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Local Extrinsic Signals Determine
Muscle and Endothelial Cell Fate
and Patterning in the Vertebrate Limb

stereotyped composition of slow and fast myotubes.
Slow and fast myotubes differ in their speed of contrac-
tion, and this is correlated with the presence of specific
isoforms of myofibrillar contractile proteins, such as my-
osin heavy chain (MHC; reviewed in Kelly and Rubin-
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stein, 1994). The early embryonic pattern of slow and
fast myotubes develops as cells differentiate, is inde-
pendent of innervation, and largely maintained during
growth (Butler et al., 1982; Crow and Stockdale, 1986;Summary
Fredette and Landmesser, 1991; Page et al., 1992; Phil-
lips and Bennett, 1984; Phillips et al., 1986).Both the muscle and endothelium of the vertebrate

limb derive from somites. We have used replication- The overall pattern of limb muscles is specified by the
limb environment. Somites from any axial level can givedefective retroviral vectors to analyze the lineage rela-

tionships of these somite-derived cells in the chick. We rise to normal limb muscle and therefore are not prepat-
terned to form limb muscles (Chevallier et al., 1977;find that myogenic precursors in the somites or proximal

limb are not committed to forming slow or fast muscle Jacob and Christ, 1980). Other experiments demon-
strate that muscle is not patterned by the limb’s nervesfibers, particular anatomical muscles, or muscles within

specific proximal/distal or dorsal/ventral limb regions. or vasculature (Caplan and Koutroupas, 1973; Shellswell
and Wolpert, 1977), but is instead patterned by the sur-Somitic endothelial precursors are uncommitted to

forming endothelium in particular proximal/distal or dor- rounding limb mesoderm (Jacob and Christ, 1980). This
patterning of limb muscle is ultimately closely linked tosal/ventral limb regions. Surprisingly, we also find that

myogenic and endothelial cells are derived from a the early specification of the dorsal/ventral (D/V), proxi-
mal/distal (P/D), and anterior/posterior (A/P) axes of thecommon somitic precursor. Thus, local extrinsic sig-

nals are critical for determining muscle and endothelial limb (Geduspan and MacCabe, 1987; Akita, 1996; Rob-
son et al., 1994; Duprez et al., 1999; Shellswell andpatterning as well as cell fate in the limb.
Wolpert, 1977), and is basically complete by the time
myotubes differentiate early in the limb (Kardon, 1998).Introduction
However, when and where individual limb myogenic
cells become patterned along the D/V, P/D, and A/PVertebrate limb muscle and endothelial cells both origi-

nate from somites (Chevallier et al., 1977; Christ et al., axes is not known. While it is likely that the overall mus-
cle pattern is governed by extrinsic limb signals, there1977; Pardanaud et al., 1996). Their precursors migrate

into the developing limb bud where myogenic precur- is considerable controversy over whether commitment
of myogenic cells to a slow or fast fiber-type fate is ansors differentiate and are patterned to form an elaborate

array of muscles and, concurrently, endothelial precur- intrinsic property of the myogenic cells (Lance-Jones
and Van Swearingen, 1995; Nikovits et al., 2001) or con-sors differentiate and assemble into a vascular network.

Somites mature along a caudal to cranial gradient, trolled by extrinsic factors within the limb (Duprez et al.,
1999; Robson et al., 1994).with the most newly formed somites designated as stage

I (Ordahl, 1993). The somites become specialized to form The limb vasculature is also derived, at least in part,
from the somites (Pardanaud et al., 1996; Wilting et al.,a dorsal dermomyotome and ventral sclerotome. The

lateral part of the dermomyotome gives rise to the body 1995). In particular, the dorsolateral region of the so-
mites is an important source of limb endothelium (Eich-wall and limb muscles (reviewed in Borycki and Emer-

son, 2000; Ordahl et al., 2000). Beginning at somite stage mann et al., 1993; Wilting et al., 1995). These endothelial
precursors migrate into the limb and then associate intoIII–IV (Ordahl et al., 2000; G.K., unpublished data), hind

limb myogenic precursors migrate from the lateral edge vessels, largely by the process termed type II vasculo-
genesis (Ambler et al., 2001). Additional limb vasculatureof the dermomyotome of somites 26–33 (Lance-Jones,

1988). Cells enter the base of the limb, split around the is formed by the processes of angiogenesis, whereby
new vessels form as outgrowths from preexisting flankdeveloping chondrogenic cores, and occupy the dorsal

and ventral sides of the limb bud while generally main- vessels (Ambler et al., 2001; Brand-Saberi et al., 1995).
Little is known of when somitic cells become committedtaining their relative anterior/posterior position (Hayashi

and Ozawa, 1991). to an endothelial cell fate or patterned to form the endo-
thelium.Once in the hind limb, myogenic cells concomitantly

form a pattern, consisting of 45 distinctive hind limb
muscles (Baumel et al., 1993; Hudson et al., 1959), and Results
differentiate into myotubes (Kardon, 1998). Each muscle
is uniquely identifiable by its position within the limb, Lineage Analysis of Chick Hind Limb Somitic
its size and shape, orientation of its fibers, and points Derivatives Using CHAPOL
of origin and insertion on bone, and characterized by a To follow the fate of clonally related somitic cells in the

hind limb, lumbosacral somites were injected with a
complex retroviral library, CHAPOL. CHAPOL is a library1Correspondence: tabin@rascal.med.harvard.edu
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of replication-defective viruses, each encoding human Myogenic Precursors Are Not Committed to
Forming Particular Anatomical Muscles or Musclesalkaline phosphatase (AP) and a distinct 24 bp oligonu-

cleotide insert (Golden et al., 1995). Histochemical stain- in Particular Dorsal/Ventral or Proximal/Distal
Regions of the Limbing for AP allowed virally infected cells to be identified

in tissue section. Infected cells were manually harvested Myogenic cells labeled at early somite stages, I or V,
can give rise to both dorsal and ventral muscle (Tableand used as a substrate for PCR amplification and sub-

sequent sequencing. Each insert uniquely tagged mem- 1A). At both somite stages, most (23) groups of clonally
related cells were found either in only dorsal or ventralbers of a clone of cells.

Nine st 17–20 chick embryos were injected with muscles (representative clones are diagrammed in Fig-
ures 1B–1D). However, two clones derived from cellsCHAPOL virus into the lateral edge of somite 31 at so-

mite stages I (n � 3), V (n � 2), and VII (n � 2) and labeled at somite st I and one from a somite st V-labeled
cell had multiple members in both dorsal and ventralinto the proximal limb just lateral to somite 31 (n � 2).

Embryos were harvested at st 32–33 (Hamburger and muscles (e.g., Figures 1E–1G and 2A). On average, the
dorsal-only and ventral-only clones are smaller than theHamilton, 1951) when the basic muscle pattern of pri-

mary myotubes in the hind limb has been established dorsal/ventral clones and simply may be found only dor-
sally or ventrally because of their small clone size. This(Kardon, 1998) but before the formation of secondary

myotubes (Fredette and Landmesser, 1991). In agree- indicates that myogenic cells in the early somite are not
restricted, and so not committed, to a dorsal or ventralment with previous fate maps of limb level somites

(Chevallier et al., 1977; Christ et al., 1977; Lance-Jones, fate.
By somite st VII, myogenic cells are largely restricted1988; Ordahl and Le Douarin, 1992; Pardanaud et al.,

1996; Schramm and Solursh, 1990; Wilting et al., 1995), to forming only dorsal or ventral muscles (Table 1A). Of
111 clones derived from cells labeled at somite st VIIAP-positive cells were found either within the muscles

or the endothelium of blood vessels of the hind limb. and 89 clones labeled in the proximal limb, all members
of most of these clones (108 somite st VII clones andA total of 9375 cells were picked. An initial product

was amplified from 5298 of these (56% of cells picked), 82 proximal limb clones) were found in only dorsal or
ventral muscles (Figure 1A). In a small number of cases3775 of which (40% of cells picked) yielded a readable

24 bp oligonucleotide sequence. In most cases, a single (three somite st VII and seven proximal limb clones),
clones were found where most members were in eithertag was recovered from each cell pick. However, in some

instances, amplified cells yielded multiple tags; a clonal dorsal or ventral muscles, but one or two cells were in
muscles on the other side of the limb. The D/V restriction,identity to these cells was not assigned. A total of 260

different tags, or clones, were identified. As expected, we generally found could, in principle, reflect the com-
mitment of somite st VII myogenic cells to a dorsal orgiven the complexity of the library (estimated to mini-

mally contain 105 members with an approximately equal ventral fate. However, it is more likely to be a conse-
quence of the myogenic cells’ stereotyped path of mi-representation; Golden et al., 1995), the same viral tag

was not recovered from more than one independent gration and their rates of proliferation. DiI labeling stud-
infection. ies have determined that once myogenic cells migrate

dorsally or ventrally to the chondrogenic cores, they
never again move across the D/V boundary (HayashiDynamics and Overall Pattern of Muscle Cells

Populating the Hind Limb and Ozawa, 1991). Based on their rates of proliferation
(one division every 17 hr; see above) and the relativelyInjections of CHAPOL into somite 31 at somite stages

I, V, and VII resulted in 3–111 muscle clones per injection short time between exiting the somite and migrating
dorsally or ventrally around the chondrogenic cores(Table 1). Since each clone represents cells descended

from a single infected precursor, this indicates that (generally less than 24 hr), myogenic cells labeled at
somite st VII or in the proximal limb would not generallygreater than 100 myogenic precursors can emigrate

from somite 31. These myogenic cells ultimately contrib- be expected to give rise to two daughter cells in time
for them to migrate to opposite sides of the limb. Thus,uted to 2–244 myotubes in st 32–33 limbs. Cells labeled

at somite st VII (as myogenic cells are emigrating from the general D/V restriction of myogenic cells labeled in
older somites or in the proximal limb probably does notthe somite) gave rise to 2–50 cells 5 days later. Given

that only 40% of the tags are recovered, we estimate that reflect an intrinsic commitment to a dorsal or ventral
fate, but rather is a consequence of the lack of multicellindividual myogenic cells can give rise to approximately

125 cells during this period. If cells divide at a constant clones at the time the cells migrate dorsally and ven-
trally.rate, this suggests that myogenic cells divide approxi-

mately every 17 hr. Descendants of myogenic cells labeled at somite st
I, V, VII, or in the proximal limb can populate multipleMyogenic cells labeled in somite 31 ultimately popu-

late multiple muscles in the dorsal and ventral thigh, P/D regions of the limb (Table 1A). Of the 234 total
muscle clones, members of 181 were found in only oneshank, and foot (see Supplemental Table S1 at http://

www.developmentalcell.com/cgi/content/full/3/4/ P/D region (Figures 1A and 1B). However, members of
45 clones were found in two P/D regions (thigh and533/DC1). In agreement with Lance-Jones’s (1988) fate

map of somite 31, labeled cells from somite 31 are found shank or shank and foot; see Figures 1C–1E), and mem-
bers of eight clones were found in all three P/D regionsin all but the anterior-most muscles of the hind limb.

This distribution of labeled cells reflects the relatively (Figures 1F, 1G, and 2A). On average, larger clones
spanned more P/D regions and therefore clones foundposterior position of somite 31 among the somites (26–

33) that contribute to hind limb muscles and the stereo- in only one P/D region are probably simply a result of
the clones’ small size. Thus, neither when in the somitestyped path of myogenic cell migration.
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Figure 1. Schematic Presentation of Representative Muscle Clones Seen in Lineage Analysis

Clonally related cells labeled in somite 31 at somite st I, V, VII, or in the proximal limb are found in the dorsal and ventral regions of the limb;
in the thigh, shank, and foot; and within multiple muscles of slow or fast fiber type. Shown is the distribution of clonally related cells of
representative clones. Each box represents one anatomical muscle. Boxes shaded in the same color show muscles that contain clonally
related cells. Boxes colored and stippled show muscles with clonally related cells that contain some slow myotubes. (H) shows a key to the
muscles. Abbreviations are explained in the Supplemental Data. Stippled boxes show muscles that normally contain at least some slow
myotubes.
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Figure 2. Distribution of Representative
Clones Labeled in Somite 31 at Somite St I
and St VII

(A) Three-dimensional reconstruction of a st
32 hind limb in which clonally related cells
labeled in somite 31 at somite st I are broadly
distributed in the dorsal thigh and ventral
shank and foot within multiple slow and fast
muscles. Balls represent single, clonally re-
lated cells. Balls with a yellow-orange tint rep-
resent myotubes in dorsal muscles, while
balls with a yellow-green tint represent myo-
tubes in ventral muscles. Most balls are found
in unstippled muscles and so represent fast
myotubes. Some of the balls found within
stippled muscles (such as ventral foot mus-
cle) represent slow myotubes.
(B) Reconstruction of a st 32 hind limb knee
region in which clonally related cells labeled
in somite 31 at somite st VII differentiate
within close proximity into muscle (repre-
sented as yellow balls) and endothelial cells
(represented as purple balls). Purple and yel-
low balls are all clonally related. Yellow balls
are either fast myotubes (found in muscle that
is unstippled) or slow myotubes (found in
muscle that is stippled). Purple balls shown
extrinsic to dorsal shank muscles are endo-
thelial cells lying in the vessels in between
the muscles and the ectoderm.
For both reconstructions, dorsal muscles are
shown in pink, and ventral muscles in blue.
Muscles that are stippled contain at least
some slow myotubes. Bones are shown in
gray.

nor in the proximal limb are myogenic cells restricted, anatomical muscles (Table 1A). Of the 234 total muscle
clones, 109 were limited to one individual muscle (Figureand so committed, to forming muscles in one particular

P/D region of the limb. 1A), while 125 clones were found in at least two different
muscles (Figures 1B–1G and 2A). There was a generalMyogenic cells labeled at somite st I, V, VII, or in

the proximal limb were also found in multiple individual trend for the smaller clones resulting from labeling cells

(A) Two clones labeled at somite st VII, which contain cells in just one muscle. The red clone contains only slow myotubes in the dorsal foot
muscle, and the blue clone contains fast myotubes only within the ventral shank FPP3.
(B) Three clones with cells in only one P/D segment in either the dorsal or ventral limb. The yellow clone labeled at somite st I contains only
fast myotubes in the dorsal thigh. The green clone labeled at somite st V contains both slow and fast myotubes in only the dorsal shank. The
purple clone labeled in the proximal limb contains only slow myotubes in the ventral thigh.
(C and D) Three clones in two P/D segments in either the dorsal or ventral limb. The orange clone (C) labeled at somite st V contains both
slow and fast myotubes in the dorsal thigh and shank. The blue clone (C) labeled at somite st I contains fast myotubes in the ventral thigh
and shank. The green clone (D) labeled at somite st V contains only slow myotubes in the dorsal shank and foot.
(E–G) Three clones labeled at somite st I, which contain myotubes in at least two P/D segments in both the dorsal and ventral limb. The blue
clone (E) contains slow and fast myotubes in the dorsal and ventral thigh and shank. The orange clone (F) contains slow and fast myotubes
in the dorsal thigh and ventral shank and foot. The purple clone (G) contains fast myotubes in the ventral thigh and shank and dorsal foot.
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Figure 3. Clonally Related Cells Differentiate into Both Slow and Fast Myotubes and into Both Muscle and Endothelial Cells

(A–D) Clonally related cells differentiate into both slow and fast myotubes. A single section is shown, triply labeled, through the dorsal thigh
of a st 32 limb with cells labeled adjacent to somite 31 in the proximal limb at st 20.
(A) DIC image showing cells labeled by CHAPOL and expressing AP.
(B) Green fluorescent image showing fast and slow myotubes labeled with MF20.
(C) Red fluorescent image showing only slow myotubes labeled with NA8.
(D) Merged image of DIC, green, and red fluorescence. Arrows and arrowheads show nine AP-positive cells picked and shown to contain the
same 24 bp tag. Arrows show fast myotubes in the fast IL muscle and arrowheads show slow myotubes in the slow IF muscle, all of the same
clone.
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at somite st VII or in the proximal limb to be found in is significantly different (p � 0.01) between cells labeled
at somite st I versus st VII.fewer muscles. However, at all stages, larger clones

were found in many anatomical muscles, and smaller
clones were generally found in only one muscle. There- Dynamics and Pattern of Endothelial Cells
fore, even after entering the proximal limb myogenic Populating the Hind Limb
cells are not restricted, and so not committed, to forming To analyze the lineage of limb endothelial cells derived
individual anatomical muscles. from somites, we also examined in one embryo the en-

dothelial descendents from cells in somite 31 labeled
with CHAPOL at somite st VII. A total of 62 clones gaveMyogenic Cells in the Somite or Proximal Limb
rise to endothelial cells, 26 of which gave rise to onlyAre Not Committed to Forming Slow
endothelial cells and 36 which gave rise to muscle andor Fast Myotubes
endothelial cells (see below; Table 1C). The endothelial-Upon entering the limb, myogenic cells differentiate into
only clones ranged in size from 2 to 11 cells. Given thatfast myotubes (which contain fast MHCs) or slow myo-
only 40% of the tags are recovered, we estimate thattubes (which contain fast MHCs as well as slow MHC3;
each stage VII somite cell can give rise to 27 endothelialPage et al., 1992). In the chick limb, fast and slow myo-
cells. Assuming these cells divide at a constant rate,tubes differentiate in a distinct and stereotyped pattern,
this suggests that endothelial cells divide approximatelywith the majority of muscles containing only fast myo-
every 27 hr.tubes, some containing only slow myotubes, and a few

The D/V distribution of most endothelial cells withinmuscles containing both fast and slow myotubes, but
these endothelial or muscle/endothelial clones appearswith the two types clearly regionalized within these mus-
generally similar to the D/V distribution of muscle-onlycles (see Supplemental Data).
clones labeled at st VII. Of 62 endothelial or muscle/Myogenic cells labeled at all somite stages and in the
endothelial clones, all endothelial members of most (56)proximal limb can differentiate into both fast and slow
of these clones were found only on the dorsal or ventralmyotubes (Table 1B). Some myogenic clones labeled
side of the limb (Table 1C). In a small number of clonesat all stages contained only fast myotubes, and some
(five), most endothelial members were found on eithermyogenic clones labeled at somite st V and VII and in
the dorsal or ventral side, but a single member wasthe proximal limb contained only slow myotubes. How-
found on the opposite side. Interestingly, we did find oneever, at all stages of labeling, 23%– 47% of myogenic
muscle/endothelial clone that clearly contains multipleclones contained both fast and slow myotubes (Table
dorsal and ventral endothelial members in the foot. Al-1B; Figures 3A–3D). Clones containing only slow myo-
though there are no studies tracking the paths of migra-tubes are small (1–23 cells) and localized in only one or
tion of endothelial cells, these data suggest that endo-two muscles. The fast-only clones are generally larger
thelial cells (unlike muscle cells) can cross between the(1–189 cells) than the slow-only clones, but localized in
dorsal and ventral sides of the foot.regions (e.g., ventral shank) where there are few slow

The P/D distribution of endothelial cells within endo-muscles. The size and distribution of the slow-only and
thelial or muscle/endothelial clones also appears similarfast-only clones suggest that these clones may contain
to that of the muscle-only clones labeled at st VII. Ofonly one fiber type simply as a result of their small size
62 endothelial or muscle/endothelial clones, endothelialor localization in the limb. Therefore, the large number
members of 45 clones were found in only one P/D regionof slow/fast clones, in combination with the small size
(Table 1C). However, members of 17 clones (which onand localization of slow-only or fast-only clones, sug-
average were larger than clones in one P/D region) weregests that individual myogenic cells in the somite and
found in two P/D regions (thigh and shank or shank andthe proximal limb are not restricted, and so not commit-
foot). Thus, like myogenic cells, endothelial cells are notted, to a slow or fast fate.
restricted and so are not committed to forming endothe-Despite this lack of commitment of individual myo-
lium in one particular P/D region of the limb.genic cells to a slow or fast fate, a lower percentage of

slow myotubes are derived from myogenic cells labeled
at somite st VII than from cells labeled at st I. While 17% Cells Labeled at Somite St VII Are Not Committed

to Forming Muscle or Endothelial Cellsof all 1100 myogenic cells labeled at somite st I were
slow myotubes, only 7% of all 1072 myogenic cells la- Surprisingly, we found a large number of clones labeled

at somite st VII that contained both muscle and endothe-beled at somite st VII were slow. A �2 test of indepen-
dence confirms that the proportion of slow myotubes lial cells (Table 1C; Figures 3E–3H). A total of 136 clones

(E–H) Clonally related cells differentiate into both muscle and endothelial cells. A single section is shown, triply labeled, through the dorsal
thigh of a st 32 limb with cells in somite 31 labeled at somite st VII.
(E) DIC image showing cells labeled by CHAPOL and expressing AP.
(F) Green fluorescent image showing fast and slow myotubes labeled with MF20.
(G) Red fluorescent image showing endothelial cells labeled with DiI acetylated LDL.
(H) Merged image of DIC, green, and red fluorescence. Arrow and arrowheads show four AP-positive cells picked and shown to contain the
same 24 bp tag. Arrow shows fast myotube in IL muscle and arrowheads show endothelial cells in the blood vessel between the IL and IF
muscles, all members of the same clone. Note that in (G), the AP staining locally quenches the DiI acetylated LDL signal, but the DiI acetylated
LDL signal is clear in endothelial cells just anterior and posterior to the AP-positive endothelial cells. The scale bar in (H) equals 200 �m and
applies to (A–H). Insets in (D) and (H) are 2� magnifications.
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were recovered in the embryo analyzed for endothelial cells must acquire patterning information and commit
to a particular anatomical fate as they migrate from thecells (Table 1C); 74 of these included only muscles cells
proximal limb but before they differentiate into myo-and 26 only endothelial cells. Thirty-six clones (26% of
tubes, when muscle patterning is complete (Figure 4;the total clones recovered) contained both muscle and
Kardon, 1998). The source of this patterning informationendothelial cells. The ratio of slow/fast myotubes within
is likely to be signals from the surrounding limb meso-these muscle/endothelial clones is similar to the ratio
derm (Jacob and Christ, 1980). However, neither theof slow/fast myotubes within muscle-only clones la-
specific limb mesodermal tissue source nor the molecu-beled at somite st VII. Twenty-three of the muscle/endo-
lar nature of these signals is known.thelial clones contained only fast myotubes, eight con-

tained only slow myotubes, and five contained both fast
Specification of Slow and Fast Myotubes Involvesand slow myotubes. The latter five clones indicate that
Extrinsic and Intrinsic Mechanismssingle cells labeled at the lateral edge of st VII somites
We found that commitment to a slow/fast fate occursare capable of giving rise to slow and fast myotubes
after myogenic precursors enter the limb. We found thatand endothelial cells.
a large number of myogenic cells labeled at all somiteThe average clone size of muscle-only, endothelial-
stages and in the proximal limb gave rise to both slowonly, and muscle/endothelial clones differs significantly
and fast myotubes and thus are uncommitted to a slow/(Table 1C). On average, endothelial-only clones are the
fast fate. We also found myogenic clones labeled at

smallest (average size of four), muscle-only clones the
most somite stages and in the proximal limb which con-

next largest (average size of eight), and muscle/endo-
tained either only fast or only slow myotubes. It could be

thelial clones the largest (average size of 15). An ANOVA argued that these clones reveal intrinsic heterogeneity
comparison of clone sizes confirms that the sizes are within early myogenic precursors such that these pre-
significantly different (p � 0.001). These differences in cursors are committed to a slow or fast fate. However,
clone size indicate that there is heterogeneity in rates the size and distribution of the slow-only and fast-only
of proliferation among somite st VII cells populating the clones suggest that these clones may be restricted to
limb. Larger clones may simply have a higher probability only one fiber type, simply as a result of their small size
of differentiating into both muscle and endothelial cells. and/or localization in the limb. Thus, it is most likely that
Therefore, it is likely that all somite st VII cells are none of the myogenic precursors in the somites and
not restricted, and so not committed, to a myogenic proximal limb are committed to a slow or fast fate (Figure
(whether fast or slow) or endothelial cell fate. 4). This conclusion contrasts with the conclusion by

A comparison of the distribution of clonally related Nikovits and colleagues (2001) that myogenic precur-
muscle and endothelial cells reveals that clonally related sors are committed to a fast or slow fiber type within
cells are generally found in the same D/V and P/D re- the somite. Their conclusion was based on quail/chick
gions, and often in close proximity, sometimes within a chimera studies in which quail somites transplanted into
few cell diameters of each other (Figures 2B and 3E–3H). a chick host gave rise to limb musculature with a quail-
This close proximity of related cells that acquire different specific profile of slow and fast myotubes. In light of

our current results, we alternately suggest that speciescell fates suggests that local extrinsic cues within the
differences in the timing of migration of myogenic pre-limb environment are determining the muscle versus
cursors from the somites (see below) or differences inendothelial fate of the somitic cells.
their responsiveness to extrinsic influences in the limb
environment may account for their results.

Previous in vitro clonal analysis (Miller and Stockdale,Discussion
1986) and in vivo transplantation studies (DiMario et al.,
1993) have determined that embryonic myoblasts areMyogenic Cells Are Patterned with Respect
committed to a slow or fast fate by st 24–28 withinto Their Anatomical Fate by Extrinsic Cues
the limb. Therefore, our lineage analysis, in combinationwithin the Limb Environment
with these studies, determines that myogenic cells inTo delimit when and where individual myogenic cells
the chick become committed to a slow or fast fate withinacquire patterning information, we followed the anatom-
the limb bud between approximately st 20–24.ical fate in the hind limb of cells labeled at different

The commitment of myogenic precursors to a slowsomite stages and in the proximal limb. Within the so-
or fast fate within the early limb bud strongly suggests

mites or the proximal limb, myogenic cells are not re-
that local, extrinsic cues within the limb bud environment

stricted to forming muscle in one P/D region of the limb determine the slow/fast fate of these cells. Surgical ma-
or restricted to forming individual muscles. At somite nipulations of avian somites and lateral plate previously
stages I and V, myogenic cells are also unrestricted to indicated that the lateral plate ultimately defines the
a dorsal or ventral fate. By somite stages VII and in the pattern of slow and fast myotubes within the limb and
proximal limb, myogenic cells are largely restricted to body wall (Butler et al., 1988; Lance-Jones and Van
a dorsal or ventral fate. Although this could reflect the Swearingen, 1995; Nikovits et al., 2001), and changes
commitment of somite st VII myogenic cells to a dorsal in the lateral plate can predictably respecify the pattern
or ventral fate, it more likely is simply a consequence (Robson et al., 1994; Duprez et al., 1999). Therefore,
of the cells’ stereotyped path of migration and rate of signals from the limb bud environment can both deter-
proliferation. Thus, individual myogenic cells within the mine the initial locations where myogenic cells will differ-
somites and in the proximal limb are uncommitted with entiate into either slow or fast myotubes and also re-

specify myogenic cells which are potentially committedrespect to their anatomical fate. Individual myogenic

gkardon
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Figure 4. Summary of Cell Fate and Patterning of Hind Limb Muscle and Endothelial Cells Derived from Somite 31

Asterisks indicate stages at which cells were labeled with the CHAPOL virus.

to a particular slow/fast fate. In agreement with these which some component of the slow/fast pattern is also
determined by mechanisms intrinsic to myogenic cellsdata on the importance of the lateral plate for determin-

ing the overall pattern of slow and fast muscles, we find within the somites.
that local, extrinsic factors determine the slow/fast fate
of individual myogenic cells.

Nevertheless, we did discover that overall, signifi- Endothelial Precursors Are Patterned
with Respect to Their Dorsal/Ventralcantly fewer slow myotubes are derived from myogenic

cells labeled at somite stage VII than from cells labeled and Proximal/Distal Fate by Extrinsic
Cues within the Limb Environmentat somite stage I. This reduction in the number of slow

myotubes could result from changes in the extrinsic limb We analyzed when and where endothelial precursors
acquire patterning information by following the D/V andenvironment into which the myogenic cells migrate and

differentiate or reflect an intrinsic bias in the ability of P/D fate in the hind limb of cells labeled in stage VII
somites. As with myogenic cells labeled at this somitemyogenic cells from early and late somites to form slow

myotubes. We favor this latter alternative because it stage, endothelial precursors were not restricted and
therefore were not committed to forming endotheliumagrees with the results of Lance-Jones and Van Swear-

ingen (1995). Using coelomic grafts of chick limb buds in one particular P/D region. The D/V distribution of
endothelial cells in general was similar to the D/V distri-or isochronic transplantations of limb buds between

quail and chick, they also found that myogenic cells bution of muscle cells labeled at somite st VII; most
clones were restricted to just the dorsal or ventral sideemigrating early from the somites differentiate predomi-

nantly into slow myotubes, while later migrants differen- of the limb. However, unlike the myogenic clones, one
clone contained multiple dorsal and ventral endothelialtiate predominantly into fast myotubes. Moreover, using

heterochronic transplantations of limb buds, they ex- members. This indicates that endothelial precursors are
not committed to a dorsal or ventral fate at somite stplicitly tested and demonstrated that differences in

slow/fast fate generally result from intrinsic properties VII (Figure 4). The lack of commitment of endothelial
precursors within somite stage VII somites to a D/V orof early versus late migrants and not from changes in the

extrinsic influences in the limb environment. Therefore, it P/D fate shows that, like myogenic cells, these cells
are patterned later within the limb bud. Whether theis likely that the reduction in the number of slow myo-

tubes derived from somite stage VII versus I somites we same signals patterning myogenic cells are involved
in patterning endothelial precursors remains an opensee reflects intrinsic differences in the myogenic cells

within the somites. Thus, our data support a model in question.
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Muscle and Endothelial Cells Are Derived from committed to myogenesis in the limb. The nature of
a Common Somitic Precursor and Extrinsic the positive or negative signals in the limb committing
Signals in the Limb Environment Determine Muscle progenitors to adopt a myogenic versus an endothelial
versus Endothelial Cell Fate cell fate is currently unknown. Also unknown is whether
Fate maps based on transplantation of whole somites these signals determining muscle/endothelial cell fate
between quail and chick embryos have established that are the same as those specifying the pattern of muscles
somites, in particular the lateral dermomyotome, give and endothelium in the limb.
rise to both limb muscle and endothelial cells (Chevallier
et al., 1977; Christ et al., 1977; Ordahl and Le Douarin, Implications for Muscle Stem Cell Biology
1992; Eichmann et al., 1993; Wilting et al., 1995; Parda- Skeletal muscle contains two interrelated muscle sub-
naud et al., 1996). Based on the expression of character- populations that exhibit stem cell characteristics (re-
istic transcription factors such as Pax3 (see below), it viewed in Bailey et al., 2001; Deasy et al., 2001; Seale
has been assumed that individual cells are specified to et al., 2001; Seale and Rudnicki, 2000; Zammit and Beau-
a muscle or endothelial cell fate within the somite. champ, 2001). One population, muscle satellite cells,

Our in vivo lineage analysis has unexpectedly revealed are mononucleated cells, lying beneath the basal lamina
that myogenic and endothelial cells are derived from a of skeletal muscle, which are normally mitotically quies-
common precursor population within the somites. We cent but in response to stress are activated, undergo
found that 26% of lateral dermomyotomal cells labeled division, and form new myofibers (reviewed in Bischoff,
at somite st VII give rise to both muscle and endothelial 1994). Recently, another population, known as muscle-
cells and suggest that all cells emigrating from the so- derived stem cells (MDSCs), has also been isolated
mites are bipotential, and not committed to either a by fluorescent-activated cell sorting on the basis of
myogenic or endothelial cell fate (Figure 4). We did find Hoechst dye exclusion and shown to participate in mus-
that a large number of clones contained only muscle or cle regeneration (Gussoni et al., 1999; Jackson et al.,
endothelial cells, which in principle could reflect true 1999). The exact relationship between satellite cells and
heterogeneity among cells emigrating from the somite. MDSCs is unclear, but it has been hypothesized that
However, muscle/endothelial clones were significantly satellite cells are derived from the MDSCs (Seale et al.,
larger than muscle-only and endothelial-only clones. 2000). Surprisingly, there appears to be much plasticity
Thus, it is likely that differentiation of progenitors into between myogenic stem cells and hematopoietic de-
both muscle and endothelial cells is simply a probabilis- rived stem cells and endothelial cells. MDSCs can both
tic event, depending on the microenvironment where contribute to regenerating myofibers and efficiently re-
the individual migrating cell ends up, with the chance constitute the hematopoietic system (Gussoni et al.,
of a single progenitor giving rise to both cell types in- 1999; Jackson et al., 1999). Conversely, hematopoietic
creased with a larger number of overall progeny. stem cells derived from the bone marrow can participate

Studies of the potential commitment of myogenic pre- in muscle regeneration (Bittner et al., 1999; Ferrari et
cursors to a muscle fate when they reside within the al., 1998). In addition, two reports suggest that the satel-
somite have focused on the role of the transcription

lite cell and endothelial lineages are interrelated (De
factor Pax3 in myogenesis. The early expression of Pax3

Angelis et al., 1999; Minasi et al., 2002). Cells cultured
in muscle precursors (Goulding et al., 1994; Williams and

from the embryonic dorsal aorta express both endothe-
Ordahl, 1994), its requirement for limb muscle formation

lial and muscle markers, and satellite cells express this(Franz et al., 1993), and its ability to activate MyoD and
same set of markers. Moreover, these cultured aortamyogenesis (Heanue et al., 1999; Maroto et al., 1997;
cells can give rise to satellite cells which, when im-Ridgeway and Skerjanc, 2001) have suggested that its
planted into regenerating muscle, contribute to postna-expression in the dermomyotome marks an early stage
tal muscle growth and regeneration. Also, embryonicof commitment to the myogenic lineage (e.g., Maroto et
dorsal aorta cells directly implanted into a developingal., 1997). In our experiments, we have followed the cell
limb bud contribute both to muscle fibers and the endo-fate of individual lateral dermomyotomal cells from a
thelial cells in the vessels surrounding the fibers. Thispopulation where the vast majority express Pax3 as they
plasticity between myogenic stem cells and hematopoi-leave the somite and migrate into the chick hind limb.
etic and endothelial cells has prompted interest in theOur data strongly suggest that Pax3-positive cells give
developmental origin of MDSCs and satellite cells. Earlyrise to both muscle and endothelial cells in the limb.
studies suggested that satellite cells, like other myo-Thus, Pax3 does not commit lateral dermomyotomal
genic lineages, are derived from the somites (Armandcells to a muscle cell fate.
et al., 1983). However, De Angelis and colleagues (1999;Our data further suggest that it is local extrinsic cues
Cossu and Mavilio, 2000) have suggested that somewithin the limb environment that ultimately determine
satellite cells may be derived from the dorsal aorta orthe cell fate of the bipotential, Pax3-positive lateral der-
more generally from the embryonic vasculature.momyotomal cells. Clonally related muscle and endo-

Our in vivo lineage analysis of somitic cells gives somethelial cells, labeled in the somite, generally differenti-
further insights into the relationship between muscleated in close proximity to one another within the limb.
and endothelial cells. First, in light of our lineage analysisThis indicates that local signals, which direct differentia-
and experiments of Pardanaud and colleagues (1996),tion into either muscle or endothelial cells, can differ
the finding that cells cultured from the dorsal aorta giveover short distances (on the order of a few cell diame-
rise to muscle and endothelium is not surprising. Quail/ters). Based on the timing of MyoD expression (Lin-
chick chimera experiments have shown that the somitesJones and Hauschka, 1996), these local cues must oper-

ate prior to st 23–24, when progenitors start becoming give rise not only to the endothelial cells of the limb and
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K solution (Golden et al., 1995) in a 96-well plate. The cells werebody wall, but also the dorsal aorta (Pardanaud et al.,
digested and the unique 24 bp insert was amplified as previously1996). Since we have found that somitic-derived cells
described (Golden et al., 1995). An aliquot of DNA was run on a 2%in the limb are bipotential, it is not unreasonable that
agarose gel to determine whether the inserts had amplified, and

the somitic cells within the dorsal aorta may also main- amplified DNA was purified with the QIAquick 96-well PCR purifica-
tain their bipotentiality to form muscle and endothelium. tion kit. Sequencing reactions were performed with the Applied

BioSystems Big Dye termination reaction kit, purified with the 96-Cossu and colleagues (Cossu and Mavilio, 2000; De
well Edge BioSystems gel filtration kit, and analyzed on an AppliedAngelis et al., 1999) have further suggested that satellite
BioSystems 3700 DNA analyzer. The unique 24 bp insert in each viralcells may not only be derived from the dorsal aorta,
genome that was amplified and sequenced was used to establish thebut more generally from the embryonic vasculature. We
clonal identity of each cell picked.

would predict that the bipotentiality to form muscle and During cell picking, several wells were left containing just buffers
endothelium is restricted to endothelial cells derived and primers to check for possible contamination of stock solutions

with plasmid DNA. Also, tissue pieces without AP-positive cells wereembryonically from the somites. For instance, cells in
picked and analyzed for potential non-AP-expressing viral genomesthe ventral aorta, which are derived from the splanchnic
(Golden and Cepko, 1996). No such “silent” virally infected cellsmesoderm (Pardanaud et al., 1996), may not possess
were found.this bipotentiality. Finally, local cues appear to deter-

mine whether transplanted dorsal aorta cells differenti-
Immunohistochemistryate into muscle or endothelium, as differentiated cells
CHAPOL-injected embryos harvested at st 32–33 were labeled with

of both types are found in close proximity to one another the monoclonal antibodies MF20 (Developmental Studies Hybri-
(Minasi et al., 2002). This is reminiscent of our finding doma Bank), which recognizes myosin heavy chain (MHC) and labels
that local limb mesodermal signals determine muscle all primary myotubes (Bader et al., 1982), and NA8 (gift of E. Band-

man), which recognizes just slow myosin heavy chains 2 and 3 andversus endothelial cell fate. Whether the signals are the
labels only slow primary myotubes (Bourke et al., 1995; Page et al.,same in both instances has yet to be determined.
1992). After AP staining, sections were labeled sequentially: NA8An important, outstanding problem in muscle stem
(1:200), overnight at 4�C, followed by PBS washes; Cy3 goat anti-

cell research is the origin of muscle satellite cells. Two mouse IgG (1:400; Jackson ImmunoResearch), 2 hr at room temper-
different embryonic sources have been suggested. Mus- ature, PBS washes; MF20 (1:20), overnight at 4�C, PBS washes; Cy2
cle satellite cells may arise from the somites, which give goat anti-mouse IgG (1:400; Jackson ImmunoResearch), 2 hr at

room temperature, PBS washes.rise to all other (embryonic and fetal) myogenic lineages
(Armand et al., 1983). Alternatively, satellite cells may
be derived from the embryonic vasculature (DeAngelis Identification of Muscle and Endothelium

Individual muscle cells were identified by their expression of MF20et al., 1999; Cossu and Mavilio, 2000). We have found
and NA8 antibodies. Where the AP histochemical reaction locallythat a common somitic precursor gives rise to both mus-
quenched the fluorescently labeled antibodies, individual cells werecle and endothelial cells. It will be interesting to explicitly
identified by their position within muscles. Each muscle was identi-

examine whether some of the muscle cells clonally re- fied on sections by its characteristic position, shape, size, myotube
lated to endothelial cells are in fact muscle satellite cells. orientation, and fiber type, and points of origin and insertion. In this
In our present analysis, we cannot distinguish whether study, the seven individual foot muscles were not distinguished.

The distribution and pattern of slow myotubes was found to bethe oligonucleotide tags of muscle cells picked and ana-
highly stereotyped for all limbs examined. Descriptions of the slow/lyzed are derived from myonuclei within fused myotubes
fast composition of hind limb muscles can be found in the Supple-or nuclei of satellite cells lying adjacent under the myo-
mental Data.

fiber basal lamina. In the future, this issue will be re- Endothelial cells were identified based on their uptake of diI acety-
solved by analyzing older embryos in which satellite lated LDL. Because the AP histochemical reaction routinely quenched
cells can be more easily distinguished (with markers the local fluorescence of the diI, we also identified AP-labeled endo-

thelial cells by their morphological position within vessels (in whichsuch as the antibody to Pax7; Seale et al., 2000).
diI is not quenched adjacent to the AP-labeled cells).

Details of how the three-dimensional reconstructions of hind limb
Experimental Procedures muscles and clones were constructed and rendered can be found

in the Supplemental Data.
Lineage Analysis Using the Retroviral Library CHAPOL
The CHAPOL retroviral library has been described (Cepko et al.,

Acknowledgments1998; Golden et al., 1995). Concentrated CHAPOL viral stocks were
injected into chick embryos (SPAFAS) at st 17–20 into the ventrolat-

We thank members of the biopolymers facility in the genetics de-eral edge of somite 31 at somite stages I, V, and VII (Christ and
partment, HMS for sequencing help, J.C. Lin and C.L. Cepko forOrdahl, 1995) and into the proximal limb just lateral to somite 31.
discussion and advice about lineage analysis, and A. Brent and C.Eggs were sealed and incubated until st 32–33. To visualize endothe-
Lance-Jones for critical reading of the manuscript. This work waslial cells, 10 �l of diI acetylated LDL (200 �g/ml; Biomedical Technol-
supported by NIH grant P50HL61036 to C.J.T. and NIH postdoctoralogies; Yablonka-Reuveni, 1989) was injected into the jugular vein
fellowship to G.K.of st 32–33 embryos, which were incubated at 37�C for an additional

2 hr before harvesting. Harvested hind limbs were fixed for 6–8 hr at
4�C with 4% paraformaldehyde, washed in PBS, and histochemically Received: May 10, 2002
stained for AP in whole mount to detect retrovirally labeled cells. Revised: August 7, 2002
Limbs with labeled cells were embedded in OCT and sectioned at
20–30 �m.
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