tive pattern was observed at the neonatal stage
(Fig. SE and 6D). It is very intriguing to note
that genetic variation of sire may influence on the
neonatal phenotypes of dystrophic dogs, since the
same carrier produced different types of dystrophic
pups: neonatal fulminant or less severe dystrophic
pups.

The serum CK levels in G3 affected and car-
rier female dogs increased again at 2 months of
age. Onset of clinical symptoms, such as gait and
mobility disturbances and muscle atrophy, were
definite from 2 months of age in affected G3 males
(Fig. 4A-E). The onset of the disease might be
closely related to the second peak of serum CK
that we found in affected G3 dogs. The period of
around 2 months of age corresponds to canine
socialization for developing spontaneous activities
after the weaning [20]. It is, therefore, possible
that the increase in activity of pups may effect on
an elevation of serum CK levels and on the onset
of clinical symptoms. Valentine et al. reported that
the age of onset of muscle involvement in CXMD
dogs was from 8 to 10 weeks of age [4, 15]. Those
results were largely consistent with the data on
our affected G3 dogs. On the other hand, they also
reported that the disease severity in affected
beagle-crossed dogs was milder than that in
CXMD dogs around the age of 8 weeks [15]. The
same criteria could be required to evaluate and
compare affected G3 dogs with CXMD dogs.

The feeding difficulty and jaw joint contrac-
ture were apparent from 4 months of age (Fig.
4F-I). At 6 months of age, histopathological find-
ings of diaphragm (Fig. 5F) and anterior tibial
(Fig. 6F) muscles in affected G3 male dogs were
compatible with those in CXMD dogs at 6 months
of age [21]. All affected G3 dogs at the age of 12

~months showed severe macroglossia and hyper-
trophy of the sublingual muscles (Fig. 7B). Degen-
eration of tongue muscle fibers has been noted as
early as the neonatal stage in CXMD [18, 19],
although we have not confirmed that. Elucidation
of tongue and sublingual muscle involvement in
dystrophic dogs is indispensable, because dys-
phagia is now one of the major symptoms in older
DMD patients [22, 23].

Finally, we here showed the characteristics of
G3 CXMDj, and especially emphasized the particu-
lar change of serum CK levels with age, not only in
G3 CXMD; but also in female carrier dogs. The
extremely high CK values we found in neonatal dys-

trophic dogs may refiect respiratory muscle damage
due to stress during whelping. These findings in G3
CXMDj dogs were similar to those in CXMD dogs;
therefore, CXMDj is a useful model for investigation
of the pathogenesis of and development of therapies
for dystrophin-deficient muscular dystrophy, DMD.
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Participation of Bone Marrow-Derived Cells in
Fibrotic Changes in Denervated Skeletal Muscle
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In denervated skeletal muscle, mononuclear intersti-
tial cells accumulate in the perisynaptic regions be-
fore fibrotic change occurs. These cells are currently
considered to be fibroblasts that originate from mus-
cle tissue. However, when we denervated hind limbs
of GFP-bone marrow chimeric mice by excising the
sciatic nerve unilaterally, many bone marrow-derived
cells (BM-DCs) infiltrated the interstitial spaces and
accumulated in the perisynaptic regions, peaking 14
days after denervation. They accounted for nearly
one-half of the increase in mononuclear interstitial
cells. Aithough BM-DCs did not incorporate into sat-
ellite cells, immunohistochemical and FACS analyses
revealed that BM-DCs were both CD45 and CD11b
positive, indicating that they were of macrophage/
monocyte lineage. BrdU staining showed inactive pro-
liferation of BM-DCs. Reverse transcriptase-polymer-
ase chain reaction of mononuclear cells isolated by
FACS revealed that BM-DCs did not express type I
collagen or tenascin-C; however, they did express
transforming growth factor-B1, suggesting that they
regulate the fibrotic process. In contrast, muscle tis-
sue-derived interstitial cells expressed type I collagen
and tenascin-C, suggesting that these populations
were the final effectors of fibrosis. These findings
identify elementary targets that may regulate the mi-
gration, homing, differentiation, and function of BM-
DCs, leading to amelioration of the excessive fibrosis
of denervated skeletal muscle. (Adm J Pathol 2005,
166:1721-1732)

Fibrotic change is often observed after subacute or
chronic inflammation, and severe fibrosis of a vital organ

such as the lung, liver, or kidney is sometimes fatal.
Denervated skeletal muscle tissue also exhibits persis-
tent fibrotic change, which is accompanied by muscle
fiber atrophy. This fibrosis may obstruct the recovery of
atrophied muscle fibers even after reinnervation.

The number of mononuclear interstitial cells increases
before fibrotic change in denervated skeletal muscie,'?
but labeling peripheral blood celis with radiocisotopes
demonstrated that the increased interstitial cells were not
derived from the circulatory system.? These additional
interstitial cells have been identified morphologically by
electron microscopy as fibroblasts because they have
much rough endoplasmic reticulum in their cytoplasm,
actin filaments in their processes, and collagen fibers
around them.* '

With the accumulation of interstitial cells in the perisyn-
aptic regions, increased expression of several ECMs
such as tenascin-C, fibronectin, neural cell adhesion mol-
ecule (N-CAM), and heparan sulfate proteoglycans are
observed in denervated skeletal muscle.® According to
an in vitro study, the accumulating interstitial cells are
thought to have produced these ECMs.® Despite all of
these findings, however, whether these interstitial cells
are homogeneous or heterogeneous, their definition or
identification by cell surface antigens and their roles in
vivo are still unknown.

Recently, the incorporation of bone marrow-derived
cells (BM-DCs), including mesenchymal stem cells’ or
side population cells,® into regenerating muscle® or dys-
trophic skeletal muscle'™® was noted. Transplantation of
bone marrow cells from GFP transgenic mice allowed the
identification of BM-DCs in the recipient mice. Participa-
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tion of BM-DCs was reported not only in the regeneration
process, but also in atherosclerotic or fibrotic le-
sions.' '3 These findings suggest that regulating migra-
tion, homing, proiiferation, or differentiation of BM-DCs
might lead to mitigation or prevention of these lesions.

To examine whether BM-DCs are also incorporated
into pathological processes in skeletal muscle, we stud-
ied the origin of the increased interstitial cells in dener-
vated skeletal muscle by using a bone marrow chimeric
animal, Here, using GFP bone marrow chimeric mice, we
show for the first time that a considerable proportion of
these interstitial cells are bone marrow-derived, ie, they
are not of traditional fibroblast lineage but of macro-
phage/monocyte lineage, and that they are a possible
regulator of the muscle tissue-derived interstitial cells that
might finally constitute the fibrosis.

Materials and Methods

Animals

C57BL/6J mice (B6 mice) and BALB/c mice were pur-
chased from Nihon CLEA (Tokyo, Japan). C57BL/6J-
GFP-transgenic mice' were kindly provided by Dr. Ok-
abe (Osaka University, Japan). All procedures used on
experimental animals were approved by the Experimen-
tal Animal Care and Use Committee at the National Insti-
tute of Neuroscience.

BM Chimeric Mice and Denervation

Whole bone marrow cells were collected from humeri,
femurs, and tibias of 7- to 8-week-old donor GFP-trans-
genic mice by aspiration and flushing. Menonuclear cells
were refined through 40-um and subsequently 10-pm
filters and next by centrifugation with Lympholite-M (Ce-
darlane, Hornby, Ontario, Canada), and then they were
diluted to concentrations of 5 to 10 X 10° celis in 100 ul
of phosphate-buffered saline (PBS). Female C57BL/6J
mice (7- to 8-week old) were lethally irradiated with 9 Gy
(Hitachi Medical Co., Tokyo, Japan) immediately before
retro-orbital injection of the donor BM cells under general
anesthesia with 0.05 mg/g (body weight) of pentobarbi-
turate (Nembutal). These mice were given drinking water
containing 1 mg/ml of ampicillin for 2 weeks after the
transplantation.

Twelve weeks after the transplantation, the left sciatic
nerve of the bone marrow recipients was excised for
nearly the full length of the thigh (approximately 10 mm}
from a small incision (approximately 4 mm) made in the
mid-lateral thigh under general anesthesia and a surgical
microscope (Olympus, Tokyo, Japan). The mice were
sacrificed 1 day (day 1) to 4 months (day 112) after
denervation by cervical dislocation under general anes-
thesia. The left gastrocnemius muscle was excised for
analysis. The right gastrocnemius muscle served as the
control sample. Bone marrow cells simultaneously col-
lected from the femur were purified and then were ana-
lyzed by FACS (FACS VantageSE flow cytometer; Falcon,

Franklin Lakes, NJ) to determine the bone marrow chi-
merism as a percentage of GFP-positive cells.

Immunohistochemistry

Muscle samples were fixed with 4% formaldehyde in PBS
for 30 minutes and washed with 10% sucrose in PBS for
6 hours and then with 20% sucrose overnight. The sam-
ples were then soaked in OCT compound and frozen in
isopentane cooled in liquid nitrogen. Serial cryostat sec-
tions (10 wm thick) were stained with hematoxylin and
gosin (H&E) or immunohistochemically as described be-
low. Sections were washed with PBS for 30 minutes,
blocked with 1% bovine serum albumin, and then were
reacted with first (37°C, 1 hour) and second (room tem-
perature, 30 minutes) antibodies. Nuclei were stained
with TOTO-3 (room temperature, 10 minutes). After stain-
ing, the sections were examined under a confocal laser-
scanning microscope (Leica TCS SP; Leica, Heidelberg,
Germany). To count GFP-positive cells, five randomly
selected high-power fields of neuromuscular junction-
rich and -poor areas were examined.

Western Blotting Analysis

Twenty to 40 cryostat sections of day 28 or day 112
gastrocnemius muscles were dissolved with 4 volumes
(w/v) of sample buffer (10% SDS, 70 mmol/L Tris-HCI (pH
6.7), 10 mmol/L EDTA, and 5% pB-mercaptoethanol),
boiled for 5 minutes, and then cooled on ice. The sam-
ples were centrifuged by 14,500 rpm for 15 minutes, and
then the supernatants were collected. The amounts of
harvested protein were determined based on OD 595
using Bradford solution. Equal amounts of protein (30 ug
each) underwent electrophoresis {200V, 45 minutes) on
READYGELS J (7.5%; Bio-Rad, Tokyo, Japan). After
semidry blotting was performed (242mA, 1 hour), the
membrane was reacted with first (4°C, overnight) and
horseradish peroxidase-conjugated second (room tem-
perature, 1 hour) antibodies. The signals were analyzed
using Lumi-Imager F1 (Roche Molecular Biochemicals,
Tokyo, Japan).

FACS Analysis of Muscle Mononuclear Cells

The visible nerves, blood vessels, and tendons of the
whole hind limb muscle of the denervated or intact side
were removed with microsurgical forceps under a dissec-
tion microscope. Trimmed muscles were minced with
scissors and then treated with 0.2% collagenase type 2
under stir for 40 minutes at 37°C. Digested muscles were
filtered through a 100-pm and subsequently a 40-um
filter, and then red blood cells were removed by treat-
ment with 0.8% NH,CI. The mononuclear cells obtained
were suspended in 100 ul of PBS and reacted with anti-
bodies. The first antibody (on ice, 30 minutes) was allo-
phycocyanin-conjugated anti-CD45, phycoerythrin (PE)-
conjugated anti-CD11b, or bictin-conjugated anti-CD44.
The second reagent for the biotin-conjugated anti-CD44
antibody was PE-conjugated streptavidine (on ice, 15
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minutes). Finally, the samples were washed with PBS,
dissolved in 1 ml of PBS with 2% bovine serum albumin,
and analyzed by FACS.

BrdU Staining

Mice at day 4 were injected intraperitoneally with 50 ng/g
body weight of BrdU in 200 ul of PBS. Two hours after the
injection,'® the mice were sacrificed by cervical disloca-
tion. Fixation of the muscle sample was the same as that
for immunohistochemistry. Cryostat sections (5 um thick)
were stained with chicken anti-GFP antibody and subse-
quently fluorescein isothiocyanate-conjugated anti-
chicken 1gG antibody. Next, after fixation of GFP with 2%
formaldehyde, DNA was denatured by 2 N HCIl and neu-
tralized by 0.1 mol/l. sodium 4-borate (pH 8.5). Then,
BrdU staining with anti-BrdU antibody and subsequently
Alexa Fluor 568-conjugated goat anti-mouse IgG was
performed. The sample was examined under a confocal
laser microscope.

Apoptotic Cell Detection

Apoptotic cells were detected on cryostat sections using
ApopTag® Red In Situ Apoptosis Detecting kit (Chemicon
International Inc.) according to manufacturer's instruc-
tions. Briefly, cyostat sections were prepared as de-
scribed in immunohistochemistry section. Next, GFP
staining and fixation was performed as described under
BrdU Staining. After being postfixed and permeabilized
with pre-cooled (—20°C) mixture of ethanol and acetic
acid (2:1), the sections were reacted with digoxigenin-
labeled nucleotides under the presence of terminal de-
oxynucleotidyl transferase. Then, the sections were re-
acted with rhodamine-conjugated sheep polyclonal anti-
digoxigenin antibody. Nuclei were stained with TOTO-3.
Sections were examined under a confocal laser
microscope.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Three fractions of mononuclear cells, GFP positive, GFP
negative/CD44 positive, and GFP negative/CD44 nega-
tive, from four day 28 mice were isolated by FACS and
diluted in PBS. Total RNA from 1 X 10¢ cells of each
population was isolated using RNeasy (Qiagen, Tokyo,
Japan) according to the manufacturer’s instructions and
reverse transcribed using oligo dT primers with a total
reaction volume of 30 ul. The reverse transcription pro-
gram was 25°C for 10 minutes, 48°C for 30 minutes, and
then 95°C for 5 minutes. Polymerase chain reaction was
performed using 3 wl of each RT product (cDNA), with a
total reaction volume of 20 ul. The PCR thermal cycle was
94°C for 3 minutes, then 40 cycles (or 30 cycies for
transforming growth factor (TGF)-B1) of 94°C for 15 sec-
onds, 60°C for 30 seconds, and 72°C for 30 seconds,
and finally 72°C for 5 minutes.

Marrow-Derived Cells in Denervated Muscle 1723
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The primers for PCR were type | collagen (413-bp prod-
uct) sense (5'-GTGAACCTGGCAAACAAGGT-3') and anti-
sense (5-CTGGAGACCAGAGAAGCCAC-3'), MMP-14
(308-bp product) sense (5'-ACAAAGATGCCCCCTCAAC-
C-3') and antisense (5'-GCTTCGTCAAACCAGTGC-3'),
MMP-3 (391-bp product) sense (5'-TTCTCCAGGATCTCT-
GAAGGAGAGG-3') and antisense (5'-ATTTGGTGGGT-
TACCACGAGGACATC-3'), tenascin-C (355-bp product)
sense (5-GCCTCAACAACTGCTACAATCGTG-3') and an-
tisense (5'-TCAGCCCCTGTGAACCCATC-3'), a-smooth
muscle actin (e-SMA) (240-bp product) sense (5'-
GAGAAGCCCAGCCAGTCG-3') and antisense (5'-CTCTT-
GCTCTGGGCTTCA-3"), and TGF-B1 (431-bp product)
sense (5'-CTAATGGTGGACCGCAACAAC-3’) and anti-
sense (5'-CGGTTCATGTCATGGATGGTG-3'). These prim-
ers were obtained from Qiagen. Primers for B-actin (540-bp
product) were sense (5'-GTGGGCCGCTCTAGGCACCAA-
3') and antisense (5'-CTCTTTGATGTCACGCACGATTTC-
3'). As positive controls for these primers, RNA samples
from 8-week-old mouse mammary gland were used for
MMP-3 and from mouse embryo (day 13) were used for the
rest.

Antibodies and Chemicals

Collagenase type 2 was from Worthington Biochemical
Corp. (Lakewood, NJ). Allophycocyanin-conjugated
rat anti-mouse CD45 antibody (clone 30-F11), rat anti-
mouse CD31 antibody (clone MO76917), PE-conju-
gated rat anti-mouse CD11b antibody (clone M1/70),
and mouse anti-BrdU antibody (clone MO76134) were
from Becton Dickinson (San Diego, CA). Rat biotin-
conjugated anti-mouse CD44 antibody (clone KM201)
was from Southern Biotechnology Associates, Inc. (Bir-
mingham, AL). Rat anti-mouse laminin-a2 antibody
(clone 4H8-2) was from Alexis Corp. (San Diego, CA).
Rabbit polyclonal anti-mouse type | collagen antibody
(for immunohistochemistry) was from Biogenesis Inc.
(Kingston, NH). Rat anti-mouse tenascin-C antibody
(clone Mtn12)'® was kindly provided by Prof. Ekblom
(Department of Animal Physiology, Uppsala University,
Uppsala, Sweden). Goat polyclonal anti-rat C/EBPa
antibody, rabbit polyclonal anti-m-cadherin antibody,
goat polycional anti-mouse collagen a2 type | antibody
{(for Western blotting analysis), and rabbit polyclonal
anti-human TGF-B1 antibody were from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal
anti-human o-SMA antibody was from Lab Vision
Corp. (Fremont, CA). Rat anti-mouse N-CAM (clone
MAB310) and chicken polyclonal anti-GFP antibody
and ApopTag Red /In Situ Apoptosis Detection kit were
from Chemicon International Inc. (Temecula, CA). Al-
exa Fluor 594-conjugated goat anti-rat IgG antibody,
Alexa Fluor 568-conjugated goat anti-rabbit IgG anti-
body, Alexa Fluor 594-conjugated donkey anti-goat
igG antibody, Alexa Fluor 568-conjugated goat anti-
mouse IgG antibody, Alexa Fluor 594-conjugated
a-bungarotoxin, and TOTO-3 iodide (642/660) were
from Molecular Probes (Eugene, OR). Fluorescein
isothiocyanate-conjugated donkey polyclonal anti-
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chicken IgG antibody was from Jackson Immuno Re-
search Laboratories (West Grove, PA). Horseradish
peroxidase-conjugated rabbit anti-goat IgG antibody
was from Zymed Laboratories Inc. (San Francisco,
CA). The RNeasy Micro kit was from Qiagen.

TagManR Reverse Transcription Reagents were from
Roche Molecular Systems, Inc. (Branchburg, NJ). The
Mouse B-actin Control Amplimer set was from CLON-
TECH Laboratories, Inc. (Palo Alto, CA). ECL Western
Blotting Detection Reagents were from Amersham Bio-
sciences (Little Chalfont, Buckinghamshire, United
Kingdom).

Statistical Analysis

Results were expressed as means = SD. For comparison
between any two groups, Welch's t-test was applied
based on results of the data analysis by F-test. A P value
of less than 0.01 was considered to indicate statistical
significance.

Results

Establishment of GFP BM Chimeric Mice

Fifty-three mice received bone marrow transplantation.
Of these, 45 mice were sacrificed and analyzed. The
mean bone marrow chimerism at the time of sampling
was 88.5 = 7.9%. One mouse died of unknown cause 16
days after the bone marrow transplantation. Five mice
were excluded from the study because of scar contrac-
tion of the hind limb due to irradiation. Two mice died of
deep anesthesia.

Muscle Fiber Atrophy, Increased Interstitial
Cells, and Fibrosis in Denervated Muscle

To verify the condition of denervation, the decrease of the
diameter of gastrocnemius muscle fibers was examined
by analyzing immunohistochemical images. On the de-
nervated side (left), the diameter was significantly de-
creased 4 days after denervation (day 4; Figure 1). De-
nervation was also ascertained by observation of
separate unconnected stumps of the cut sciatic nerve.
On H&E stain, an increase in the number of interstitial
mononuclear cells was observed from day 4. They accu-
mulated in perisynaptic regions, as reported in the
literature. ™2

From day 14, progressive fibrosis was detected by
H&E staining. Fibrotic change was also examined by
immunostaining for type | collagen (Figure 3, ¢ and d).
Fatty change was not observed in C57BL/6J mice, at
least up to 4 months after the denervation (day 112). In
contrast, the hind limb muscles of BALB/c mice
showed fatty change from 1 month after denervation
(day 28; data not shown). This difference in phenolypic
expression may be interpreted as the influence of
background strain.

[l denervated (left)

[Inon-denervated (right)
100 ¢

fiber diameter (um)

-1 1 4 7 14 28 56 112
days after denervation

Figure 1. Decrease of muscle fiber diameter in denervated muscle. Diame-
ters of muscle fibers of both denervated (left, gray bar) and nondenervated
(right, white bar) gastrocnemius muscle were measured before denerva-
tion (—1)and 1 to 112 days after denervation. Bars represent the means * SD
of 50 fibers. *P < 0.01.

BM-DCs Accumulated in the Perisynaptic
Region

On day 4, many GFP-positive BM-DCs had entered the
denervated (left) gastrocnemius muscle, mainly at the
external fascia and perimysium (Figure 2, a and b). BM-
DCs then faded out of these regions from day 7, but at the
same time they appeared on the endomysium of each
muscle fiber and gradually accumulated in the perisyn-
aptic regions (Figure 3a). The time course of the appear-
ance of BM-DCs in the perisynaptic region is shown in
Figure 4, a and b. From day 4, BM-DCs significantly
increased in the perisynaptic region to reach a maximum
around days 14 to 28; thereafter, they gradually de-
creased. The initial accumulation at the perimysium on
day 4 was excluded from this analysis. Distortions in the
arrangements and decreases in the number of NMJs
were also observed from 2 months after the denervation
(day 56) and were more apparent on day 112 (Figure 3b).

When we compared the high-magnification fluorescent
images of BM-DCs with that of H&E staining, BM-DCs
accounted for considerable part of the interstitial mono-
nuclear cells (Figure 2, ¢ and d). Quantitative analysis
showed that BM-DCs accounted for around 43% of the
interstitial cells on day 4, 41% on day 14, and 39% on day
28, respectively (Figure 5a). However, as long as we
considered only the shape of these increased interstitial
cells, BM-DCs and muscle tissue-derived cells (MT-DCs)
were indistinguishable under the microscope, and they
were spindle or stellate shaped, as reported in the
literature.”

BM-DCs Co-Localized with Expression of ECMs

Some fibrosis-related components of ECMs are known to
accumulate around the perisynaptic regions of dener-
vated skeletal muscle.® We examined whether BM-DCs
co-tocalize with expressions of some components of
ECMs. Type | collagen was detected in the perisynaptic
regions in which BM-DCs were also accumulated (Figure
3, ¢ and d). The accumulation of type | collagen was in
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Figure 2. BM-DC infiltration into denervated muscle and co-localization with
ECMs. Analysis by immunohistochemistry and H&E. a: Many BM-DCs (green;
GFP) had infiltrated the external fascia and perimysium (green bands) and
spread into the endomysium of denervated gastrocnemius muscle 4 days
after denervation (day 4), whereas the nontreated side (b) showed no
increase of BM-DCs (red; laminin-a2 representing basement membrane).
Comparison at high magnification of GFP-positive cells (¢; green) with
interstitial mononuclear cells in H&E (d) shows that BM-DCs account for
considerable part of the interstitial cells. e: Expression of tenascin-C (red) on
day 4 at the perimysium, at which the BM-DC (green or merged with nucleus
to light blue) accumulated. Within the perimysium, mononuclear MT-DCs
(spindle-shaped arcas with nuclei, lacking red signal) are also observed.
TOTO-3 (dark blue) was used for nuclear staining. Scale bars = 100 um (a
and b), 20 um (¢), and 40 pm (e).

accordance with the progressive fibrosis observed in
H&E staining. However, immunoblotting analysis showed
no evidence that total type | collagen protein had been
increased in denervated entire gastrocnemius muscle
compared with that of intact side (data not shown). Thus,
even if there is increased synthesis of type | collagen in
fibrotic lesion in denervated skeletal muscle, degradation
of type | collagen may also be involved in the pathogen-
esis of fibrosis."”

The expression of tenascin-C, an anti-adhesion mole-
cule, also accompanied the distribution of BM-DCs and
appeared in the perisynaptic regions. On day 4, tenas-
¢in-C was detected around the invading BM-DCs or MT-
DCs at the perimysium (Figure 2e). On day 7, tenascin-C
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Figure 3. Accumulation of BM-DCs in the perisynaptic region and their
co-localization with ECMs. Immunohistochemical analysis of day 28 (a, ¢,
and e; serial sections) and day 112 (b, d, and f; serial sections). BM-DCs
accumulated in the perisynaptic regions (a and b), co-localizing with type |
collagen (¢ and d, red). BM-DCs also co-localized with tenascin-C on day 28
(e, red). Tenascin-C revealed spotted pattern on day 112, although still
associating with BM-DCs (f, red). Arrowheads in a indicate individual NMJs
(a-bungarotoxin, red). The box in b corresponds to the fields of d and f.
Scale bars = 80 um (a and c to f) and 100 um (b).

disappeared from the perimysium, and BM-DCs also dis-
appeared. After day 7, tenascin-C was again detected at
the perisynaptic regions in which BM-DCs also accumu-
lated (Figure 3e). This accumulation of tenascin-C might
support the idea that tenascin-C appears at sites to which
cells migrate, such as development, inflammation, tumor-
igenesis, and wound healing.'® However, the expression
pattern of tenascin-C was more distinctly restricted to
each NMJ than that of type | collagen, especially on day
112 (Figure 3f). Thus, tenascin-C may initially regulate
accumulation of BM-DCs at the perimysium, then in peri-
synaptic regions, and thereafter control, for example, the
dynamic induction of regenerating axons to each NMJ.
On the other hand, N-CAM® was uniformly distributed at
each endomysium from day 4, showing no particular
co-localization with BM-DCs (data not shown).

There is a possibility that BM-DCs can differentiate into
particular cell lineages. Therefore, we examined several
typical lineage markers. a-SMA is a marker for myofibro-
blasts or activated interstitial cells found in inflammatory
or chronic lesions. The expression of o-SMA was not
detected among BM-DCs and MT-DCs (data not shown).
Whether BM-DCs incorporate into satellite cells in skele-
tal muscle is currently controversial.'®2° In the present
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Figure 4. Increase of the BM-DCs in denervated gastrocnemius muscle. Time
course of the BM-DC increase in left denervated (a) or right nontreated (b)
side. Data are shown as numbers of GFP-positive cells per field (0.25 mm?)
including (gray bars) or excluding (white bars) NM] regions. Bars repre-
sent the means  SD of five fields. *P < 0.01.

study, GFP-positive satellite cell was not detected in de-
nervated muscle. None of the other lineage markers
tested, including CD31 (platelet/endothelium cell adhe-
sion molecule-1) for vascular endothelium, neonatal my-
osin heavy chain for developing myofibers, and C/EBP-«
for adipose cells, was detected among those interstitial
cells. Thus, BM-DCs were revealed to be negative for
some typical lineage markers, although sparing the pos-
sibility that they are fibroblasts.?"

GFP-positive BM-DCs were also observed in gastroc-
nemius muscles of the intact side or bilateral nondener-
vated muscle (Figure 4, a and b). Inappropriate homing
of hematopoietic or mesenchymal stem cells resulting
from peripheral intravenous injection of bone marrow
cells may have caused the survival of these cells. These
cells may also reflect the existence of migrant, but long-
term-resident, muscle interstitial cells. However, signifi-
cant increase of BM-DCs in the intact side (Figure 4b)
may due to sensitization via denervated leg.
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Figure 5.The ratio of BM-DCs among interstitial mononuclear cells in
denervated gastrocnemius muscle and their proliferation or apoptotic activ-
ity. a: Numbers of BM-DCs (gray bars) and MT-DCs (white bars) around
NM]Js of denervated muscle. Data are shown as cell numbers per field (0.025
mm?field). Interstitial connective tissue was defined as tissue outside the
muscle fiber basement membrane stained by laminin-a2. Mononuclear cells
were defined by nuclear staining with TOTO-3. b: The proportion of inter-
stitial cells (gray bar, GFP positive; white bar, GFP negative) that were
BrdU positive after 2 hours of BrdU exposure in a whole cross-sectional area
of gastrocnemius muscle 4 days after denervation. ¢: Time course of apo-
ptotic activity of BM-DCs (gray bars) and MT-DCs (white bars) of dener-
vated muscle. Data are shown as numbers of apoptotic (Apop) cells per
whole muscle section. Bars represent the means * SD of five fields (a) or
three whole sections (¢), respectively. *P < 0.01.

BM-DCs in Denervated Skeletal Muscle Had
Monocyte/Macrophage Phenotype

To investigate whether BM-DCs retain a hematopoietic
lineage even in denervated skeletal muscle, we tested
them for CD45 and CD11b by FACS analysis of total
mononuclear cells harvested from whole denervated
muscle and by immunchistochemistry of corresponding
samples. On FACS analysis, at least up to day 28, the
GFP-positive population was revealed to be CD45- and
CD11b-positive (Figure 6, a and b). These results again
showed that BM-DCs have not trans-differentiated into a
nonhematopoietic lineage, including fibroblastic, angio-
genic, myogenic, adipogenic, or neurogenic lineage, but
are fundamentally of monocyte/macrophage lineage.
Next, we tried to define the migrating nature of the
increased interstitial cells including BM-DCs and mono-
nuclear MT-DCs by their CD44 expression. CD44 is an
adhesive molecule known as an ECM (hyaluronan) re-
ceptor®® that is broadly expressed on the surface of
hematopoietic®® and nonhematopoietic cells of verte-
brates. CD44 is involved in lymphocyte homing, macro-
phage or lymphocyte activation, and tumor metasta-
sis.2472% CD44 connects actin filaments with MMP-14
(membrane type 1-MMP; MT1-MMP), which is a repre-
sentative of membrane type MMP?’ or activates
proMMP-2 at the forward processes (lamellipodia) of
such migrating cells.?® Put together, we expecled the
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Figure 6. Flow cytometric and immunohistochemical analysis of increased mononuciear interstitial cells in denervated muscle. a 1o ¢: Mononuclear cells were
isolated from gastrocnemius muscle 4, 14, and 28 days after the denervation. Following appropriate immunostaining. the cells were analyzed by fow cytometry
Representative results of analysis of isolated mononuclear cells 4 days after the denervation for GFP and C1345 (a), CD11b (b)Y and (D44 (o) d 10 n:
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Ch44-positive cells (§; red) were GFP positive (f, j, and n: arrows) or GFP negative (f, j, and n; arrowheads). g and k: Serial sections of a neuro-vascular bundle
in a gastrocnemius muscle 4 days after denervation stained for CD44 (g; red) or @-SMA (k. red). TOTO-3 (blue) was used for nuciear staining Scaic hars = 40
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increased mononuclear interstitial cells migrating to the
perisynaptic regions to be CD44 positive whether they
were BM-DCs or MT-DCs. Accordingly, CD44-positive
mononuclear cells contained both GFP-positive and
GFP-negative fractions (Figure 6c¢, top right and top left
fractions, respectively). These fractions were supposed
to reflect BM-DCs and mononuclear MT-DCs,
respectively.

Immunohistochemical analysis supported those find-
ings. Almost all BM-DCs were CD45 positive up to 2
months after the denervation (day 56; Figure 6, d, h, and
) and CD11b positive at least up to 4 months after the
denervation (day 112) (Figure 6, e, i, and m, respec-
tively). In addition, almost all interstitial mononuclear cells
that might include BM-DCs and mononuclear MT-DCs
were positive for CD44 at least up to day 112 (Figure 6, f,
j, and n).

Observation of the posterior tibial artery revealed that
vascular endothelial cells are CD44 negative (Figure 6, g
and k). However, the tibial nerve trunk contained CD44-
positive but GFP-negative cells, which were revealed to
be Schwann cells by comparing them with a serial sec-
tion stained with S-100 protein (Figure 6g, data not
shown). Some of the large GFP-positive cells observed
within the nerve trunk in Figure 6g may be macrophages
that are involved in phagocytosis of degenerated ax-
ons.'® Combining the mononuclear cell count with the
fractional percentile of FACS-gated cells suggested that
the denervated (left) gastrocnemius muscle contained
around three to four times as many BM-DCs by muscle
weight than the nondenervated (right) side (data not
shown). :

Poor Proliferation Activity of BM-DCs

There is a possibility that the GFP-positive cells observed
in the denervated gastrocnemius muscle originated from
muscle tissue-derived GFP-positive interstitial cells: long-
term residents of skeletal muscle were found in the non-
denervated side. In addition, the increase of the GFP-
positive cells may depend on their proliferation by
dividing or on a constant supply from the circulation
system.

To answer these questions, we performed BrdU stain-
ing of denervated gastrocnemius muscle on day 4, the
time point of the maximum reported proliferation activity
of the increased interstitial cells.?3 GFP-positive intersti-
tial cells formed only a very smail minority of the BrdU-
positive population in the denervated gastrocnemius
muscle of day 4 (Figure 5b). Because GFP-positive cells
accounted for nearly half of the increased interstitial cells
in denervated gastrocnemius muscle on day 4 (Figure
5a), this result suggests poor proliferation potential of the
GFP-positive population. Taking only the short life span of
blood cells into consideration, it is further suggested that
the majority of the increased GFP-positive cells in dener-
vated muscle are not muscle tissue-derived dividing cells
but are a bone marrow-derived and continuously sup-
plied population.

Contribution of Apoptosis to the Decrease in
Number of BM-DCs

The gradual decrease in number of BM-DCs in dener-
vated gastrocnemius muscle observed from day 28 may
be due to decreased circulating-in, increased re-circu-
lating, or increased apoptotic activity of BM-DCs. To
assess the contribution of apoptosis to the decrease in
number of BM-DCs, we performed quantitative analysis
of apoptotic cells in denervated gastrocnemius muscle.
GFP-positive apoptotic cells significantly increased in
number from day 56 (P < 0.01; Figure 5c¢). The result
suggests that increased apoptotic activity of BM-DCs
contributed to the gradual decrease in number of BM-
DCs in denervated skeletal muscle. Although implication
of the increased apoptotic activity of GFP-negative cells
(MT-DCs) on day 4 (Figure 5c) is unclear, apoptotic
activity of MT-DCs generally followed that of BM-DCs,
indicating cooperative cellular rolls among these
populations.

BM-DCs Expressed TGF-B1

To distinguish the functional roles of BM-DCs and MT-
DCs, we studied the gene expression patterns of these
populations by RT-PCR (Figure 7a). Denervated skeletal
muscle of day 28 mice was chosen because many BM-
DCs had accumulated in the perisynaptic region at the
date. As controls, bilateral intact hind limb muscles of
bone marrow chimeric mice were used instead of those
of the contra-lateral side of the denervated limb to ex-
clude the possibility of any compensative up- or down-
regulation of the genes.

In denervated muscle, the CD44-positive MT-DCs,
which may reflect muscle tissue-derived mononuciear
cells and Schwann cells (as shown in Figure 6g), mainly
expressed type | collagen and tenascin-C, suggesting
that this population contains fibroblasts as the main ef-
fector of fibrosis (Figure 7a, lane 2). In contrast, BM-DCs
did not express type | collagen or tenascin-C; instead,
they dominantly expressed TGF-B1, a principal growth
factor known to promote fibrosis in persistent inflamma-
tion or to induce the synthesis of tenascin-C in vitro (Fig-
ure 7a, lane 1).%? Immunohistochemical analysis showed
dominant production of TGF-B1 protein by a portion of
BM-DCs (Figure 7, b to d). TGF-g1 expressions by the
CD44-positive MT-DCs, which potentially include fibro-
blasts, were not observed by RT-PCR (Figure 7a, lane 2)
or immunohistochemically. However, slight to moderate
amplification of TGF-B1 was detected from MT-DCs when
PCR was performed by 40 cycles, in accordance with the
common establishment that virtually all fibroblasts ex-
press TGF-B1 (data not shown). Despite being consid-
ered to only reflect vascular endothelial cells as shown in
Figure 6k and therefore to express no particular mole-
cules studied here, the CD44-negative MT-DCs also
expressed type | collagen and tenascin-C (Figure 7a,
lane 3).

We examined whether MMP- 3 (stromelysin-1), one of
the soluble MMPs known to breakdown the largest variety
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Figure 7. Expression patterns of fibrosis-related molecules within increased
mononuclear interstitial cells in denervated muscle. a: RT-PCR analysis of
fibrosis-related molecules of increased mononuclear interstitial cells in de-
nervated muscle fractionated by FACS. Mononuclear interstitial cells were
isolated from gastrocnemius muscle from either four mice 28 days after the
denervation or intact mice. After appropriate immunostaining, approximately
1 X 10* cells in each fraction of GFP positive (lanes 1 and 4), GFP
negative/CD44 positive (lanes 2 and 5), and GFP negative/CD44 negative
(lanes 3 and 6) were collected by flow cytometry (corresponding to upper
right, upper left, and lower left fractions in Figure 6¢, respectively). After
mRNA extraction from collected cells, RT-PCR was performed. Denervated
mice (lanes 1 to 3), intact mice (lanes 4 to 6). b to d: Immunohistochemical
detection of TGF-1 protein in day 28 denervated gastrocnemius muscle. A
portion of GFP-positive cells (b; green) co-stained with TGF-B1 at their
cytoplasm (c; red) and therefore revealed a merged expression pattern (d;
merged into yellow). Scale bars = 40 pm.

of substrates including gelatin, was expressed in the
denervated muscle. MMP-3 is known to activate morpho-
genesis,®° epithelial-to-mesenchymal conversion,®' and
carcinogenesis® of the mammary gland. MMP-3 was
clearly detected in the denervated side especially in
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CD44-negative fraction (Figure 7a, lane 3). Although
MMP-14 is reported to interact with CD44 on migrating
cells,?” less amplification of MMP-14 was detected in
denervated muscle than in intact muscle. Further para-
doxically, MMP-14 tended to be expressed in CD44-
negative fraction (Figure 7a, lanes 3 and 6).

In MT-DCs of intact muscle, a-SMA was mainly ex-
pressed by CD44-negative fraction, probably reflecting
vascular wall cells (Figure 7a, lane 6). In denervated
muscle, both CD44-positive and -negative fractions
showed up-regulation of a-SMA. This result may indicate
an enhanced myofibroblastic phenotype in MT-DCs due
to denervation, although a-SMA was not detected well
among them immunohistochemically (Figure 7a, lanes 2
and 3). In denervated muscle, BM-DCs did not express
a-SMA (Figure 7a, lane 1). Interestingly, BM-DCs did
express a-SMA in intact muscle (Figure 7a, lane 4). Be-
cause BM cells were injected intravenously when estab-
lishing BM chimera, some of them, especially those that
potentially express «-SMA, might have inappropriately
homed into skeletal muscle. Therefore, such a-SMA-pos-
itive cells might, if small in number, occupy considerable
proportion of BM-DCs in intact muscle, whereas a-SMA-
negative migrant monocytes/macrophages might ac-
count for the majority of BM-DCs in denervated muscle.
Thus, a-SMA may have been detected from BM-DCs in
intact muscle and not in denervated muscle by analyzing
the equal number of cells.

On the innervated side, very slight amplification of
TGF-B1 expressed by BM-DCs was observed (Figure 7a,
lane 4). Slight to moderate ampilifications of type | colla-
gen and tenascin-C were also observed in CD44-positive
and -negative populations (Figure 7a, lanes 5 and 6).
These signals may in general reflect the baseline or nor-
mal expressions of these genes.

Discussion

In this study, we proved that a great number of BM-DCs
accounted for the increased number of interstitial cells in
denervated skeletal muscle, in contrast to a previous-
study,® which concluded that the increased interstitial
cells were derived from muscle tissue. In the experiment,
white blood cell precursors were pre-labeled by repeated
injection of titrated thymidine ([*H]TdR) into subcutis of
7-to 10-week-old male albino mice 6 or 2 days before
denervation. Determination of the presence of labeled
leukocytes in denervated and control muscles was made
3 or 4 days after denervation by scintillation counting of
muscle homogenates. As a consequence, incorporation
of circulating-in cells into denervaled extensor digitorum
fongus seemed unlikely in their study, although one of
their time points of sampling was similar to one of those in
our present study (day 4), on which an increased number
of BM-DCs was observed. In contrast, bone marrow-
chimeric animal enabled us to directly label bone marrow
cells including mesenchymal stem cells and hematopoi-
etic stem cells, to label peripheral leukocytes sufficiently,
and to identify individual labeled cells. Thus, the negative
result in the previous study for incorporation of BM-DCs
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into denervated muscle may be due to technical limita-
tions in labeling peripheral blood cells by radioisotopes
or in detecting them.

Although the increased interstitial cells in dener-
vated muscle have been currently identified as fibro-
blasts by electron microscopy, further intensive com-
parison of electron-microscopic images with that of the
serial GFP fluorescent sections or immuno-electron mi-
croscopic study might enable observation of a distinc-
tion between BM-DCs and MT-DCs, bringing a novel
morphological identification of these populations.

Evidence is emerging that BM-DCs play significant
roles in fibrosis of other organs after progressive inflam-
mation or injury. In pulmonary fibrosis, the majority of
collagen-producing fibroblasts turned out to be bone
marrow derived.'®%3 |n renal fibrosis, about 14% to 15%
of fibroblasts were bone marrow-derived,'? in addition to
the bone marrow monocytes that contribute to the grow-
ing process of fibrosis by facilitating the epithelial-
mesenchymal transition.®* in liver fibrosis, BM-DCs ac-
counted for up to 22.2% of myofibroblasts: cells positive
for a-SMA and vimentin and negative for CD45.3°

In contrast, our results suggested that BM-DCs in
denervated skeletal muscle were of a monocyte/mac-
rophage lineage and therefore were not fibroblasts by
definition of lineage-specific cell surface antigen,
whereas that MT-DCs might contain fibroblasts. Thus,
BM-DCs in denervated muscle were revealed not to
differentiate into fibroblasts, as reported in fibrosis of
some vital organs, but instead to maintain their mono-
cyte/macrophage lineage. This inconsistency in the
role of BM-DCs can be explained by the possibility that
the pathology of denervated skeletal muscle is differ-
ent from that of progressive inflammation in response
to tissue injury. The increased interstitial cells in dener-
vated muscle exhibited an anatomically characteristic
distribution: they accumulated in perisynaptic regions
of the denervated muscle. Interestingly, not only this
accumulation but also the increase of interstitial cells
itself is absent when the muscle is only immobilized by
blocking the motor nerve with tetrodotoxin.®® In addi-
tion, expression of tenascin-C or fibronectin is also
undetected in such immobilized muscles.®® These ob-
servations suggest that some signals related to dener-
vation itself trigger the chemotaxis of macrophages to
perisynaptic regions. These alterations may include
axon degeneration, morphological alterations of
Schwann cells around nerve terminals (terminal
Schwann cells), and the lack of any substance usually
supplied to the NMJ by axonal transporl (Figure 8).
One of the candidates for the signal factor may be
monocyte chemoattractant protein-1 (MCP-1), a proto-
type of the CC chemokine. Mitigation of fibrosis by
inhibiting monocyte infiltration with an MCP-1-blocking
antibody or recently, by genetic intervention in the
MCP-1 gene have been described in kidney,?” lung,®®
and blood vessel.® Furthermore , MCP-1 is known to
be produced by Schwann cells of denervated periph-
eral nerves and to induce infiltration by macro-
phages.® In denervated muscle, MCP-1 may be re-
strictedly expressed by terminal Schwann cells around
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Figure 8. The cellular and molecular mechanisms of fibrosis in denervated
skeletal muscle. Denervation-related signals (axon degeneration or cessation
of axonal transport, for example) trigger release of chemokines such as
MCP-1 from terminal Schwann cells. Circulating cells of macrophage/mono-
cyte lineage originating from bone marrow (BM-DCs) are attracted by them
and migrate to the perisynaptic region. The BM-DC release TGF-81 to
stimulate local (muscle tissue-derived) cells including fibroblasts or terminal
Schwann cells to produce ECMs including type I collagen or tenascin-C.
These ECMs might essentially support preservation of the position of each
NMJ or induction of regenerating axons when reinnervated, although an
excess of ECMs lead to fibrosis.

the perisynaptic region and may attract BM-DCs of
macrophage/monocyte lineage (Figure 8).

We also showed for the first time the gene expression
patterns of increased mononuclear interstitial cells in de-
nervated skeletal muscle after dividing them into BM-DCs
and MT-DCs by flow cytometric analysis. In contrast to
fibrotic changes in some vital organs, BM-DCs never
expressed components of ECMs, including type | colla-
gen, in denervated muscle, whereas MT-DCs can be a
main source of these ECMs. Instead, BM-DCs dominantly
expressed TGF-B1, suggesting the regulatory role of BM-
DCs in the fibrotic process (Figure 8). Although cultured
fibroblasts isolated from denervated muscle were re-
ported to express tenascin-C, those fibroblasts acquired
the potential to produce it.® In addition, those “fibro-
blasts” might have contained other kinds of cells, includ-
ing BM-DCs.

To determine functions of MT-DCs, we tried to clarify
gene expression patterns of mononuclear interstitial cells
by analyzing CD44-positive MT-DCs. Although all visible
nerves and vessels, as shown in Figure 6, g and k, were
removed before the samples were processed, immuno-
histochemical analysis suggested that the CD44-positive
fraction possibly contained Schwann cells. One possible
function of CD44 on Schwann cells is regulation of with-
drawal of the myelin sheath from degenerated axons. The
other possibility is that CD44 may support the connection
of Schwann cells, especially perisynaptic ones (terminal
Schwann cells), to muscle fibers at the position of the
NMJ before denervation. This possibility may include the
idea that Schwann cells also express type | collagen or
tenascin-C themselves to hold their positions when de-
nervated (Figure 8).

In the denervated side, not only the CD44-positive
population but also the CD44-negative population ex-
pressed both type | collagen and tenascin-C, although
these components of ECMs were more clearly detected
in the CD44-positive population than in the CD44-nega-
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tive population. Thus, the CD44-negative population may
contain populations reactive to denervation. These may
include muscle spindle cells, smooth muscle cells, vas-
cular pericytes, perineural cells, and satellite cells. Some
of these cells may express those components of ECMs or
specifically express MMP-3 when denervated.

in conclusion, bone marrow-derived cells are sug-
gested to regulate the pathogenetic process of fibrosis in
denervated skeletal muscle. We believe that further in-
vestigation of the nature of BM-DCs will provide a novel
approach that may lead to establishment of therapeutic
amelioration of excessive fibrosis not only of denervated
skeletal muscle but also of fatal neuromuscular disorders
including amyotrophic lateral sclerosis as well as the
latest investigations of fibrosis in other vital organs.
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