cells in the bone marrow. We described
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Fig. 4 Anterogradely labelled bone afferent neurons following injection
of dextran biotin into lumbosacral DRG of C57BL/6 mice (n=4). a—c
Confocal images of a Z-projection through the full thickness of GFRx3-
expressing cells showing that GFRa3-expressing cells are in intimate
contact with anterograde-labelled sensory nerve terminals. d—g High-
magnification confocal images of single optical sections through the cells
indicated by the arrowhead in a—c. This shows an example of nucleated
(DAPI stained) GFRo3-expressing cells with anterograde-labelled nerve
terminal endings closely apposed to the surface of the cell, but clearly

the elongated, spindle-shaped morphology of the
GFR«a3-expressing cells and noted their close distribu-
tion around blood vessels. Anterograde tracing and
immuno-labelling with neuronal markers (PGP9.5, TH
and CGRP) revealed that GFRa3-expressing cells were
very closely associated with, but clearly distinct from,
both sensory and sympathetic nerve terminals in the
bone marrow. In addition, it also revealed that GFR«3
was expressed in some sensory and sympathetic nerve
terminal endings. We also found that markers of glial
cells (e.g. GFAP and p75NTR) were expressed on the
elongated GFR«3-labelled cells in the marrow cavity.
By using Wntl-reporter mice, we further demonstrated
that the GFR«a3-expressing cells are of a neural crest
origin. Finally, we revealed with flow cytometry that a
population of the GFR«3-expressing cells have a glial
cell phenotype (CD51%, Sca-1~ and PDGFR« ). Taken
together, the findings indicate that the elongated

distinct from GFR«3 labelling. h—k High-magnification confocal images
of single optical sections through the elongated process of a GFR«3-
expressing cell indicated by the arrow in a—c. This shows an example
of anterograde-labelled nerve terminals closely apposed to, but clearly
distinct from, GFR«3-expressing cell processes. 1-o High-
magnification confocal images of single optical sections showing that
some anterograde-labelled nerve terminals expressed GFR«3. Scale
bars =20 pum (a—c) and 10 um (d—o)

GFR«a3-expressing cells are bone marrow glial cells,
more specifically neural crest-derived, nonmyelinating
Schwann cells. Schwann cells have well-established
roles in the development of the peripheral nervous sys-
tem, regeneration of injured peripheral nerves and regu-
lation of haematopoiesis. Our findings suggest that
artemin/GFR«3 may be relevant to these functions of
nonmyelinating Schwann cells in the bone marrow.
The GFR«3 receptor is expressed in developing sym-
pathetic postganglionic neurons (Baloh et al. 1998) and
a subpopulation of small-diameter peptidergic sensory
neurons (Ernsberger 2008; Orozco et al. 2001). It has
also been shown to be expressed in the soma of at least
one subpopulation of small-diameter peripheral sensory
neurons retrogradely labelled with injections from the
rat tibia (Nencini et al. 2018). Whilst some of the
GFR«&3 immuno-labelling we report in the bone marrow
in the present study is of peripheral nerve terminal
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Fig. 5 GFRa3 and CGRP immunostaining in the bone marrow of
C57BL/6 mice (n=3). a—¢ Confocal images of a Z-projection through
the full thickness of GFRa3-expressing cells showing that GFR«3-
expressing cells are closely associated with CGRP-labelled peptidergic
sensory nerve terminals. d—g High-magnification confocal images of sin-
gle optical sections through the cell indicated by the arrowhead in a—c.
This shows an example of a nucleated (DAPI stained) GFR«3-expressing
cell with CGRP-labelled nerve terminal endings closely apposed to the

endings, we have clearly shown that GFR«3 is also
expressed in nonmyelinating Schwann cells that have a
close association with sensory and sympathetic nerve
terminals in the bone marrow.

Signalling by artemin requires the presence of both
the ligand specific GFRa3 receptor and the tyrosine
kinase coreceptor RET. However, a number of studies
have reported a distinct lack of RET expression on
Schwann cells of the sciatic nerve (Trupp et al. 1997,
1999), or that artemin could even interact with Schwann
cells in the absence of RET (Iwase et al. 2005; Paratcha
et al. 2001). This suggests that artemin might interact
with GFR&3 in a RET-independent manner to regulate
Schwann cell function. Some studies have indeed de-
scribed a role for a non-RET signalling receptors for
artemin, including NCAM and Syndecan-3 (Bespalov
et al. 2011; Schmutzler et al. 2011). How this is rele-
vant to the function of the nonmyelinating Schwann
cells we report in the bone marrow remains to be
determined.

Schwann cells have a well-established role in the
development of both sensory and sympathetic

@ Springer

surface of the cell, but clearly distinct from GFRa3 labelling. h—k High-
magnification confocal images of single optical sections through the elon-
gated process of a GFRa3-expressing cell. This shows an example of
CGRP-labelled nerve terminals closely apposed to, but clearly distinct
from GFRa3-expressing cell processes. l-o High-magnification confocal
images of single optical sections showing that some CGRP-labelled nerve
terminals express GFR«3. Scale bars =20 um (a—c) and 10 um (d-o)

components of the peripheral nervous system (Corfas
et al. 2004; Monk et al. 2015). Our findings of
GFR«&3 expression on nonmyelinating Schwann cells
in the bone marrow of both adult and postnatal day 4
mice suggest that artemin may contribute to the devel-
opment of neurons that innervate the bone marrow.
There is indeed evidence by in situ hybridization that
GFR«3 is expressed on neural crest-derived cells, in-
cluding Schwann cell precursors, during development
(Widenfalk et al. 1998). Furthermore, immature
Schwann cells are known to express high levels of
artemin which can function in a paracrine or autocrine
fashion (Baloh et al. 1998; Fontana et al. 2012). Thus,
artemin/GFR«3 may be involved in the dynamic inter-
actions between migrating glial cells and developing
axons during early innervation of the bone marrow. In
the vasculature, artemin is also known to be expressed
in smooth muscle cells and acts as a survival and guid-
ance factor for neurons to follow blood vessels as they
project towards their target tissue (Honma et al. 2002).
This is likely to be relevant to the innervation of the
bone marrow which clearly follows a vascular route into
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Fig. 6 Coexpression of GFR«3 with cell markers of glial cells. a—c
Nestin-targeted EYFP* cells in tibial bone marrow sections of Nes-cre;
EYFP mice (n=5). Note that GFRo3 is expressed on only a small subset
of the Nes-EYFP* cells that have an elongated, spindle-shaped morphol-
ogy (arrowhead). Dashed lines indicate marrow cavity. d—f Double label-
ling shows colocalisation of GFR«3 with p75NTR in both cells and nerve
terminals (n = 6). g—j High-magnification confocal images of single op-
tical sections through the cell indicated by the arrowhead in d—f. This

the bone. Glial cell migration is an important process
during peripheral nerve development, and further exper-
iments are required to clarify the role of artemin/GFR«x3
towards this in the bone marrow.

shows an example of nucleated (DAPI stained) GFRo3-expressing cells
that also expresses p75SNTR. k—m Double labelling shows colocalisation
of with GFR«3 with GFAP (n=11). n—q High-magnification confocal
images of single optical sections through the cell indicated by the arrow-
head in k—m. This shows an example of nucleated (DAPI stained)
GFRa3-expressing cells that also expresses GFAP. Scale bars =50 um
(a—¢), 20 pum (d—f, k-m) and 10 um (g—j, n—q)

Schwann cells are also known to support the regen-
eration of injured peripheral nerve fibres. They can mi-
grate, express growth promoting factors and transform
their morphological and molecular properties to ensure
appropriate repair (Jessen et al. 2015). Baloh et al.

@ Springer




Cell Tissue Res (2019) 378:441-456

Fig. 7 GFR«&3-expressing cells in bone marrow sections of Wntl-cre;
ChR2-EYFP mice. Cells positive for Wntl-EYFP are derived from the
neural crest. a, e Low-magnification images of a whole bone marrow
section of postnatal P4 pup (a, n = 5) and 7-week-old mice (e, n = 3) show
the distribution of Wnt1-EYFP™* cells (arrowheads). Dashed lines indicate
marrow cavity. b—d High-magnification confocal images of single optical
sections through a Wnt1-EYFP™ cell counterstained with DAPL f-h

(1998) found that following sciatic nerve transection,
adult Schwann cells reacquire transcription factors asso-
ciated with an immature state in a process of
dedifferentiation and subsequently upregulate the
expression of artemin. Fontana et al. (2012) further
showed that artemin released by Schwann cells supports
target reinnervation and axonal outgrowth after nerve
axotomies. Given that our current study showed
GFRa3 expression on nonmyelinating Schwann cells
in the bone marrow, and that there is such a close as-
sociation between these cells and both sensory and
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Wnt1-EYFP | b

Confocal images of a Z-projection through the full thickness of a section
showing colocalisation of GFR«3 with Wnt1-EYFP. i-1 High-
magnification confocal images of single optical sections through the cell
indicated by the arrowhead in f-h. All GFR«3-expressing cells are Wntl-
EYFP* and are therefore neural crest-derived cells. Scale bars = 500 um
(a, e), 10 um (b—d, i-1) and 20 um (f~h)

sympathetic nerve terminal endings, it is possible that
axonal regeneration to the bone marrow may result from
effects of artemin through GFR«3 on nonmyelinating
Schwann cells. However, the molecular mechanisms in-
volved in nerve regeneration are highly complex, and
there have been limited studies that have examined the
role of GFR«&3.

Recent studies have further suggested that
nonmyelinating Schwann cells can act as functional
components of the HSC niche that are important for
regulating HSC quiescence (Yamazaki et al. 2011).
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Fig. 8 Representative flow cytometric analysis of GFRa3™ cells in the
C57BL/6 murine bone marrow (n = 3). a—b Gating strategy for the iden-
tification of the GFR«3™ population by flow cytometry. a The
collagenase-digested bone and bone marrow cells were first gated to
exclude mature haematopoietic lineage cells (Lin and CD45) and endo-
thelial cells (CD31). b The stromal cells were further subdivided with
Sca-1 and CDS51 to resolve for four populations: the
lin CD45 CD31 CD51%Sca-1~ osteoblasts-lineage (¢, d and e), the
lin CD45 CD31 CD51*Sca-1" mesenchymal progenitor cells (¢, d*
and e‘), the lin CD45 CD31 CD51 Sca-1 populations (¢%, d* and e*)
and the lin"CD45 CD31 CD51 Sca-1* (¢“¢, d“* and €“*). ¢, ¢, ¢, ¢*¢

The authors identified GFAP-positive, nonmyelinating
Schwann cells as the source of active TGF3/SMAD
signalling in the bone marrow which induces HSC dor-
mancy by inhibiting lipid raft clustering and activating

and d, d¢, d*, d“‘ The populations were analysed for their expression of
PDGFRa and GFRa3. ¢, ¢, ¢, ¢*““ Isotype controls for GFRo3 antibody
are shown. d GFRa3 signal above isotype control levels could be seen in
the CD51%Sca-1" population of cells, and they have negligible expression
of PDGFR«. A significant proportion of CD51%Sca-1* PDGFRo" cells
also expressed GFRa3 (d¢). No GFRa3 signals could be detected in the
CD51 Sca-1" and CD51 Sca-1~ populations (d* and d*¢). e, e, e, e«
Expression of EYFP was examined using Wntl-cre; ChR2-EYFP mice
(n=3). A significant proportion of Wnt1-EYFP* cells were observed in
two populations: CD51*Sca-1 PDGFRoc and CD51 Sca-1 PDGFRoc
(e and €*). The CD51%Sca-1" cells did not express EYFP (e¢)

maintenance pathways on HSCs (Yamazaki et al. 2009,
2011). Furthermore, Isern et al. (2014) found that
nestin-positive cells in the bone marrow, including
MSCs and Schwann cell precursors, were involved in
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Fig. 9 Immunohistochemical staining for PDGFRx and Sca-1 in the bone marrow of C57BL/6 mice. High-magnification confocal images of GFAP and
PDGFR« (a—c), or GFR«3 and Sca-1 (d—f), confirmed lack of coexpression in the bone marrow. Scale bars =20 pm

migration of blood progenitor cells to the bone marrow
for maturation. These findings provide support for the
role of nonmyelinating Schwann cells in maintaining
the haematopoietic stem cell niche. Given the close
association between the GFRa3-expressing
nonmyelinating Schwann cells and nerve terminals we
have reported in the bone marrow, it is also possible
that Schwann cell activity is regulated by the nerve
endings that they are wrapped around and vice versa
(Bruckner 2011). This is consistent with the findings
of some other studies that have revealed a functional
role for the peripheral nervous system in controlling
HSC egression into the vasculature system (Afan
et al. 1997; Garcia-Garcia et al. 2018; Katayama
et al. 2006; Mendez-Ferrer et al. 2008). Schwann cells,
MSCs and peripheral nerve fibres form important com-
ponents of the HSC niche. Whether functional artemin/
GFR«&3 interactions are involved in any of these pro-
cesses remains to be determined.

An additional population of GFR«&3-expressing cells
were identified by FACS that expressed CD51, Sca-1
and PDGFR«, cell surface markers that are associated
with MSCs (Morikawa et al. 2009; Nakamura et al.
2010). These cells were not targeted by Wntl-reporter
mice, hence are not neural crest-derived MSCs. A num-
ber of studies have confirmed that Sca-1+ CDS51+
MSCs can also express p75/CD271 (Alvarez-Viejo
et al. 2015; Barilani et al. 2018; Li et al. 2016; Lopes
et al. 2016). We were unable to unequivocally identify
CD271+ MSCs using immunohistochemistry in our
study and so do not comment on them further here.
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Conclusion

We have demonstrated that GFR«3 is expressed in both nerve
terminal endings and a population of nonneuronal cells in the
bone marrow that we have identified as nonmyelinating
Schwann cells. Our findings provide for a better understand-
ing of the expression pattern of GFR«3 in the bone marrow
microenvironment and have revealed that GFRx3 expression
may be a novel marker for the identification of
nonmyelinating Schwann cells in the bone marrow.
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