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The peripheral auditory nerve (AN) carries sound infor-
mation from sensory hair cells to the brain. The present
study investigated the contribution of mouse and human
hematopoietic stem cells (HSCs) to cellular diversity in
the AN following the destruction of neuron cell bodies,
also known as spiral ganglion neurons (SGNs). Exposure
of the adult mouse cochlea to ouabain selectively killed
type | SGNs and disrupted the blood-labyrinth barrier.
This procedure also resulted in the upregulation of genes
associated with hematopoietic cell homing and differen-
tiation, and provided an environment conducive to the
tissue engraftment of circulating stem/progenitor cells
into the AN. Experiments were performed using both a
mouse-mouse bone marrow transplantation model and
a severely immune-incompetent mouse model trans-
planted with human CD34* cord blood cells. Quanti-
tative immunohistochemical analysis of recipient mice
demonstrated that ouabain injury promoted an increase
in the number of both HSC-derived macrophages and
HSC-derived nonmacrophages in the AN. Although
rare, a few HSC-derived cells in the injured AN exhib-
ited glial-like qualities. These results suggest that human
hematopoietic cells participate in remodeling of the AN
after neuron cell body loss and that hematopoietic cells
can be an important resource for promoting AN repair/
regeneration in the adult inner ear.
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INTRODUCTION

The degeneration of various cell types in the organ of Corti and
auditory nerve (AN) is a key cause of peripheral hearing loss.
Unlike spiral ganglion neurons (SGNs, neuronal cells of the AN)
and sensory hair cells, which are unable to regenerate, glial cells in
the AN and fibrocytes in the spiral ligament (which is located in
the lateral wall of the cochlear duct) share the ability to repopulate
after ototoxic drug exposure or noise-induced injury.'* A growing

body of evidence suggests that highly specialized glial cells in the
AN, subpopulations of fibrocytes in the cochlear spiral ligament
and macrophages play important roles both in maintaining nor-
mal auditory physiology and in repairing damage in pathological
conditions.*!' However, the mechanisms whereby glial cells and
other nonsensory cells are able to regenerate in the adult inner ear
remain unknown. It is well-established that bone marrow-derived
stem cells have the potential to differentiate into multiple nonhe-
matopoietic cell lineages and can contribute to tissue homeostasis
and repair in various organs.’> Our previous studies have docu-
mented that fibrocytes in the cochlear lateral wall of adult mice
are continually derived from bone marrow cells, more specifically,
from hematopoietic stem cells (HSCs)."” Here, we investigated
the possible contribution of HSCs to repair and regenerative pro-
cesses in the injured AN.

Ouabain is a cardiac glycoside that inhibits Na,K-ATPase
activity. It has been used as a blocking agent to study the func-
tional role of Na,K-ATPase in inner ear fluid and ion homeosta-
sis.'®2% Application of ouabain to the round window of gerbils and
mice results in a rapid and highly selective elimination of type
I SGNs without degeneration of cells within the organ of Corti,
the strial vascularis and spiral ligament in the cochlear lateral
wall.>*"?> Here, we used this approach to investigate the effects of
acute injury on tissue engraftment of mouse and human hemato-
poietic cells in the adult AN using a mouse-mouse bone marrow
transplantation model and a human-mouse hematopoietic cell
transplantation model. The mouse-mouse model of bone-marrow
transplant was established by injecting green fluorescent protein
positive (GFP*) HSCs into adult irradiated adult mice."”

The ability to perform studies with human stem cells in vivo
is limited by ethical and technical constraints. To overcome these
limitations, we employed a human-mouse transplantation model
(humanized mice) based on immunodeficient mice to evalu-
ate the tissue engraftment and differentiation of human HSCs to
the adult inner ear after ouabain exposure.”* NOD.Cg-Prkdcs
IL2rg™™/Szj (NSG) mice are deficient in mature lymphocytes,
lack detectable serum Ig, and have low natural killer cell activ-
ity. These mice do not develop thymic lymphoma, have a long
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lifespan and have proven to be superior to other immunocompro-
mised models for supporting tissue engraftment of human hema-
topoietic cells.? In this study, NSG mice were preconditioned
with irradiation and transplanted with human CD34" cells iso-
lated from cord blood for the examination of hematopoietic cell
engraftment and differentiation in the injured AN.

Macrophages and microglia, the resident immune cells in the
brain, are recruited to regions of degenerative neural tissues under
many pathological conditions and play important roles in regulat-
ing not only neural cell death but also the survival, proliferation
and differentiation of neural stem/progenitor cells.” Recruitment
of bone marrow-derived microglial/macrophages into nervous
tissues has been reported during postnatal development**~** and in
several pathological conditions in adult brain.’*> Bone marrow-
derived macrophage infiltration also has been demonstrated in
cochlear tissues following exposure to noise and ototoxic drugs.”*
In this study, we have evaluated the extent to which mouse bone
marrow-derived and human HSC-derived macrophages respond
to AN injury using both the mouse-mouse and the human-mouse
transplantation models.

RESULTS

Tissue engraftment of mouse bone marrow-derived
cells in injured AN

We evaluated the contribution of HSC-derived cells to nerve
repair/plasticity and microenvironment alterations in the adult
AN after injury using a well-established bone marrow trans-
plantation model."?*** Un-manipulated GFP* bone marrow
(BM) mononuclear cells isolated from transgenic C57BL/6-Ly5.2
were transplanted into 3-month-old C57BL/6-Ly5.1 mice pre-
conditioned with a single 950-cGy dose of total body irradiation
(Figure 1a). This approach resulted in robust long-term reconsti-
tution of hematopoiesis with GFP* peripheral blood cell progeny
at a high level of multi-lineage engraftment (ranging from 49 to
96%) at 8-26 months post-transplantation. Figure 1b shows the
reconstitution of GFP* peripheral blood in a representative recipi-
ent mouse 8 month after transplantation. Similar to our earlier
studies using CBA/CaJ mice®, ouabain promoted about 80-90%
loss of neuronal cells 3 days after exposure (Figure 1c). GFP*
BM-derived cells were increased significantly in the injured AN at
7 days after ouabain exposure (Figure 1d,e).

Ultrastructural alterations in the injured adult AN

Similar to the blood-brain barrier in the central nervous system,
the blood-labyrinth barrier (BLB) in the inner ear acts as a critical
physiological barrier regulating the selective transport of macro-
molecules and ions and maintaining cochlear ion homeostasis.*>*
It is well known that bone marrow-derived cells are preferentially
recruited to lesioned regions of the brain through the blood-brain
barriers and differentiate into microglia that comprise the resident
phagocytes of the central nervous system.*”*® Nonfenestrated cap-
illaries with well-developed tight and adherens junctions between
adjacent endothelial cells are a key element of the BLB. To evaluate
the effects of acute injury on the disruption of the BLB and the sur-
rounding environment, we examined ultrastructural alterations in
the CBA/CaJ mouse AN after ouabain exposure. Ultrastructural
examination of ouabain-treated ANs revealed selective
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degeneration of type I SGNs 3 days after exposure (Figure 2¢,d),
validating results shown in our immunohistochemical analysis
(Figure 1c) and supporting our previous observations.* Activated
macrophages were seen closely associated with and in some cases
encapsulating degenerative SGNs (Figure 2¢,d) and were also fre-
quently observed adjacent to capillaries (Figure 2j). As shown in
Figure 2f,g, capillary endothelial cells in the AN of normal young
adult mice, were joined by normal appearing junctional com-
plexes. However, following ouabain exposure, the apical surface
of capillary endothelial cells developed a scalloped appearance
in the smooth luminal surface not normally seen in the smooth
luminal surface of uninjured endothelial cells (Figure 2e and
Figure 2h-j). Other BLB abnormalities included the appear-
ance of small vesicles in the cytoplasm of endothelial cells and
the separation of the overlapping endothelial cell processes by an
electron-lucent substance. Platelet endothelial cell adhesion mol-
ecule-1 (CD31), a 140kDa type I integral membrane glycoprotein,
is highly expressed on mature endothelial cells. Inmunostaining
for CD31 antibody was performed in control (Figure 2k) and
ouabain-exposed ANs (Figure 2I) and revealed markedly dilated
capillaries 3 days after ouabain exposure. The average diameters of
CD31* vessels are 2.40+0.25 and 7.42+0.89 um for the controls
and ouabain treated nerves, respectively (data were presented as
mean + standard error of the mean; n = 12 for the controls and »n
= 13 for the ouabain-treated group; P = 9.30016E—-05; ¢ = 5.219;
Student’s unpaired t-test).

Ouabain injury stimulates expression of genes
associated with HSC homing and macrophage
activation in the AN
To investigate molecular changes associated with AN injury that
may influence tissue distribution and engraftment of BM-derived
cells, we examined mRNA expression levels of genes linked to
HSC differentiation and homing using our previously reported
microarray data (NCBI Gene Expression Omnibus; GSE59417)
obtained from ouabain-treated ANs from adult CBA/CaJ mice.*
This analysis revealed 180 genes that were differentially expressed
at either 3 or 7 days following ouabain exposure (Figure 3a;
Supplementary Table S1). Seventy-three percent of these genes
(131/180) were upregulated after ouabain injury. Figure 3b shows
expression profiles for six representative up-regulated genes
including C-C chemokine receptor type 2 (Ccr2), C-X-C motif
chemokine 12 (Cxcl12, also termed as stromal cell-derived factor
1 (SDF-1)), C-X-C motif chemokine receptor 4 (Cxcr4), protein
tyrosine phosphatase receptor type C (Ptprc, also known as CD45,
leukocyte common antigen), vascular cell adhesion molecule-1
(Vcaml) and runt-related transcription factor 2 (Runx2). The role
of these genes in HSC migrating and homing in injured tissue has
been well-documented*' ¢

Since HSCs are capable of giving rise to differentiated microg-
lia/macrophages,”** we examined the expression of genes related
to macrophage/microglia activity. This evaluation identified 164
genes that were differentially expressed following ouabain injury
(Figure 3c; Supplementary Table S2). The majority of these genes
(75%; 123/164) were upregulated in response to the injury and
several of the upregulated genes were linked to macrophage acti-
vation, including the C-C motif chemokine ligand 2 (Ccl2), C-C
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Figure 1 Enhanced tissue engraftment and differentiation of mouse bone marrow-derived cells in the ouabain-treated AN. (a) Experimental
approach for mouse hematopoietic cell implantation and selective deletion of neuronal cells in AN. (b) Flow cytometric analysis of nucleated blood
cells demonstrates robust engraftment (about 96%) in peripheral blood from a representative recipient C57BL/6-Ly5.1 mouse 8 months after bone
marrow transplantation. (c) Anti-neurofilament 200 (NF200) staining shows that only a few SGNs remain in Rosenthal’s canal (RC) at 3 days after
ouabain exposure. (d) The left panel shows that a majority of cells in bone marrow (BM) of recipient mice are derived from transplanted GFP* cells.
The number of transplanted GFP* BM-derived cells in the spiral ganglion was greatly increased 7 days after ouabain injury. (e) Quantitative analysis
indicated a significant increase in GFP* cells in the AN 7 days after ouabain exposure (**P < 0.01; data were presented as mean + SEM; n = 3 mice per
condition; P =0.0003; t = 11.56; unpaired t-test). Scale bars, 10 ym in c and b.

motif chemokine ligand 3 (Ccl3), CX3C chemokine receptor 1
(Cx3crl), transforming growth factor beta 1 (Tgfbl), transform-
ing growth factor beta 2 (Tgfb2), and Toll-like receptor 2 (T1r2)
(Figure 3d). Additionally, numerous upregulated genes were
well known macrophage/microglia markers, including allograft
inflammatory factor 1 (Aifl, also known as ionized calcium-
binding adapter molecule 1; Iba-1), EGF-like module-containing
mucin-like hormone receptor-like 1 (Emrl/Adgrel, also known
as F4/80), integrin alpha M (Itgam, also known as CD11b), and
transforming growth factor beta 3 (Tgfb3) (Figure 3e).

Ouabain injury stimulates macrophage infiltration of
the AN

To investigate if upregulation of genes associated with macro-
phage activation leads to increased macrophage infiltration in
the injured AN, Iba-1* macrophages were quantified in the AN
at 3 and 7 days after ouabain exposure. As shown in Figure 4b,c,
macrophage numbers were increased significantly throughout the
cochlear duct 3 days after ouabain exposure. The morphology of
macrophages/microglia often indicate their cellular physiologi-
cal state. Amoeboid or rounded macrophages indicates reactive
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or engulfment functions while ramified, or highly branched mac-
rophages point to surveillance or sentry roles.”” The majority of
these infiltrating Iba-1* macrophages had the appearance of acti-
vated amoeboid cells with large round shapes, while macrophages
in the control ANs were normally present in the inactive ramified
form (Figure 4b).

Macrophages and non-macrophages observed in the
injured AN arise from HSCs

To determine if infiltrating macrophages observed in the ouabain-
exposed ANs arose from migrated HSCs, we examined engrafted
cells in the cochleae of ouabain-injured BM transplanted mice.
Dual immunostaining was performed for the transplanted cell
marker GFP and several macrophage markers that have been
used previously in rodent cochlear tissues including CD45, F4/80
and Iba-1.>"7%4% Figure 4d-g illustrates that GFP* BM-derived
cells can differentiate into both macrophage and nonmacrophage
phenotypes in the ouabain-exposed AN. In a previous study we
showed that Sox2* glial cells were increased in the AN 3 days after
ouabain exposure.*” To determine if BM-derived cells contributed
to the Sox2* glial cell population, dual immunostaining for GFP*
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Figure 2 Changes in the microvasculature and macrophage infiltration in the AN after ouabain exposure. (a) lllustration showing regions of AN
fibers (boxed areas) corresponding to areas where images of AN neuronal cells (also name as spiral ganglion neurons, SGNs; b—d) and AN fibers (AN,
e—j) were taken. (b) Normal type | (Type I) SGN from a control mouse. (c¢,d) Three days after ouabain treatment degenerate type | SGNs are closely
juxtaposed to macrophages (Mc). (e) Several glia-like cells (arrowheads) appeared around microvasculature in Rosenthal’s canal of the ouabain-
treated ear. (f,g) Normal appearance of AN fibers and microvasculature in Rosenthal’s canal. The right panels of f and g show magnified images of
the boxed areas in f and g, respectively. Endothelial cells (En) are joined by normal appearing tight junctions (white arrowheads). Asterisks indicate
capillary lumens. Red blood cell; Rc. (h—j) Pathological alterations in the microvasculature were seen in the ouabain treated ANs. Right panel of j is
a magnified image of the boxed area in j. Capillary lumens (asterisks) were expanded and the normally smooth apical surface of endothelial cells
was crenulated. Clear vesicles are present in the cytoplasm of endothelial cells (black arrowheads) and overlapping endothelial cells are separated
by a more electron lucent layer (white arrows). (k) CD31* staining of endothelial cells clearly shows enlarged dilated capillaries 3 days after ouabain
exposure. CD31+ capillaries are identified by the white arrows. Scale bars, 2 pym in b—-d, and g; 6 ymine; 5pminf; 1.5 pmin h; i and j; 40 pmin |;
2.5 ym in an enlarged image of the boxed area in f; 800 nm in an enlarged image of the boxed area in g; 60 um in | (Applicable to k).

and Sox2 was performed. GFP*/Sox2* cells were seen infrequently
in the injured ANs (Figure 4g) but were never observed in control

differentiate in the injured adult AN. Mouse xenograft models
based on severely immune-incompetent mice are widely used to

non-ouabain-exposed ears (data not shown). When dual immu-
nostaining was conducted for the spiral ganglion neuronal marker
neurofilament 200 (NF200),"” no NF200* SGNs were positive for
GFP (data not shown).

Enhanced homing and tissue engraftment of human
HSCs in the injured AN of NSG mice

Our findings of enhanced homing and tissue engraftment of
mouse hematopoietic cells in the ouabain-exposed AN led us to
investigate if human hematopoietic cells can likewise engraft and

Molecular Therapy vol. 24 no. 11 nov. 2016

investigate the biology of human HSCs in vivo.”*> We employed
a human-murine xenograft model in our laboratory using NSG
mice as human cell recipients (Figure 5a). Flow cytometric anal-
ysis of peripheral blood samples revealed positive human cell
engraftment in 8 of 11 transplanted mice at 2-6 months after
injection of human CD34* cord blood cells. The peripheral blood
engraftment levels in these eight mice were 46, 45, 24, 20, 20, 12,
12, and 8% (Supplementary Figure S1). An analysis of bone mar-
row samples of these mice revealed the percentages of the B-cell
(CD19"), T-cell (CD3*), and granulocyte/macrophage (CD11b*)
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Figure 3 Ouabain-induced upregulation of genes associated with HSC homing and macrophage differentiation and activation. (a) Microarray
data show that 180 genes associated with HSC differentiation and homing were differentially expressed in response to ouabain, i.e., genes scored
P < 0.05 (Student’s t-test, unpaired, two-tailed, not assuming equal variance) in either 3 or 7 day ouabain treatment samples in comparison to the
matched-time contralateral controls. False discovery rate for this comparison approximated 10% based on iterative comparisons involving random-
ized sample groupings. (b) Expression values are shown for representative HSC homing and differentiation genes upregulated after ouabain injury.
(c) 164 genes associated with macrophage/microglia activity were differentially expressed at either 3 or 7 days after ouabain treatment using the
comparison approach described above. False discovery rates for this comparison approximated 7%. (d) Expression values of several representative
genes associated with macrophage activation and differentiation were increased in the injured AN. (e) Expression values are shown for several mac-
rophage marker genes that also were increased in the injured AN. Colorimetric scaling (Z-standardization) for heatmaps is shown at bottom left.

lineages among human CD45* cells ranged from 12 to 38%, from
69 to 71%, and from 53 to 71%, respectively. Data from one of the
transplanted NSG mice is shown in Figure 5b, where the percent-
ages of the B-cell, T-cell, and granulocyte/macrophage lineages
among human CD45" cells in bone marrow at six months after
human cell injection were 25, 0.9, and 18%, respectively.

To determine if cochlear injury affected the levels of HSC
homing and tissue engraftment in the AN, NSG mice transplanted
with human CD34" cells were subjected to cochlear injury with
ouabain. As shown in Figure 5c, ouabain exposure caused a dra-
matic loss of SGNs by 7 days based on the reduced number of cells
immunoreactive for the SGN cellular marker TuJ1 (neuron specific
beta-III tubulin).’®*' Tissue engraftment of the human cells was
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evaluated in cochlear sections of ouabain-exposed recipient mice
through immunohistochemical detection of two human cell-spe-
cific markers, anti-human nuclear antibody (AHA; Figure 5d-i)
or anti-human mitochondria antibody (AHMA; data not shown).
Staining for these markers demonstrated that human cells
engrafted in several areas of the inner ear, including the spiral
ligament of the cochlear lateral wall (Figure 5e and Figure 6a,c),
the AN in the osseous spiral lamina (Figure 5f and Figure 7),
and Rosenthal’s canal in all three turns of the cochlear duct
(Figure 5g—iand Figure 6b,d). A small number of human-derived
cells were also seen in the vestibular ganglion and stroma underly-
ing the sensory epithelium of the vestibular organ (not shown). As
shown in Figure 5k, quantitative analysis of immunohistochemical

www.moleculartherapy.org vol. 24 no. 11 nov. 2016
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Figure 4 Infiltration of macrophages and bone marrow-derived macrophages and nonmacrophage cells into the ouabain-treated AN.
(a) Schematic of peripheral auditory nerve. The macrophages were quantified in Rosenthal’s canal (boxed area). (b) Staining for Iba-1* macrophages
in the spiral ganglion (white arrows) was markedly increased 3 days after ouabain exposure. (c) Quantitative analysis of Iba-1* cell density revealed a
significant increase in Iba-1+ cell numbers after ouabain exposure in both the middle and basal portions of the cochlea (**P < 0.01; ***P < 0.001; Data
represent mean = SEM; n = 3-5 mice per condition; the values of p and t for the comparisons between control with 3 days treatment and control with
7 days treatment in the middle turn were 0.0036 and 4.29, and 0.0067 and 4.050, respectively; the values of P and t for the comparisons between
control with 3 days treatment and control with 7 days treatment in the basal turn were 0.0001 and 23.51, and 0.0117 and 4.403, respectively;
unpaired t-test). (d—f) Both GFP* macrophages (white arrowheads) and GFP* nonmacrophages (white arrows) were present in injured ANs. Cochlear
tissues were stained with antibodies against CD45, F4/80, or Iba-1. (g) A GFP* cell (white arrow) stains positively for the transcriptional factor Sox2,
a widely used neural progenitor cell marker. Scale bars, 30 um in b; 10 ym in f and g.
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cable to d-h); 7 umin j.

data demonstrated that the number of human cells was signifi-
cantly increased in ouabain-treated cochleas as compared to con-
trol samples (P < 0.001, Student’s ¢-test,unpaired).

Differentiation of human hematopoietic cells in the
injured mouse AN

To further characterize the phenotype of engrafted human cells,
dual immunolabeling procedures were performed on cochlear
sections using AHA and antibodies specific for different cochlear
cell populations including those recognizing macrophages (Ibal),
glial cells (Sox2 and Sox10), neurons (TuJ1), and endothelial
cells (CD31). First, we employed dual immunostaining with the
AHA antibody and rabbit anti-Iba-1 antibody which recognizes
human and rodent Iba-1 protein to examine the potential of
human hematopoietic cells to differentiate into macrophage cells.
The human cell-derived populations of macrophages (AHA*/
Iba-1*) and nonmacrophages (AHA*/Iba-1" cells) were quantified
throughout control and ouabain-injured cochleae of transplanted
mice. As shown in Figure 6a-d, human CD34" cells can give rise
to both Iba-1* macrophages and non-Iba-1* cells. Over 45% of the
engrafted human-derived cells failed to stain for the macrophage
marker Iba-1in the injured AN, whereas less than 10% of engrafted
human-dervied cells were Iba-1 negative in control ears (Figure
6e; P < 0.001; Student’s ¢-test,unpaired), suggesting that cochlear
injury enhances the differentiation of human non-macrophage
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cell types in the AN. We then examined whether engrafted cells in
the AN differentiated into endothelial or glial cells. Approximately
20% of the AHA" cells were located in the cochlear nerve tissue,
but none of them stained positively with an antibody specific for
the human endothelial marker CD31. However, a few of these
cells were positive for Sox10 (Figure 7), a neural crest-derived cell
and glial cell marker that is predominantly expressed in proliferat-
ing and undifferentiated neural precursors during neurogenesis.
F4/80 (Emrl/Adgrel) is a commonly used marker for the
identification of mouse microglial cells and tissue macrophages
in the mouse inner ear.***? Interestingly, the human ortholog of
F4/80 (EMR1/Adgrel) is not present on human mononuclear
phagocytic cells including macrophages, monocytes, and myeloid
dendritic cells.” This distinction allows us to detect mouse mac-
rophages specifically in animals transplanted with human cells.
Thus, we could detemine if mouse macrophages (F4/80*) phago-
cytize degenerative human derived cells in the injured AN of
transplanted mice by dual-labeling for AHA and mouse F4/80
and then examining apoptotic profiles in AHA* nuclei. As shown
in Figure 8, some AHA" nuclei were seen to be accompanied by
F4/80* cytoplasmic processes (Figure 8a) on sections from oua-
bain-treated ears of NSG mice, although most F4/80* cells did not
show colocalization with AHA* cells or engulfment of AHA" nuclei
(Figure 8e). Similarly, AHA* nuclei were often not colocalized
with F4/80* cytoplasmic processes (Figure 8b-d and Figure 8f).
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Figure 6 Human HSCs differentiated into both Iba-1* macrophages
and Iba-1cellsin the injured AN. (a-d) Images were taken from cochleas
of NSG mice injected with CD34* human cord blood cells. Ouabain was
applied to the right ear of each mouse and cochlear tissues from control
(left) and injured ears were examined 7 days later. (a,b) Human-derived
macrophage cells were stained positively (arrows) and negatively (arrow-
heads) in the SpL and RC of a control ear. (c¢,d) Human-derived cells in
the SpL and RC failed to stain with Iba-1 antibody (arrows) in an oua-
bain-treated ear. (e) Cell count analysis indicated AN injury increased the
percentage of human cell-derived Iba-1- non-macrophage cells among
the total engrafted human-derived cell population in recipient mouse
ears (***P < 0.001; n =5 mice per group; P =1.76294 E-08; t = 75.57;
unpaired t-test). Scale bar, 45 um in d (applied to a—c).

Examination of 75 mid-modiolar sections randomly selected
from control ears (15 sections per ear; 5 ears) and ouabain-treated
ears (15 sections per ear; 5 ears) found 330 and 990 AHA* nuclei,
respectively, that were not in apparent association with F4/80*
cytoplasmic processes; there were 174 and 878 AHA* nuclei,
respectively, that were in apparent association with F4/80* cyto-
plasmic processes. For the AHA" nuclei in apparent association
with F4/80* cytoplasmic processes (Figure 8a), none of the nuclei
displayed an apoptotic nuclear profile, which is recognized by the
the appearance of chromatin condensation and apoptotic bodies.

The perineural sheath around the peripheral nerves plays an
important role in maintaining the integrity of the nerve microen-
vironment by creating a physical barrier that limits entry of toxic
agents into nerve bundles.> Figure 8f shows that a cluster of peri-
neural cells in the injured AN were AHA*, but appeared without
the presentation of F4/80* cytoplamic processes. Together, these
results suggest that host macrophage phagocytosis of degenera-
tive AHA" human cells, if it occurs at all, is a very rare event in the
injured auditory nerves of the recipient NSG mice.
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Ouabain

Figure 7 Human HSCs differentiate into Sox10* glial-like cells. Images
were obtained from the ouabain-exposed ear of a transplanted NSG
mouse. Ouabain was applied to the right ear of the transplanted mouse
and cochlear tissues from control (left) and injured ear were examined
7 days later. Immunostaining for Sox10 (red) and AHA (green) in the AN
of a human CD34* cell transplanted mouse. Arrow points to the same
cell'in all three images. Scale bar = 7 pm.

DISCUSSION

In this study, we found that cochlear injury enhances tissue
engraftment and differentiation of both mouse and human hema-
topoietic cells in the adult AN. Injury-induced disturbances of
the microvasculature and upregulation of genes associated with
HSC homing provide a critical local microenvironment benefi-
cial to homing and distribution of hematopoietic cells in the AN
and other cochlear regions. Examples of genes associated with
HSC homing upregulated by AN injury included Cxcl12 (SDF-1),
Cxcr4, Ccr2, Vcam, and Runx2. At the same time, the expression
of several molecules known as hematopoietic and macrophage/
microglial cell makers were also found to increase in the injured
ANs. These molecules included Ptprc and the macrophages/
microglial cell makers Aifl, Emrl, and Itgam.

The upregulated expression of Cxcl12 identified in this study
by gene array analysis confirms data from our previous study
showing that Cxcl12 protein expression was increased in the
injured AN using the same ouabain exposure mouse model.”
Homing and engraftment of circulating stem/progenitor cells into
injured tissues and organs is largely controlled by interactions
between the chemokine Cxcl12 and Cxcr4.”*” Upregulation of
Cxcl12 expression has been shown to correspond to an increase
in migration and homing of circulating Cxcr4* stem/progenitor
cells into ischemic tissues.*® It is also well-established that Cxcl12
is highly conserved among different species with human and
murine Cxcl12 differing by only one amino acid.”® The interac-
tions between Cxcl12 and Cxcr4 are essential to the migration,
homing, and tissue engraftment of human stem cells in immu-
nodeficient mice.””*® A previous study using the human-murine
xenograft model demonstrated that cytokines produced by liver
injuries promoted both increased Cxcr4 expression and the
recruitment of human HSCs in the liver of NOD/SCID mice.®!
Thus, it is likely that the homing and tissue engraftment of human
CD34* cells into the injured adult AN in the humanized mouse
model is based on the direct interaction between human chemo-
kine receptor Cxcr4 and mouse Cxcl12.

Another important finding here was that acute nerve injury
significantly increased the number of hematopoietic cell-derived
macrophages in the adult AN. Cochlear macrophages are an
essential part of the resident mononuclear phagocyte population
in the peripheral auditory system.®*%* Recruitment of CD45" mac-
rophages has been documented in several locations of the adult
cochlea following acoustic or ototoxic injury.****** In the central
nervous system, highly motile microglia constantly monitor the
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AHA/mouse F4/80/Hoechst

Figure 8 No engulfment of degenerative CD34* human cells by mouse F4/80* macrophages seen in the injured AN. (a-e) Images were taken
from cochleae of NSG mice injected with CD34* human cord blood cells. Ouabain was applied to the right ear of each mouse and cochlear tissues
from control (left) and injured ears were examined 7 days later. (a) An AHA* cell (green) in the osseous spiral lamina (OSL) was partially engulfed by
cytoplasmic processes stained positively for the mouse macrophage-specific marker F4/80 (arrow). Three images at the bottom represent enlarged
images of the boxed area showing the nucleus (blue) of an AHA* cell (green) surrounded by a mouse F4/80* macrophage (Red). (b-d) Several AHA*
cells (arrows) located in Rosenthal’s canal (RC; b,d) and the spiral ligament (SpL; c) were not seen in association with F4/80 positive macrophages.
(e) Numerous F4/80* macrophages are present in RC in the middle turn. (f) A cluster of AHA* cells (green) were present along the perineurium of
the injured AN. These human derived cells (arrows) did not co-label with F4/80 or be engulfed by mouse F4/80* macrophages (red). Nuclei were

counterstained with Hoechst (blue). Scale bar = 15 uym in f (applied to a-d).

local microenvironment under both normal and pathological
conditions and are involved in regulating several important cel-
lular events including cell death, survival, proliferation and differ-
entiation.” Although early studies investing the roles of microglial
cells/macrophages in nerve injury/repair focused mainly on their
role in cleaning degenerative cellular debris and other apoptotic
cells after injury,® it is obvious that microglial cells/macrophages
also play a critical role in remodeling the microenvironment for
the enhancement of the nerve tissue repair and function recov-
ery.®® Blocking microglial activation through either pharmaco-
logic or genetic approaches exacerbates nerve lesions and impairs
function recovery.®*® A recent study revealed that macrophage
recruitment promotes the survival of SGNs after hair cell death
through fractalkine signaling."

In earlier work,> we demonstrated a significant increase in
proliferative glial cells of the AN within Rosenthal’s canal and
the osseous spiral lamina 3-7 days after ouabain exposure. As
demonstrated here, enhanced tissue engraftment of the hemato-
poietic cells and macrophage infiltration was seen in these same
areas. The data suggests that recruited macrophages, which are
derived from hematopoietic cells, are involved not only in remov-
ing degenerative SGNs, but also in regulating proliferation of glial
cells and promoting nerve tissue repair in the injured AN. It is
possible that the low rate of glial turnover seen in the adult cochlea
under normal conditions is mediated by mitosis of resident glial
cells or their progenitor cells whereas the enhanced proliferation
of glial cells after injury may be regulated by newly recruited bone
marrow-derived or circulating stem/progenitor cells.
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Our results also demonstrate that a subset of the differenti-
ated cells lack macrophage markers in the injured ANs of both
human cord blood (CB) and mouse HSC transplantation mod-
els. This finding suggests that hematopoietic cells may also par-
ticipate directly in the replacement of non-neuronal cells in adult
cochlear nerve tissues. Previous studies support the concept that
tissue injury enhances the homing, tissue engraftment and dif-
ferentiation of circulating stem/progenitor cells.®-”! Harris et al.”?
documented that injury to the retinal pigment epithelium (RPE)
significantly increases the recruitment of bone marrow-derived
cells into the RPE layer. A portion of the engrafted bone marrow-
derived cells adopted RPE cell morphology, expressed RPE cell
markers and integrated into RPE without cell fusion. A population
of multipotent progenitor cells (MPCs), which express the tran-
scription factor Sox2 along with Nanog, Oct3/4, cMyc, and Klf4
has been identified in human peripheral blood.” Under enriched
culture conditions, these MPCs were capable of differentiating
into multiple cell types including neurons, glia, endothelial cells,
osteoblasts, hepatocytes, and cardiomyocytes. In a previous study
using transplantation of a clonal population of HSCs derived from
a single HSC, we found that nonsensory cochlear cells, such as
fibrocytes in the spiral ligament of the adult mouse, are continu-
ally derived from bone marrow HSCs."” The establishment here
of a humanized model using NSG mice allowed us to investigate
tissue engraftment of human CD34* hematopoietic cells in the
adult AN. The high population of human CD45" cells in recipient
mice enabled us to identify and characterize the differentiation
of human CD34" cells in the adult mouse AN and other cochlear
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regions. Using this model, we demonstrated that human CD34*
cord blood cells are capable of generating perineural and glial-like
cells in the inner ears of transplanted mice although this occurs
infrequently. These results suggest that HSCs are an important
moderator for the homeostasis of normal adult nerve tissues in
addition to their role in neural plasticity and nerve tissue repair
and regeneration after injury and in other pathological conditions.

The results presented here showed, for the first time, that acute
nerve injury significantly increases tissue engraftment and differ-
entiation of human CD34* cells in the cochlea of recipient mice.
Analysis of cochlear sections immunostained with specific cellu-
lar markers indicated that human cells are capable of differentiat-
ing into both macrophages and other cell types. These findings
suggest that transplantation of human CB CD34" cells may be a
useful approach to manipulate the cochlear microenvironment to
enhance repair/regeneration of degenerative AN.

In summary, our data demonstrate that transplanted hema-
topoietic cells from both mice and humans can engraft and dif-
ferentiate into macrophages and other cell types in the adult AN,
particularly after SGN loss. Structural changes in the microvascu-
lature and upregulation of genes associated with HSC homing and
differentiation in the injured AN provide a constructive microen-
vironment for hematopoietic cell tissue engraftment and differen-
tiation in the adult AN.

MATERIALS AND METHODS

Animals. Transgenic mice (C57BL/6-Ly5.2) with enhanced GFP were
kindly provided by Dr. Masaru Okabe of Osaka University, Osaka, Japan.”
Adult CBA/CaJ, C57BL/6-Ly5.1 and NSG mice were purchased from
Jackson Laboratories (Bar Harbor, ME).>> All four strains of mice were
maintained and bred in the Animal Research Facility at the MUSC or
Veterans Affairs Medical Center. All aspects of the animal research were
conducted in accordance with the guidelines by the Institutional Animal
Care and Use Committee of the MUSC and Department of Veterans
Affairs Medical Center. Experimental procedures were reviewed and
approved by the Institutional Animal Care and Use Committees (IACUC)
at MUSC under protocol number AR2845 (H.L.) and the IACUC of the
Ralph H. Johnson VAMC under protocol number AR450 (A.C.L.). Prior to
experimental processes, adult mice were examined for signs of external ear
canal and middle ear obstruction. Mice with any symptoms of middle ear
infection were excluded from the study. Both male and female mice were
randomly selected in the experimental groups.

Cell preparation and transplantation. Ten- to 12-week-old enhanced
GFP transgenic mice were used as BM donors for mouse-mouse trans-
plantation studies. The mice were euthanized by CO, inhalation and
BM cells were flushed from tibiae and femurs, pooled together and
washed with Ca** and Mg?** free phosphate-buffered saline (pH 7.4) (Life
Technologies, Grand Island, NY) containing 0.1% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO). GFP* mononuclear cells cells with a den-
sity of 1.0875+0.0019 g/ml were collected by gradient separation using
Lympholyte M (Ontario, Canada). Three-month-old C57BL/6-Ly5.1 mice
were used as recipients. Recipient mice were prepared with a single 950-
cGy dose of total body irradiation using a 4x 10° V linear accelerator. For
BM cell transplantation, 1x 10° un-manipulated BM cells obtained from
GFP mice were injected into the tail veins of adult irradiated Ly5.1 mice.
The dosage and concentration of the un-manipulated BM cells used for the
transplantation was determined in previous studies.'”?53

For human-mouse CB cell transplantation, human CD34* CB cells
were purchased from StemCell Technologies Inc (Catalog number:
CBO007F-S; CB090918A; Vancouver, BC). Cryo-preserved cells were
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thawed in cold a minimum essential medium (GIBCO, Invitrogen,
Carlsbad, CA) containing 20% fetal bovine serum (Atlanta Biologicals,
Norcross, GA) and washed with phosphate-buffered saline (Invitrogen).
Recipient adult mice were exposed to a single dose of radiation (350cGy)
in a period of 10-12 minutes and 2.0x 10° human CD34* cord blood
cells were injected into the tail vein. The CD34" cell injection dosage
was determined based on previous studies of human CD34*" cell
transplantation with several receipt mouse models.”””” Irradiated animals
were housed in sterile cages, fed sterile chow and provided with drinking
water supplemented with neomycin (1 mg/ml) to prevent infections while
mice were immunosuppressed (up to 2 weeks post-transplant).

Flow cytometric analysis of hematopoietic engraftment. For mouse-
mouse bone marrow transplantation, flow cytometric analyses of hemato-
poietic engraftment were performed on recipient mice prior to euthanasia.
Peripheral blood was obtained from the retro-orbital plexus of the recipient
mice using heparin-coated micropipettes (Drummond Scientific, Broomall,
PA). Red blood cells were lysed with 0.15 M NH Cl and the cells were stained
with PE-conjugated anti-Ly5.1. The percentage of chimerism was calculated
as (% GFP* cells) x 100/ (% GFP* /Ly5.1* cells). For the analysis of hema-
topoietic engraftment on human-mouse transplantation models, blood was
obtained from the tail vein of recipient mice 2-3 months after transplanta-
tion. Red blood cells were lysed with PharM Lyse (BD Pharmingen, San
Diego, CA). Human cells were detected by staining with fluorescein (FITC)-
conjugated anti-human CD45 antibody (BD Pharmingen). Recipient mice
with a high percentage of human CD45* cells were selected for the AN
injury experiments and euthanized for analyses at specific time windows.
BM cells were flushed from the femurs and tibiae of recipient mice using
a U-100 Insulin Syringe with 28-gauge needles (Becton-Dickinson and
Company, San Jose, CA) and washed with phosphate-buffered saline con-
taining 0.1% bovine serum albumin (Sigma-Aldrich). The samples were
processed into a single-cell suspension via frequent passage through a 22G
needle (Becton-Dickinson and Company) and filtered with a 40 um nylon
mesh cell strainer (Becton-Dickinson and Company). Mononuclear cells
with densities <1.0875+0.0019 g/ml were collected by gradient separation
using Lympholyte M. Lineage expression of the engrafted cells was analyzed
with PE-conjugated anti-human CD11b (BD Pharmingen), PE-conjugated
anti-human CD19 (BD Pharmingen), and PE-conjugated anti-human CD3
(BD Pharmingen) along with FITC-conjugated anti-human CD45. The
samples were resuspended in phosphate-buffered saline with PI 1 pg/ml
and analyzed with a FACSCalibur (Becton-Dickinson and Company).

Ouabain exposure and microsurgical procedures. Surgical procedures
were modified from previous studies.”” The timing of surgical procedures
performed using the transplanted mouse models are described in Figures 1
and 5. Briefly, adult CBA/CaJ and recipient mice were anesthetized with
xylazine (10mg/kg, i.p.) and ketamine (100 mg/kg, i.p.). Survival surgery
was performed under sterile conditions. Buprenorphine (0.1 mg/kg, i.p.)
was administered 30 minutes before the surgery to minimize any surgi-
cal discomfort. Sterile procedures were used to open the bulla and deliver
~10 ul of 3 mmol/l ouabain (Sigma-Aldrich, O3152) solution to the round
window niche. The total time of ouabain exposure was approximately 60
minutes; every 10 minutes the ouabain solution was wicked away with fil-
ter paper wicks and a fresh solution was applied. The right ear was the
operative ear while the left ear served as a control. Following treatment
with ouabain, mice were allowed to recover for 3 or 7 days.

Tissue collection, and morphological and immunohistochemical
analysis. Cochleae of the recipient mice were fixed with a 4% paraformal-
dehyde solution for 1-2 hours at room temperature (RT), decalcified with
0.12 M ethylenediamine tetraacetic acid at RT with stirring followed by
dehydration in a 30% sucrose solution. The tissues were then embedded
in Tissue-Tek OCT compound, frozen, and sectioned at 10 pum thick-
ness. Sections were immersed in blocking solution for 20 minutes and
then incubated overnight at 4 °C with a primary antibody diluted in
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0.2% bovine serum albumin. The primary antibodies used in this study
are listed in Supplementary Table S3. Secondary antibodies were bioti-
nylated and binding was detected by labeling with FITC-conjugated avi-
din D or Texas red-conjugated avidin D (Vector Labs, Burlingame, CA).
Nuclei were counterstained with propidium iodide (PI), bis-Benzimide, or
4',6-diamidino-2-phenylindole. Sections were examined on a Zeiss LSM5
Pascal confocal microscope or Olympus Fluoview FV1000 confocal micro-
scope. FITC and Texas red (or PI) signals were detected by excitation with
the 488 and 543 nm lines, respectively. Images were scanned at scales of
0.29 um (x) x 0.29 um (y) and a stack size of 146.2 pm (x) x 146.2 um (y)
with a Plan-Apochromat 63x/1.4 Oil DIC objective (Carl Zeiss, Germany).
Captured images were processed using Zeiss LSM Image Browser Version
3.2.0.70 (Carl Zeiss, Jena, Germany) and Adobe Photoshop CS.

Transmission electron microscopy. Anesthetized animals were perfused
via cardiac catheter with 10ml of normal saline containing 0.1% sodium
nitrite followed by 15ml of a mixture of 4% paraformaldehyde and 2%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. After removing the
stapes and opening the oval and round windows, 0.5ml of the same fixa-
tive described above was perfused gently into the scala vestibuli through
the oval window. Inner ears were dissected free and immersed in fixative
overnight at 4 °C. Decalcification was completed by immersion in 40 ml
of 120 mmol/l solution of ethylenediamine tetraacetic acid, pH 7.0, with
gentle stirring at room temperature for 2-3 days, with daily changes of
the ethylenediamine tetraacetic acid solution. Cochlear tissues were post-
fixed with 1% osmium tetroxide-1.5% ferrocyanide for 2 hours in the dark,
then dehydrated and embedded in Epon LX 112 resin. Semi-thin sections
approximately 1 micrometer thick, were cut and stained with toluidine
blue. Ultrathin sections (70 nm thick) were stained with uranyl acetate and
lead citrate and examined by electron microscopy.

Bioinformatic analysis of microarray data obtained from ouabain-
treated mouse AN. Microarray analysis of ouabain-treated mouse ANs
has been previously described®; normalized expression data associated
with this study is deposited in NCBI Gene Expression Omnibus under
the series accession GSE59417. HSC homing and differentiation genes for
analysis were designated based on Gene Ontology (GO) Database anno-
tation terms relating to HSC proliferation (GO:0071425), differentiation
(GO:0002244), and migration (GO:2000471; GO:0035701) and other
published associations. Macrophage activation and marker genes were
designated based on GO annotations relating to macrophage activation
(GO:0042116), mediation of immune response (GO:0002700), and che-
motaxis (GO:0048246) and other published associations. For genes in each
group, differential expression was tested by Student’s t-test, unpaired, two-
tailed, not assuming equal variance, for ouabain treatment at either 3 or 7
days after ouabain exposure in comparison to the matched-time contra-
lateral controls (n = 3 for all sample types). Significance was assigned for
genes with P < 0.05 at either time point. Comparison outcomes were as
follows: (i) HSC homing and differentiation genes, 180 of 389 genes signifi-
cantly different, estimated false discovery rate of 10.6%; (ii) macrophage
activation and marker genes, 164 of 346 genes significantly different, esti-
mated false discovery rate of 7.4%. False discovery rates were estimated by
iterative permuted comparisons involving randomized sample groupings.

Data analysis. Cell counts for the Iba-1* and GFP* cells in mouse-mouse
transplantation experiments were performed on 5-6 mid-modiolar sec-
tions per ear taken at least 25-um apart. Cell counts for the AHA*, AHA*
/Iba-1*, AHA*/mouse F4/80*, AHA*/mouse F4/80", and AHA* /Iba-1* on
human-mouse transplantation experiments were conducted on 15-20
mid-modiolar sections per ear taken at least 10-pum apart. Unless other-
wise specified, all data in the figures are presented as mean + standard
error of the mean. Data for the density of Iba-1*, GFP*, and AHA"* cells,
and comparisons of gene expression levels in gene array assays were ana-
lyzed by two tailed, unpaired Student’s ¢-test. A value of P < 0.05 was con-
sidered to be statistically significant.
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SUPPLEMENTARY MATERIAL

Figure S1. Flow cytometry of nucleated blood cells demonstrates
robust engraftment (from 8-45%) in peripheral blood from eight
recipient NSG mice 2-6 months after injection of human CD34* cord
blood cells.

Table $1. Genes associated with HSC homing and differentiation that
were differentially expressed in the AN following ouabain exposure.
Table $2. Genes associated with macrophage/microglia activity that
were differentially expressed in the AN following ouabain exposure.
Table $3. Antibody information.
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