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Abstract
Pax3 and Pax7 are closely related paired-boxed family transcription factors that are known to play
important roles in embryonic and adult myogenesis. Previous reports describing the expression of
Pax3 and Pax7 transcripts reveal expression in many overlapping domains. In this manuscript, we
extend these studies by examining the protein expression profiles for Pax3 and Pax7 in developing
chick somites and limbs with cellular resolution. Our studies show the existence of distinct
subpopulations of cells in the somite and developing limb that are defined by the relative
expression levels of Pax3 and Pax7. We also show that Pax3 and Pax7 negatively regulate each
other's expression in the dermomyotome, thus providing a possible mechanism for the
maintenance of observed expression patterns in the dermomyotome. Further characterization of
Pax3 and/or Pax7 positive cells in the dermomyotome and myotome with respect to proliferation
and differentiation reveals subpopulations of cells with distinct properties.
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INTRODUCTION
Pax3 and Pax7 belong to the paired-box family of transcription factors (subgroup III), which
is defined by the presence of a “paired” domain that functions in DNA binding. In addition
to the paired domain, Pax3 and Pax7 also have a homeodomain, which is separated from the
paired domain by an octapeptide region, and a transactivation domain. The transactivation
domain is thought to associate with transcriptional co-activators (Murakami et al., 2006),
transcriptional co-repressors (Hollenbach et al., 1999; Lehembre et al., 2001; Hsieh et al.,
2006) and/or chromatin remodeling proteins (Magnaghi et al., 1998; Hsieh et al., 2006;
McKinnell et al., 2007).

The participation of Pax3 and Pax7 in the generation and regeneration of skeletal muscle has
stimulated wide interest in the biological roles of these two members of the paired box
family of transcription factors. The role of Pax3 in the generation of skeletal muscle,
particularly that of the limb, has long been appreciated as deficiencies in Pax3 lead to
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profound defects in limb musculature (Franz et al., 1993; Bober et al., 1994; Goulding et al.,
1994). By contrast, deficiencies in Pax7 lead to no overt defects in early myogenesis and
patterning (Seale 2000). Nonetheless, the importance of Pax7 in the generation of embryonic
muscle is demonstrated by the observation that secondary muscle development is completely
ablated in mice lacking functional Pax3 and Pax7 (Relaix 2005).

Regeneration of skeletal muscle cells is thought to occur via activation of satellite cells and/
or CD45+:ScaI+ stem cells. Until recently, the embryonic origin of satellite cells was
unknown. It is now thought that satellite cells of the body wall originate from a population
of proliferative Pax3+/Pax7+ stem cells in the central dermomyotome (CD) of developing
chicks and mice (Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kassar-Duchossoy et al.,
2005; Relaix et al., 2005) while satellite cells of the limb are primarily derived from Pax3+/
Pax7+ cells of the hypaxial dermomyotome (Schienda et al., 2006). Consistent with the
expression of Pax7 in these satellite cell progenitor cells, knockout studies in mice show that
Pax7 participates in the maintenance and/or specification of adult satellite cells (Seale et al.,
2000; Oustanina et al., 2004; Relaix et al., 2006). Recently, roles for Pax3 in skeletal muscle
regeneration have also been reported. Two reports suggest that Pax3 positive cells in
interstitial (Kuang et al., 2006) and/or satellite (Relaix et al., 2006) cell niches can partially,
but not fully, compensate for the loss of Pax7. In contrast to satellite cells, CD45+/ScaI+

stem cells are still present in Pax7−/− mice. Nonetheless, Pax7 is sufficient and required for
myogenic specification of these cells (Seale et al., 2004).

While the importance of Pax3 and Pax7 in skeletal muscle development and regeneration is
clear, the molecular and cellular mechanisms that are mediated by Pax3 and Pax7 are less
well understood. This gap in our knowledge is exacerbated by that fact that although Pax3
and Pax7 are functionally and spatially redundant in a number of tissues (Relaix et al., 2004;
Horst et al., 2006; Otto et al., 2006) and are able to act as upstream regulators of myogenic
regulatory factors (Maroto et al., 1997; Tajbakhsh et al., 1997; Seale et al., 2004; Zammit et
al., 2006; McKinnell et al., 2007), divergent roles exist (Relaix et al., 2004). While early
studies with Pax3 suggested roles in cell proliferation, survival, and/or the inhibition of
differentiation (Epstein et al., 1995; Mennerich et al., 1998; Borycki et al., 1999), studies
pertaining to Pax7 have reached somewhat disparate conclusions. While one group found
that ectopic expression of Pax7 inhibited the expression of MyoD and promoted withdrawal
from the cell cycle (Olguin and Olwin, 2004), another group found that ectopic expression
of Pax7 had no effect on MyoD expression and possibly acted to maintain proliferation and/
or prevent the precocious differentiation of myoblasts (Zammit et al., 2006). In mice lacking
both Pax3 and Pax7, cell survival, but not cell proliferation, is altered (Relaix et al., 2005).

In order to continue the dissection of the molecular and cellular function of Pax3 and Pax7
in embryos, it is imperative to first delineate the Pax3 and Pax7 expression profiles in cells
of interest. Although the expression of Pax3 and Pax7 transcripts and proteins in developing
chick and mouse embryos has been nicely described by a number of groups (Jostes et al.,
1990; Johnson et al., 1994; Williams and Ordahl, 1994; Tajbakhsh et al., 1997; Venters et
al., 2004; Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kassar-Duchossoy et al., 2005;
Horst et al., 2006; Otto et al., 2006; Schienda et al., 2006), none of these studies showed the
direct co-localization of Pax-3 and Pax-7 proteins by immunohistochemistry. The objective
of the work shown in this paper was to extend these studies by simultaneously mapping the
expression profiles for Pax3 and Pax7 proteins in developing chick paraxial mesoderm and
limb. Our immunohistochemical analysis of the segmental plate, dermomyotome, myotome
and limb identifies previously underappreciated subpopulations of Pax3 and/or Pax7
positive cells. In regions that have overlapping patterns of Pax3 and Pax7 expression, high
levels of Pax3 expression correlated with low levels of Pax7 expression and vice versa. To
investigate the mechanism by which unequal expression of Pax3 and Pax7 is maintained, we
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ectopically expressed Pax3 or Pax7 in the dermomyotome and evaluated the effects on Pax7
and Pax3 expression, respectively. Our results, showing cross inhibition of expression,
suggest a possible mechanism for the maintenance of the unequal expression patterns
observed in the localization studies.

To characterize the possible cellular functions of Pax3 and Pax7, we also analyzed the
proliferation and differentiation status of subpopulations Pax3 and/or Pax7 expressing cells
in the dermomyotome and myotome. We found that in the dermomyotome, there is not a
correlation between high levels of Pax3 expression in the dorsomedial lip (DML) and
ventrolateral lip (VLL) and proliferation. Instead, we observed a medial to lateral
proliferation gradient. In the myotome of HH st 18 embryos, however, Pax7 expression
positively correlates with proliferation and negatively correlates with myogenic
differentiation. And in the myotome of HH st 18 embryos, Pax3 and Pax7 expression are
inversely correlated with that of MyoD. In summary, we have identified and characterized
unique subpopulations of Pax3 and/or Pax7 expressing cells in the developing paraxial
mesoderm and limbs with respect to proliferation and differentiation. Our studies provide
new insights about the basic properties of these subpopulations of cells.

MATERIALS AND METHODS
Materials

In situ cell proliferation kit (BrdU; Roche); Fertile eggs (Rhode Island Red; Petaluma
Farms).

Plasmids and antibodies
Plasmids were kindly provided by the following labs: cPax3 cDNA was from Dr. Michael
Stark (BYU), cPax7 cDNA was from Dr. Atsushi Kawakami (Nagoya University;
Kawakami et al., 1997), and pCIG was from Dr. Andy McMahon (Harvard University;
Megason and McMahon, 2002). Antibodies were generously provided by the following
sources: MyoD and Myogenin antibodies were kindly provided by Dr. Zipora Yablonka-
Reuveni (University of Washington, Yablonka-Reuveni and Paterson, 2001; Halevy et al.,
2004), Pax3 MAbs were from Dr. Charlie Ordahl (UCSF) and Dr. Marianne Bronner-Fraser
(CalTech), Pax7 MAbs were from the Developmental Studies Hybridoma Bank. Anti-BrdU
(clone BU-1) and anti-phosphohistone H3 were purchased from Upstate Biochemicals.
Goat-anti-mouse IgG1-Cy5 and goat-anti-mouse IgG2a-FITC were obtained from Southern
Biotech while Goat-anti-mouse IgG (H+L) Cy3 and Goat-anti-Rabbit IgG (H+L) Cy3 were
purchased from Jackson Labs.

Electroporations
Fertilized Rhode Island Red eggs (Gallus Gallus domesticus) were set in a 39°C humidified
incubator for 50–56 hours preceding electroporation. After windowing eggs, a small gauge
needle was used to inject 0.2 ml 10% India ink in Ringer's solution (123 mM NaCl, 1.5 mM
CaCl2, 5 mM KCl, 0.4 mM Na2HPO4, pH 7.4) beneath the embryo to allow for visualization
of the embryonic structures. The embryo was staged according to Hamburger and Hamilton
(Hamburger and Hamilton, 1951). For somite electroporations, embryos were injected
between HH stage 14 and 16. A tungsten knife was used to tear a hole in the vitelline
membrane over the posterior somites, and a fine tungsten knife was used to incise the dorsal
ectoderm between somites II and III. Ringer's solution was applied to the embryo. The
injection mixture was prepared by combining 2.5 μl plasmid DNA at 2–10mg/ml and 1 μl of
a solution containing 1.3% methyl cellulose (w/v) and 0.7 mg/ml fast green. The DNA
mixture was injected underneath the ectoderm, dorsal to somites III, IV and V. The embryo
was electroporated using the BTX electroporation system (BTX Electro Square Porator
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T820). Four 50-msec pulses of 27 V were applied across a gold-tungsten wire pair of
electrodes. The negative tungsten electrode was positioned underneath (ventrally) the
embryo while the positive gold electrode was positioned on top of the somites (dorsally).
Additional Ringer's solution was applied to the embryo. After resealing the egg, the embryo
was returned to the incubator for 24 hours.

BrdU labeling
Embryos in windowed eggs were labeled with BrdU by pipetting 50 ml of a 100X solution
of BrdU (Roche) around the heart. Embryos were incubated for 10 minutes prior to
harvesting and fixing in cold PBS containing 4% paraformaldehyde. Embryos were
embedded and cryosectioned as previously described (Galli et al., 2004).

Immunohistochemistry and Microscopy
Immunohistochemical analysis was performed essentially as described (Galli 2004). For
Pax3 and Pax7 double labeling, we used subclass specific antibodies (anti-IgG2a for Pax3
and anti IgG1 for Pax7). Sections labeled with BrdU were denatured in 0.25N HCl (diluted
in PBS) for 10 minutes at 37°C and then washed with 0.1M borax for 10 minutes at room
temperature prior to immunostaining. Confocal microscopy was carried out as previously
described (Galli et al., 2006). To prevent bleed through, each channel was independently
scanned. The intensity of labeling for individual cells in different channels was assessed
with software from Adobe Photoshop version 9.0.2.

RESULTS
Analysis of Pax3 and Pax7 expression in HH stage 10 chick embryos

To define the expression patterns of Pax3 and Pax7 with cellular resolution, sections from
HH stage 10 chick embryos were simultaneously immunostained for both Pax3 and Pax7
and then analyzed by confocal microscopy (Fig 1). It is important to note that the relative
affinities of the Pax3 and Pax7 antibodies for Pax3 and Pax7 have not been determined.
Thus, it is impossible to directly compare the protein levels of Pax3 to Pax7 in single cells.
However, we can compare the relative levels of Pax3 in different cells and the relative levels
of Pax7 in different cells. We first analyzed Pax3 and Pax7 expression in HH stage 10
embryos in whole mount (Fig 1B–D). MyoD was also analyzed as a reference (Fig 1A, Ai;
Yablonka-Reuveni and Paterson, 2001). Our analysis shows that the relative levels of Pax7
are fairly constant along the anterior/posterior axis while the relative levels of Pax3 increase
from posterior to anterior (Fig 1B–D). The expression of MyoD is not readily visible in
whole mount analysis (Fig 1A).

We then performed similar analysis on sections derived from HH stage 10 embryos (Fig
1Ai–Di, Bii–Dii, Biii–Diii, Biv–Div). While little or no Pax3 protein is detectable in the
segmental plate and early somites (Fig 1Biv), Pax7 is readily detectable in a number of cells
in the segmental plate, particularly in the lateral segmental plate (Fig 1Civ). It should be
noted that while our data is consistent with the localization of Pax3 and Pax7 transcripts in
HH stage 10 embryos (Otto et al., 2006), Pax3 expression is much more apparent in the
segmental plate of HH stage 12 embryos (Venters et al., 2004; Otto et al., 2006).

Progressing anteriorly, Pax7 retains robust expression in epithelial somites, including the
somitocoel (Fig 1Cii and Ciii). As the somites mature, Pax7 restricts to the dorsal and
medial quadrants of the somite (Fig 1Ci); this restriction is accompanied by a significant
increase in the levels of Pax3 expression in the dorsal somite (Fig 1Bi and Bii). In somite
XIII, the expression of Pax3 and Pax7 overlaps with MyoD in the medial quadrant and
further extends into the dorsal quadrant, where no MyoD is detected (Fig 1Ai–Di). While
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the Pax3 and Pax7 expression profiles are almost entirely overlapping at this point, some
differences in the levels of expression are observed. For example, while Pax7 levels are
relatively uniform in the medial and dorsal quadrants, Pax3 levels are lower in the medial
quadrant than in the dorsal quadrant. Cumulatively, these data suggest that while Pax3 and
Pax7 expression are largely overlapping in early embryos, differences in relative levels of
expression arise early in the development of the paraxial mesoderm.

Pax3 and Pax7 expression defines subpopulations of cells in the somites and limbs of HH
stage 18 chick embryos

We then analyzed Pax3 and Pax7 expression in the somites of HH stage 18 embryos, which
were actively undergoing the primary and secondary waves of myogenesis (Fig 2). As in the
HH stage 10 embryos, we observed distinct populations of cells that can be characterized by
their relative levels of Pax3 and Pax7 expression. In HH stage 18 embryos, both Pax3 and
Pax7 are expressed throughout the dermomyotome (Fig 2Aiii–Diii). However, Pax3
expression in the DML and VLL is high as compared to the CD (Fig 2A, Bi, Bii, Biii, Biv,
Biv'). By contrast, Pax7 expression in the DML and VLL is subtly lower as compared to the
CD (Fig 2B, Ci, Cii, Ciii,Civ,Civ'). Analysis of the intensity of Pax3 and Pax7 labeling for
individual cells in the DML, CD, and VLL confirms these results (data shown in Fig 4).
MyoD is robustly expressed in the myotome (Fig 2Ai, Aii, Aiii, Aiv, Aiv'). We also
observed a few Pax7 positive cells in the myotome (Fig 2Ciii, Civ). Some are these Pax7
positive cells are MyoD positive (white arrowheads) while others are not (red arrowheads;
Fig 2Aiv, Civ, Div). Little or no Pax3 is detected in the myotome at this stage of
development (Fig 2Bi, Bii, Biii, Biv, Biv'). Analysis of Pax3 and Pax7 expression in the
forelimb also shows cell populations with differing relative amounts of Pax3 and Pax7 (Fig
2Ai–Di). Comparison of the intensity of labeling in 45 randomly chosen cells in both the
dorsal and ventral compartments reveals that Pax7 levels are approximately 10% lower in
the ventral compartment (data not shown). A Student's T-test suggests that these data are
moderately significant (p<0.07). By contrast, the difference in Pax3 expression in the dorsal
and ventral compartments is much more striking as Pax3 levels are 47% lower in the ventral
compartment. These data are highly significant (p<0.001) and suggest that loss of Pax3
expression precedes that of Pax7 as cells move away from the VLL. One area with a very
distinct expression profile is the apical ectodermal ridge (AER), where Pax7 expression is
apparent, but no Pax3 is detected (Fig 2Bi–Ci).

Cells in the DML are more proliferative than those in the CD or VLL
While the DML and VLL have generally been defined by morphological criteria, our studies
provide an alternate means of defining the DML and VLL based on reciprocal Pax3 and
Pax7 expression profiles. Two lines of evidence led us to test the hypothesis that cells of the
DML and VLL, which express high levels of Pax3, would be more proliferative than cells of
the CD, which expresses low levels of Pax3. First, ectopic expression of Pax3 in somite
explants caused a dramatic increase in proliferation (Mennerich et al., 1998). Second,
lineage tracing studies have suggested that cells of the DML and VLL represent the leading
edges of the morphogenetic expansion of the dermomyotome and myotome (Ordahl and Le
Douarin, 1992; Denetclaw et al., 1997; Denetclaw and Ordahl, 2000; Denetclaw et al., 2001;
Ordahl et al., 2001; Gros et al., 2004). To test this hypothesis, we mapped the proliferative
capacity of the DML, CD, and VLL, as defined by Pax3 and Pax7 expression. As a
precursor to this study, we first needed to insure that we could reliably mark a definitive
boundary between the DML, CD, and VLL. To do this, we immunostained sections and then
marked the boundaries as shown in Fig 3 (A–D). We then measured the intensity of Pax3
and Pax7 expression in these three compartments. A plot of the Pax3 intensity vs the Pax7
intensity in single cells in each domain shows that that DML and VLL have virtually
indistinguishable Pax3/Pax7 expression profiles while that of the CD is radically different.
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These results gave us confidence in our ability to use Pax3 and Pax7 expression to define
three compartments in the somite. We then tested the proliferative capacity of cells in
somites between the forelimbs and hindlimbs in HH stage 18 embryos (Fig 3A–D, F). To do
this, the total number of mitotic cells, as defined by the expression of anti-phosphohistone
H3, was divided by the total number of cells in each compartment. The average percentage
of cells in M phase in somites of HH stage 9–13 embryos has been reported to be 4.7 +/−
2.5% (Stern and Bellairs, 1984). As the antibody to phosphohistone H3 used in this study
labels cells in both late G2 and M phases, we expected to observe a higher percentage of
positively labeled cells (Hendzel et al., 1997; Wei et al., 1999). Our analysis shows that
while the cells in the dermomyotome as a whole are highly proliferative (5–7% are labeled
with anti-phosphohistone H3), a greater percentage of cells in the DML are proliferative as
compared to cells in the CD and the VLL. This difference in proliferation between the DML
and CD is moderately significant (p<0.06) as assessed by chi-square analysis while the
difference between the DML and VLL is more so (p<0.02). There was no significant
difference between proliferation in the CD and VLL. As only the DML shows enhanced
proliferation, our data do not support the theory that the relatively greater expression of Pax3
in the DML and VLL promotes the “hyperproliferation” of these tissues, but are consistent
with DML housing the proliferative progenitors that are key for the expansion of the
dermomyotome (Venters and Ordahl, 2002).

The expression of Pax7 is inversely correlated with myogenic differentiation in the
myotome of HH stage 18 embryos

As Pax3 and Pax7 have also been characterized as inhibitors of differentiation, we further
assessed the correlation between Pax7 expression and proliferation/differentiation in the
myotome of HH stage 18 embryos (Fig 4). Because proliferating cells are quite rare in the
myotome, we pulsed embryos with BrdU for 10 minutes to label cells in S phase (Fig 4A–
H), which is substantially longer than M phase. We then measured the proliferative capacity
of cells at different points in the differentiation pathway, as assessed by Pax7, MyoD, and
Myogenin staining. Cells that were positive for Pax7, but not MyoD or Myogenin were
actively proliferating as evidenced by the observation that 33.3% of the MyoD− and 33.8%
of the Myogenin− cells were in S phase (Fig 4I). By contrast, 13.5% of the Pax7+/MyoD+

cells were in S phase and slightly fewer (8.1%) of the Pax7+/Myogenin+ cells were BrdU
positive. The difference in proliferation between Pax7+/MyoD+ cells and Pax7+/Myogenin+

cells is not statistically significant. More differentiated cells expressing either MyoD or
Myogenin, but not Pax7, incorporated even less BrdU into their DNA. While we were
unable to identify any Pax7−/MyoD+ cells that were also BrdU positive, we did identify 2
(out of 304) Pax7−/Myogenin+ cells that were BrdU positive (Fig 4I). Our results indicate
that there is a strong correlation between Pax7 expression and the ability of cells to
proliferate. Coupled with the observation that only 11.5% of the total MyoD positive cells
co-express Pax7 (37/322) while the remaining 88.5% of the total MyoD positive cells do not
co-express Pax7, our results further suggest that there is an inverse correlation between Pax7
expression and differentiation. A similar trend was observed for Pax7 and Myogenin.

MyoD protein levels are known to fluctuate during the cell cycle with the lowest levels at
the G1/S transition and the highest levels at the G2/M transition (Kitzmann et al., 1998).
Intermediate levels are observed during S and G2 phases. Thus, it is possible that our
determination of the number of cells co-expressing MyoD and BrdU may reflect a slight
underestimation of the true number of MyoD positive cells that are in S phase. This caveat
does not affect our basic conclusions.
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Pax3 and Pax7 expression in HH stage 22 chick embryos
In HH stage 22 chick embryos, the Pax3 and Pax7 expression patterns are similar to those
observed in HH stage 18 embryos except a new population of Pax3+/Pax7+ cells is now
detected in the myotome (Fig 5). Pax3 continues to be enriched in the DML and VLL as
compared to the CD, while Pax7 is similarly enriched in the CD (Fig 5 Aii–Dii, Aii”–Dii”).
Previous reports have shown that Pax7 positive cells undergo an asymmetric division that
results in the delamination of cells that are then deposited in the myotome (Ben-Yair and
Kalcheim, 2005;Gros et al., 2005;Kassar-Duchossoy et al., 2005;Relaix et al., 2005).
Though these studies suggested that the cells were also Pax3 positive, the detection methods
used were indirect or lacking in cellular resolution. We now show that some of the Pax7
positive cells that are apparently migrating into the myotome are indeed Pax3 positive while
others are not (Fig 5Bii'–Dii', 5Bii”–Dii”).

We then analyzed MyoD expression as a function of Pax3 and Pax7 expression.
Experiments in which DAPI was used to label nuclei (data not shown) show that the vast
majority of cells in the myotome express at least one of the three markers assayed (MyoD,
Pax3 and Pax7). For this quantitative study, we analyzed the expression of MyoD, Pax3, and
Pax7 in 6 sections from 2 different embryos. A total of 439 cells in the myotome were
analyzed. The axial level of all sections was limited to the flank region between the forelimb
and hindlimb. Whereas 100% of Pax3−/Pax7− cells expressed MyoD, only 72.1 +/− 2.4% of
Pax3−/Pax7+ cells expressed MyoD (Fig 5Aii'–Dii'). Only 2 Pax3+/Pax7− cells were
observed; neither expressed MyoD (data not shown). Only 13.8 +/− 2.4% of Pax3+/Pax7+

cells expressed MyoD. These data are consistent with our analysis of the proliferation and
differentiation status of Pax7+ cells in the myotome of HH stage 18 embryos. And,
consistent with the observation that satellite cell progenitors in the myotome are marked by
the expression Pax3 and Pax7, the expression of Pax3 and/or Pax7 is negatively correlated
with that of MyoD.

In the limbs, individual cells once again show different relative levels of Pax3 and Pax7 (Fig
3Ai–Di, Aiii–Diii). In the forelimb, Pax7 and Pax3 expression is more robust dorsally (Fig
3Ai–Di). Analysis of the intensity of expression in 45 randomly chosen cells in the dorsal
and ventral halves shows that the average intensity of labeling for both Pax3 and Pax7 in the
dorsal compartment is roughly double that of the intensity of labeling in the ventral
compartment. This difference is statistically significant (p<0.001; data not shown). A similar
trend is evident in the hindlimb (Fig 5Aiii–Diii). A population of Pax7 expressing cells
remain in the AER (Fig 5Ci–Di). There is little or no detectable MyoD in the limbs at this
stage of development.

Pax3 and Pax7 are negative regulators of one another
Coupled with the observation that Pax7 is upregulated in Splotch embryos (Borycki et al.,
1999), the differences in relative expression levels observed for Pax3 and Pax7 in the
dermomyotome suggested the possibility that Pax3 and Pax7 may be negative regulators of
one another. To test this prediction, we analyzed the expression of Pax3 and Pax7 in the
dermomyotome of somites that were electroporated with constructs encoding Pax7 or Pax3,
respectively (Fig 6). Our constructs were designed to co-express GFP; thus, cells labeled
with GFP also express ectopic Pax3 or Pax7. Controls in which GFP alone was expressed in
somites show no alteration of endogenous Pax3 and Pax7 expression patterns (Fig 6A–D).
However, when electroporated with Pax3, GFP positive cells in the dermomyotome
expressed less Pax7 than neighboring cells (Fig 6G–H). Analysis of the correlation between
GFP expression (which reflects ectopic Pax3) and Pax7 expression in a single section (45
cells counted) reveals an inverse relationship with a correlation factor of −0.88 (Fig 6K)
while parallel studies in control embryos reveal a correlation factor of −0.03 (Fig 6E).
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Likewise, when electroporated with Pax7, GFP positive cells in the dermomyotome
expressed less Pax3 than neighboring cells (Fig 6I–J). Analysis of the correlation between
GFP expression (which reflects ectopic Pax7) and Pax3 expression in a single section (45
cells counted) reveals an inverse relationship with a correlation factor of −0.68 (Fig 6L)
while parallel studies in control embryos show a correlation factor of −0.17 (Fig 6F). These
correlation factors suggest that ectopic Pax3 and Pax7 negatively regulate the expression of
endogenous Pax7 and Pax3, respectively, and are consistent with previous studies showing
the upregulation of Pax7 in Splotch embryos (Borycki et al., 1999).

DISCUSSION
Many parallels exist between the molecular mechanisms underlying the generation and
regeneration of skeletal muscle. Although the roles of Pax3 and Pax7 in satellite cells have
recently become a topic of intense investigation, much less is known about the roles of Pax3
and Pax7 in developing somites. As an initial step toward closing this gap in our knowledge,
we have used immunohistochemistry to directly localize Pax3 and Pax7 in developing
segmental plate, somites, and limb buds and have correlated these patterns of expression
with proliferation and differentiation in the somite. In this paper, we show: 1) the existence
of different subpopulations of cells in the developing segmental plate and somite that can be
defined based on their relative levels of Pax3/Pax7 expression 2) that high Pax3 expression
in the DML and VLL does not correlate with proliferation 3) that there is a medial to lateral
proliferation gradient in the dermomyotome 4) that Pax7 expression in the myotome
correlates with proliferation and the inhibition of differentiation and 5) that Pax3 and Pax7
are negative regulators of one another.

After mapping the expression patterns of Pax3 and Pax7 in the segmental plate, somites and
limbs, we then sought to evaluate the functional consequences of different Pax3/Pax7
expression profiles. First, we tested whether the expression of Pax3 in the dermomyotome
was correlated with proliferation. Contrary to our prediction that the DML and VLL would
exhibit elevated levels of proliferation, we discovered a medial to lateral proliferation
gradient in the dermomyotome. It is important to note that this result is for somites in the
interlimb region only; we do not know if it is also true for limb level somites. Though this
gradient is consistent with data reported by Ben-Yair et al (Ben-Yair et al., 2003), the
existence of this gradient does not contradict the importance of the DML and the VLL in the
morphogenetic expansion. It is hard to ignore the similarity between this proliferation
gradient and the proliferation gradient identified in the neural tube (Megason and McMahon,
2002). In the neural tube, the dorsal expression of Wnt-1 and Wnt-3a drives the expansion of
the neural tube along the dorsoventral axis (Megason and McMahon, 2002). Could it be that
medial signals, such as Wnt-1/Wnt-3a (in the dorsal neural tube) or Wnt-5a/Wnt-5b/Wnt-11
(in the DML) also drive the expansion of the dermomyotome along the mediolateral axis?
Although our data showing that Wnt-3a stimulates proliferation in the dermomyotome is
consistent with this notion (Galli et al., 2004), further studies are needed to rigorously test
this hypothesis.

We then went on to evaluate the role of Pax3 and Pax7 in the myotome. In HH stage 18
embryos, we rarely observed Pax3 positive cells and thus, focused our analysis on Pax7. We
show that the expression of Pax7 in the myotome of a HH stage 18 chick embryos correlates
with the ability of a cell to undergo proliferation. Furthermore, we also demonstrate that
although Pax7 and Myogenin are co-expressed in a small number of cells, the percentage of
myotomal cells expressing Pax7 declined dramatically as cells progressed down the
differentiation pathway. This observation is consistent with previous studies showing
downregulation of Pax genes upon differentiation (Halevy et al., 2004; Zammit et al., 2004;
Relaix et al., 2005).
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Because of the many similarities between the mechanisms of embryonic myogenesis and
regeneration, a comparison of our data to that obtained in chick and mouse satellite cells is
relevant. The data we describe in this manuscript closely parallels that observed for
differentiating chick satellite cells (Halevy et al., 2004). Specifically, as Pax7 positive
progenitor cells differentiate, they sequentially give rise to cells expressing Pax7 and MyoD
and/or Myogenin and then cells expressing MyoD and/or Myogenin, but not Pax7.

In HH stage 22 embryos, a new Pax3+/Pax7+ subpopulation of cells is observed in the
myotome. Previous studies indicate that these cells delaminate from the CD and represent
progenitors to satellite cells (Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kassar-
Duchossoy et al., 2005; Relaix et al., 2005). Consistent with the idea that Pax3+/Pax7+ cells
are progenitor cells, we show that Pax3+/Pax7+ cells rarely express MyoD while Pax3−/
Pax7+ cells are often co-express MyoD.

Our studies define subpopulations of cells that can be defined based on the spatiotemporal
expression patterns of Pax3 and Pax7. How are these unique patterns set up and maintained?
Although we and others have shown that several Wnt family members can induce or
maintain the expression of Pax3 and Pax7 (Fan et al., 1997; Maroto et al., 1997; Capdevila
et al., 1998; Galli et al., 2004), the presence of this signaling pathway alone fails to explain
the finely tuned expression patterns observed. However, once the expression patterns have
been established, our data suggests that the cross regulation of Pax3 expression by Pax7 and
vice versa will play a role in the maintenance of these expression patterns. An additional
note is that Pax3 and Pax7 are capable of forming both homodimers and heterodimers
(Schafer et al., 1994). These data further suggest a variety of possible combinations based on
the relative expression levels. Elucidation of the significance of these different combinations
will shed additional light on the molecular and cellular underpinnings of Pax3 and Pax7
functions.
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Figure 1. Differential expression of Pax3 and Pax7 in HH stage 10 chick embryo
Whole (A–D) or sectioned (Ai–Div) HH stage 10 embryos were immunostained with MyoD
(blue), Pax3 (green), and Pax7 (red). Images were collected by confocal microscopy. A
dorsal view of the trunk is shown. The axial levels of the sections are shown by the lines in
D. nf=neural fold; nt=neural tube; sp=segmental plate; so=somite. A total of three embryos
were analyzed in whole mount and two embryos were analyzed in sections.
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Figure 2. Pax3 and Pax7 are expressed in spatially distinct subpopulations of cells in HH stage 18
embryos
Whole (A–D) or sectioned (Ai–Div') HH stage 18 embryos were immunostained with MyoD
(blue), Pax3 (green) and Pax7 (red). Images were collected by confocal microscopy. A
dorsal view of the trunk is shown in A–D. The axial levels of the sections are shown by the
lines in A. The forelimb is shown in Ai–Di while a close-up of the VLL at the level of the
forelimb is shown in Aii–Dii. The entire dermomyotome and myotome of a flank level
somite are shown in panels Aiii–Diii. A close-up view of the DML is shown in Aiv–Div
while a close up view of the VLL is shown in Aiv'–Div'. White lines demarcate the DML,
CD and VLL as defined by Pax3 and Pax7 expression. The white arrowhead points to a cell
that is positive for MyoD and Pax7 while the red arrowhead marks a cell expressing only
Pax7. Enlarged versions of these two cells are shown in the white boxes located to the right
of each panel (Aiv–Div). MyoD (blue) staining in the limb mesenchyme and apical
ectodermal ridge appears to be nonspecific. M=myotome; DML=dorsomedial lip;
CD=central dermomyotome; VLL=ventrolateral lip; AER=apical ectodermal ridge. A total
of 2 embryos were analyzed in whole mount and 7 embryos were analyzed in sections.
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Figure 3. Analysis of proliferation in dermomyotomal compartments as defined by Pax3 and
Pax7 expression
HH stage 18 embryos were sectioned and immunostained with antibodies that recognize
Pax3 (green), Pax7 (red) and Phosphohistone H3 (blue). Images were collected by confocal
microscopy. The DML and VLL were defined by their high expression of Pax3 and low
expression of Pax7. Lines in A–D demarcate the DML, CD, and VLL. Panels B, C, and D
show phosphohistone H3, Pax3 and Pax7 immunostaining respectively. The merged image
is shown in panel A. The relative intensity of staining for individual cells in each
compartment was determined in Adobe Photoshop and plotted in panel E. To insure
uniformity of staining and imaging in panel E, data were collected from two sections from
the same embryo that were stained and imaged under identical conditions on the same day.
The percent of Phosphohistone H3 positive cells in each compartment was determined in
plotted in panel F. The number of H3 positive cells and the total number of cells (in
parentheses) in each compartment are shown at the bottom. A total of 4 embryos and 63
sections were analyzed for the proliferation study. Chi-square analysis shows that the
difference between proliferation in the DML and CD is moderately significant (p<0.06).
DML=dorsomedial lip; CD=central dermomyotome; VLL=ventrolateral lip.
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Figure 4. Pax7 expression in the myotome is positively correlated with proliferation and
negatively correlated with differentiation
HH stage 18 embryos were labeled in ovo with a 10 minute pulse of BrdU. Sections were
immunostained with antibodies against MyoD, Pax7 and BrdU (top panels) or Myogenin,
Pax7, and BrdU (middle panels). Images were collected by confocal microscopy. Red
arrowheads mark cells that express Pax7, but not MyoD or Myogenin. White arrowheads
mark cells that express Pax7 and MyoD or Myogenin. Blue arrowheads mark cells that
express MyoD or Myogenin, but not Pax7. The percentage of BrdU positive cells in each of
these populations was quantified and plotted in panel I. The numbers in each bar of the
graph represent number of BrdU positive cells (total number of cells with that particular
expression profile). For the MyoD stained sections, a total of 3 embryos (14 sections) were
analyzed. For Myogenin stained sections, a single embryo (16 sections) was analyzed. Chi-
square analysis was used to determine statistical significance.
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Figure 5. Pax3 and Pax7 expression in HH stage 22 embryos
Sectioned HH stage 22 embryos were immunostained with antibodies against MyoD (blue),
Pax3 (green) and Pax7 (red). Images were collected by confocal microscopy. The axial
levels of the sections are shown in panel E. Red arrowheads mark Pax3 negative/Pax7
positive cells that do not express MyoD. White arrowheads mark Pax3 negative/Pax7
positive cells that do express MyoD. Yellow arrowheads mark cells positive for Pax3 and
Pax7 that do not express MyoD. Enlarged versions of characteristic cells are shown in the
upper right hand corner of Aii–Dii, Aii'–Dii', and Aii”–Dii”. The arrow pointing to the cell
shown in the blown up version is marked by an asterisk. MyoD staining in the limb
mesenchyme and apical ectodermal ridge is nonspecific. Images obtained from 3 different
embryos were used for the qualitative analysis. Quantitative analysis of the percentage of
MyoD expressing cells in the different Pax3/Pax7 subpopulations is shown in panel F. Error
bars represent the standard error from 6 sections (2 embryos). n=the number of cells counted
for each subpopulation; DML=dorsomedial lip; VLL=ventrolateral lip.
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Figure 6. Pax3 and Pax7 cross-regulate each other's expression
Embryos were electroporated with constructs designed to overexpress either Pax3 or Pax7.
The expression construct (pCIG) generates a bicistronic transcript encoding either Pax3 or
Pax7 along with GFP. Somites were electroporated at HH stage 14–16. Embryos were
incubated for 24 hours prior to harvesting and immunostaining for Pax3 and Pax7. Images
were collected by confocal microscopy. Images of the dermomyotome on the right side of
the embryo are shown (A–D; G–J). Insets show a magnified version of the boxed region.
Panels A, C, G, and I show a merge of the green and red channels while panels B, D, H and
J show only the red channel. Arrowheads point to GFP positive cells (electroporated cells).
When Pax3 is overexpressed, GFP positive cells (with ectopic Pax3) show a decline in Pax7
expression (E–F) and when Pax7 is overexpressed, GFP positive cells (with ectopic Pax7)
show a similar decline in Pax3 expression (G–K). In panels E, F, K, and L, the intensity of
fluorescence in the green and red channels was measured for embryos electroporated with
pCIG alone (E and F) or Pax3 (K) and Pax7 (L). The values for each of 45 cells were plotted
in ascending order according to GFP expression. All cells analyzed for each panel were on
the same section and thus, were stained and imaged under identical conditions.
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