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Pax7 Lineage Contributions to the Mammalian Neural
Crest
Barbara Murdoch1,2, Casey DelConte2, Martı́n I. Garcı́a-Castro2*

1 Biology Department, Eastern Connecticut State University, Willimantic, Connecticut, United States of America, 2Department of Molecular, Cellular and Developmental

Biology, Yale University, New Haven, Connecticut, United States of America

Abstract

Background: Neural crest cells are vertebrate-specific multipotent cells that contribute to a variety of tissues including the
peripheral nervous system, melanocytes, and craniofacial bones and cartilage. Abnormal development of the neural crest is
associated with several human maladies including cleft/lip palate, aggressive cancers such as melanoma and
neuroblastoma, and rare syndromes, like Waardenburg syndrome, a complex disorder involving hearing loss and pigment
defects. We previously identified the transcription factor Pax7 as an early marker, and required component for neural crest
development in chick embryos. In mammals, Pax7 is also thought to play a role in neural crest development, yet the precise
contribution of Pax7 progenitors to the neural crest lineage has not been determined.

Methodology/Principal Findings: Here we use Cre/loxP technology in double transgenic mice to fate map the Pax7 lineage
in neural crest derivates. We find that Pax7 descendants contribute to multiple tissues including the cranial, cardiac and
trunk neural crest, which in the cranial cartilage form a distinct regional pattern. The Pax7 lineage, like the Pax3 lineage, is
additionally detected in some non-neural crest tissues, including a subset of the epithelial cells in specific organs.

Conclusions/Significance: These results demonstrate a previously unappreciated widespread distribution of Pax7
descendants within and beyond the neural crest. They shed light regarding the regionally distinct phenotypes observed
in Pax3 and Pax7 mutants, and provide a unique perspective into the potential roles of Pax7 during disease and
development.
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Introduction

Unique to vertebrates, multipotent neural crest cells are found

during early embryonic development, and in limited but specific

regions in the adult [1–4]. The neural crest arises between the

neural plate and non-neural ectoderm, and migrates extensively to

numerous locations throughout the body, where they contribute to

a wide range of cell and tissue derivatives.

Neural crest cells can be operationally defined based on their

position within the anterior/posterior neural axis; cells at a given

axial level follow distinct migratory routes and differentiate into

a predictable array of progeny at their final destination [5–7].

From anterior to posterior, the axis can be roughly divided into

three groups: the cranial, cardiac (also termed vagal), and trunk

(including the sacral) neural crest. The cranial crest migrates

dorsolaterally into the head region to produce cells including

neurons, glia, and craniofacial mesenchyme such as various

connective tissues (muscle, bones and cartilage) [6,8–10]. Also

produced by the cranial neural crest are thymic cells, the tooth

primordia, and the bones of the middle ear and jaw. A forward

migration of the cranial crest can also deposit cells into the

frontonasal process. The cardiac neural crest cells migrate to the

3rd, 4th and 6th pharyngeal arches, which contribute to the muscle

and connective tissue of the walls of the aortic arch arteries and the

aorticopulmonary septum [11]. In the trunk, neural crest cells

migrate either dorsolaterally to produce melanocytes, or ventro-

laterally to produce cells of the peripheral nervous system (the

dorsal root, sympathetic and parasympathetic (enteric) ganglia)

[5]. The sacral neural crest, found in mice posterior to somite 28,

also contributes to cells of the peripheral ganglia [7,12].

The broad spectrum of neural crest tissue derivatives is equally

matched by their excessive participation in disease. In humans

developmental abnormalities attributed to the neural crest include

defects of the heart (mostly of the outflow tract), craniofacial

development (cleft lip/palate), peripheral nervous system (familial

dysautonomia) and certain cancers including melanoma and

neuroblastoma [13,14].

During embryonic development, neural crest induction is

initiated by a few signaling molecules such as BMP, FGF, and

Wnt [15–17], which lead to the sequential up-regulation of

transcription factors in neural crest precursors. The first cohort of

transcription factors, including Pax3, Pax7, Zic1, Msx1 and Msx2,

specify the neural plate border. This in turn initiates the expression

of a second marker set, including Sox9, Sox10, FoxD3, AP-2, c-

Myc, that specify the neural crest [18,19]. These signals are further
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combined with additional downstream effectors to enable the

proliferation, survival, detachment, migration and differentiation

of neural crest cells. Even though mutations of several of these

genes have been shown to alter specific neural crest derivatives, it

is not yet clear what are the specific contributions of each

transcription factor, nor their collaborative effects, downstream

targets, or how these contribute to the production of neural crest-

derived cells.

Our laboratory has identified the paired box domain transcrip-

tion factor, Pax7, as one of the earliest markers of avian neural

crest cells, and demonstrated its requirement for avian neural crest

development [20]. However the lineage contributions of Pax7

precursors to mammalian neural crest development are unknown.

In the E8 to E14 mouse embryo, Pax7 expression is detected in

regions of the developing neural crest (the dorsal neural tube,

cranial neural folds) [21–23]; regions not typical of the developing

neural crest (brain, olfactory epithelium, frontonasal region, and

somites) [22,24,25]; and in varied but restricted regions postnatally

(frontonasal region, skeletal muscle satellite cells, brain and

pituitary) [21,26–28].

To date, transgenic mice have shown that the Pax7 lineage

includes fat, dermis, muscle [29,30]; olfactory neurons, ensheath-

ing glia and supporting cells [25]. However, the Pax7 expression

profile suggests a broader lineage potential for Pax7 descendants,

like that seen for its closest Pax family member, Pax3 [31,32].

Using transgenic mice, we expand the repertoire of lineages

contributed by Pax7, with emphasis on the neural crest. In doing

so, we identify some interesting similarities between the Pax3 and

Pax7 lineages, within and outside of the typical neural crest.

Results

Spatiotemporal Expression of Neural Crest Markers
Including Pax7 in the Early Mouse Embryo

Pax7 is one of the earliest markers of, and required for, neural

crest development in the chick [20,33]. However, the contribution

of Pax7 precursors to mammalian neural crest tissues has not been

determined. In the mouse, in situ showed Pax7 expression

beginning at E8.0 through E14, in the closed neural tube,

developing brain, nasal region and somites [21–23]. Using

immunohistochemistry on E7.5 to E9.5 C57BL/6 embryos, we

determined the spatiotemporal expression of Pax7 protein at the

cellular level. We first detected Pax7 protein prior to neural tube

closure at E7.5, at the tips of the lateral neural folds (Fig. 1A). At

this early stage, Pax7+ cells form only a subpopulation of the larger

expression domain of the neural crest, as indicated by the neural

crest markers, AP2-a, Sox10 and Pax3 (Casey DelConte and

Martı́n Garcı́a-Castro, unpublished data). By E8.5 both the neural

folds and cephalic mesenchyme contained small numbers of Pax7+
cells (Fig. 1B). Pax7 expression was more widely detected at E9.5

in the rostral neural tube (Fig. 1C), but markedly absent from the

caudal neural tube (Fig. 1D), consistent with the suggestion that

the Pax7 lineage contributes more highly to cranial regions [23].

In contrast to Pax7 expression, Pax3 expression was more readily

detected in the caudal compared to rostral neural tube (Fig. 1E,F).

Sox9+ (Fig. 1C,D) and Sox10+ cells (Fig. 1E,F) were seen mostly in

the branchial arches (together with AP2-a+ cells), with rare cells in

the dorsal neural tube. AP2-a+ cells were also detected in the

developing ectoderm (Fig. 1C,D). From E10 to postnatally, Pax7

expression continues in the frontonasal region [21,24,25], skeletal

muscle and in the pituitary gland [21,26–28], confirming earlier

studies (data not shown). These results indicate the early

Figure 1. Spatiotemporal expression of neural crest markers including Pax7 in E7.5 to E9.5 mouse embryos. In C57BL/6 embryos,
immunohistochemistry detects Pax7 (red) in A,B) the E7.5 to E8.5 lateral neural folds (NF; arrows); B) the E8.5 cephalic mesenchyme (arrowhead). Dapi
(blue) is a nuclear stain. C,E) and D,F) are serial sections from the same axial level at E9.5. C) Pax7 is detected in the rostral (arrow), but not D) caudal
(arrowhead), dorsal neural tube, whereas F) Pax3 (green) is more highly expressed in the caudal (arrowhead) and not E) rostral (arrow) neural tube.
C,D) AP2-a+ cells (green) are seen mostly in the ectoderm; rare AP2-a+ cells are seen together with Sox9+ (blue) and E,F) Sox10+ cells (blue) in the
branchial arches (BA); Msx1+ cells (red) were undetected in these sections. Note that rounded cells adjacent to the neural tube are background, which
appear also in the negative controls. Scale bars in A–D 2100 um.
doi:10.1371/journal.pone.0041089.g001

The Pax7 Lineage in the Neural Crest
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expression of Pax7, in more rostral regions of the mouse, which

includes a subpopulation of presumptive neural crest precursors.

Pax7-cre/reporter Mice for Lineage Tracing Neural Crest
Derivatives

To determine if Pax7 could identify precursors whose progeny

contribute to neural crest tissues, we crossed Pax7-cre transgenic

mice, driving Cre recombinase from the Pax7 locus, to

Gt(ROSA)26Sortm(EYFP)Cos reporter mice (hereafter termed ROSA

YFP) [34], to fate map Pax7 descendants. Following Cre-mediated

recombination in double transgenic Pax7-cre/ROSA YFP mice,

a floxed stop cassette is excised allowing for the continued

expression of YFP in Pax7-expressing precursors and their

progeny, even after Pax7 expression ceases. The transgenic

reporter line Gtrosa26tm1Sor (hereafter termed ROSA LacZ), that

expresses ß-galactosidase protein from the ROSA26 locus [35],

produced a similar expression pattern after Pax7-cre mediated

excision.

We determined if Pax7-cre/ROSA YFP mice faithfully reported

according to endogenous Pax7 expression, by comparing the YFP

expression pattern, to that seen in multiple independent transgenic

lines, including some whose reporter expression occurred in-

dependent of recombination. Similar expression patterns were

seen in age-matched Pax7 LacZ (Fig. 2A,D), Pax7-cre/ROSA

YFP (Fig. 2B), Pax7-cre/ROSA LacZ (data not shown and [36])

and Pax7-ZsGreen [37] transgenic mice, each recapitulating the

expression domains of endogenous Pax7 [23,38]. Additionally, in

E11.5 Pax7-cre/ROSA YFP embryos, co-expression of Pax7

protein with YFP was detected in the dermomyotome (not shown),

olfactory epithelium, neural tube, and frontonasal mesenchyme

(Fig. 2G–I) [25]. Littermate controls of Pax7-cre/ROSA YFP

embryos, having only a single or entirely lacking transgenic alleles,

did not express YFP (Fig. 2C).

Consistent with Pax7 expression, at E8.5 in Pax7-cre/reporter

embryos, a few YFP+ cells were first detected in the cephalic

mesenchyme and lateral neural folds [25] (and data not shown). By

E9.5, Pax7 descendants (LacZ+) were detected in the midbrain,

hindbrain, dorsal neural tube, frontonasal region, and in migratory

neural crest cells emigrating from the dorsal neural tube to the

branchial arches (Fig. 2E,F). Combined our results provide

evidence validating the use of Pax7-cre/reporter mice to follow

Pax7 descendants in the neural crest. Using these Pax7-cre/

reporter mice we traced, the cranial, cardiac and trunk neural

crest lineages.

Figure 2. Pax7-cre/reporter mice for lineage tracing neural crest derivatives. A,B,D) Equivalent Pax7 expression domains are seen in the
frontonasal region (arrows) and neural tube (arrowheads) of E11.5 mouse embryos from different Pax7 transgenic lines: A,D) Pax7 LacZ (LacZ stain)
and B) Pax7-cre/ROSA YFP (endogenous YFP expression). C) A littermate control, lacking YFP expression. E,F) E9.5 Pax7-cre/ROSA LacZ embryos show
LacZ stain in neural crest regions, such as the frontonasal region (arrow) and cells leading to the pharyngeal arches (arrowheads). Box in (E) magnified
in (F). G–I) In E11.5 Pax7-cre/ROSA YFP embryos, co-expression of Pax7 (red) and YFP reporter (green) can be detected in G) the neural tube (NT), H,I)
olfactory epithelium (OE) and frontonasal mesenchyme (FNM; arrows). Inset highlights boxed region. Scale bars in G–I 100 um.
doi:10.1371/journal.pone.0041089.g002

The Pax7 Lineage in the Neural Crest

PLoS ONE | www.plosone.org 3 July 2012 | Volume 7 | Issue 7 | e41089



The Pax7 Lineage Contributions in the Cranial Region
In the cranial region of E15.5 Pax7-cre/reporter mice, both

neural crest and non-neural crest recombinants were detected

(Fig. 3). LacZ+ cells were seen in the brain, skin and nose

(Fig. 3A,B). In the skull, cranial crest derivatives arising via the

Pax7 lineage included subpopulations of cells of the frontal,

parietal and interparietal bones (Fig. 3A–D). Below the skull,

recombinants were detected in the connective tissue and meninges

(Fig. 3D). In Pax7-cre/ROSA YFP mice, YFP+ cells were seen in

postnatal day 5 teeth (Fig. 3E), and at E15.5, in the trigeminal

ganglia and hindbrain, independent of Sox9+ precursors (Fig. 3F).

Sagittal sections of the head showed LacZ+ cells in the pre-

sumptive neural crest tissues of the whisker follicles, the frontonasal

mesenchyme, olfactory epithelium and cartilage of the septum

(Fig. 3G–I). Interestingly, recombinant cells were more highly

detected in the lateral cartilage (93.560.8%, p,0.001) compared

to medial cartilage of the septum (14.961.3%) (Fig. 3G–I). These

results show the widespread contributions of the Pax7 lineage to

numerous cranial tissues, some with distinct spatial patterns.

Limited Cardiovascular Tissue Derived through the Pax7
Lineage

Compared to the cranial neural crest, and in contrast to the

Pax3 lineage [31], there were limited contributions of the Pax7

lineage to cardiovascular tissues. Faint LacZ+ cells were seen in

wholemount hearts from E9.5 Pax7-cre/ROSA LacZ embryos

(Fig. 4A). Although in sections of E15.5 samples, few LacZ+ cells

were readily detected in the heart and thymus (Fig. 4B), the

pulmonary valve (Fig. 4C), the arch of the aorta just proximal to

the entrance site for the ductus arteriosus (Fig. 4D,E), and in the

brachiocephalic (Fig. 4F) and carotid arteries (data not shown).

These results indicate a limited contribution of the Pax7 lineage to

cardiovascular tissues and the cardiac neural crest.

Pax7 Contributions to Trunk Neural Crest.
Trunk sections of Pax7cre/ROSA YFP and LacZ embryos

showed recombinant+ cells (YFP+ or LacZ+) in the dermomyotome,

neural tube, commissural axons, and dorsal root ganglia (DRGs;

Fig. 5A–H). At E11.5 (Fig. 5A–C) and E15.5 (Fig. 5D–H), the

neuronal antigens TUJ1 (Fig. 5A–C), P75 (Fig. 5E) and peripherin

(Fig. 5F,H) were widely expressed throughout DRG neurons.

However, only a subset of DRG neurons (4.560.7%; 32/702

TUJ1+ neurons counted), arises via the Pax7 lineage (Fig. 5A–H).

Pax7 progeny also included subsets of presumptive enteric neurons

surrounding the outer portion of the gut, and epithelial cells lining

the gut (Fig. 5I,J), sympathetic tissue and cells of the adrenal gland

(Fig. 5K,L). These results indicate a broad, albeit restricted,

contribution to the trunk neural crest by the Pax7 lineage.

The Pax7 Lineage in Non-neural Crest Regions
Our focus was primarily on neural crest derivatives, however we

examined tissues not commonly associated with the neural crest, as

some were previously reported in the Pax3 lineage [31], the closest

Pax family member to Pax7. After histochemical staining, E15.5

Pax7-cre/ROSA LacZ embryos appeared mostly LacZ+ (Fig. 6A).

In wholemount, Pax7 descendants were detected in the lung, liver,

Figure 3. The Pax7 lineage contributions in the cranial region. LacZ/YFP expression in E15.5 Pax7-cre/ROSA reporters is detected in multiple
cranial regions that include: A,B) the brain (asterisks), skull, skin and nose; A–C) in the nasal (n) region, interparietal (i), parietal (p) and frontal (f) bones
of the skull (viewed in (C) with brain removed); D) frontal bone (f), meninges (m) and connective tissue (c; arrows inset). E,F) YFP reporter (green) is
detected in teeth (postnatal day 5 (P5)), and the trigeminal ganglia (arrow, F) near Sox9+ cells (red, F). DAPI nuclear stain in blue. G–I) Pax7-cre/ROSA
LacZ mice express LacZ in the nasal cartilage, cells of the frontonasal mesenchyme (FNM), olfactory epithelium (OE) and whisker follicles (wf).
Arrowheads in (G–I) show distinct border between dense and diffuse recombination+ cells in cartilage. Note (C) has been cropped in Photoshop for
aesthetics. Sections are sagittal (D–H) and coronal (I). HB –hindbrain, NC –nasal cavity, sep -septum. Scale bars in D,F,G,I-500 um; E,H, inset -200 um.
doi:10.1371/journal.pone.0041089.g003
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thymus (data not shown), skeletal muscle (Fig. 6A) and gut

(Fig. 6C). Unlike the Pax3 lineage, Pax7 descendants were not

detected in the kidney. In the paws, LacZ+ cells were restricted to

the presumptive carpal bone primordium (Fig. 6A,B).

Sections revealed a more detailed analysis of the cells and tissues

to which Pax7 descendants contribute. A striking finding for the

Pax7 lineage was their contribution to only a subset of seemingly

homogeneous cell populations within certain tissues. In the eye

LacZ+ Pax7 descendants contributed to subsets of cells in and

around the lens, neural retina, presumptive ocular muscles and

eyelids (Fig. 6D–F). A similar trend was found in the stomach

lining (Fig. 6G–I), pancreas (including acinar cells, Fig. 6J), gut

lining (Fig. 6K,L) and skin (Fig. 6M,N), where each contained

a population of cells formed in part by Pax7 derivatives. In

addition to the underlying connective tissue, the skin contained

Pax7 derivatives in the epidermis and dermis that showed a distinct

regional boundary, with positive cells in the back skin that went

midway around to the belly (Fig. 6M,N). Non-fluorescent de-

tection of YFP revealed Pax7 lineage contributions to lung

bronchioles (Fig. 6P), liver (Fig. 6Q) and, consistent with the

detection of lineage+ cells in the E9.5 otic vesicle (Fig. 2E,F), cells

in the cochlea of the ear (Fig. 6O). Similarly, Wnt-1-cre and Pax3-

cre lineages contribute to the otic vesicle and inner ear [32]. These

results show a previously unappreciated diversity for the Pax7

lineage throughout the body, including overlap with some of the

Pax3 and Wnt-1 lineages [31].

Discussion

Using transgenic mice, we mapped the Pax7 lineage focusing on

the neural crest. Consistent with the predominance of craniofacial

defects seen in Pax7 mutants [23], we found a higher contribution

of Pax7 descendants in the cranial compared to either cardiac or

trunk neural crest (Fig. 3–5). More globally, Pax7 descendants

showed two interesting traits: 1. a regional pattern especially

evident in the head cartilage (Fig. 3), and 2. within specific tissues,

contributions to only a subset of cells in a presumed homogeneous

population (Fig. 3–6). Our results reveal a previously unappreci-

ated widespread distribution of Pax7 descendants, within and

beyond the neural crest.

Although neural crest derivatives were prevalent in the Pax7

lineage, many Pax7 descendants were found outside of the

ectoderm-derived neural crest tissues. The lining of the stomach,

pancreas, gut and lungs each contained Pax7 descendants, as did

cells in the liver (Fig. 6), indicating endoderm derivatives. Thus,

together with the mesoderm derivatives, muscle and fat [29,30],

Pax7 precursors contribute to tissues derived from all three germ

layers.

Pax7 in the Neural Crest Lineage: Comparisons to Wnt1-
cre Mice

Previous studies have fate mapped the neural crest lineage using

transgenic mice [39,40], with the most common and extensive

neural crest labeling detected with the Wnt1-cre driver [41–43].

Neural crest cells targeted by Wnt1-cre label descendants in

craniofacial structures, olfactory, cardiac, endocrine, peripheral

and enteric nervous system derivatives [41–44]. Here, in neural

crest derivatives, we highlight the most pronounced distinctions

between Wnt1 and Pax7 descendants.

Like Wnt1-cre, Pax7-cre mice targeted neural crest cells at all

axial levels, but in contrast labeled only relatively small

subpopulations of certain neural crest derivatives (Fig. 3–5).

Wnt1-cre mice label more cells in the frontal and interparietal

bones of the skull [42] main arteries surrounding the heart [43],

and in the DRGs [45]. Pax7, but not Wnt1 descendants,

Figure 4. Limited cardiovascular tissue derived through the Pax7 lineage. A–F) Recombination+ cells (LacZ+) are found in the heart and
blood vessels of Pax7-cre/ROSA LacZ mice. A) Wholemount E9.5 embryos show faint LacZ+ cells in the heart (arrow). Inset shows lower magnification
of panel. B–F) E15.5 sections show small populations of LacZ+ cells (arrows) in the B) heart, thymus (asterisk and inset), C) pulmonary valve (PV), D,E)
aorta (Ao) and F) inner (arrow) through outer (arrowhead) layers of the brachiocephalic artery (BA). Boxes show magnified region in separate panel.
PT –pulmonary trunk. Scale bars in B 2500 um; insets, C–F 2200 um.
doi:10.1371/journal.pone.0041089.g004
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contribute to the parietal bone in a mosaic pattern, although these

are likely derived from the mesoderm [42,46]. Such a mosaic

pattern is evident in multiple tissues (Fig. 5,6; olfactory and gut

epithelia, inner ear, lung, pancreas, etc.), and consistent with

patterns seen using several different Cre drivers (Pax7-, Wnt-1-,

Pax3-, Bmi-, Id2- cre) [25]. These patterns suggest the input of

multiple progenitors to certain tissues, thus allowing for compen-

sation by alternate progenitors after progenitor loss, to maintain

tissue integrity. This is supported by the only mild defects seen in

Pax7 mutants at birth [23].

Despite these differences, in certain cranial crest derivatives, like

the frontonasal mesenchyme and olfactory ensheathing glia,

similar proportions of labeled cells are seen in both Wnt1-cre

and Pax7-cre/reporter mice [25,44,46,47]. This pattern suggests

a convergence of the Pax7 and Wnt1-derived neural crest lineages,

at least in some regions.

Regional Restrictions in the Pax7 Lineage
Of particular interest regarding the Pax7 neural crest lineage is

the distinct regional restriction of labeled cells where approxi-

mately 6 times more Pax7 descendants populated the lateral

compared to the central head cartilage (Fig. 3; 93.5% vs 14.9%).

This pattern could arise either through the seeding of more Pax7

derivatives in the lateral compared to medial septum or by the

preferential expansion and/or survival of the lateral Pax7

derivatives. A more detailed examination using BrdU labeling

and apoptosis assays would provide a better understanding of the

development of this head cartilage.

The Pax7 Compared to Pax3 Lineage
Of the 9 mammalian Pax genes, Pax7 is most structurally

similar to Pax3, each having a paired domain, octapeptide region

and homeodomain, and together form the Pax subgroup III

[48,49]. Since Pax7 and Pax3 have only partially overlapping

expression domains, one would predict both common and distinct

descendants. When Cre is inserted into exon 1 of Pax3, and thus

faithfully recapitulates the endogenous Pax3 expression domain,

Pax3 descendants can be found in the dorsal neural tube, somites,

skeletal muscle, adrenal gland and facial structures [31]. Here we

report a very similar pattern of derivatives generated by Pax7

progenitors (Figs 2, 3, 4, and 5). Additional derivatives common to

both Pax7 and Pax3 lineages include the ear, colon epithelia,

stomach (Fig. 5,6) and olfactory epithelium [31,50,51]. Unlike

Pax3 descendants [31], Pax7 descendants were not detected in the

kidney.

In certain tissues, like the enteric plexus and cardiac neural

crest, the Pax7 lineage was less prevalent than the Pax3 lineage

[31]. This is reflective of the loss of enteric ganglia and severe

cardiovascular defects seen in homozygous Pax3 ‘‘Splotch’’ mutants

[51–53], but absent from Pax7 mutants [23].

The Pax7 lineage was detected in some tissues where Pax3

descendants have not been reported - the presumptive carpal

cartilage, lens and neuroepithelium of the eye, cells in the liver,

pancreas, skin epithelium, and lung bronchioles (Fig. 6, and data

not shown). The differences between the Pax7 and Pax3

derivatives reflect the divergent regulation of Pax7 compared to

Pax3 expression. Given this diverse range of Pax7 derivatives it is

intriguing to speculate that defects in survival and/or turnover of

cells in the pituitary [26], lung, liver, gut, etc., may similarly, and

in addition to muscle stem cell defects, contribute to the stunted

neonatal size and death of Pax7 mutants.

Pax7 Progenitors -multipotent or Restricted?
Pax7 progenitors contribute to many different tissues and cell

types, representing derivatives that are distributed throughout the

body from each of the three germ layers. Are Pax7 progenitors

then multipotent, or do they instead represent varying yet more

restricted progenitors? The Cre-LoxP lineage-tracing approach

used in this study loyally marks progenitors that expressed Pax7,

however it does not allow one to match the precise time and region

of emergence of a Pax7+ precursor with its contributions to

specific tissues and cell types. Timely inducible promoters and/or

enhancer specific strategies offer better-fitted alternatives for this

purpose. A previous study induced Pax7-cre expression with

tamoxifen at varying developmental stages, and tested for reporter

expression one day later [30]. Injections on E7.5 (the first time

point to reveal Pax7 derivatives), showed a few labeled cells near

the dorsal neural tube, indicative of neural crest, whereas cells

labeled on E8.5 included the cephalic neural crest and craniofacial

region (in addition to parts of the brain, spinal cord, and somites).

After injections between E9.5 to E13.5, labeling persisted in the

craniofacial region, spinal cord and somitic tissues. Our detection

of Pax7 protein at E7.5 to E9.5 in the neural folds, cephalic

mesenchyme and rostral dorsal neural tube (Fig. 1), and later in

the frontonasal mesenchyme and olfactory epithelium (Fig. 2 and

[25]), together with our lineage tracing results, are in agreement

with and compliment this study. In most of the tissues with Pax7

lineage contributions, we did not detect Pax7 expression and

hence could not identify a tissue-specific Pax7 precursor. These

findings are also supported by the induction experiments [30] and

demonstrate the dynamic nature of Pax7 progenitors during

different stages of development. That these labeled cells are indeed

Pax7 descendants is likely, since our labeling pattern is consistent

with multiple transgenic lines, even those whose reporter

expression is independent of recombination (Fig. 2) [23,36–38].

Additionally, YFP could be detected coincident with endogenous

Pax7 expression (Fig. 2 and data not shown) [25]. Future studies

using clonal analyses of individual Pax7+ progenitors will reveal

their potency and help to dissect the molecular pathways leading

to the differentiation of specific cell types.

Conclusion
Here we used Pax7-cre/reporter double transgenic mice to

identify the Pax7 lineage in the neural crest. We found the Pax7

lineage contributed more highly to the cranial compared to either

cardiac or trunk neural crest. Two patterns formed by Pax7

descendants were notable: 1. a regionally restricted pattern in the

cranial cartilage and 2. contributions to only a subset of seemingly

identical cells, within a given tissue. Outside of the neural crest, the

Pax7 lineage was widespread, contributing to sensory organs, the

Figure 5. Pax7 contributions to trunk neural crest. A–C) At E11.5 and D–H) E15.5 in Pax7-cre/ROSA reporter mice, Pax7 descendants (YFP+ or
LacZ+, respectively) are detected in the neural tube (NT), including commissural axons (asterisk), dermomyotome (DM) and dorsal root ganglia (DRG).
A–C) Only a subset of the total DRG neurons (TUJ1+, red) arise through the Pax7 lineage (YFP+, arrow). Neurons throughout the DRGs express E) P75
(red) and F,H) peripherin (red), including D–H) LacZ+ Pax7 descendants (arrows). In E,H), the LacZ signal (green) was pseudocolored in Photoshop. I,J)
Within the physiological umbilical hernia, subsets of Pax7 descendants (LacZ+) are detected in the lining of the midgut (white arrow) and
presumptive enteric neurons (black arrow, J), K,L) sympathetic tissue (arrows) and adrenal gland (all E15.5). Boxes show magnified region in adjacent
panel. DA-dorsal aorta. Scale bars in A,I,K -500 um; B,C,F,J,K magnified region 2200 um.
doi:10.1371/journal.pone.0041089.g005
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lining of organs, and parts of the digestive system. We thus

uncover a previously unappreciated broad tissue and cell diversity

for the Pax7 lineage, which may help to better understand the

development and function of these structures. Our results

additionally, have implications for regenerative medicine, as

future studies dissect the molecular regulation required to direct

the differentiation of Pax7 precursors to specific cell types.

Materials and Methods

Ethics Statement
All experimental procedures were specifically approved (pro-

tocol # 2009-11115) and performed in accordance with the Yale

Animal Resources Center and Institutional Animal Care and Use

Committee policies.

Transgenic Mice
Pax7 ICNm mice (C57Bl/6; termed Pax7-cre throughout the

paper), obtained from Mario Capecchi [36], were crossed with

either C57Bl/6 female Gt(ROSA)26Sortm(EYFP)Cos mice [34], ex-

pressing enhanced yellow fluorescent protein from the ROSA26

locus (termed ROSA YFP throughout the paper) or Gtrosa26tm1Sor

[35], expressing ß-galactosidase protein from the ROSA26 locus

(termed ROSA LacZ throughout the paper). Mouse reporter lines

were gifts from Diane Krause. Both reporter lines produced

a similar reporter expression pattern after Pax7-cre mediated

excision. Both Pax7-cre/ROSA YFP and Pax7-cre/ROSA LacZ

double transgenic mice, where Cre recombinase expression is

under the control of the endogenous Pax7 regulatory elements,

express the reporters without disrupting Pax7 function [36]. Mice

were genotyped using PCR for Pax7, the Cre knock-in allele of

Pax7 [36], and the modified ROSA26 allele containing either YFP

[34], or LacZ [35]. Pax7 primers located within Pax7 exon 10 59-

GCTCTGGATACACCTGAGTCT-39; 59-

TCGGCCTTCTTCTAGGTTCTGCTC-39 (ck118 and ck256

respectively; wildtype 465 bp product) were combined with an

IRES-Cre primer 59-GGATAGTGAAACAGGGGCAA-39 (ck172;

340 bp product) [36]; ROSA YFP primers: Rosa1 59-

AAAGTCGCTCTGAGTTGTTAT-39 and Rosa3 59-

GGAGCGGGAGAAATGGATATG-39 (wildtype ROSA locus,

650 bp product); Rosa3 and YRF 59-CGACCACTACCAGCA-

GAACA-39 (ROSA26 YFP, 850 bp product); ROSA LacZ

primers: Rosa1 59-AAAGTCGCTCTGAGTTGTTAT-39 and

Rosa2 59-GCGAAGAGTTTGTCCTCAACC-39 (wildtype

ROSA locus 650 bp, ROSA26 LacZ 350 bp product). PCR

parameters: 35 cycles of 95uC 30 seconds, 58uC 30 seconds, 72uC
60 seconds. Efficiency of Cre-lox recombination was verified by

the specific co-localization of Pax7 with YFP proteins in Pax7-cre/

ROSA YFP embryos and the similar reporter expression patterns

detected in Pax7-LacZ [38], Pax7-Zs-green [37] and Pax7-cre/

Gtrosa26tm1Sor mice [36]. For each time point, at least three Pax7-

cre/reporter positive embryos or mice were analyzed.

Tissue Preparation
Mice were sacrificed in a CO2 chamber, perfused with cold PBS

and 4% paraformaldehyde (PFA) in PBS and post-fixed in 4%

PFA at 4uC [54]. Embryos were immersion-fixed in 4% PFA

overnight. The day of vaginal plug was defined as E0.5. Tissues

were cryoprotected in sucrose, embedded in either Tissue-Tek

medium (OCT; Sakura Finetek, Torrance, CA) or gelatin and

frozen in liquid nitrogen. 12 mm sections were stored at –20uC for

subsequent analysis.

Immunohistochemistry
Sections were immersed in PBS, permeabilized in 0.1% Triton-

X-100/PBS and blocked with 4% normal serum prior to primary

antibody incubation. Secondary antibodies (1:200) used were of

specific isotypes conjugated to biotin (Vector labs), Alexa 568 or

Alexa 488 (Invitrogen Molecular Probes). Primary antibodies used:

mouse anti-rat bIII tubulin (neuron-specific tubulin-TUJ1, 1:500)

Covance; mouse anti -Pax7, Developmental Studies Hybridoma

Bank (developed by Kawakami, A), rabbit anti-GFP (1:400, to

detect YFP), Millipore. Note: all YFP panels show anti-GFP

immunofluorescence that was confirmed using non-fluorescent

VIP immunohistochemistry with anti-GFP antibodies (as seen in

Fig. 6O–Q), with the exception of the YFP-containing panels in

Fig. 2B,C which detect endogenous YFP fluorescence. Nuclei were

stained with 0.5 ug/ml diaminopyridine imidazole (DAPI) and

sections coverslipped in Vectashield (Vector Laboratories, Burlin-

game, CA) for fluorescent antigens or 50% glycerol for VIP. All

images were visualized with either a Nikon dissecting scope or

Nikon Eclipse 80 i microscope using a SPOT camera (SPOT

Diagnostic Instruments Inc.) with SPOT software (v4.5) and

compiled using Adobe Photoshop CS4.

Histochemistry
Lac Z histochemistry was performed on wholemounts or

cryosections postfixed in 4% PFA, permeabilized in 0.1%

Triton-X-100 and washed in PBS before adding staining buffer

(2 mM MgCl2, 0.01% deoxycholate, 0.02% Nonidet-P40, and

100 mM NaPO4, pH 7.3) containing 1 mg/mL X-gal, 5 mM

potassium ferrocyanide, and 5 mM potassium ferricyanide.

Staining proceeded either on ice for wholemounts or at 37uC for

sections, protected from light for 1–10 hours. Negative controls did

not demonstrate b-galactosidase staining and included C57BL/6

non-transgenic mice and Pax7-cre transgenic mice without the

ROSA reporter transgene. Results were confirmed using anti-

bodies to b-galactosidase.

Acknowledgments

We thank the following colleagues for sharing the reagents that made this

project possible – Vivian Lee for Sox9, ß-galactosidase antibodies; Mario

Capecchi (Pax7-cre mice); Diane Krause (ROSA -YFP and –LacZ mice).

Author Contributions

Conceived and designed the experiments: BM CD MIGC. Performed the

experiments: BM CD. Wrote the paper: BM MIGC.

Figure 6. The Pax7 lineage outside of the neural crest. In E15.5 Pax7-cre/reporter embryos, LacZ+ Pax7 descendants are seen in: A) the skin
(arrowhead) and skeletal muscle (asterisk); A,B) restricted regions of the carpal bone primordium (arrows) and C) portions of the wholemount gut
(arrow). In sections, a subset of LacZ+ cells are detected in: D–F) the eye; the presumptive eyelid muscle (double asterisk), in the lens (arrowhead) and
its surrounding tissue (arrow), and neural retina (asterisk); G–I) the lining of the stomach (arrow); J) the pancreas (arrow identifies presumptive acinar
cells); K,L) the lining of the gut (arrow; asterisk denotes the liver); and M,N) the skin (arrow), where a distinct border distinguishes the Pax7 lineage
from non-lineage Pax7 (arrowhead). O–Q) YFP+ cells visualized with non-fluorescent VIP are detected in: O) the cochlea of the ear; P) lining of lung;
and Q) liver (arrows for all). Both YFP and LacZ Pax7-cre/reporters gave the same results, as did fluorescent and non-fluorescent detection methods.
Boxes show magnified region in adjacent panel. Scale bars in D,G,K,O–Q are 500 um; E,F,H–J, L–N are 100 um.
doi:10.1371/journal.pone.0041089.g006

The Pax7 Lineage in the Neural Crest

PLoS ONE | www.plosone.org 9 July 2012 | Volume 7 | Issue 7 | e41089



References

1. Wong CE, Paratore C, Dours-Zimmermann MT, Rochat A, Pietri T, et al.
(2006) Neural crest-derived cells with stem cell features can be traced back to

multiple lineages in the adult skin. J Cell Biol 175: 1005–1015.

2. Clewes O, Narytnyk A, Gillinder K, Loughney A, Murdoch A, et al. (2011)
Human Epidermal Neural Crest Stem Cells (hEPI-NCSC)–Characterization

and Directed Differentiation into Osteocytes and Melanocytes. Stem Cell

Reviews and Reports: 1–16.

3. Jinno H, Morozova O, Jones KL, Biernaskie JA, Paris M, et al. (2010)

Convergent genesis of an adult neural crest-like dermal stem cell from distinct

developmental origins. Stem Cells 28: 2027–2040.

4. Nagoshi N, Shibata S, Nakamura M, Matsuzaki Y, Toyama Y, et al. (2009)

Neural crest-derived stem cells display a wide variety of characteristics. Journal

of Cellular Biochemistry 107: 1046–1052.

5. Serbedzija GN, Fraser SE, Bronner-Fraser M (1990) Pathways of trunk neural
crest cell migration in the mouse embryo as revealed by vital dye labelling.

Development 108: 605–612.

6. Serbedzija GN, Bronner-Fraser M, Fraser SE (1992) Vital dye analysis of cranial
neural crest cell migration in the mouse embryo. Development 116: 297–307.

7. Serbedzija GN, Burgan S, Fraser SE, Bronner-Fraser M (1991) Vital dye

labelling demonstrates a sacral neural crest contribution to the enteric nervous
system of chick and mouse embryos. Development 111: 857–866.

8. Couly GF, Le Douarin NM (1987) Mapping of the early neural primordium in

quail-chick chimeras. II. The prosencephalic neural plate and neural folds:
implications for the genesis of cephalic human congenital abnormalities. Dev

Biol 120: 198–214.

9. Lumsden A, Sprawson N, Graham A (1991) Segmental origin and migration of
neural crest cells in the hindbrain region of the chick embryo. Development 113:

1281–1291.

10. Noden DM (1975) An analysis of migratory behavior of avian cephalic neural
crest cells. Dev Biol 42: 106–130.

11. Kirby ML, Waldo KL (1995) Neural crest and cardiovascular patterning. Circ

Res 77: 211–215.

12. Kapur RP (2000) Colonization of the murine hindgut by sacral crest-derived
neural precursors: experimental support for an evolutionarily conserved model.

Dev Biol 227: 146–155.

13. Etchevers HC, Amiel J, Lyonnet S (2006) Molecular bases of human
neurocristopathies. Adv Exp Med Biol 589: 213–234.

14. Lee G, Papapetrou EP, Kim H, Chambers SM, Tomishima MJ, et al. (2009)

Modelling pathogenesis and treatment of familial dysautonomia using patient-
specific iPSCs. Nature 461: 402–406.

15. Basch ML, Garcia-Castro MI, Bronner-Fraser M (2004) Molecular mechanisms

of neural crest induction. Birth Defects Res C Embryo Today 72: 109–123.

16. Raible DW (2006) Development of the neural crest: achieving specificity in
regulatory pathways. Curr Opin Cell Biol 18: 698–703.

17. Sakai D, Wakamatsu Y (2005) Regulatory mechanisms for neural crest

formation. Cells Tissues Organs 179: 24–35.

18. Betancur P, Bronner-Fraser M, Sauka-Spengler T (2010) Assembling neural
crest regulatory circuits into a gene regulatory network. Annu Rev Cell Dev Biol

26: 581–603.

19. Sauka-Spengler T, Bronner-Fraser M (2008) A gene regulatory network
orchestrates neural crest formation. Nat Rev Mol Cell Biol 9: 557–568.

20. Basch ML, Bronner-Fraser M, Garcia-Castro MI (2006) Specification of the

neural crest occurs during gastrulation and requires Pax7. Nature 441: 218–222.

21. Jostes B, Walther C, Gruss P (1990) The murine paired box gene, Pax7, is
expressed specifically during the development of the nervous and muscular

system. Mech Dev 33: 27–37.

22. Lang D, Brown CB, Milewski R, Jiang YQ, Lu MM, et al. (2003) Distinct
enhancers regulate neural expression of Pax7. Genomics 82: 553–560.

23. Mansouri A, Stoykova A, Torres M, Gruss P (1996) Dysgenesis of cephalic

neural crest derivatives in Pax72/2 mutant mice. Development 122: 831–838.

24. LaMantia AS, Bhasin N, Rhodes K, Heemskerk J (2000) Mesenchymal/
epithelial induction mediates olfactory pathway formation. Neuron 28: 411–425.

25. Murdoch B, DelConte C, Garcia-Castro MI (2010) Embryonic Pax7-expressing

progenitors contribute multiple cell types to the postnatal olfactory epithelium.
J Neurosci 30: 9523–9532.

26. Hosoyama T, Nishijo K, Garcia MM, Schaffer BS, Ohshima-Hosoyama S, et al.

(2010) A Postnatal Pax7 Progenitor Gives Rise to Pituitary Adenomas. Genes
Cancer 1: 388–402.

27. Stoykova A, Gruss P (1994) Roles of Pax-genes in developing and adult brain as

suggested by expression patterns. J Neurosci 14: 1395–1412.

28. Ziman MR, Fletcher S, Kay PH (1997) Alternate Pax7 transcripts are expressed

specifically in skeletal muscle, brain and other organs of adult mice. Int J Biochem
Cell Biol 29: 1029–1036.

29. Lepper C, Conway SJ, Fan C-M (2009) Adult satellite cells and embryonic
muscle progenitors have distinct genetic requirements. Nature 460: 627–631.

30. Lepper C, Fan CM (2010) Inducible lineage tracing of Pax7-descendant cells

reveals embryonic origin of adult satellite cells. Genesis 48: 424–436.
31. Engleka KA, Gitler AD, Zhang M, Zhou DD, High FA, et al. (2005) Insertion of

Cre into the Pax3 locus creates a new allele of Splotch and identifies unexpected
Pax3 derivatives. Dev Biol 280: 396–406.

32. Freyer L, Aggarwal V, Morrow BE (2011) Dual embryonic origin of the

mammalian otic vesicle forming the inner ear. Development 138: 5403–5414.
33. Otto A, Schmidt C, Patel K (2006) Pax3 and Pax7 expression and regulation in

the avian embryo. Anat Embryol (Berl) 211: 293–310.
34. Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, et al. (2001) Cre

reporter strains produced by targeted insertion of EYFP and ECFP into the
ROSA26 locus. BMC Dev Biol 1: 4.

35. Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre reporter

strain. Nat Genet 21: 70–71.
36. Keller C, Hansen MS, Coffin CM, Capecchi MR (2004) Pax3:Fkhr interferes

with embryonic Pax3 and Pax7 function: implications for alveolar rhabdomyo-
sarcoma cell of origin. Genes Dev 18: 2608–2613.

37. Bosnakovski D, Xu Z, Li W, Thet S, Cleaver O, et al. (2008) Prospective

isolation of skeletal muscle stem cells with a Pax7 reporter. Stem Cells 26: 3194–
3204.

38. Relaix F, Rocancourt D, Mansouri A, Buckingham M (2004) Divergent
functions of murine Pax3 and Pax7 in limb muscle development. Genes Dev 18:

1088–1105.
39. Pietri T, Eder O, Blanche M, Thiery JP, Dufour S (2003) The human tissue

plasminogen activator-Cre mouse: a new tool for targeting specifically neural

crest cells and their derivatives in vivo. Dev Biol 259: 176–187.
40. Yamauchi Y, Abe K, Mantani A, Hitoshi Y, Suzuki M, et al. (1999) A novel

transgenic technique that allows specific marking of the neural crest cell lineage
in mice. Dev Biol 212: 191–203.

41. Chai Y, Jiang X, Ito Y, Bringas P Jr, Han J, et al. (2000) Fate of the mammalian

cranial neural crest during tooth and mandibular morphogenesis. Development
127: 1671–1679.

42. Jiang X, Iseki S, Maxson RE, Sucov HM, Morriss-Kay GM (2002) Tissue
origins and interactions in the mammalian skull vault. Dev Biol 241: 106–116.

43. Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM (2000) Fate of the
mammalian cardiac neural crest. Development 127: 1607–1616.

44. Forni PE, Taylor-Burds C, Melvin VS, Williams T, Wray S (2011) Neural crest

and ectodermal cells intermix in the nasal placode to give rise to GnRH-1
neurons, sensory neurons, and olfactory ensheathing cells. J Neurosci 31: 6915–

6927.
45. Joseph NM, Mukouyama YS, Mosher JT, Jaegle M, Crone SA, et al. (2004)

Neural crest stem cells undergo multilineage differentiation in developing

peripheral nerves to generate endoneurial fibroblasts in addition to Schwann
cells. Development 131: 5599–5612.

46. Yoshida T, Vivatbutsiri P, Morriss-Kay G, Saga Y, Iseki S (2008) Cell lineage in
mammalian craniofacial mesenchyme. Mech Dev 125: 797–808.

47. Barraud P, Seferiadis AA, Tyson LD, Zwart MF, Szabo-Rogers HL, et al. (2010)
Neural crest origin of olfactory ensheathing glia. Proceedings of the National

Academy of Sciences 107: 21040–21045.

48. Robson EJ, He SJ, Eccles MR (2006) A PANorama of PAX genes in cancer and
development. Nat Rev Cancer 6: 52–62.

49. Noll M (1993) Evolution and role of Pax genes. Curr Opin Genet Dev 3: 595–
605.

50. Buckiova D, Syka J (2004) Development of the inner ear in Splotch mutant mice.

Neuroreport 15: 2001–2005.
51. Lang D, Chen F, Milewski R, Li J, Lu MM, et al. (2000) Pax3 is required for

enteric ganglia formation and functions with Sox10 to modulate expression of c-
ret. J Clin Invest 106: 963–971.

52. Auerbach R (1954) Analysis of the developmental effects of a lethal mutation in

the house mouse. J Exp Zool 127: 305–329.
53. Epstein DJ, Vogan KJ, Trasler DG, Gros P (1993) A mutation within intron 3 of

the Pax-3 gene produces aberrantly spliced mRNA transcripts in the splotch (Sp)
mouse mutant. Proc Natl Acad Sci U S A 90: 532–536.

54. Murdoch B, Roskams AJ (2008) A novel embryonic nestin-expressing radial glia-
like progenitor gives rise to zonally restricted olfactory and vomeronasal neurons.

J Neurosci 28: 4271–4282.

The Pax7 Lineage in the Neural Crest

PLoS ONE | www.plosone.org 10 July 2012 | Volume 7 | Issue 7 | e41089




