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Retinoic acid is both necessary for and inhibits myogenic
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ABSTRACT Retinoic acid (RA) plays an essential role in the development of many embryonic
tissues, including the developing tetrapod limb bud. At early stages of limb development, RA
levels are highest proximally and regulate the migration of myoblasts into the limb. As the
premyogenic progenitor cells migrate into the limb and accumulate in premuscle masses, they
express Pax3 and Meox2. Myogenic differentiation is initiated by expression of Myf5 and MyoD,
and both Pax3 and Meox2 are required for normal Myf5 expression. We show by loss of function
using the inhibitor citral, that RA signalling within the limb bud is required to maintain Pax3 and
Meox2 in the progenitor and Myf5 and MyoD in the differentiating myoblasts. Treatment with
excess RA showed a differential effect: Meox2 and Pax3 showed localised down-regulation of
expression in the limb. In contrast, there was a dramatic down-regulation of expression of MyoD,
Myf5 and Meox1. The down-regulation of myogenic gene expression in response to inhibition of
RA signalling, and differential response to application of excess RA, in the absence of changes to
cell proliferation and apoptosis, indicate that myogenic specification and differentiation in the
developing limb possess a complex sensitivity to RA concentrations.
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Introduction

In the early developing vertebrate embryo, signalling mol-
ecules are required to control individual cells and to instruct them
as to when and where to differentiate into their distinctive tissue
types. The limb bud is an excellent model system to investigate
the differentiation and patterning of muscle. The cells of the
hypaxial dermomyotome of somites adjacent to the presumptive
limb bud undergo an epithelial-to-mesenchymal transition in
response to signals from the neighbouring lateral plate mesoderm
(Chevallier et al., 1977; Christ et al., 1977; Jacob et al., 1978;
Solursh et al., 1987; Hayashi & Ozawa, 1995) and then delami-
nate from the somites and migrate into the limb bud. The migra-
tory myogenic precursors initially express the transcription factor
Meox2 (Mankoo et al., 1999) and CXCR4, Pax3 and Lbx1, the
latter three being essential for migration (Vasyutina et al., 2005;
Williams & Ordahl, 1994; Gross et al., 2000). Pax3 is important
also for specification and proliferation of limb muscle precursors
(Bober et al., 1994; Goulding et al., 1994). Once the muscle
progenitors reach the developing limb, they continue to proliferate
and coalesce in the dorsal and ventral pre-muscle masses, and

initiate differentiation by expressing the myogenic regulatory
transcription factors (MRFs): Myf5, MyoD, MRF4 and Myogenin
(reviewed by Pownall et al. 2002).

The Meox genes have been shown to play an overlapping and
essential role in somitogenesis in the mouse (Mankoo et al.,
2003). In addition to a failure of the axial skeleton to develop,
compound mutantembryos (Meox1”;Meox2") exhibit a dramatic
muscle phenotype where most skeletal muscles are absent or
reduced in size concomitant with reduced or absent expression of
Pax3, Pax7 and Myf5 in somites (Mankoo et al., 2003). Both
Meox1 and Meox2 are expressed in the developing limb buds and
are conserved between chick and mouse (Reijntjes et al., 2007a),
suggesting a role for both in limb muscle development. The
Meox1 expression domain overlaps that of MyoD, while the
Meox2 domain of expression overlaps with Pax3 and not MyoD
indicating a differential role of the two Meox genes (Reijntjes etal.,
2007a). During mouse myogenesis, it has been demonstrated

Abbreviations used in this paper: MRF, myogenic regulatory factor; RA, retinoic
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Fig. 1. Retinoic acid (RA) signalling is required at early stages of limb
myogenesis.Views of transverse vibratome sections of stage 22 chick
embryos before application of a bead of citral to the limb (A,D,G,J,M) and
at stage 25 after bead application and incubation (B,C,E,F,H,|,K,L,N,O) to
examine the effect on expression of Meox1 (A-C), Meox2 (D-F), Pax3 (G-
1), MyoD (J-L) and Myf5 (M-0). The citral treated limbs have been inverted
for comparison with the untreated, contralateral limbs. The location of
beads is identified by a grey circle. (B) Section of the untreated limb shows
the normal expression of Meox1 in the dorsal limb (upper black arrow) and
the ventral limb (lower black arrow). (C) Treatment with citral has resulted
in a down regulation of Meox1 expression in the dorsal domain of the limb
(black arrow) and a complete absence of expression in the ventral domain.
(E) Normal Meox2 expression in the untreated contralateral limb bud.
Meox2 expression is absent after treatment with citral (F). (H) Section of
the untreated limb shows the normal expression of Pax3 in the dorsal pre-
muscle mass (black arrows) and the ventral pre-muscle mass. () Treat-
ment with citral has completely ablated Pax3 expression in the limb apart
from a small domain in the dorsal pre-muscle mass (black arrow). (K)
Normal MyoD expression in the dorsal and ventral pre-muscle masses
(black arrows); after treatment with citral, MyoD expression is undetect-
able (L). (N) Expression of Myf5 in the untreated contralateral limb is in the
dorsal and ventral pre-muscle masses. (0) Myfb expression in the dorsal
pre-muscle mass is absent after treatment with citral and expression in the
ventral pre-muscle mass is reduced (black arrow) compared to the
untreated control limb bud (N).

that Meox2 and Pax3 are co-expressed in migrating myoblasts as
they de-epithelialize from the dermomyotome, migrate into the
limb bud mesenchyme and accumulate in the premuscle masses.
Mice homozygous for a null mutation of Meox2 have reduced
muscle mass and an absence of specific muscles, and reduced
Pax3 expression in limb muscle progenitors (Mankoo et al.,
1999).

Retinoic acid (RA) is a low molecular weight (300 Da), signal-
ling molecule that is known to affect pattern formation in verte-
brate embryos including limb outgrowth and axial patterning.
(reviewed by Maden, 2001). Many tissues such as the eye,
hindbrain and spinal cord depend on a temporally and spatially
regulated supply of RA. Without this supply of RA, many congeni-
tal defects occur. Paradoxically, exposure to this carefully regu-
lated system by administering excess RA results in many defects
similar to those generated by a lack of RA. Accumulated evidence
has shown that inadequate levels (excess or deficiency) of RA
cause a wide range of malformations in developing tissues.
Deficiency of RA inhibits longitudinal bone growth (Wolbach et al.,
1947) and excess RA also inhibits longitudinal bone growth by
causing premature fusion of the epiphyseal growth plate (Pease,
1962, Standeven et al., 1996). In the hindbrain, retinoid excess
targets predominantly the anterior rhombomeres (r1-4) whereby
the anterior hindbrain was altered towards a more posterior
segmental phenotype (Durston et al., 1989; Morriss-Kay et al.,
1991; Conlon and Rossant, 1992; Marshall et al., 1992; Sundin
and Eichele, 1992; Wood et al., 1994; Hill et al., 1995) and retinoid
deficiency targets the posterior rhombomeres (r4-8) whereby
they never differentiate (Gale et al., 1999; White et al., 2000). In
the developing eye RA treated zebrafish and mouse embryos
exhibited anophthalmia (Reijntjes et al., 2007b; Sulik et al., 1995)
a condition also observed in RA deficiency (Wilson et al., 1953).

Endogenous all-trans-RA was first identified in the chick limb
bud using HPLC (Thaller and Eichele, 1987) and components of
the retinoid signalling pathway such as CRABP-II, RARa, RARp
are expressed in domains of the limb associated with muscle
formation (Momoi, et al., 1992). In the chick limb bud, RALDH2,
a RA generating enzyme, is expressed in the region of the
presumptive muscle masses, vasculature and motor axons
(Berggren et al., 2001); and in the mouse limb the establishment
of pre-muscle masses, directed by HGF, has been proposed to be
under the control of RALDH2 (Mic and Duester, 2003). RA
receptors are expressed in muscle cells, RA receptors and MyoD
up-regulate each other’s transcriptional activity, these proteins
interact physically and their transcriptional co-activation requires
a RA receptor-MyoD complex that binds to MyoD DNA binding
sites in muscle cells (Froeschlé et al., 1998). In chick, RARa is
expressed in all imb bud cells at stage 20-22, just prior to or at the
onset of myogenic commitment (Momoi et al., 1992).

Previous studies using cell lines have demonstrated that RA
induces myogenic differentiation of a rat rhabomyosarcoma-
derived cell line, C2 myoblast cells and primary adult chick
satellite cells, the cells that contribute to post-natal growth of
muscle (Arnold etal., 1992; Albagli-Curiel etal., 1993; Halevy and
Lerman, 1993). However, RA has also been shown to inhibit
myosin heavy chain protein accumulation in mouse embryonic
primary muscle cultures (Xiao et al., 1995) and depending on its
concentration activate or repress myogenesis in the craniofacial
mesenchyme (Langille et al., 1989). The physiological role of



retinoids during limb myogenesis remains ambiguous as most
studies have focused at late stages of differentiation and morpho-
genesis (Robson et al. 1994) or have used cultures of dissociated
muscle: different concentrations of RA have been reported to
increase or decrease MyoD expression in chick limb buds (Momoi
etal., 1992). The subdivision of muscle masses and the develop-
ment of individual tendons require interactions between muscle
and tendon (Kardon, 1998; Rodriguez-Guzman et al., 2006) and
components of the RA signalling pathways have been detected in
the developing muscles and tendons of the mouse and chick limb
(Abu-Abed etal., 2002; Berggrenetal., 2001; Rodriguez-Guzman
et al., 2006).

We have focused our attention on a possible role for RA in the
early stages of myogenic commitment and differentiation. Firstly,
we examined whether there is a requirement for RA signalling in
myogenic commitment and/or differentiation, by use of an inhibi-
tor of RA synthesis, citral, on beads applied to the developing
chick limb where these genes are expressed. Secondly, we
analysed the expression profiles of genes expressed in limb
muscle progenitors (Meox2, Pax3, Myf5 and MyoD) in response
to excess all-trans-RA (tRA) treatment. The absence of RA
resulted in downregulation of expression of Meox2, Pax3, MyoD,
Myf5 and Meox1 and indicates a requirement for RA in the
induction of myogenesis. We observed a differential sensitivity to
RA dependent on the differentiation status of the cells: with a
localised down regulation of Meox2 and Pax3 expression in

Fig. 2. Retinoic acid differentially inhibits myogenic gene
expression. Views of whole mount and transverse vibratome sections of
stage 25 chick embryos after application of a bead of alltrans-RA to the
limb to examine the effect on expression of Meox1 (A-C), Meox2 (D-F),
Pax3 (G-1), MyoD (J-L) and Myf5 (M-0). White arrowheads mark the
position of the beads (A,D,G,J,M). The RA treated limb sections have
been inverted for comparison with the untreated, contralateral limbs.
The location of beads is identified by grey circles. (A) A dorsal view of an
embryo which received a bead of alltrans-RA in the right limb bud.
Meox1 expression appears down-regulated around the position of the
bead compared to the untreated contralateral limb bud, left side. (B)
Section through a tRA treated embryo shows the normal expression of
Meox1 in the untreated control limb bud. (C) Section of the RA treated
limb bud reveals that Meox1 expression is down-regulated throughout
the limb. (D) Whole mount embryo revealing that the expression of
Meox2 has been down-regulated around the RA bead in the ventral
region of the limb (compare to untreated limb). (E) A section through the
embryo in D showing the normal expression of Meox2 in an untreated
limb. Red arrows mark the ventral expression domain. (F) Treatment
with a bead of RA results in a less dramatic effect on the expression of
Meox2 than the expression of Meox1 in (C). This section shows localised
down-regulation of Meox2 in the ventral domain corresponding to the
position of the bead (compare red arrows in F to red arrows in E). The
affect of RA on the expression of Pax3 is not immediately apparent in a
whole mountembryo (G) (right imb bud, white arrowhead). (H) A section
through the embryo in (G) shows expression of Pax3 in the untreated
limb bud. Black arrows indicate the normal expression in the dorsal pre-
muscle mass. () Sectional analysis of RA treated limbs shows a localised
effect on Pax3 in the proximity of the bead with expression down-
regulated distally in the dorsal pre-muscle mass domain (black arrow,
compare with H). (J) Treatment with a bead of RA appears to completely
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progenitors and a dramatic down-regulation in the expression of
muscle differentiation genes MyoD and Myf5 and also of Meox1.
Furthermore, both citral and RA treatments resulted in a decrease
in myogenic differentiation. As myogenic differentiation takes
place in conjunction with tendon differentiation we also investi-
gated whether tendon progenitors in the limb respond in a similar
fashion to RA as the myogenic precursors at stages when their
development is occurring independently of each other. Taken
together, these results suggest a complex sensitivity to RA
concentrations during myogenesis and tendon development in
the limb.

Results

RA signalling is necessary for myogenic commitment and
differentiation

RAis known to produce diverse, dosage-dependent, effects on
muscle differentiation, but it is not known whether myogenic
differentiation requires RA signalling. We exposed chick forelimb
buds to the RA synthesis inhibitor citral (3,7-dimethyl-2,6-
octadienal), areactive and volatile B-unsaturated aldehyde. Citral
has been shown by HPLC of treated chick limb buds to inhibit RA
synthesis (Tanaka et al., 1996) and in zebrafish, a RA reporter
was down-regulated by citral (Perz-Edwards, et al., 2001). SM2
beads were incubated in 2.9 x 10-3M citral in medium and were
locally applied to the forelimb of a stage 22 chick embryo, when

-RA +RA
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ablate the expression of MyoD in the limb (compare expression in treated limb bud, white arrowhead, with untreated left side, red arrowhead), (K,L)
Sections confirm that RA treatment causes a substantial down-regulation of MyoD compared to normal limb expression. RA treatment also has a
dramatic effect on the expression of Myf5 (M-0). No expression can be detected in the treated limb bud (white arrowhead, right side; and section
in O) compared to the untreated contralateral limb bud (red arrowhead, left side, and section in N).
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RA DMSO Fig. 3 (Left). Retinoic acid treatment in-
duces ectopic Cyp26 expression. Views of
—— the limb buds of stage 25 chick embryos to

examine the effect of alltrans-RA on Cyp26
expression. Red arrowheads mark the posi-
tion of the bead. (A) Dorsal view of the
untreated contralateral limb bud showing
normal Cyp26B1 expression in the progress
zone. (B) In addition to the endogenous
expression in the progress zone, a bead
placed in the limb bud has up-regulated
Cyp26B1 expression in the limb mesen-
chyme, right side. (C) Lateral view of an
untreated limb showing normal Cyp26A1
expression in the apical ectodermal ridge.
(D) RA treated, contralateral limb from (C)
showing up-regulation of Cyp26A1 expres-
sion around the bead in the limb mesen-
chyme.

untreated

———

Fig. 4 (Right). Semi-quantitative gene ex-
pression analysis following citral and tRA
treatment. Semiquantitative RT-PCR experi-
ments on stage 25 chick forelimbs treated
with beads of citral (lower left panel), control

untreated contralateral limb (lower right panel), alltrans-RA (upper left panel) and control DMSO (upper right panel). The upper panel shows the results
of Meox1 with a decrease in expression after the addition of citral compared to the untreated control limb, a decrease in Meox2 expression after citral
treatment and no change in the expression of Actin after treatment with citral, compared to the untreated control. The upper panel shows the results
for Meox1 with a decrease in expression after the addition of alltrans-RA; a similar decrease in Meox2 after addition of all-trans-RA; an increase in
expression of Cyp26B1 after the addition of alltrans-RA. There is no change in the expression of Actin with alltrans-RA.

myogenic differentiation has started, and examined by in situ
hybridisation after overnight incubation. In vivo implantation of
citral-beads arrested limb growth resulting in a decreased limb
size compared to the untreated contralateral limb.

In citral treated limbs Meox1 expression is presentin the dorsal
domain but is absent in the ventral domain local to the citral bead
(Fig. 1 B,C, 2/2 embryos), while a reduced domain of dorsal
expression persists. In contrast, inhibition of RA synthesis by
citral has a dramatic affect on Meox2 expression affecting both
dorsal and ventral domains resulting in a small region of greatly
reduced expression remaining in the ventral part of the treated
limb (Fig. 1 E,F, 2/2 embryos).

Compared to normal Pax3 expression in the pre-muscle
masses, only a small domain of Pax3 remains in the dorsal pre-
muscle mass after citral treatment (Fig. 1 H,l). Citral treatment
down-regulates expression of MyoD in the dorsal and ventral pre-
muscle masses (Fig. 1 K,L, 2/2 treated embryos). Citral treatment
also results in a down-regulation of expression of Myf5; however,
in contrast to MyoD, the effect on Myf5 expression is much less
dramatic, with a localised reduction of expression (Fig.1 N,O. 3/
3 embryos).

RA has a differential effect on gene expression in limb
myogenic progenitors

We investigated whether myogenic commitment and differen-
tiation are sensitive to RA by administration of excess tRA, to the
developing chick limb. For these experiments, we used local
administration of AG 1-X2 beads soaked in 1.33 x 102M tRA
dissolved in DMSO0. This dose has been found to duplicate the
chick limb bud (Tickle et al. 1982). A tRA soaked bead was locally
applied tothe forelimb of a stage 22 chick embryo when myoblasts

have migrated into the limb bud and the limbs were examined for
gene expression by in situ hybridisation after overnight incuba-
tion. In all cases control beads which had been soaked in DMSO
had no effect on the embryos either in terms of morphology or
gene expression.

Meox1l and Meox2 have overlapping and non-overlapping
domains of expression in the limb bud (Reijntjes et al. 2007). tRA
soaked beads caused a dramatic decrease in the limb expression
pattern of Meox1 (Fig. 2 A-C, 9/11 treated embryos). Vibratome
sectioning through the treated limb bud reveals that Meox1
expression is decreased throughout the limb in both dorsal and
ventral muscle domains (Fig. 2C). In contrast, down-regulation of
Meox2 expression after treatment with tRA is predominantly
localised to the proximity of the bead (Fig. 2 D-F). Meox2 expres-
sion is down-regulated only in the ventral domain of the right
forelimb bud in the region of the bead compared to the untreated
control side (Fig. 2F, 9/9 embryos).

Oninitial observations, it appears that Pax3 expression around
the location of the bead is not affected by tRA treatment (Fig. 2G)
but sectioning of this embryo reveals that compared to the normal
expression in the dorsal and ventral pre-muscle masses, there is
down-regulation of this gene in the dorsal pre-muscle mass in the
proximity of the bead, compared to the control limb (Fig. 2I, 5/5
embryos), while more distant dorsal and the entire ventral expres-
sion domains remain unchanged.

MyoD expression is induced in the premuscle masses at the
onset of terminal differentiation. Expression of MyoD is signifi-
cantly down-regulated throughout the limb bud by tRA treatment
(Fig.2 J-L, 3/3 embryos). Sections through a tRA treated embryo
demonstrate a small domain of reduced expression of MyoD
remaining in the ventral pre-muscle mass (compare Fig. 2J with



2L). A similar effect is observed with Myf5 which is strongly down-
regulated by tRA beads when placed in the forelimb (Fig. 2 M-0,
4/4 embryos). A small domain of reduced expression remains in
the ventral pre-muscle mass after tRA treatment (Fig. 20).

These results demonstrate that myogenic progenitors in the
limb have a differential response to RA, which reflects the differ-
entiation status of the cells: Meox2 and Pax3 expression in
undifferentiated progenitors shows only local down-regulation in
regions of highest RA concentration, while both MyoD and Myf5
expression in differentiating myoblasts was reduced throughout
the limb bud.

Local concentrations of RA up-regulate expression of RA
responsive genes in the limb

To confirm that the concentration of tRA used in these experi-
ments has a specific effect on genes involved in limb myogenesis
and not a generalized effect on gene expression, in situ
hybridisation was performed using the Cyp26A1 and Cyp26B1
anti-sense RNA probes after tRA treatment. Cyp26Al1 and
Cyp26B1 enzymes are members of the cytochrome P450 super-
family which catabolise RA to products such as 4-oxo-RA, 4-OH-
RA and 18- OH-RA (Fujii et al., 1997; White et al., 1997, 2000).
Both genes are expressed in the developing chick limb, Cyp26A1
in the apical ectodermal ridge (AER) (Swindell et al., 1999) and
Cyp26B1inthe distal mesenchyme ofthe progress zone (Reijntjes
etal., 2003); and both are known to be inducible by RA (Abu-Abed
et al., 1998; Fujii et al., 1997; Ray et al., 1997, Reijntjes et al.,
2005; White et al., 1996; White etal., 1997). Cyp26B1 expression
is up-regulated around the tRA bead in the forelimb mesenchyme,
proximal to the progress zone, in 2/2 embryos (Fig. 3B). Similarly,
butto alesser degree, a bead of tRA induces Cyp26A1l in the limb
mesenchyme in 2/2 embryos (Fig. 3D). This confirms the effects
observed on the myogenic genes are not due to a non-specific
down regulation of gene expression.

To again confirm the observations by in situ hybridisation, limb
buds of stage 22 embryos were treated separately with beads
soaked with 2.9 x 10-3M citral, and 1.33 x 102M | tRA or DMSO and
incubated for 24 hours before collection and RNA extraction.
Semi-quantitative RT-PCR was performed to analyse expression
levelsrelative to those for actin. Meox1 and Meox2 expression are
down-regulated after treatment with citral compared to the un-
treated limb (Fig. 4, lower panel). Similarly, RT-PCR confirms that
Meox1 and Meox2 RNA levels are down-regulated by tRA com-
pared to DMSO and Cyp26B1 expression is up-regulated com-
pared to DMSO control (Fig. 4, upper panel).

Tendon differentiation is sensitive to RA signalling

The development of muscle requires a coordinated differentia-
tion of both muscle and tendons, although each tissue derives
from different progenitors: the limb muscle from immigrant myo-
blasts originating from adjacent somites, and tendons from limb
mesenchyme. We investigated whether tendon progenitors re-
spond to RA in a similar manner as myogenic precursors, by
analyzing expression of the transcription factor Scleraxis, which
is expressed in all tendon progenitors in the limb (Schweitzer et
al. 2001).

Scleraxis expression shows reduced expression in response
totRA (Fig. 5 A-C, in 3/3 embryos). Sections confirm that Scleraxis
expression is reduced proximally in both the ventral and dorsal
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regions of the limb bud in the region of the bead (Fig. 5C).
However, the reduction observed for Scleraxis expression is
much less than seen for the myogenic genes. Citral inhibition of
RA signalling resulted in an absence of Scleraxis expression in
the dorsal domain of the limb and substantially reduced expres-
sion in the ventral domain (Fig. 5E, 5/5 embryos).

RA treatment does not result in detectable changes in cell
proliferation or cell death

We next asked whether these treatments caused a decrease
in cell proliferation, as RA can induce growth arrest in myogenic
cells (Albagli-Curiel et al., 1993). The limbs of stage 22 embryos
were treated with a bead of tRA, citral and DMSO at the same
concentrations used for the in situ analyses and incubated for 24
hours before collection. At stage 25 dividing cells were detected
using anti-phosphohistone H3 antibody staining on sections and
were present in all treatments in similar numbers and distribution
as the untreated, contralateral control limb, indicating that neither
treatment with excess RA nor inhibition of RA signalling causes
detectable changes in cell proliferation (data not shown).

RA administration has been shown to cause mouse limb
defects partly by inducing massive cell death in developing limbs

!
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Fig.5. Tendon development is responsive to retinoic acid signalling.
The effect of RA (A-C) and citral (D-E) treatments on the expression of
Scleraxis (Scx). The location of beads is identified with grey circles in
(C,E). (A) A whole mountin situ hybridisation with Scleraxis reveals that
compared with the untreated limb bud, there is localised down-regulation
in the proximal limb bud around the position of the bead after RA
treatment (white arrowhead). (B) A section through the embryo in A,
shows the untreated limb bud with normal Scleraxis expression in the
dorsal limb bud (black arrow) and the ventral limb bud (red arrow). (C) A
section of the RA treated limb bud reveals that Scleraxis expression is
reduced proximally both dorsally (compare to black arrow in B) and
ventrally (compare to red arrow in B). Scleraxis expression is down-
regulated after treatment with citral compared with normal expression in
the untreated limb (D), resulting in a residual small domain of expression
in the ventral limb bud (E) (red arrow).
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Fig. 6. Programmed cell death is not increased by application of tRA.
Cell death was assayed by Nile blue sulphate (A-C) and LysoTracker Red
(D) staining of stage 25 chick embryos right forelimbs. (A,D) Dorsal views
of limbs to which a RA bead has been applied to the forelimb (white
arrows) demonstrates that there is no cell death detected around the
bead. (B) A ventral view of the same limb in (A) (limb has been inverted
for ease of analysis) where no cell death can be detected around the
location of the bead (white arrow). A DMSO control bead indicated by a
red arrow (C) does not result in increased cell death. Cell death associ-
ated with sculpting of the limb can be detected in (A,C,D) (black arrow).

(Zakeri and Ahuja, 1994). In particular muscle morphogenesis in
the distal limb is regulated by RA-induced apoptosis (Rodriguez-
Guzman et al., 2006). Therefore, we performed cell death assays
on the limbs of stage 25 embryos treated with beads of tRA and
DMSO at stage 22. Nile blue sulphate staining reveals the
characteristic pattern of apoptosis in the anterior necrotic zone
and the ectoderm, sculpting the shape of the limb during limb
development (Fig. 6A). A bead of tRA, used at the same concen-
tration as used for the in situ analyses described above, does not
induce apoptosis in the limb dorsally (Fig. 6A) or ventrally (Fig.
6B). LysoTracker Red staining after tRA treatment also reveals
that administering tRA at this concentration does not result in
increased apoptosis dorsally (Fig. 6D) or ventrally (not shown)
compared to the control limbs.

Musclecell differentiationin micromass culturesis decreased
by citral and RA treatments

The effect of excess RA or inhibition of RA on terminal myo-
genic differentiation was examined by treating micromass cul-
tures of stage 22 chick forelimbs with 1.75 x 10> M citral,1 x 10
5M RA and DMSO. We determined the concentration of citral by
using the lowest amount that did not result in cell death. The
concentration of RA used was based on that used by others to
study the response of myogenic differentiation to RA (Xiao et al.,
1995). Fresh medium and factor were added every 48 hrs and the
cultures were examined on day 4. Four cultures from each

treatment group were pooled for analysis and the number of
myosin HC positive cells as a proportion of the total number of
cells was counted following citral and RA and treatments. (Cell
counts per culture: DMSO, mean = 429/668, S.D. = 71, citral,
mean = 230/571, S.D. = 24; RA, mean = 245/705, S.D. = 88).
Therefore, compared to controls, citral and RA treatment resultin
myogenic inhibition by 47% and 43% respectively.

Discussion

RA signalling is important in the morphogenesis of many
embryological systems including the hindbrain, the heart and the
eye and but its role during early stages of myogenic specification
and differentiation in the limb is unknown. We analysed the effect
of both inhibiting RA synthesis and applying excess RA on the
limb myogenic progenitors, post migration and at the onset of
differentiation.

In particular we are interested in deciphering which signals that
are involved in differentiation and morphogenesis of limb muscles
are mediated via Meox homedomain transcription factors. Previ-
ously we have reported on the role of the Meox homeobox gene
family in limb muscle development (Mankoo et al., 2003), and we
have demonstrated that Meox2 is a component of the genetic
cascade that regulates skeletal myogenesis in the limb (Mankoo
et al., 1999); and in the chick limb these genes are differentially
expressed: Meox2 is expressed in a broader domain in the dorsal
and ventral limb overlapping Pax3, whereas Meox1 expression is
deeper within the limb and overlaps with MyoD, and there is a
narrow region of overlap of Meox1 and Meox2 (Reijntjes et al.,
2007a). In the work described here, we have studied whether
Meox expression is responsive to RA signalling in the developing
chick limb.

Several studies have investigated the effect of RA on myo-
genic differentiation in the limb. Most studies have focused at late
stages of differentiation and morphogenesis (Robson et al. 1994)
or have used cultures of dissociated muscle: different concentra-
tions of RA have been reported to increase or decrease MyoD
expression in chick limb buds (Momoi et al., 1992). Both citral and
RA treatments altered development of distal limb muscle bellies,
demonstrating that muscle-tendon interactions are mediated in
part by apoptosis regulated by RA signalling (Rodriguez-Guzman
et al., 2006). Conditionally rescued RALDH2 mutant mouse
embryos showed abnormal migration of limb muscle precursors
in the forelimb, but expressed MyoD at E11.5, which could be
interpreted as evidence for there being no requirement for RA for
myogenic differentiation (Mic and Duester, 2004). However, in
that study there was rescue by application of RA to pregnant
mothers, which leads to the possibility that RA-dependent gene
expression had been initiated before the RA was cleared. More-
over, the rescued limb was small and the MyoD expression
occupied a much smaller domain than control limbs. Here we
show that loss of RA signalling within the limb does affect
differentiation of myogenic progenitors. Treatment with the RA
inhibitor citral resulted in down-regulation of expression of myo-
genic genes in both progenitor cells (Pax3 and Meox2, Meox2
down-regulation was greater than that of Pax3) and myoblasts
committed to differentiation (Myf5 and MyoD, MyoD down-regu-
lation was greater than that of Myf5). These results are consistent
with the down-regulation in expression of neural Pax3 and the



myogenic differentiation gene Myogenin in somites in the ab-
sence of RA, as reported in the vitamin A deficient quail (Wilson
et al., 2004; Maden et al., 2000). Additionally, in vivo studies in
zebrafish embryos demonstrated that RA signalling is required for
onset of myogenic differentiation in somites (Hamade et al.,
2006). The decreased expression of MyoD may be direct, as
MyoD expressing cells respond to RA and physically interact with
RXRs to form DNA binding complexes (Froeschle et al. 1998), or
may be a consequence of down regulation of Pax3 and Myf5,
although MyoD induction in Meox2 mutant limbs occurs normally
when Pax3 and Myf5 expressionis reduced (Mankoo et al., 1999).
In summary, these data demonstrate that RA is required for
myogenic commitment and differentiation, but the differential
response of the myogenic genes indicates the requirement for RA
signalling is complex.

Analysis of tRA treated forelimb buds indicates that Meox1
expression is strongly down-regulated throughout the limb bud
whereas Meox2 expression was less affected, with down-regula-
tion only occurring around the location of the tRA soaked bead.
This supports overlapping and unique functions for each gene
within their expression domains, with Meox2 being expressed in
the progenitor cells and Meox1 in deeper layers of differentiated
cells. Interestingly, Meox1 and Meox2 expression is also altered
differentially in explanted neural crest in response to RA, Meox1
expression is up-regulated and Meox2 expression is down-regu-
lated (Williams et al., 2004), indicating that response of Meox
genes to RA is also context dependent, resulting in unique
functions for these closely related genes.

Application of excess tRA induced localised down-regulation
of Pax3 in the chick limb in a manner similar to Meox2. The co-
expression of Meox2 and Pax3 in the chick limb bud (Reijntjes et
al., 2007a) and in migrating limb myoblasts in the mouse, and the
down-regulation of Pax3 expression in these cells in the absence
of Meox2 (Mankoo et al. 1999); strongly implies a role for Meox2,
along with Pax3, in muscle cell specification. In a manner similar
to its affect on Meox1, excess tRA induced strong down-regula-
tion of Myf5 and MyoD expression in the developing limb bud. The
strong effect of both citral and tRA resulting in a broad down-
regulation of gene expression indicates a greater sensitivity to the
concentration of citral and tRA, as it is assumed there is a
decreasing concentration of chemical away from the bead.
Localised down-regulation, conversely, indicates that relatively
high concentrations are required to produce an effect. Both citral
and RA treatment resulted in a severe decrease in the formation
of myosin positive myotubes. The differential sensitivity to RA
shown by Pax3 expressing progenitors and Myf5 expressing
myoblasts is noteworthy, as Pax3 is known to directly regulate
Myf5 expression in the hypaxial somite and limb muscle progeni-
tors (Bajard et al., 2006); and indicates a rapid change in the RA
response as cells switch from a progenitor state to differentiation.
The expression of RA receptors in muscle progenitors (Froeschle
et al.,, 1998) suggests the effects of RA on myogenesis we
observed are direct

The negative effect of RA on Myf5 and MyoD expression has
been observed following RA treatment on primary muscle cul-
tures prepared from dissociated neonatal mouse hind legs, MyoD
transcripts were reduced and Myf5 and MRF4 transcripts were
undetectable (Xiao et al., 1995). Using primary dissociated cul-
tures of 13.5 dpc mouse limb buds and neonatal hind leg muscles
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treated with 10> M RA, these authors also demonstrated RA
treatment resulted in a dramatic loss of MyHC expression. Simi-
larly, in chick, micromass cultures of cells prepared from stage 20
forelimb buds, treated with RA resulted in fewer myogenic cells
differentiating (Robson et al., 1994). In the work described here,
we show that RA treatment resulted in a 43% decrease in MyHC
positive cells in chick micromass cultures. These data strongly
suggest that differentiating limb myoblasts have a greater sensi-
tivity and therefore a different response to RA signalling than
progenitors. Similarly myogenic differentiation showed a similar
response in the somites of vitamin A deficient quail embryos, in
which RA is absent, Myogenin expression was down-regulated
but Myf5 expression was not (Maden et al., 2000). This is also
supported by the observation that the myogenic response of
rhabdomyosarcoma cells to RA is dependent on their differentia-
tion status (Ricaud et al., 2005), and a relationship between
differentiation state and sensitivity to RA has also been reported
in ovarian cancer cells (Caliaro et al., 1994).

RA receptors bind their cognate binding sites via
heterodimerisation with RXR proteins. We analysed the number
of RXR binding sites in 200 bp of sequence upstream and 100 bp
downstream of the transcription start site of each mouse homo-
logue of the myogenic genes using Genomatix Matinspector
software (Cartharius et al., 2005). Interestingly, the number of
RXR sites shows a positive correlation with sensitivity to citral
treatment (MyoD>Meox2>Pax3> Meox1>Myf5), however, this
correlation does not extend to the response to tRA treatment;
indicating that RA function at early stages of myogenesis is
complex.

Loss of gene expression was not due to non-specific effects on
cell death as shown by cell death analyses, ability to induce
Cyp26 expression and the differential response to excess RA.
Moreover, the tRA induced ectopic expression of Cyp26A1 and
Cyp26BL1 in the limb bud mesenchyme is novel as it had been
previously thought that excess tRA could only induce Cyp26
expression in other Cyp26 expression domains, but notin regions
where the Cyp26s are never expressed, for example, ectopic
Cyp26A1 expression can be induced in the developing vascula-
ture, a site of Cyp26B1 expression (Reijntjes et al., 2005).

The development of muscle requires closely integrated differ-
entiation of both myogenic and muscle-associated connective
tissue precursors. RALDH2, the major RA generating enzyme is
expressed in the connective tissue precursors, motor neurons
and vasculature in the chick limb, although not within myoblasts
(Berggren et al. 2001). RA signalling components have been
detected in the developing tendons and muscle in mouse (Abu-
Abed et al., 2002) and chick limbs (Rodriguez-Guzman et al.,
2006) demonstrating RA plays a role at later stages of tendon
development. RA has been implicated in regulating morphogen-
esis of distal muscle and tendons by an apoptosis-mediated
mechanism (Rodriguez-Guzman et al., 2006). However, the role
of RA on tendon progenitors is unknown. We observed down-
regulation of expression of the tendon-specific gene Scleraxis in
response to both excess RA and inhibition of RA signalling.
Significantly, this loss of Scleraxis expression is independent of
the effects of RA on muscle as myogenic and tendon progenitors
initially develop independently (Kardon, 1997), suggesting a
mechanism that coordinates the differentiation of these tissues.

To conclude, we have shown that RA signalling is essential for
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maintenance of premyogenic cells and myogenic commitment
within the limb bud. Excess RA signalling inhibits myogenic
differentiation suggesting that a gradient of RA activity controls
the rate of myogenic commitment. We show that RA signalling is
essential for the early stages of myogenesis and tendon develop-
ment, RA could also modulate the rate of myogenic differentiation
by interactions with tendons and the vascular system at later
stages of morphogenesis. We have shown that both inhibition and
excess RA can negatively effect myogenic differentiation empha-
sizing the importance of an exquisitely controlled local concentra-
tion of RA. Moreover we have shown the response to RA is
dependent on the state of differentiation of limb muscle precur-
sors.

Materials and Methods

Embryos

Fertilised hens eggs (mixed flock, Henry Stewart and Co. Ltd., Louth,
Lincolnshire) were incubated in a humidified atmosphere at 37°C. Em-
bryos were staged according to Hamburger and Hamilton (Hamburger
and Hamilton, 1951).

Experimental manipulation of the forelimb

All-trans-RA (Sigma) was dissolved in dimethyl sulfoxide (DMSO),
(Sigma-Aldrich, USA) to a concentration of 1.33 x 10-2M and incubated
in analytical grade anion exchange resin beads AG1-X2, 100-200 Mesh
Formate Form (Bio-RA). To visualise the beads 1ml of Dulbecco’s MOD
eagle Medium (Gibco) was added. SM2 beads (BioRad) were incubated
in 2.9 x 10-3M Citral (Fluka) in M16 medium (Sigma). Eggs were
fenestrated at 3.5 days after incubation and beads were implanted in the
developing right forelimb of stage 22 embryos. The embryos were then
incubated for 24 h at 37°C and then samples were processed for in situ
hybridisation, or RNA extraction or immunostaining. The all-trans-RA
experiments were controlled by parallel experiments implanting DMSO
soaked beads.

Whole-mount in situ hybridization and sectioning

Digoxigenin (Roche) labelled antisense RNA probes for Meox1, Meox2
and Scleraxis were prepared as described (Reijntjes et al., 2007). Pax3,
MyoD and Myf5 antisense-probes were prepared by Philippa Francis-
West and Cyp26A1 and Cyp26B1 probes were prepared as previously
described (Reijntjes et al., 2005). Whole-mount in situ hybridisation was
carried out using standard procedures, prehybridisation and hybridisation
was carried out at 70°C with a probe concentration of 1 ug/ml and
visualised with digoxigenin antibodies conjugated to alkaline phosphatase
reacted with NBT/BCIP purple (Roche). Embryos were embedded in
3.6ml vibratome embedding mix (gelatine type A, egg albumin, Sigma,
sucrose, BDH), incubated for 2 h at room temperature and then 400 pl
glutaraldehyde (Sigma) was added). Sections were cut at 80 um on a
vibratome (Leica VT 1000S), placed on glass microscope slides and
mounted in glycerol.

Semiquantitative reverse transcription-PCR analysis

RNA was isolated from all-trans-RA, DMSO and Citral treated and
untreated forelimbs by the guanidinium thiocyanate method of Chomc-
zynski and Sacchi (1987). For all semiquantitative RT-PCR reactions,
single-stranded cDNA was synthesised from 1 ug of forelimb RNA. The
cDNA synthesis was achieved by using cloned AMV 1st strand cDNA
synthesis kit (Invitrogen). One microgram of total RNA and 1 ul Oligo(dT)20
primer was heated for 5 min at 65°C and then reverse transcribed at 50°C
for 1 h using 4 pl 5x cDNA synthesis buffer, 1 ul DTT (100 nM), 1 ul
RNaseOUT (40 U/ul) and 1ul cloned AMV reverse transcriptase (15
units/ul) in a 20 pl reaction. The PCR reaction was carried out using 2 pl
of the retrotranscription reaction in a final volume of 50 pl, containing 10x

PCR buffer, 200 uM each dNTPs, 0.2 uM each primer and 1.25 units of
Tag DNA polymerase (New England Biolabs).

Actin and Cyp26B1 primers were designed as previously described
(Reijntjes etal., 2005). For Meox1 primers were designed using GENBANK
accession no. NM_204765 to generate a 403-bp product, for Meox2
primers were designed from NM_001005427 to generate a 368-bp
product. The forward and reverse primers were, respectively:

Meox1l: 5-TGAATTCTCAGCCTCCTGCT-3' and
5-TCTCCTGAGCCTTGTCAGGT-3;
Meox2: 5-TCCCTCAGATGTCGTCTCCT-3’ and

5-ATCTCCTCAGCCTGGTCAAA-3'.

The actin cDNA was co-amplified in each experiment to verify equal
amounts of cDNA in the samples. The amplification reaction was initiated
by incubation of PCR samples at 94°C for 2 min followed by the cyclic
program, 94°C for 30 s, 58°C for 30 s and 72°C for 1 min for 35 cycles for
Cyp26B1 amplification, 94°C for 30 s, 50°C for 30 s and 72°C for 1 min
for 38 cycles for Meox1 and 94°C for 30 s, 55°C for 30 s and 72°C for 1
min for 32 cycles for Meox2. For each primer set, an increasing number
of PCR cycles were performed with otherwise fixed conditions to deter-
mine the optimal number of cycles to be used. PCR reactions were
performed twice with two separate cDNA pools of treated and untreated
forelimb buds and each gene product was verified by sequencing.

Cell proliferation and cell death

Paraffin-wax-embedded tissue sections were processed and mounted
on glass slides. To label proliferating cells a rabbit polyclonal antibody to
the phosphorylated serine 10 residue of histone H3 (anti-phospho-H3)
was used (BD Pharmingen) as a marker of cells entering mitosis (Clayton
etal., 2000). The antibody was used at a concentration of 1:8000 followed
by a Vector ABC Elite kit (Vector Laboratories) to visualise immunoreac-
tivity.

Nile blue sulphate (NBS) staining is a vital stain thatis sequestered into
apoptotic bodies and phagolysosomes found in cells neighbouring apo-
ptotic cells (Allen et al., 1997). All-trans-RA and DMSO treated stage 25
embryos were dissected from extraembryonic membranes and trans-
ferred to 1:50,000 NBS in lactated Ringer’s solution (Kotch et al., 1992)
and incubated at 37°C for 30 min. After staining embryos were rinsed in
cold Ringer’s solution and photographed. LysoTracker Red (LTR) stain-
ing. LTR (Molecular Probes) concentrates in membrane bound, acidic
compartments of cells indicating regions of high phagocytosis and lyso-
somal activity correlating to apoptosis activity (Zucker et al., 1998, 1999).
Embryos were dissected in Hanks and transferred to 24-well plates
containing 1:100 LTR in fresh Hanks warmed to 37°C. This was removed
and replaced with 1:3 LTR in Hanks, plates were covered and incubated
at 37°C for 30 min. After staining embryos were rinsed 4x5 min with Hanks
and fixed overnight in 4% paraformaldehyde (Sigma) at 4°C. Embryos
were rinsed in PBS, dehydrated in 100% MeOH and viewed under
fluorescence in MeOH.

Micromass culture

The ectoderm of stage 22 chick forelimbs was removed following
treatment with cold trypsin. The mesenchyme was then disaggregated
and the cells were suspended in modified F-12 tissue culture medium
(Gibco advanced DMEM/F12 + 2 mM L-glutamine + 100 units/ml penicil-
lin, 100 pg/ml streptomycin + 10% foetal calf serum (Gibco). The cells
were plated out in 10 pl drops at a final density of 2 x10° cells per 10 pl.
The cultures were then incubated at 37°C with 5% CO, for 1 hour and then
flooded with modified F-12 medium. RA was added to the medium
resulting in a final concentration of 10-°M, DMSO was added at equivalent
amounts to RA (1 ul/ml) and citral added in a final concentration of 1.75
x 10> M. Medium, plus reagents, was replaced every 48 hrs. On day 4
after plating, cells were fixed for immunohistochemical staining.

Immunohistochemistry
Cells were washed three times with PBS and then fixed on the plates



with 4% PFA for 10 min. After two washes with PBS, non-specific proteins
were blocked by incubation with PBS/5% horse serum for 5 mins. Pan
myosin MyHC antibody (a gift from Simon Hughes) was diluted with PBS/
2% horse serum and added onto the plates and incubated overnight at
4°C and then washed 3 times with PBS. Subsequent incubation was
performed at 4°C overnight with peroxidase labelled anti-mouse IgG
(H+L) secondary antibody (Vector laboratories), diluted 1 in 500 in PBS/
2% horse serum. Substrate solution made from DAB tablets (Sigma)
following manufacturer’s instructions was used to stain the plates for 5
min. Staining was recorded with microscopic photography and cell counts
performed for each treatment (four separate micromass culture samples
each).
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