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Abstract

Urodele amphibians regenerate appendages through the recruitment of progenitor cells into a
blastema that rebuilds the lost tissue. Blastemal formation is accompanied by extensive
remodeling of the extracellular matrix. Although this remodeling process is important for
appendage regeneration, it is not known whether the remodeled matrix directly influences the
generation and behavior of blastemal progenitor cells. By integrating in vivo 3-dimensional
spatiotemporal matrix maps with in vitro functional time-lapse imaging, we show that key
components of this dynamic matrix, hyaluronic acid, tenascin-C and fibronectin, differentially
direct cellular behaviors including DNA synthesis, migration, myotube fragmentation and
myoblast fusion. These data indicate that both satellite cells and fragmenting myofibers contribute
to the regeneration blastema and that the local extracellular environment provides instructive cues
for the regenerative process. The fact that amphibian and mammalian myoblasts exhibit similar
responses to various matrices suggests that the ability to sense and respond to regenerative signals
is evolutionarily conserved.
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Introduction

Tissues severely traumatized by injury or disease present significant problems to both the
physician and the affected individual because the wound is typically repaired with scar
tissue, often resulting in suboptimal restoration of tissue architecture and function. In
contrast, complete functional repair of damaged or lost structures has been demonstrated in
many animal phyla, and tissue regeneration is probably a basal metazoan character that has
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been lost in mammals (Alvarado, 2000). Among vertebrates, newts and other urodele
amphibians have retained the ability to completely regenerate injured tissues and lost
appendages without scar formation. During regeneration, it is thought that multipotent
progenitor cells are recruited from differentiated tissues close to the wound site. These stem-
like cells give rise to a regenerative blastema that rebuilds tissues complete with muscles,
bones and nerves (Carlson, 1970; Hay and Fischman, 1961; Iten and Bryant, 1973;
Namenwirth, 1974; Oberpriller and Oberpriller, 1974).

Early studies using the regenerating amphibian limb model indicated that injured
multinucleate myofibers can dedifferentiate into mononucleate cells and contribute to the
regenerating blastema (Hay, 1959; Namenwirth, 1974). This concept was supported by cell
lineage studies in which in vitro derived myotubes were labeled and transplanted into
regenerating blastemas. In vivo tracing found that these myotubes fragmented into
mononucleate progenitor cells, ultimately contributing to differentiated tissues of the
regenerate (Kumar et al., 2000; Lo et al., 1993). Work on tail myofibers injured in situ also
revealed evidence of progenitor cell generation via myofiber fragmentation (Echeverri and
Tanaka, 2002). To decipher the molecular and cellular mechanisms behind the generation of
progenitor cells, recent studies investigated the behavior of individual amphibian myofibers
invitro. Kumar et al. (2004) isolated axolotl skeletal muscle fibers and, by using lineage
tracing and live cell imaging, they concluded that these myofibers are capable of
fragmentation. In contrast, Morrison and colleagues (2006) showed that the multinucleate
syncytium of newt myofibers remained intact when cultured in vitro and only observed
activation of mononucleate satellite cells. These discrepancies may be grounded in the use
of different animal models, but their experimental parameters are also distinct. While Kumar
et al. (2004) utilized uncoated polystyrene dishes, Morrison et al. (2006) plated newt
myofibers on dishes coated with Matrigel, a matrix isolated from murine EHS sarcoma cells
rich in basement membrane components. However, neither study considered the dramatic
remodeling of the extracellular matrix (ECM) that results from muscle injury in both
regenerating and non-regenerating vertebrates nor how these changes may affect cell
behavior.

The ECM of skeletal muscle is composed of the interstitial matrix and the basement
membrane. The interstitial ECM consists of type | collagen, fibronectin (FN), hyaluronic
acid (HA), chondroitin sulfate and dermatan sulfate proteoglycans, and fills the spaces
between muscle fibers and their bundles while maintaining mechanical continuity with
tendons (Grounds, 2008; Okita et al., 2004). Upon injury in mammals, the muscle
degenerates and satellite cells associated with the myofibers are the main source of
progenitor cells, which proliferate and differentiate to repair the damaged tissue (Seale et al.,
2000). A local upregulation of HA, FN, and tenascin (TN) has been reported, but whether
these ECM molecules directly affect muscle cell behavior during repair is not known
(Donaldson et al., 1991; Goetsch et al., 2003; Grounds, 2008; Huijbregts et al., 2001; Hurme
and Kalimo, 1992). The muscle basement membrane sheath is comprised predominantly of
the network-forming collagens type IV and VI and laminin (Grounds, 2008; Sanes, 2003).
When the muscle degenerates, the damaged basement membrane hull is left behind where it
acts as a scaffold to direct myofiber fusion and is eventually repaired by the newly formed
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muscle (Vracko and Benditt, 1972). Based on their structure-supporting nature, components
of the basement membrane have been the focus of most studies investigating muscle repair
(Boonen et al., 2009; Macfelda et al., 2007; Maley et al., 1995; Merritt et al., 2010).

During the early stages of regenerative repair in amphibians, ECM proteins typical of
differentiated muscle, such as laminin and type | collagen, become downregulated (Gulati et
al., 1983a; Mailman and Dresden, 1976). In contrast, HA, TN and FN are strikingly
upregulated (Contreras et al., 2009; Onda et al., 1991; Repesh et al., 1982; Tassava et al.,
1996; Toole and Gross, 1971). The expression of HA, TN and FN is reminiscent of
embryogenesis, where they have been described as integral ECM components during
developmental processes (Chiquet et al., 1981; Chiquet and Fambrough, 1984; Kosher et al.,
1981; Matsumoto et al., 2009; Ros et al., 1995), suggesting that the production of a matrix
rich in these molecules stimulates cellular responses that drive tissue formation. Our
preliminary studies indicate that the ECM may influence myotube fragmentation (Calve and
Simon, 2010) and that inhibition of ECM-modifying matrix metalloproteinases (MMPs)
results in aberrant regeneration (Vinarsky et al., 2005).

Although ECM remodeling appears to be an essential requirement for normal appendage
regeneration, it is not known how the composition of the transitional matrix changes with
respect to skeletal muscle during the regeneration process and whether ECM molecules
provide local instructive cues to myogenic progenitor cells. To gain insight into the
biological significance of the transitional regenerative matrix, we characterized the dynamic
changes in matrix composition at high resolution in 3D during newt forelimb regeneration
and determined the functional roles of distinct ECM components on the behavior of newt
and mouse muscle-derived cells using in vitro time-lapse microscopy.

Materials and Methods

Animal Care

Adult red spotted newts (Notophthalmus viridescens) were provided by Charles Sullivan
Company, Inc. (Nashville, TN). Before surgery, newts were anesthetized with 0.1% ethyl 3-
aminobenzoate methanesulfonate salt (Sigma) in 0.04% Instant Ocean (Aquarium Systems).
Forelimbs were amputated proximal to the elbow and animals were allowed to recover in
0.25% sulfamerazine sodium salt (Sigma) in 0.04% Instant Ocean. Three hours before tissue
harvest, newts were injected intraperitoneally with 100 uL 1 mM 5-ethynyl-2’-deoxyuridine
(EdU, Invitrogen) in 0.8X phosphate buffered saline (PBS, Cellgro) to allow for the
identification of cells that had reentered the cell cycle. Newts were re-anesthetized and
regenerating limbs were harvested, imbedded in OCT, frozen in an isopentane-dry ice slurry
and stored at -80°C.

Microarray Analysis

Custom microarrays were prepared by Agilent Technologies using data from both in-house
DNA sequences and public databases. Each microarray represented 1,876 putative
transcripts from 6 newt species with 93% of the transcript sequences being derived from N.
viridescens. The majority of N. viridescens genes were cloned from mRNA isolated from
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regenerating tissues. A 60-mer probe was designed for each transcript using Agilent eArray
software and each probe was represented 23 times on a grid containing 44,000
oligonucleotide probes. Newt limbs were amputated through the stylopodium and tails were
amputated 2 cm distal to the hindlimbs. RNA was isolated from regenerating tissues at 0, 1,
3, 6, 12, or 21 days postamputation. The Huntsman Cancer Institute Microarray Core
Facility at the University of Utah prepared the RNA probes and performed the
hybridizations. RNA probes were generated by amplifying the isolated RNA and labeling
with Cy3 or Cy5. Microarrays were competitively hybridized with Cy5- and Cy3-labeled
probes from regenerating and day 0 (intact) tissues. The microarrays were Lowess
normalized, Cy5:Cy3 ratios (regenerating vs. intact tissues) for each hybridization were
logyg transformed and the geometric means and standard deviations were obtained for
repetitive hybridizations.

Immunohistochemistry

Serial cryosections of 16 um, encompassing the full thickness of a limb, were collected.
Sections were fixed in 4% paraformaldehyde (Sigma) for 5 minutes, rinsed in PBS,
permeabilized with 0.1% Triton X-100 (Amersham Life Science) in PBS for 1 minute then
rinsed with PBS. Sections were blocked for 30 minutes [blocking buffer: 20% goat serum
(Invitrogen), 0.2% bovine serum albumin (BSA, Sigma), 50 mM ammonium chloride
(Sigma), 25 mM glycine (Fisher), 25 mM lysine (Sigma), 0.02% sodium azide (Sigma) in
PBS]. Primary antibodies were applied for 1 hour and sections were rinsed with 0.1%
Tween-20 (Sigma) in PBS (Table S1). Slides were blocked again for 5 minutes before
staining with the appropriate secondary detection reagents [Alexa Fluor (AF) 647 anti-
mouse 1gG2b (Invitrogen), AF546 anti-mouse 1gG1, DyLight 649 anti-rabbit (Pierce),
AF488 anti-mouse, AF546 streptavidin, DAPI (Roche)] for 30 minutes. Slides were rinsed
with 0.1% Tween-20 in PBS and mounted with FLUORO-GEL (Electron Microscopy
Sciences).

To visualize hyaluronic acid distribution, biotinylated hyaluronic acid binding protein
(HABP, Calbiochem) was used as an indirect probe. After fixation and permeabilization,
and prior to labeling sections with HABP, endogenous avidin and biotin activity was
inactivated with an Avidin/Biotin blocking kit (Zymed Labs). Specificity was confirmed by
preincubating HABP with a solution of 1 mg/mL hyaluronic acid sodium salt (HA, MW =
5.0x10° — 1.2x108, Calbiochem), and we observed endogenous avidin and/or biotin staining
in the epidermis (e), consistent with previous reports (data not shown) (Epperlein et al.,
2000). To identify cells that incorporated EdU, a cell-permeable dye-azide was conjugated
to EdU via a copper catalyzed click-chemistry reaction (Salic and Mitchison, 2008). Briefly,
after fixation, permeabilization and blocking, sections were incubated for 30 minutes with
AF488 conjugated azide (Invitrogen) diluted 1:500 in 0.1 M Tris (pH 8.5, Fisher), 1 mM
copper (I1) sulfate (Sigma) and 0.1 M ascorbic acid (Sigma).

Imaging and 3D Rendering

For efficient processing of the 70 — 100 sections representative of the complete thickness of
a regenerating newt forelimb, an Intavis InsituPro robot was utilized. Sections were imaged
at 5x using a Leica DMI16000 microscope controlled with Image-ProPlus Advanced
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Microscopy Suite (Media Cybernetics). Custom macros were developed in Image-Pro
Analyzer to automate tiling and assembly of individual limb sections into a single composite
image and then rendered using the Image-Pro 3D constructor.

In Vivo Cell Cycle Reentry Assay

Cell Culture

Cross-sections of the forelimb stump were acquired, stained and imaged as described above.
Sections were stained for EAU incorporation, anti-chick tenascin-C, MF20 and DAPI. An
area of interest within the mesoderm of the limb, excluding the dermis, was manually
defined and the number of EdU+ cells in TN-rich and TN-poor regions was determined
using the Count/Size tool in Image-Pro Analyzer. For each time point n= 5.

Primary cultures of newt myoblasts were prepared from myofiber cultures using previously
described methods (Kumar and Brockes, 2007). In short, forelimbs were amputated
proximal to the elbow, the epidermis was removed and the limb was placed in a solution of
0.1% collagenase type IV (Sigma) in newt MEM [0.8X Minimum Essential Medium (MEM,
10370, Gibco), 1X Pen/Strep/Fungiezone (HyClone)]. After enzymatic digestion for 2.5 - 3
hrs in a water jacketed incubator at 25°C, 2.0% CO, (ThermoForma), the muscles were
dissected away from the limb, placed in a fresh collagenase solution and triturated through a
fire polished Pasteur pipet. To remove mononucleate cells and debris, the suspension was
passed through a 100 um cell strainer (BD Falcon). Myofibers were reconstituted in serum
free newt MEM and plated. After the myofibers attached to the substrate, media was
changed to newt growth medium [GM: 0.8X MEM, 10% fetal bovine serum (FBS,
SV30014.03, HyClone), 2 mM L-glutamine (HyClone), 1X Pen/Strep/Fungiezone, 25 mM
insulin (Sigma)] and cultures were incubated at 25°C, 2.0% CO,. Muscle-derived
mononucleate progenitor cells appeared after 5 - 7 days. Cells were expanded under
subconfluent conditions and passaged 1:2 with 0.25% trypsin (HyClone). Newt myaoblasts
grown in high serum maintained an undifferentiated mononucleate phenotype over many
passages as determined by Pax7 staining (Seale et al., 2000). Multinucleate myotubes were
generated from confluent cultures by switching to a low serum differentiation medium [DM:
0.8X, 1% FBS, 0.4 mM L-glutamine, 1X Pen/Strep/Fungiezone, 2.5 mM insulin]. The
muscle derived newt Al cell line (Ferretti and Brockes, 1988) was cultured as described
above. C2C12 mouse myoblasts (CRL-1772, ATCC) were expanded under subconfluent
conditions in high serum growth media [Dulbecco's Modification of Eagles Medium
(DMEM, 10-013-CV, Cellgro), 10% FBS, 2 mM L-glutamine, 1X Pen/Strep (HyClone)] at
37°C, 5.0% CO,. Cell fusion was induced by switching confluent cultures to low serum
differentiation medium [DMEM, 5% horse serum (SH3007403, HyClone), 0.4 mM L-
glutamine, 1X Pen/Strep].

Assessing DNA Synthesis in Cultured Cells

Commercially available ECMs were diluted in newt MEM and were allowed to passively

adsorb to multi-well tissue culture polystyrene dishes for a minimum of 1 hour then rinsed
with PBS (Table S2). Wells were coated in quadruplicate for the DNA synthesis assay and
in duplicate for the migration and fusion assays. Importantly, ECM-coated dishes were not
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allowed to dry at any time before plating with cells. Successful coating was confirmed via
IHC with respective antibodies. Polystyrene was coated with HA using a modification of a
previously established protocol (Kujawa and Tepperman, 1983; Turley and Roth, 1979).
Wells were incubated with a solution of 2.5 mg/mL N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC, Sigma) and 0.5 mg/mL HA overnight at 25°C, 2.0%
CO». EDC is typically used to functionalize HA by coupling an amine-containing molecule
with the carboxyl group of HA through the formation of a peptide bond (Kuo et al., 1991).
However, EDC can also form ester linkages between the carboxyl and hydroxyl side groups
of HA, creating an insoluble network that precipitates onto polystyrene (Everaerts et al.,
2008; Tomihata and Ikada, 1997). HA coating was verified by staining with HABP (data not
shown). Wells were gently rinsed with water before plating with cells. Myoblasts were
plated at subconfluent density (2.5%108 cells/cm? for newt cells and 5x103 for C2C12 cells)
and cultured in GM for 48 hours. EJU was added to each well (final concentration of 1 pM)
and after 3 hours cells were fixed, permeabilized and stained with AF488 azide and DAPI as
described above. Twelve non-overlapping images were acquired for each well (28.8 mm?
total) and cell counting was automated using custom macros developed in Image-Pro
Analyzer.

Migration Assay

Myablasts were plated in GM at the same subconfluent density as in the DNA synthesis
assay. Primary newt myoblasts and Al cells were imaged at 25°C, 2% CO, and C2C12 cells
at 37°C, 5% CO» every 30 minutes for 19 hours on a Leica DMI6000 live cell microscope.
The total travel distance of 40 cells for each experimental parameter was determined by
manually tracking individual cells using Image-Pro Analyzer. For rapidly migrating cells on
HA-coated substrate, n = 8.

In Vitro Myotube Fragmentation Assay

Primary newt myoblasts were cultured to confluence in GM and induced to fuse as
described above. 2 — 3 days after switching to low serum DM, cells were trypsinized,
filtered through a 40 um mesh to remove mononucleate cells, reconstituted in GM and
plated in triplicate on polystyrene coated with different ECM. Myotubes were imaged at
25°C, 2% CO,, every hour for 136 hours on a Leica DMI6000. Only fragments that
contained nuclei and were viable for more than 5 hours were counted as a positive
fragmentation event. Using an Eppendorf FemtoJet, reporter constructs pXCarGFP3 (E.
Amaya) and pCMV-H2AmCherry (Tol2kit, (Kwan et al., 2007)) were directly injected into
individual myotubes to confirm cell fragmentation. After 24 hours, myotubes expressing
both fluorescent proteins were selected and imaged for 70 hours as described.

In Vitro Myotube Fusion Assay

Primary newt myoblasts were plated in GM at a subconfluent density (2.5x103 cells/cm?)
and cultured to confluence. Fusion was induced by switching to low serum DM. 24 hours
after onset of fusion, cells were fixed with -20°C methanol for 5 minutes and stained with
MF20 (to identify differentiating myotubes), Pax7 (to identify undifferentiated satellite
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cells) and DAPI. To quantify undifferentiated muscle progenitors, the percentage of MF20-/
Pax7+ cells in at least three different frames was determined (n = 320 cells).

Statistical Analyses

Results

Two-way ANOVA and Bonferroni's post hoc test were used to assess the effects of TN and
regeneration time on DNA synthesis in regenerating newt limbs. One-way ANOVA and
Tukey-Kramer's post hoc test were used to compare the effects of different matrices on in
vitro DNA synthesis and migration of newt primary myoblasts, newt Al cells and mouse
C2C12 cells. For the cell migration assays, distances traveled by cells were logg-
transformed to normalize variances before statistical analyses were performed.

A common gene expression response indicates dramatic ECM remodeling in forelimb and
hindlimb regeneration

To determine if distinct classes of genes orchestrate the recruitment, proliferation and
subsequent re-differentiation of progenitor cells during tissue regeneration, we used
microarray analysis to identify genes that were commonly expressed in both forelimbs and
hindlimbs during regeneration. TN and FN mRNA were upregulated shortly after appendage
amputation, whereas the a1 chains of type | and type Il collagen were downregulated during
the first 12 days postamputation (dpa) (Fig. 1; data not shown). MMP3/10b and nCol, a newt
specific collagenase, were upregulated within the first 24 hours. While MMP3/10b gradually
decreased with time, nCol displayed a bimodal expression in the forelimbs, consistent with
previous reports (Vinarsky et al., 2005). In comparison to the day 0 control, MMP13
expression initially dropped, but steadily increased between 3 and 21 dpa. The comparable
expression profiles in forelimbs and hindlimbs suggest that early matrix remodeling is a
conserved response during the regeneration process.

HA, TN and FN build a regeneration specific transitional matrix

To achieve a deeper understanding of the functional role the ECM plays in limb
regeneration, we developed a spatiotemporal map of key ECM components. We determined
the expression patterns of HA (red), TN (green) and FN (blue) during the first month of
regeneration, the time window reflecting the most dramatic changes in expression (Fig 2).
Sections of forelimbs harvested at defined time points revealed a dynamic distribution of all
three matrix proteins (Figs. 2A — 2T). Reliable antibodies against HA are not available;
therefore, we utilized biotinylated hyaluronic acid binding protein as a probe to specifically
detect HA (Ripellino et al., 1985). To our knowledge, this is the first time that the HA
expression pattern has been determined in the regenerating newt limb.

In the normal, unamputated limb, we found HA to be widely distributed, particularly within
the skeletal muscle, periosteum and dermis (Fig. 2A). Within a week after amputation, HA
was significantly upregulated in the tissues directly below the wound epidermis (Fig. 2B).
By 14 to 21 dpa, HA was strongly expressed throughout the stump tissue, with the highest
levels present in the dermis and at the interface between the blastema and stump tissue (Figs.
2C and D). We observed a downregulation of HA where cartilage condensations formed at
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the distal end of the humerus (Fig. 2D, asterisk). By 28 dpa, HA expression decreased to a
lower level overall except around the newly forming joints (Fig. 2E, arrows).

TN distribution was more discrete in the normal limb and localized to the tendons,
myotendinous junctions, epithelia, periosteum and areas surrounding the glands in the
dermis (Fig. 2F). Consistent with its mRNA profile (Fig. 1), TN protein was dramatically
upregulated soon after amputation and by the end of the first week, had begun to infiltrate
the stump tissue (Fig. 2G). Throughout blastemal growth, the undifferentiated progenitor
cell mass was embedded within a TN-rich matrix. In addition, TN was highly expressed at
the boundary between the wound epidermis and blastema (Figs. 2H and I). The distribution
of TN became restricted as tissues differentiated, and was downregulated, along with HA,
within condensing cartilage at 21 dpa (Fig. 2I, asterisk). Between 21 and 28 dpa, TN
expression decreased globally, except within in the growth zone in the distal most regions of
the limb under the wound epidermis (Figs. 21 and J).

During regeneration, FN revealed a more modest expression profile than HA and TN (Figs.
2K - 0). At 7 dpa, FN was upregulated directly under the wound epidermis concomitant
with HA and TN (Fig. 2L). FN expression increased within the dermis, along with HA (Fig.
2M). In the blastema, FN co-localized with TN in a layer between the blastema and the
wound epidermis and was most strongly expressed in the progenitor cell mass (Figs. 2N and
0). Unlike with HA and TN, we did not observe significant downregulation of FN within
areas of cartilage condensation (Fig. 2N, asterisk and O).

During the first 21 dpa, all three matrices were highly expressed around the distal ends of
regenerating brachial nerves and skeletal muscle fibers and at the interface between the
dermis and limb mesenchyme. HA, TN and FN were detected in the periosteum/
perichondrium at all time points. Our data demonstrate that upon amputation, a transitional
matrix rich in HA, TN and FN, is expressed within both distinct and overlapping domains in
the stump and regeneration blastema.

Changes in ECM distribution and DNA synthesis correlate with tissue reorganization

To determine the spatial distribution of the transitional ECM with respect to skeletal muscle
during regeneration, adjacent sections were stained with MF20 (red), an antibody against
striated muscle-specific light meromyosin (Figs. 2U - Y and S1). In addition, the location of
cells that were actively synthesizing DNA (white) was determined by injecting newts with
EdU three hours before tissue harvest. One week after amputation, the skeletal muscle had
considerably retracted away from the amputation plane (Figs. 2V and S1G). At 14 dpa,
regions of isolated MF20 expression suggest muscle fragmentation (Figs. 2W and S1H,
arrowhead). The severed skeletal muscle began to regenerate toward the amputation plane
by 21 dpa (Figs. 2X and S11). At 28 dpa, differentiated skeletal muscle was present
throughout the regenerating limb and appeared to be derived from both extension of injured
muscle in the stump and de novo formation at distal locations in the regenerate. (Figs. 2Y
and S1J arrowhead).

In line with previous reports, we detected few EdU+ cells within the normal limb
mesodermal tissues, whereas a considerable number were located in the epidermis of normal
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and regenerating limbs with the notable exception of the newly formed wound epidermis
(Figs. 2U - Y and S1K - O) (Hay and Fischman, 1961). The number of EdU+ cells within
mesodermal tissues increased substantially during the first 7 dpa, and by 14 dpa large
regions of the stump supported DNA synthesis (Figs. 2V, 2W, S1L and S1M). At 21 dpa,
EdU incorporation was most prominent within the transition from the stump to the
regenerate and the distal areas of the blastema (Figs. 2X and S1N). As the tissues began to
differentiate, the majority of EdU+ cells were distributed throughout the mesenchyme (Figs.
2Y and S10). Notably, the timing and distribution of EdU incorporation shown in Figures 2
and S1 directly correlate with previously reported mitotic indices measured during newt
forelimb blastema formation (Chalkley, 1954).

Direct comparison of changes in matrix distribution in context with skeletal muscle during
regeneration revealed new insight into the potential functions of ECM molecules (Figs. 2
and S2). In intact muscle, HA and FN were present in the interstitial matrix, whereas TN
was restricted to the tendons and few EdU+ cells were present outside of the epidermis
(Figs. 2, S2A and S2A’, asterisk). By 7 dpa, myofibers became surrounded by a matrix rich
in HA, TN and FN (Figs. 2, S2B and S2B”). Areas positive for HA and FN indicated where
myofibers had degenerated, leaving behind their basement membrane and the interstitial
ECM (Fig. S2B, arrowheads). At 21 dpa, cells actively synthesizing DNA appeared to be
migrating away from the regenerating myofibers into the transitional matrix and some of
these nuclei were positive for both EAU and Pax7, a transcription factor that identifies
skeletal muscle satellite cells (Figs. S2D, S2D’ and S3) (Seale et al., 2000). Of note, Pax7+
cells were found outside the confines of the residual basement membrane in the stump distal
to the amputation plane, suggesting that satellite cells were migrating into the blastema (Fig.
S3A’ — S3D’, arrows). The high expression of HA, TN and FN proximal to the regenerating
myofibers persisted through 28 dpa (Figs. 2, S2C — S2D’). However, HA and TN were
downregulated in areas where skeletal muscle had differentiated in the distal autopod, while
FN showed persistent expression (Figs. 2, S2E and S2E’, arrowhead).

Changes in ECM distribution and DNA synthesis correlated with tissue reorganization in the
stump and newly differentiating tissues in the regenerate (Fig. 3A and 3A’). In a 28 dpa
regenerate, HA and TN were downregulated in the autopod concomitant with areas of
muscle differentiation (Fig. 3B and 3B”). HA expression within the chondrocyte pericellular
matrix of the regenerating ulna decreased along the proximal-distal axis, correlating with a
decline in EdU+ incorporation (Fig. 3C and 3C’). TN was upregulated within the
regenerating brachial nerves, and EdU+ cells were localized to these TN-rich areas (Fig. 3D
and 3D’). The data presented in Figs. 2 and 3 indicate that the transitional matrix correlates
with, and possibly influences, DNA synthesis, proliferation and differentiation.

The TN-rich transitional matrix infiltrates damaged skeletal muscle and supports muscle
fragmentation and cell cycle reentry

The MF20+ skeletal muscle fragments seen at 14 dpa may be indicative of muscle
fragmentation (Figs. 2E, S1B and S2C”). Alternatively, it is possible that the fragments
represent intact myofibers that extend out of the image plane. To address this question, a
series of adjacent sections encompassing the full thickness of the limb was compiled and
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reconstructed in 3D (Fig. 4). TN expression was used as an indicator of the regenerative
transitional matrix (Figs. 2B and S2). In the intact limb, 3D rendering confirmed that TN
was limited to the epidermis, tendons and periosteum (Fig. 4 and Video 1). After 21 dpa, TN
was highly expressed throughout the undifferentiated cell mass of the early blastema and
infiltrated the differentiated muscle in the stump. At this time, the skeletal muscle had
retracted from the amputation plane but we could detect MF20+ fragments at the distal end
of the muscle, suggesting that myofiber fragmentation had occured (Figs. 4 and S4 and
Videos 2 and 3). By 28 dpa, skeletal muscle from the stump had regenerated through the
amputation plane within the TN-rich environment and isolated groups of MF20+ cells could
be identified in the blastema (Fig. 4 and Video 4). The 35 dpa regenerate also revealed
evidence of distinct groups of MF20 expressing cells in the autopod in addition to a
continuum of old and regenerated muscle from the stump (Fig. 4 and Video 5). The 28 and
35 dpa 3D reconstructions suggest that new muscle in the limb regenerate is derived both
directly from existing severed muscle and through de novo generation at more distal
locations. Thus, the 3D renderings confirmed that, embedded within a TN-rich matrix, the
musculature of the limb not only retracts from the amputation plane and fragments into
smaller groups of myofibers and/or myoblasts, but also rebuilds the severed muscle across
the amputation plane. These data reveal that muscle formation may be the result of
migration and proliferation of committed myogenic progenitor cells or, alternatively, de
novo generation from multipotent blastema cells.

To determine whether the invading transitional matrix is in direct contact with the skeletal
muscle myofibers, we stained cross-sections of regenerating limbs for type 1V collagen
(white), MF20 (red), TN (green) and DAPI (blue). At 3 dpa, the humeroantebrachialis
muscle was composed of both intact and degenerating myofibers (Fig. 5A). Magnification of
the uninjured area revealed tightly packed myofibers with peripheral nuclei ensheathed by
type 1V collagen and minimal TN reactivity (Fig. 5B). In contrast, damaged myofibers
within the same muscle showed a significant influx of cells and high expression of TN
within the disrupted basement membrane (Fig. 5C).

To provide further evidence that the transitional matrix supports cell proliferation in vivo,
we determined the distribution of EdU+ cells with respect to TN expression within cross-
sections of regenerating stumps proximal to the amputation plane. Consistent with the
longitudinal sections (Figs. 2 and S1), intact muscle expressed very little TN (green) and the
majority of EdU+ cells (white) were localized to the epidermis (data not shown). By 3 dpa,
TN was upregulated within the skeletal muscle (red); however, TN expression preceded the
induction of DNA synthesis in the stump, given that we observed no cell cycle reentry until
5 dpa (Fig. 5E — 5G). Quantification of the percentage of EAU+ nuclei present within TN-
rich and TN-free areas of mesodermally derived tissues demonstrated that EdU
incorporation was strongly associated with TN expression (p < 0.0001, Fig. 5H). These in
vivo data suggest that the infiltrating transitional matrix, as indicated by the expression of
TN, defines an environment that supports both DNA synthesis and fragmentation.
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To directly test whether the transitional matrix has instructive properties on the cells in the
damaged tissue, primary newt myoblasts (PM) were plated on tissue culture polystyrene
coated with different components of the transitional matrix (HA, TN and FN) as well as
matrices traditionally used for the culture of skeletal muscle derived cells (Matrigel, laminin
and type I collagen) (Table S2). As a basis for comparison, we included the newt Al skeletal
muscle derived cell line (Ferretti and Brockes, 1988) and the murine C2C12 muscle cell
line. All data were normalized to the uncoated polystyrene control. ECMs were passively
adsorbed onto the polystyrene except for HA, which does not readily adhere to most cell
culture surfaces. Therefore, we developed a method using N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride to cross-link HA overnight, resulting in the robust
precipitation and adsorption of HA onto the substrate.

The induction of cell proliferation is critical for the generation of progenitor cells within the
blastema. Therefore, we first determined the influence of substrate coating on DNA
synthesis of the different cell lines. After 48 hours of culture at subconfluent conditions, the
percentages of EdU incorporation for PM, Al and C2C12 cells on uncoated polystyrene
were 28.1% + 2.0%, 30.4% + 3.0% and 46.6% + 4.1%, respectively (n = 4 wells = SD).
Matrigel and laminin significantly stimulated DNA synthesis in all lines tested (p < 0.05),
increasing the number of EdU+ cells by 18 — 93% depending on the substrate and cell type
(Fig. 6). TN and FN increased EdU incorporation in PM and Al cells by 32 — 84% (p <
0.01), enhancing DNA synthesis by approximately the same magnitude as seen in vivo
(Figure 5H). Interestingly, HA inhibited EdU incorporation by PM cells (p < 0.001). In these
cultures, DNA synthesis correlated with cell density, indicating that cell proliferation is
affected by the matrix environment.

In addition to proliferation, cellular migration is also important for the correct distribution
and concentration of progenitor cells during regeneration. To determine the influence of the
ECM on cell migratory behavior, we performed in vitro time-lapse microscopy. Myaoblasts
were imaged every 30 minutes and the change in individual cell positions was recorded. The
average distances PM, Al and C2C12 cells migrated on uncoated polystyrene in 19 hours
were 177.8 pm = 14.2 ym, 104.4 um £ 8.3 um and 375.8 um * 27.4 um, respectively (n =
40, = SEM). Both newt and murine derived myoblasts migrated significantly farther on TN
(190 — 264%) and laminin (185 — 272%) as compared to the control (p < 0.01, Fig. 7B, note
logarithmic scale). Interestingly, we identified two distinct modes of migration on HA-
coated dishes. The majority of cells demonstrated reduced migratory behavior in comparison
to the uncoated control. However, a small population of phenotypically rounded cells (8.4%
+ 2.5%, + SEM) migrated approximately 10-fold farther than the control before slowing
down and becoming more spindle shaped (794 — 2,646%, Fig. 7A and Video 6). While the
rapidly migrating PMs could be part of the subset that are negative for Pax7, both the
morphology of PMs after slowing down and the exhibition of this behavior by C2C12 cells
(Blau et al., 1983), a subcloned population of C2 myoblasts, indicate that they belong to the
myogenic lineage.
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To test whether ECM composition could directly influence the fragmentation of in vitro
derived newt multinuclear myotubes, we performed time-lapse microscopy (Fig. 8 and
Video 7). HA and TN substantially promote myotube fragmentation when compared to FN,
Matrigel, laminin and type | collagen (Fig. 8B). When plated on HA or TN, 33 — 38% of the
myotubes fragmented without apparent fusion of adjacent myotubes. However, only 0 —
10% of myotubes fragmented on FN, Matrigel, laminin or type | collagen substrates, and
adjacent myotubes fused at a rate of 24% and 37% when cultured on Matrigel or FN,
respectively. Although the PM cultures were greater than 90% Pax7+, additional
confirmation was needed to demonstrate fragmenting cells were indeed muscle derived.
Therefore, multinucleate myotubes were individually co-injected with plasmid reporters that
are expressed exclusively in cardiac and skeletal muscle cells (pXCarGFP3, green)
(Breckenridge et al., 2001) or in cell nuclei (p)CMV-H2AmCherry, red). Time-lapse
microscopy demonstrated direct fragmentation of these labeled multinucleate myotubes and
the resulting myocytes were viable for at least 24 hours after separation from the parent
myotube (Fig. 8A, arrow and Video 7).

Progenitor cells in the regenerating blastema eventually differentiate into new tissues to
reestablish functionality. To determine if the ECM can control differentiation of muscle-
derived cells in vitro, primary newt myoblasts were plated on different matrices and allowed
to become confluent. Undifferentiated myoblasts were identified by the expression of Pax7
(green) and differentiated myotubes that had begun to synthesize proteins of the contractile
machinery were labeled with MF20 (red) (Fig. 9A). We observed enhanced myoblast fusion
on FN, Matrigel and laminin, whereas HA inhibited differentiation to a level below that seen
in the control. There was no significant difference between the percentage of Pax7+ cells on
HA-coated polystyrene and the uncoated control, confirming that the MF20 negative cells
maintained their myogenic phenotype (Fig. 9B).

In conclusion, our data reveal that key matrix components take on instructive roles during
skeletal muscle regeneration, which can be interpreted by both amphibian and mammalian
cells (Table 1). In response to tissue damage, a transitional matrix rich in HA, TN and FN
creates an environment that supports cell cycle reentry and likely proliferation. HA and TN
enhance myoblast migration and myofiber fragmentation while suppressing differentiation,
thus facilitating the contribution of muscle derived cells to the blastema. At later
regenerative stages myoblast fusion and muscle differentiation are supported by FN and
laminin. Both in vivo and in vitro observations suggest that the spatially controlled
downregulation of HA and TN is as essential for tissue differentiation as their initial
upregulation is for the induction of regeneration.

Discussion

HA, TN and FN are integral components in the ECMs of embryonic development (Chiquet
etal., 1981; Chiquet and Fambrough, 1984; Kosher et al., 1981; Matsumoto et al., 2009; Ros
et al., 1995), wound healing (Ghosh et al., 2006; Longaker et al., 1991; Whitby and
Ferguson, 1991) and regeneration (Contreras et al., 2009; Onda et al., 1991; Repesh et al.,
1982; Tassava et al., 1996; Toole and Gross, 1971). Their coordinated expression may
constitute an evolutionarily tested mechanism that creates an appropriate environment to
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control tissue formation and restoration. The spatiotemporal distribution of these matrices
with respect to each other and their direct effect on cellular behavior had not been previously
investigated until now.

We used the regenerating newt forelimb as a model to map at high resolution the 3D
distribution of HA, TN and FN with respect to skeletal muscle and cell cycle activity. Using
time-lapse microscopy, we determined the functional properties of these matrices with
regard to muscle proliferative potential, migration, fragmentation and fusion-all activities
necessary for the formation of the regenerative blastema and subsequent tissue
differentiation. We found that both amphibian and mammalian myoblasts displayed similar
responses to ECM substrates, suggesting that the transitional matrix may provide a
conserved code that could be interpreted by human cells to induce regenerative repair rather
than scar formation following tissue damage.

Establishment of a regeneration specific transitional matrix

HA and FN are broadly distributed in the uninjured newt limb and envelop myofibers as part
of the interstitial matrix. TN expression is more discrete and, in skeletal muscle, localized to
the myotendinous junctions and tendons (Figs. 2, 4 and S2). Within 12-24 hours after
amputation, epidermal cells migrate from the stump to form a specialized wound epidermis,
the apical epidermal cap, which serves as an important signaling center thought to be
functionally equivalent to the apical ectodermal ridge in the developing vertebrate limb
(Rowe and Fallon, 1982; Thornton and Thornton, 1965). TN mRNA is upregulated over the
first three days, and by 3 dpa the protein has visibly infiltrated the injured stump tissues
(Figs. 1 and 5). FN is lower in abundance but by the end of the first week it is prominently
expressed. It is not clear what type of cells are responsible for the synthesis of the
regeneration-specific matrix during the initial stages, but eventually muscle derived and
mesodermal progenitor blastema cells are induced to secrete HA, TN and FN (Gulati et al.,
1983b; Huijbregts et al., 2001; Mescher and Munaim, 1986; Onda et al., 1990).
Contemporaneous with synthesis of the transitional matrix, the expression of matrices
typical of differentiated tissues (e.g. type | collagen and laminin) is suppressed, resulting in a
dramatic change of the local environment. The immediate upregulation of specific MMPs
likely functions to rapidly eliminate collagen and laminin, in addition to playing a role in the
dynamic modulation of the regenerative matrix over time (Fig. 1) (Gulati et al., 1983a;
Mailman and Dresden, 1976; Vinarsky et al., 2005).

Recruitment of progenitor cells for blastema formation

By the end of the first week, the distal stump tissues are imbedded within a matrix that is
conducive for regeneration (Fig. 2). Our data reveal that the deposition of this transitional
matrix precedes cell cycle reentry and that TN and FN are likely directly involved in
stimulating cell proliferation (Figs. 2, 5 and 6). The interstitial matrix, now rich in HA, TN
and FN, infiltrates the damaged basement membrane of the skeletal muscle, potentially
changing the differentiated state of the muscle cell (Figs. 5 and 8). Myoblasts in an HA
environment demonstrate reduced fusion and differentiation activities (Fig. 9), and a small,
but significant percentage of myoblasts migrate more than 10-fold farther on HA-coated
substrates than on uncoated polystyrene, confirming prior observations that HA influences
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myoblast migration in vivo (Fig. 7) (Krenn et al., 1991). While the basement membrane
component laminin enhances migration and EdU incorporation similar to TN, we found
laminin also induces cell fusion (Figs. 6, 7 and 9). Therefore, the upregulation of HA and
TN within the interstitial matrix of damaged muscle not only stimulates cell migration but
may also act to inhibit the premature fusion of myaoblasts as they migrate away from the
damaged basement membrane into the blastema.

By two to three weeks, cells reenter the cell cycle and migrate distally out of the stump
within a continuous transitional matrix network that stretches from the stump through the
amputation plane into the blastema (Fig. 2). Our HA detection revealed lower expression in
the blastema than in regions proximal to the amputation plane, corroborating earlier
radiolabeling studies that found higher levels of HA in the distal stump as compared to the
outgrowth of the regenerate (Toole and Gross, 1971). The presence of HA in the tissues
proximal to the amputation plane likely functions to stimulate migration of progenitor cells
into the blastema, while the limited expression of HA distal to the amputation plane may
allow for progenitor cells to proliferate in the TN- and FN-rich blastema (Figs. 2 and 6).

Integration of 3D matrix distribution in the regenerating limb and live cell imaging suggests
that an HA- and TN-rich environment induces fragmentation of differentiated myofibers
(Figs. 2, 4, 8 and S4 and Videos 2, 3 and 7). Similarly, it has been shown that newt
myotubes that have been labeled in vitro can fragment and contribute to tissues of different
lineages when transplanted into a regenerating newt limb (Lo et al., 1993). In addition, the in
vivo upregulation of HA and TN may promote satellite cell recruitment, given that Pax7+
cells were observed in the blastema and that these two ECM molecules enhance the in vitro
migration of myoblasts (Figs. 2, 7 and S3). Thus, our in vivo and in vitro data indicate that
multiple mechanisms may be involved in the generation of skeletal muscle progenitor cells,
supporting previous findings that both satellite cells (Chen et al., 2006; Kragl et al., 2009;
Morrison et al., 2010; Morrison et al., 2006) and fragmenting myofibers (Echeverri and
Tanaka, 2002; Hay, 1959; Kumar et al., 2004; Lo et al., 1993; Namenwirth, 1974) can
contribute to the blastema.

Differentiation and downregulation of the transitional matrix

The relatively homogeneous distribution of HA, TN and FN in the blastema changes by the
end of the third week. HA and TN become downregulated in domains of cartilage
condensation, confirming previous observations in limb regeneration as well as
recapitulating ECM remodeling during cartilage development (Fig. 2S, asterisk) (Li et al.,
2007; Mackie et al., 1987; Onda et al., 1991; Toole and Gross, 1971). A global
downregulation of the transitional matrix has started by the fourth week postamputation,
contemporaneous with multiple mesenchymal differentiation processes. For example, we
find both in vivo and in vitro that skeletal muscle cells preferentially differentiate in areas
with low levels of HA and TN (Figs. 2, 3, 9 and S2). This is consistent with studies that
found tenascins and HA inhibit myoblast differentiation, while FN plays a role in guiding
myotube formation (Chiquet et al., 1981; Hagios et al., 1999; Kujawa et al., 1986).
Therefore, in the regenerating newt limb, local downregulation of HA and TN may be
necessary for tissue differentiation to occur.

Dev Biol. Author manuscript; available in PMC 2014 September 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Calve et al.

Page 15

Isolated pockets of MF20+ cells in the distal autopod suggest that newly differentiated
muscles can form de novo (Figs. 2 — 4 and Videos 3 and 4). These isolated myofibers may
either arise from undifferentiated blastema cells or from migratory Pax7+ myoblasts from
the stump (Fig. S3). Alternatively, these MF20+ cells may have been part of a single muscle
anlagen that subsequently separated into individual muscles, a mechanism resembling
muscle development in the chick limb (Kardon, 1998). Future investigations focusing on the
transition between midbud and palette stage blastemas, in conjunction with high resolution
3D imaging of myogenic precursors and in vivo cell labeling, should reveal the true source
of these isolated muscle masses.

During later stages of regeneration, TN expression defines the cartilage boundary and
eventually becomes localized to the perichondrium/periosteum (Figs. 2 and 3). TN and HA
are downregulated within domains of muscle differentiation; however, our 3D
reconstructions revealed that regenerating skeletal muscle was actually surrounded by the
TN-rich matrix at all times (Figs. 2 - 4). The persistence of TN at the interface of the
developing perichondrium and skeletal muscles may be necessary for the connection of
tendons to their presumptive muscles and cartilage/bone elements (Fig. 4) (Chiquet and
Fambrough, 1984).

As the tissues differentiate, HA maintains robust expression within the regenerating joints in
a distribution similar to joint cavitation in the developing chick limb (Figs. 2 and 3)
(Pitsillides et al., 1995). While HA is downregulated as cartilage condenses, it remains
within the pericellular matrix in the regenerating long bones and expression decreases along
the proximodistal axis, correlating with a gradual decline in EdU+ cells (Figs. 2 and 3). A
similar HA-dependent gradient in DNA synthesis was reported in the distal regions of the
developing mouse humerus (Koziel et al., 2005). Moreover, a knock-out mouse model with
hyaluronic acid synthase 2 conditionally removed from the limbs displayed defects in both
growth plate organization and joint cavitation (Matsumoto et al., 2009). Combined with the
previous reports, our data suggest that HA provides a critical extracellular environment for
the establishment and/or maintenance of the growth plate and joints during limb
development in the embryo and regeneration in the adult.

Additional complexity of the transitional matrix

The dynamic nature of the HA-, TN- and FN-rich transitional matrix is further enhanced by
continuous remodeling of the ECM by specific MMPs that are expressed during the
dedifferentiation and blastemal stages (Fig. 1) (Miyazaki et al., 1996; Park and Kim, 1999;
Vinarsky et al., 2005; Yang and Bryant, 1994). MMP activity is required for normal newt
limb regeneration (Vinarsky et al., 2005) and may function, in part, to degrade matrices
associated with cell differentiation and scarring. For example, nCol and MMP3/10b cleave
the native triple helical form of type I collagen, the primary protein found in connective
tissue and an ECM molecule that promotes osteogenesis (Mizuno et al., 2000). We found
expression of al typel collagen, which encodes the al chain of the type I collagen,
downregulated during the early stages of limb regeneration concomitant with the
upregulation of nCol and MMP3/10b (Fig. 1). This coordinated decrease in collagen
synthesis and increase in degradation of existing collagen fibers likely allows the transitional
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regenerative ECM to replace the collagen-based matrix of intact limb tissues. MMP13 has
been reported in skeletal development (Inada et al., 2004), and we found its role to be
recapitulated late in limb regeneration with strong expression between 12 and 21 dpa,
correlating with cartilage formation in the distal humerus (Figs. 1, 2 and 3).

The transitional matrix in regenerative medicine

As a therapy for muscle diseases such as Duchenne Muscular Dystrophy, muscle progenitor
cell implantation has been investigated, but in many cases, this treatment is hindered by
limited survival and migration of the implanted cells (Bouchentouf et al., 2006). However,
recent studies discovered that the induction of fiber damage by injury or exercise improves
proliferation and migration of implanted myogenic cells during muscle repair (Ambrosio et
al., 2009; Bouchentouf et al., 2006; Sherwood et al., 2004). In this context, it is of great
interest that the expression of TN within the interstitial ECM of these damaged muscle
fibers was significantly increased (Crameri et al., 2007; Fluck et al., 2003; Huijbregts et al.,
2001). In line with our findings, an increase in HA and TN within the interstitial matrix
induced by myofiber damage may enhance myaoblast proliferation and migration while
inhibiting premature fusion, allowing for more extensive repair of the musculature.
Nevertheless, attempts to engineer replacements for skeletal muscle defects tend to rely
upon exogenous scaffolding composed of either inert polymers or ECM typical of the
differentiated state, which promotes fusion, reduces cell proliferation and ultimately results
in limited functionality (Conconi et al., 2005; Kin et al., 2007; Merritt et al., 2010).

The results presented here indicate that additional ECM components deserve attention in
ongoing efforts to enhance regenerative repair in humans. Considering the apparent
conservation of ECM function on cell behavior in both amphibians and mammals, as well as
between developmental and regenerative processes, the transitional matrix of the
regenerating newt limb may provide a template to engineer biomimetic matrices that
promote regenerative rather than scar-forming responses in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Key ECM and MM Psaredifferentially expressed during appendage regener ation
Differential expression of key genes reveals dramatic matrix remodeling during newt

forelimb and hindlimb regeneration. Each time point was normalized to intact (day 0)
expression levels and logyg transformed. Geometric means and standard deviations are
shown. dpa = days postamputation.
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Figure 2. Limb amputation induces the deposition of a regeneration-specific transitional ECM
A - E: Hyaluronic acid (HA, red, indirectly labeled with hyaluronic acid binding protein,

HABP), F - J: tenascin-C (TN, green), K — O: fibronectin (FN, blue) during forelimb
regeneration at 7, 14, 21 and 28 days postamputation (dpa) in comparison to the normal,
unamputated limb. HA was more highly expressed in the stump tissue and TN predominated
the blastema; however, both were downregulated in areas of cartilage condensation (21 dpa,
asterisk). Of note, HA was upregulated within the newly formed joints (28 dpa, arrows). U —
Y: Adjacent sections were labeled to determine the distribution of the transitional ECM with
respect to regenerating skeletal muscle (MF20 = red) and cells actively synthesizing DNA
(EdU = white, DAPI = blue). In the unamputated limb, only a few EdU+ cells were detected
outside of the epidermis (arrowheads). The number of EdU+ cells increased by 7 and 14 dpa
and populated the same areas as the TN- and HA-rich matrix. Isolated fragments of MF20+
cells were present at 14 dpa (arrowheads). During the later stages, the majority of cells
reentering the cell cycle were found distal to the amputation plane. TN and HA were
downregulated within areas of skeletal muscle differentiation (28 dpa, arrowhead). Dashed
line = amputation plane, dpa = days postamputation, bar = 400 um. See also Figs. S1 and S2
for details on DNA synthesis and skeletal muscle regeneration.
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Figure 3. The regeneration-specific ECM is absent from differentiating muscle and bone
A and A’: Adjacent sections of a 28 dpa forelimb were stained for either components of the

transitional matrix (TN = green, HA = red, FN = blue) or skeletal muscle and cells that had
reentered the cell cycle (MF20 = red, EAU = white, DAPI = blue). B and B’: TN and HA
were downregulated in areas of differentiating skeletal muscle (m) whereas FN expression
remained constant. C and C”: HA was expressed in a proximal to distal gradient in the
regenerating ulna correlating with EQU+ chondrocytes (c). D and D’: EdU+ cells were co-
localized with TN in the regenerating brachial nerve (n). Dashed line = amputation plane,
dpa = days postamputation. A and A’: bar = 400 ym. B — D’: bar = 100 ym.
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Figure 4. Regenerating skeletal muscle directly interacts with the transitional matrix
3D reconstruction of a regenerating forelimb at 0, 21, 28 and 35 dpa; 70 — 100 serial sections

were imaged, assembled and rendered using ImageProPlus 6.1. See Videos 1 — 5. At 0 dpa,
TN (green) was restricted to the tendons, periosteum, dermis and epidermis. A TN-rich
matrix had infiltrated the stump at 21 dpa and skeletal muscle (MF20 = red) had regressed
away from the amputation plane. By 28 dpa, the skeletal muscle regenerated through the
amputation plane revealing both pockets of MF20 expression and extensions from stump
musculature. Embedded within a TN-rich matrix, isolated MF20+ regions were found in the
distal autopod. Black rectangle = amputation plane, dpa = days postamputation, bar = 400
um.
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Figure 5. Thetransitional matrix infiltrates the basement membrane of degenerating myofibers
and specifiesregions of proliferative activity

A: Cross-section of 3 dpa forelimbs shows that the humeroantebrachialis has both intact and
degenerating myofibers (MF20 = red, type IV collagen = white, TN = green, DAPI = blue).
B: Uninjured fibers were surrounded by an intact basement membrane, defined by type IV
collagen expression, and nuclei were predominantly found in the periphery of the myofiber
syncytium. C: The basement membrane of degrading myofibers was infiltrated by a TN-rich
matrix and centrally located nuclei. D - G: Cross-sections of regenerating limbs revealed
inhomogeneous distribution of both the transitional matrix (TN = green) and EdU+ (white)
cells within the humeroantebrachialis muscle (MF20 = red, skeletal muscle; DAPI = blue).
Notably, increased TN expression is apparent at 3 dpa (D and E) and precedes the induction
of DNA synthesis (F and G). H: EdU incorporation within the mesodermal tissues
dramatically increased after 3 dpa, reaching a peak around 7 dpa, with significantly more
cells synthesizing DNA in the TN-rich transitional matrix. Two-way ANOVA for
Interaction (p < 0.0001), Matrix (p < 0.0001) and Time (p < 0.0001). Bonferroni's post hoc
test revealed statistically significant differences in EdU incorporation between TN-rich and
TN-free regions (p < 0.001). dpa = days post amputation A: bar = 100 pm. B and C: bar = 40
um. D and F: bar = 200 ym. E and G: bar = 50 um. H: Error bars = S.D., n = 5.
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Figure 6. Matrix composition controls DNA synthesis
Primary newt myoblasts (PM), newt Al and mouse C2C12 myoblast cell lines were cultured

in vitro for 48 hours and the percentage of cells actively synthesizing DNA was determined
by labeling for EAU incorporation. Data were normalized to uncoated control. Error bars =
SD, n= 4. One-way ANOVA, p < 0.0001 for each cell type. Tukey-Kramer post-hoc tests
revealed statistically significant differences between EdU incorporation on specific matrices
versus the uncoated control (* p < 0.05).
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Figure 7. The ECM directs amphibian and murine myaoblast migration
A: Myoblasts showed different migratory behavior on HA, TN, laminin and uncoated

polystyrene. See Video 6. B: Migration of all cell lines was enhanced on TN and laminin,
whereas cells plated on HA-coated substrates displayed a unique bimodal migration
behavior with a subset of myoblasts migrating 10-fold farther than the control (note
logarithmic scale of the y-axis). The rapidly migrating myoblasts eventually slowed down
and took on the same spindle-shaped morphology displayed by the majority of cells plated
on HA (arrowhead). Primary newt myoblasts (PM), newt Al and mouse C2C12 cells were
imaged for 19 hours and the total distance traveled was normalized to uncoated polystyrene.
For all parameters n = 40 cells except HA (Fast) where n = 8, error bars = SD. One-way
ANOVA, p <0.0001 for each cell type. Tukey-Kramer post-hoc tests revealed statistically
significant differences between myoblast migration on specific matrices versus the uncoated
control (* p<0.05).
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Figure 8. Components of the transitional matrix induce myotube fragmentation
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A: Live cell imaging identified viable cells budding off newt multinuclear parent myotubes
when cultured on HA-coated polystyrene (arrow). Cells were co-injected with plasmids to

identify differentiated muscle (pXCarGFP3, green) and nuclei (pCMV-H2AmCherry, red).
Adjacent images were tiled (42 and 60 hrs) to illustrate viable fragmentation (see Video 7).
B: Primary newt myotubes cultured for five days preferentially fragmented on HA and TN,

whereas FN and Matrigel inhibited fragmentation and induced fusion.
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Figure 9. Basement membrane components enhance myoblast differentiation
A: Myoblast differentiation was defined by MF20+ staining (red) and undifferentiated

muscle progenitors were identified by Pax7 expression (green). DAPI = blue, bar = 300 ym.
B: Mononuclear undifferentiated cells (MF20-/Pax7+) on all substrates maintained their
myogenic phenotype.
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Table 1

Summary of the influence of the ECM on primary newt myoblasts in vitro.
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ECM Proliferation Migration Fusion Fragmentation

Hyaluronic Acid - ++/- - +
Tenascin-C + + ns +
Fibronectin + ns + -
Matrigel + ns + -

Laminin + + + ns
Typel Collagen + ns ns -

+ = enhanced compared to uncoated control, - = inhibited compared to uncoated control, ns = not significantly different from uncoated control
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