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Summary

Neural crest stem cells (NCSCs) persist in peripheral fibroblasts in vivo, consistent with previous studies of trunk
nerves throughout late gestation but their function is NCSCs in culture. The multilineage differentiation of
unknown. Current models of nerve development only NCSCsinto glial and non-glial derivatives in the developing
consider the generation of Schwann cells from neural nerve appears to be regulated by neuregulin, notch ligands,
crest, but the presence of NCSCs raises the possibility and bone morphogenic proteins, as these factors are
of multilineage differentiation. We performed Cre-  expressed in the developing nerve, and cause nerve NCSCs
recombinase fate mapping to determine which nerve cells to generate Schwann cells and fibroblasts, but not neurons,
are neural crest derived. Endoneurial fibroblasts, in in culture. Nerve development is thus more complex than
addition to myelinating and non-myelinating Schwann was previously thought, involving NCSC self-renewal,
cells, were neural crest derived, whereas perineurial cells, lineage commitment and multilineage differentiation.
pericytes and endothelial cells were not. This identified

endoneurial fibroblasts as a novel neural crest derivative, Key words: Neural crest stem cell, Peripheral nerve development,
and demonstrated that trunk neural crest does give rise to  Fate-mapping

Introduction colonies  (containing neurons, Schwann cells and

Current models of peripheral nerve development address tifgyofibroblasts), colonies that contain only Schwann cells and
generation of Schwann cells from restricted neural credfYofibroblasts, colonies that contain only Schwann cells, and
progenitors. The undifferentiated neural crest cells in th&olonies that contain only myofibroblasts (Morrison et al.,
embryonic day 14 (E14) peripheral nerve have been describd@99). This raises the possibility that NCSCs give rise to
as ‘Schwann cell precursors’ that undergo overt differentiatiof€Stricted progenitors within the nerve, which in turn
to Schwann cells over the next few days of deve|opmer11|fferentlate into Schwann cells and fibroblasts. If single sciatic

(Jessen et al., 1994). These Schwann cell precursors wdlgrve NCSCs are subcloned after proliferating in culture they
assumed to be glial-restricted (Jessen and Mirsky, 199g€nerate additional NCSCs, as well as colonies that contain
Mirsky and Jessen, 1996). We have more recently discover&ly Schwann cells and myofibroblasts, colonies that contain
that multipotent neural crest stem cells (NCSCs) persist in tHely Schwann cells, and colonies that contain only
E14-E17 peripheral nerve (Bixby et al., 2002; Morrison et al.myofibroblasts (Morrison et al., 1999). Nerve NCSCs may
1999). The persistence of NCSCs raises the question ghdergo progressive restrictions in vitro and in vivo to form
whether the neural crest gives rise to additional nerve cell typ&oth Schwann cells and fibroblasts.
in addition to Schwann cells. If so, nerve development is much Recent fate-mapping studies in vivo have raised questions
more complex than was previously thought, involving NCSGbout whether the fate of neural progenitors in vivo can be
self-renewal (Morrison et al., 1999), lineage commitment ané@ccurately predicted based on their function in culture (Gabay
multilineage differentiation. et al.,, 2003). Because culture conditions often dysregulate
Circumstantial evidence suggests that NCSCs give rise farogenitor patterning in an unphysiological way (Anderson,
more than just Schwann cells in developing nerves. Culture @001), neural progenitors might readily generate cell types in
single cells from the developing sciatic nerve yields severaiulture that they would never generate in vivo. In this regard,
different types of colonies, including multilineage NCSCthe ability of nerve (and other trunk) NCSCs to generate
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myofibroblasts in culture (Morrison et al., 1999) appeared tbuffer (0.02% Igepal and 2 mM Mggin 0.1 M sodium phosphate
contrast with the failure to observe a contribution of trunkbuffer), then incubated in 2 mM 5-bromo-4-chloro-3-inddyb-
neural crest cells to fibroblast-type derivatives in vivo (Legalactoside (X-gal; Molecular Probes, Eugene OR, USA), 5 mM
Douarin, 1982). This raises the question of whether th&otassium ferrocyanide and 5 mM potassium ferricyanide in wash
potential of nerve NCSCs to make fibroblasts in culture is evejuffer at 37°C for 8-16 hours on a rO.Cker'.EmEryOS were rinsed for
expressed in vivo. More generally, it is important to begin t X15 minutes in wash buffer and fixed in 4% paraformaldehyde

the fate of st I lati duri fore imaging. Embryos were then embedded in OCT and
assess (he late or neural stem cell popuiations during nor osectioned. Sections were post-stained in X-gal as well. For

development, in addition to examining the developmentglosinatal tissues, the tissues were first dissected out of the pups, and
potential of these cells in culture. then stained and sectioned using similar methods.

If NCSCs differentiate into both Schwann cells and _ _ _
fibroblasts within nerves, what is the ultimate fate of thelissue preparation for light and electron microscopy
fibroblasts? There are a variety of cell types present withiR1l mice were anesthetized with ketamine/xylazine and perfused
peripheral nerves in addition to Schwann cells, includinghrough the heart with 0.25% glutaraldehyde in D-PBS. Sciatic nerves
perineurial cells, pericytes and endoneurial fibroblasts (Fig. 1yvere dissected and fixed for an additional 15-20 minutes in 0.25%
The embryonic origins of perineurial cells, pericytes andg!utaraldehyde. Nerve§ were then rinsed twice in PBS and_stalned in
endoneurial fibroblasts are uncertain and controversial. Bas&§e" 2 MM X-gal (for light microscopy) or 2 mM 5-bromo-3-indolyl-

. N . : -D-galactoside (bluo-gal; Invitrogen Life Technologies, Carlsbad
on morphological criteria, some investigators have argued thalx “sa: for electron microscopy). X-gal and bluo-gal were

perineurial cells are neural crest derived (Hirose et al., 1986gissolved in D-PBS with 20 mM potassium ferrocyanide, 20 mM
while others have argued they are not (Low, 1976). Th@otassium ferricyanide, 2 mM MgCland 0.3% Triton-X, as
observation that embryonic fibroblasts from the Craniaﬁreviously described (Weis et al., 1991). The staining was done for 6-
periosteum could form perineurial cells in culture supported a0 hours at 37°C. For light microscopy, nerves were removed from
mesodermal origin for these cells (Bunge et al., 1989}he X-gal buffer, rinsed in PBS, postfixed in 4% paraformaldehyde for
Although pericytes have been presumed to be mesodermallyhour, cryoprotected in 15% sucrose, and embedded in gelatin.
derived, the vascular smooth muscle around the cardiac outfldWjoZen sections were cut on a Leica 3050S cryostat. For electron
tracts is neural crest derived (Jiang et al., 2000; Kirby angucroscopy, nerves were removed from the bluo-gal buffer, rinsed in

S, then postfixed in 2.5% glutaraldehyde overnight at 4°C. Nerves
Waldo, 1995), and so some vascular smooth muscle Ce”S.w'Ere then rinsed in 0.1 M sodium phosphate buffer and refixed in 1%

other locations might al_so be neural cr_est_denved. Little '?)sq (Electron Microscopy Sciences, Fort Washington PA, USA) for
known at_)out_the properties of endoneurial fibroblasts or the{ hour at room temperature. The nerves were rinsed in sodium
embryonic origin. ) . . phosphate buffer then dehydrated in an ethanol series (30%, 50%,

We have used Cre-recombinase fate mapping (Chai et atQ, 95% and 100% ethanol) before infiltrating and embedding in
2000; Jiang et al., 2000; Yamauchi et al., 1999; Zinyk et alSpurr resin (Bozzola and Russell, 1992). Semithin sectiopsn{l
1998) to examine which cells in peripheral nerve are neura¥ere cut with a glass knife. Thin sections (70 nm) were cut with a
crest derived (see Fig. S1 in supplementary material). Ner\;éamo_nd _knife and examined without further _staining to fe_lcilitat(_e
sheath perineurial cells, vascular pericytes and endothelial celfigualization of the bluo-gal crystals. Some sections were stained with
were not neural crest derived. By contrast endoneurifa"y' acetate to reveal the basal lamina. Note that the presence of the
. . : e : riton-X detergent in the bluo-gal buffer resulted in poor preservation
flbroblast$ were neur'al crest derived, Id'entllfylng a previousl f myelin sheaths. However, the Triton-X was required for effective
unrecognized, non-glial neural crest-derivative. Both Schwanp e

. : . luo-gal staining.

cells and endoneurial fibroblasts appeared to arise from a
common desert hedgehogDhh)-expressing progenitor Immunohistochemistry for confocal microscopy
population within the nerve environment, and nerve NCSCsciatic nerves were fixed in 4% paraformaldehyde, cryoprotected, and
strongly expresseldhh, suggesting that nerve NCSCs give riseembedded in gelatin. Cross-sections of P11 sciatic nerves were
to both Schwann cells and endoneurial fibroblasts. To begin twyosectioned at 10-12im thickness, collected on pre-cleaned
identify the signals within the nerve environment that promotguperfrost slides (Fisher Scientific, Chicago IL, USA), dried for 1-2
multilineage differentiation from NCSCs, we found that thehours and stored at —20°C. Slides were allowed to thaw, then were
combination of neuregulin, Delta and émp4 promoted th ashed in PBS for 5 minutes, postfixed in 4% paraformaldehyde for

. - 0 minutes, rinsed for810 minutes in PBS, and blocked in 10% goat
generation of Schwann cells .and myofibroblasts, b.Ut n serum/0.2% Triton-X in PBS for 1 hour. Slides were incubated in
neurons, from nerve NCSCs in culture. Moreover, in th

. X rimary antibodies in blocking solution overnight at 4°C. We used
presence of these factors, cells with myofibroblast morpholog_ bbit anti-galactosidase (1:1000'-8, Boulder CO, USA), with
tended to express Thy1l, as well as other markers of endoneurigki-smooth muscle action (1:200; Sigma, St Louis MO, USA) and
fibroblasts. This suggests that nerve development isnti-PECAM (1:300; Pharmingen, San Diego CA, USA), or anti-
substantially more complicated than was previously though§10@® (1:1000; Sigma). Slides were washed forlé minutes in 2%
as NCSCs self-renew, undergo restriction to form non-neurongbat serum/0.2% Triton-X in PBS then incubated with secondary

progenitors, then commit and differentiate into both Schwanantibodies diluted 1:200 in blocking solution for 1 hour at room
cell and endoneurial fibroblast lineages. temperature in the dark. Slides were washed fat3minutes in the

dark, then mounted in Prolong anti-fade (Molecular Probes) and
analyzed on a Zeiss 510 laser confocal microscope.

Materials and methods Cell culture

X-gal staining of embryos Timed pregnant Sprague-Dawley rats were obtained from Charles
E13.5 embryos were dissected in D-PBS then fixed in 0.5%River (Wilmington MA, USA). E14.5 rat gut and sciatic nerve NCSCs
glutaraldehyde, 1.25 mM EGTA and 2mM MgGh PBS for 25 were isolated by flow cytometry and cultured under standard
minutes on a rocker. Embryos were rinsed &8 minutes in wash conditions, as previously described (Bixby et al., 2002). Briefly,
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dissociated cells from the sciatic nerve and gut were stained wittact that perineurial cells readily expres$edal in positive
antibodies against the neurotrophin receptor p75 (192ig)cand control nerves from Rosa26 pups (see Fig. S3 in
integrin  (Becton-Dickinson, San Jose CA, USA). The *pZ5  supplementary material) and CMV-ClexpRosd pups (data
population was sorted into ‘standard medium’ at clonal density. Thgqt shown). Upon examining transverse sections through

standard culture medium contained DMEM-low (Gibco, product _qal-ctai ; ;
11885-084, Grand Island, NY, USA) with 15% chick embryo extracblugl?alv\?éalpzfrglg eg\giseg)égle;rtl;onbm é)(igoz;C()sE[)girsyxglsw?tth?rt.,

(Stemple and Anderson, 1992), 20 ng/ml recombinant human bF . . - .
(R&D Systems, Minneapolis MN, USA), 1% N2 supplement (Gibco),per.m.eu”f’jll cells (,See below), despite obserylng bluo-gal
2% B27 supplement (Gibco), 5M 2-mercaptoethanol, 35 mg/ml  Staining in the majority of Schwann cells within the same
(110 nM) retinoic acid (Sigma), penicillin/streptomycin Sections (Fig. 2C; Table 1).

(Biowhittaker, Walkersville, MD, USA) and 20 ng/ml IGF1 (R&D  After examining many fields of view from multiple sections
Systems). Some cultures were supplemented with 50 ng/ml Bmpaf multiple nerves by electron microscopy, a total of six
(R&D Systems), 65 ng/ml Nrgl (gift of CeNeS Pharmaceuticalsperineurial cells out of 180 examined appeared to be labeled
Norwood MA, USA), and Delta-Fc or Fc. Note that Delta-Fc and F(by bluo-gal (Table 1). However, in each case the labeling was
were prepared and added to culture as described previously (Morrisgfyestionable, and not as distinct as that observed among

et al., 2000b). All cultures were maintained in gas-tight chamber: ol f .
(Billups-Rothenberg, Del Mar CA, USA) containing OIeCIrealseolgchwann cells or endoneurial fibroblasts (see below). In five

oxygen levels, as previously described, to enhance the survival 8lut of six cases, the potejnnally bluo-gal—posltlve _per|neur|al
NCSCs (Morrison et al., 2000a). After 6 or 14 days, cultures Wergells were present at the interface of the perineurium and the

fixed in acid ethanol (5% glacial acetic acid in 100% ethanol) for 2&nNdoneurium.  Although it is possible that a minor

minutes at —20°C, washed, blocked and triply labeled for peripherifubpopulation of perineurial cells on the endoneurial surface

(Chemicon AB1530; Temecula CA, USA), GFAP (Sigma G-3893)of the perineurium is neural crest derived, the data suggest that

and alpha SMA (Sigma A-2547), as described (Shah et al., 1996). almost all, if not all, perineurial cells are derived from sources
E13.5 mouse sciatic nerves were dissected and dissociated fragther than the neural crest.

timed pregnant transgenic mice. Unfractionated cells were plated at

clonal density and cultured under standard conditions. The mediufericytes and endothelial cells are not neural crest
for the culture of mouse cells was the same as the medium used §&rived

Lastefje”?n;)é%%pt gf\at D3|§/?Er|\n/|lxw(;i lgrgseuwgzsau(ﬁézco\)ﬁmE(')\Az‘é"(;?l'o assess whether the pericytes and endothelial cells that are
glutaraldehyde for 5 minutes and stained with X-gal. ' present around small blood vessel_s in the endoneurium
(Fig. 1) were neural crest derived, we performed
R | immunohistochemistry using antibodies against the endothelial
esults marker PECAML1, the pericyte marker SMA afegal in
Previous studies have used Wnt1-Cre to fate map neural crest
derivatives in mice (Chai et al., 2000; Hari et al., 2002; Jian

et al., 2000). We mated Wnt1-Cre with loxpRosa conditiona ﬁﬁiﬁ\\
reporter mice and systematically examinedffgalactosidase ;;/ 0’0o {0 Q\%\
(B-gal) expression pattern in the trunk and hindlimbs of the 79 N 0 © 5 00 0\§ Perineurium
progeny. No [-gal expression was observed in Wntl- ffo )_00 o noO \\(
Vo)

(Hari et al.,, 2002; Jiang et al., 2000), we found extensivi
expression off3-gal in expected neural crest derivatives of
Wntl-CréloxpRosd mice (see Fig. S2E-J in supplementary
material), but not in non-neural crest derivates such a \\ o0
hematopoietic cells, endothelium, skeletal muscle, cartilag \

and epithelium (see Fig. S2E-J). These other tissues we
capable of expressing tBegal reporter, as they readily stained =

with X-gal in Rosa26 fetuses (that constitutively expfegsl)

and in CMV-CréloxpRosd fetuses (CMV-Cre activates Fig. 1. Peripheral nerve anatomy. Perineurial cells form a sheath

reporter expression in all cells) (see Fig. S2K-N inground the nerve (the perineurium; purple) that separates the

CreloxpRosd littermate controls (see Fig. S2A-D in ﬂ{o » o 0 < o Erdoneuriom
supplementary material). Consistent with the previous studie m B ©0Y%n O Q 4 \i

supplementary material). endoneurial environment from the epineurial environment (outside
. ) ) the nerve bundle). Within the endoneurium, there are Schwann cells
Perineurial cells are not neural crest derived that myelinate axons (S; green cells surrounding yellow axons), non-

To explore the fates of neural crest cells in the developinmyelinating Schwann cells that are associated with multiple axons
nerve, we first examined whether perineurial cells in Wnt1(N; blue cells), endoneurial fibroblasts (F; pink cells), and pericytes
Cre'loxpRosd pups expressedd-gal. Perineurial cells (P; red) that surround small blood vessels. A single layer of
separate distinct bundles of nerve fibers within a nerve arendothelial cells also surrounds the blood vessels (not shown).

. : : . Perineurial cells are distinguished based on their position and their
regulate diffusion and cell movement between the EPINEUrK o racteristic flattened morphology. Pericytes are distinguished by

and endoneurlal enVIronmer}ts (P_eters et al,, 1976) (F'g' ]their expression of SMA. Schwann cells are distinguished by their
We examined whether perineurial cells expr@sgal in  gssociation with axons, their expression of glial markers such as
sciatic nerves by X-gal staining, immunohistochemistry an&10@, and their basal lamina. Endoneurial fibroblasts lack a basal
electron microscopy. In each case there was a distinct absenamina, often have long interdigitating processes, are not associated
of B-gal expression in the perineurium (Fig. 2), despite thevith axons, and fail to express SMA or SBA0 vivo.
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sciatic nerve sections from Wnt1-CiexpRosd pups. Neither Endoneurial fibroblasts are neural crest derived

PECAMI" endothelial cells nor SMApericytes co-labeled within fully developed peripheral nerves, SBa6 expressed
with antibodies agains3-gal, despite widesprea-gal by Schwann cells but not by endoneurial fibroblasts (Hirose et
expression by other cells within the nerve (Fig. 3). Pericyteal., 1986; Jaakkola et al., 1989; Peltonen et al., 1987; Siironen
expressef-gal in nerve sections from positive control Rosa26et al., 1992). We therefore stained sciatic nerve sections from
pups (see Fig. S3 in supplementary material), and endotheligli1 Wnt1-CréloxpRos4 pups with antibodies against S0
cells from Rosa26 mice widely expregyal (Jackson et al., and p-gal. The sections contained SBOB-gal" endoneurial
2001). This indicates that pericytes and endothelial cells withigells that were not associated with axons (Fig. 4A,B), in
the sciatic nerve are not neural crest derived. addition to S10@*B-gal" cells that were associated with axons
(Schwann cells). The S1B0cells appeared to correspond to
endoneurial fibroblasts, as no other JI0@ell type is
prevalent enough within the sciatic nerve to account for these
cells. Their expression @Fgal indicated that they were neural
crest derived.

To definitively assess whether endoneurial fibroblasts are
neural crest derived, we examined bluo-gal-stained sciatic
nerve sections by electron microscopy. Endoneurial fibroblasts
are defined based on several characteristics that can be
observed by electron microscopy, including their endoneurial
localization, lack of myelin, failure to associate with axons,
lack of a basal lamina, and long angular processes (Peters et
al., 1976). In particular, the lack of a basal lamina around
endoneurial fibroblasts definitively distinguishes these cells
from Schwann cells, perineurial cells and pericytes, which do
have a basal lamina. We found that endoneurial fibroblasts
identified by electron microscopy were consistently bluo-gal
stained (Fig. 4C-F). Of 219 fibroblasts observed by electron
microscopy, 86% were bluo-ga[Table 1). As this is a similar
rate of bluo-gdl staining to that observed among Schwann
cells, we conclude that all or nearly all endoneurial fibroblasts
in vivo are neural crest derived.

NCSCs undergo multilineage differentiation within
the nerve environment in vivo

The data above raise the possibility that NCSCs differentiate
into Schwann cells and endoneurial fibroblasts after migrating
into the developing nerve. However, it remains possible based

Fig. 2. Perineurial cells are not neural crest derived. Sciatic nerves
i w1 from Wntl1-CréloxpRosd mouse pups were dissected and processed
B/ [3 ; for X-gal staining (A), immunohistochemistry (B), or electron
microscopy (C,D), at either postnatal day 3 (A) or 11 (B-D).
According to each technique the perineurial cells failed to exfiress
gal and therefore were not neural crest derived. Sections through X-
gal stained (A) or anf3-gal antibody stained (B) nerves consistently
p - 2 e v exhibited strong staining throughout the endoneurial space, but the
N flattened layers of perineurial cells that distinguish different bundles
o A R of axons were notable for their lack of X-gal or gigral antibody
: ; staining (arrows, A,B). We also failed to observe X-gal staining in
perineurial cells from RCre"B-actin-lacZ” mice or Wnt1-Cré3-
actin-lacZ mice (data not shown). Note that the red fluorescent cell
< in the perineurial layer (bottom right corner; B) was an
gal ' autofluorescent blood cell within a blood vessel (see Fig. S4 in
supplementary material). Bluo-gal forms an electron dense
precipitate that is visible as small black crystals (arrowheads, C) by
electron microscopy after digestion Bygalactosidase (Weis et al.,
1991). Bluo-gal staining was consistently absent from perineurial
cells (P; panel C), but was visible in most Schwann cells (to the right
of the perineurial cells in panel C). The myelin sheaths within the
Schwann cells appear light and fragmented because bluo-gal staining
required fixation conditions that did not effectively preserve myelin.
Note the lack of bluo-gal staining in a nerve section from a control
littermate (D).

L

O
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Table 1. Frequency of neural crest-derivedff-gal expressing, bluo-gal+) Schwann cells, endoneurial fibroblasts, and
perineurial cells by electron microscopic examination of bluo-gal-stained sciatic nerves from P11 Wnt1-ClexpRosa

pups
Total cells examined Bluo-gal+ by electron microscopy

Myelinating Schwann cells With nuclei visible 321 95.3%

Only processes visible 2832 61.4%
Non-myelinating Schwann cells With nuclei visible 135 87.4%

Only processes visible 567 68.3%
Endoneurial fibroblasts 219 86.3%
Perineurial cells 180 3.3%

The data represent sections derived from five mice in three independent experiments. Sciatic nerves from five littermateecnindl +@ireloxpRosd)
were also examined in detail by electron microscopy to determine whether there was any background bluo-gal stainingninolresetions, 117 non-
myelinating Schwann cells, 693 myelinating Schwann cells, 46 fibroblasts and 73 perineurial cells were examined, but texhdebelitaible bluo-gal
staining.

on the in vivo fate mapping experiments that endoneurial Markers to isolate different neural crest progenitor
fibroblasts arise from a neural crest lineage that is independgmpulations by flow-cytometry from developing mouse nerves
of NCSCs, or that segregates prior to their migration into thdo not yet exist. Therefore, to assess whether fibroblast
nerve. To address these possibilities, we examined the fatesmbgenitors and glial progenitors independently begin
desert hedgehodpbh)-Cre expressing neural crest progenitorsexpressinddhh within the nerve, or wheth@hhis expressed

in vivo. Dhhis not expressed by migrating neural crest cellspnly by a common progenitor, we examined the levelShdf

or by neural crest progenitors that colonize ganglia, but isxpression, by real-time RT-PCR, in the following progenitor
expressed in neural crest progenitors within developingopulations isolated from rat sciatic nerve: %5 NCSCs,
peripheral nerves (Bitgood and McMahon, 1995; Jaegle et ap;75'P;* NCSCs, p75," fibroblast progenitors, and p -
2003; Parmantier et al., 1999). The Bluo-gal-staining patterfibroblast progenitors (Fig. 6). As negative controls, we also
in Dhh-CréloxpRosd fetuses was

consistent with the expecte®hh Control, 40x Wnt-1-Cre+ Wnt-1-Cre+

expression pattern, labeling ol
de?/eloping ,?erves (Jaegle get Cre’/loxpRosa* loxpRosa*, 40x loxpRosa*, 63x

2003) and not migrating neural cr
cells (see Fig. S5 in supplement
material). We examined Bluo-g
stained sections through the sci
nerves of P11 Dhh-ChexpRosd
mice and littermate controls
electron microscopy (Fig. 5). With
postnatal nerves, we observed Bl
gal staining in 60% of endoneur
fibroblasts and 63-67% of Schwe
cells (Fig. 5A-D). Only 2.4% «
perineurial cells appeared to la
with Bluo-gal. These data indic:
that Dhh-expressing neural cre
progenitors within the nerve give r
to both Schwann cells a
endoneurial fibroblasts, in remarka
similar proportions.

[PECAM-1/0SMA

Fig. 3.Pericytes and endothelial cells
within the sciatic nerve are not neural
crest derived. Sciatic nerves were C
dissected from P11 Wnt1-CtexpRosd <t
and Wnt1-CréloxpRosd pups, and g
immunohistochemically stained frgal ==
(green), the endothelial marker PECAMI=

(blue), and the pericyte marker SMA =
(red). Although most cells in the <
endoneurial space weegal’, both the O
PECAM1" endothelial cells and the E

SMA pericytes consistently failed to co-
label with3-gal.
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examinedDhh expression in p78," gut NCSCs and p76i4~
gut epithelial progenitors, because faal expression was
observed within the guts of Dhh-ClexpRosd fetuses (see
Fig. S5D in supplementary material). We found that'pg5
nerve NCSCs expressed the highest level3htf followed by
slightly lower levels in p78," NCSCs (Fig. 6). By contrast,
gut epithelial cells, and gut NCSCs expresdedh at
approximately 15-fold lower levels. p#" and p75P;

Research article

Fig. 4. Endoneurial fibroblasts are neural crest derived. Sciatic nerves
were dissected from P11 Wnt1-OoxpRosd pups and processed

for immunohistochemistry (A,B), or electron microscopy (C-H).
Nerves were stained with antibodies agaflagal (red) to identify

neural crest-derived cells, and SR@@reen) to identify Schwann

cells. The same field of view is shown in A and B, with DAPI
staining (blue) added to panel B. In additiofBtgal*S10@* glia

(green or yellow), we also observ@djal*'S10@B~ endoneurial cells
(white arrows) that were neither associated with axons nor blood
vessels. By electron microscopy, we consistently observed
endoneurial fibroblasts stained with bluo-gal, indicating neural crest-
derivation (C-F). (C,D) Bluo-gal-stained endoneurial fibroblasts (f),
surrounded by myelinating Schwann cells, most of which are also
stained with bluo-gal. Red arrows indicate bluo-gal crystals in the
fibroblast; green arrows indicate bluo-gal crystals in Schwann cells.
(E) A lower magnification image of a large bluo-gal stained
fibroblast, with a very long process, surrounded by Schwann cells.
The boxed area is shown at a higher magnification in F. Note the
presence of a basal lamina around the Schwann cells (black arrows),
but the lack of a basal lamina around the fibroblast process.

(G,H) Low and high power images of sections through control
littermates that lack any bluo-gal staining in perineurial cells (G),
Schwann cells (G,H) or fibroblasts (H).

These data suggest that the only cells within the E14.5 nerve
that express significant levels bhh are NCSCs. Therefore,

the reporter gene is most likely recombined witlhh-
expressing NCSCs after they migrate into the nerve, and these
cells probably give rise to restricted glial progenitors, as well
as to fibroblast progenitors.

Some nerve progenitors that form myofibroblast
colonies in culture are neural crest derived

To test whether some of the fibroblast progenitors from the
developing nerve that form myofibroblast-only colonies in
culture might be neural crest derived, we dissociated sciatic
nerves from E13.5 Wnt1-CiexpRosa or Wnt1-CréB-actin-
flox/stopB-gal” (Zinyk et al., 1998) mouse fetuses, and
cultured them at clonal density. The mouse sciatic nerve cells
formed three types of colonies: mixed colonies that contain
neural (i.e. neuronal and glial) cells and myofibroblasts (Fig.
7A), neural colonies (Fig. 7B), and myofibroblast-only
colonies (Fig. 7C,D). The myofibroblast-only colonies could
be distinguished by their flat morphology (Fig. 7C), their SMA
expression (Fig. 7D) and their failure to express p75 (not
shown), just as was observed among rat myofibroblast-only
colonies (Morrison et al., 1999). The neural colonies (that
contained cells with the appearance and marker expression of
neural crest progenitors or glia, but not myofibroblasts) could
be distinguished based on their higher density, smaller angular
cells (Fig. 7B), p75 expression and failure to express SMA
(data not shown), just as was observed previously among rat
neural progenitors from the sciatic nerve (Morrison et al.,
1999).

Virtually all the neural progenitors cultured from the sciatic
nerves of Wntl1-CréoxpRosd or Wnt1-CréB-actin-flox/stop-
B-gal embryos expressegtgal (Table 2, Fig. 7B), consistent
with the strong X-gal staining previously observed within

fibroblast progenitors expressed 20- to 40-fold lower levels ofections though nerves (see Fig. S2E-J in supplementary
Dhh (Fig. 6C). Because no reporter gene expression wasaterial). Twelve percent of myofibroblast-only progenitors

observed within the guts of Dhh-ClexpRosd mice, this low

also expressef-gal, indicating that some of these progenitors

level ofDhhexpression appears to be inconsistent with reportewere neural crest derived. In such colonies, all of the cells
gene recombination within fibroblast-restricted progenitorstypically stained with X-gal (Fig. 7C). We never observed X-
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Fig. 5.Dhh-Cre expressing progenitors give rise to endoneurial
fibroblasts as well as Schwann cells in nerves. Sciatic nerves were
dissected from P11 Dhh-CieoxpRosd (A,B) pups as well as Dhh-
CreLoxpRosd (C) littermate controls, processed for bluo-gal
staining, and examined by electron microscopy. Endoneurial
fibroblasts (f) were identified by their angular shape, long processes
(A), and lack of a basal lamina (B). Red arrows indicate bluo-gal
crystals in an endoneurial fibroblast; green arrows indicate bluo-gal
crystals in Schwann cells. B shows the inset from panel A at a higher
magnification to demonstrate the presence of a basal lamina on
Schwann cells (black arrows), and the absence of a basal lamina on the
fibroblast. Bluo-gal crystals were never observed in littermate control
nerves (C). Endoneurial fibroblasts expregsedl at a similar
frequency to Schwann cells, whereas perineurial cells were nearly all
negative (D).

nerve are heterogeneous, containing a subpopulation of neural
crest-derived cells.

The [-actin-flox/stopB-gal conditional reporter Bfgal
expressed under the control of actin promoter (Zinyk et
al., 1998)] was less penetrant than the loxpRosa reporter, as a
lower and more variable proportion of neural crest-derived
cells expressed3-gal (data not shown). Nonetheless we
obtained similar results. 79% of neural progenitors and 10% of
myofibroblast-only progenitors expresdedal (Table 2). We
also mated th@-actin conditional reporter withgFCre, which
also specifically marks neural crest derivatives (Crone et al.,
2003; Yamauchi et al., 1999)¢-Rre and thd-actin reporter
led to the least efficient marking of neural crest-derived cells.
Often only a minority of cells within nerves and ganglia stained
with X-gal (data not shown). Nonetheless, we obtained
qualitatively similar results, with 52% of neural colonies and
2% of myofibroblast colonies expressigal (Table 1). Thus
a minority of myofibroblast progenitors were neural crest
derived irrespective of Cre or the reporter transgene used.

Common expression of Thyl suggests a link
between myofibroblasts in culture and endoneurial
fibroblasts in vivo

The above experiments demonstrated that a small percentage
of myofibroblast-committed progenitors that can be cultured
from sciatic nerve are neural crest derived, and that endoneurial
fibroblasts arise from the neural crest in vivo. These
observations suggested that neural crest-derived cells that
differentiate in vitro as myofibroblasts were fated to form
endoneurial fibroblasts in vivo. However, the marker that we
have used to identify myofibroblasts in culture, SMA (Fig. 7),
is not expressed by endoneurial fibroblasts in vivo. Thus, we
wondered whether myofibroblasts are capable of expressing
markers of endoneurial fibroblasts. All myofibroblasts in
culture expressed fibronectin, collagen and vimentin (data not
shown), which are also expressed by endoneurial fibroblasts in
vivo (Jaakkola et al., 1989; Peltonen et al., 1987). A more
selective marker of nerve fibroblasts is Thyl (Assouline et al.,
1983; Brockes et al., 1979; Morris and Beech, 1984; Vroemen
and Weidner, 2003). We found that although 46+17%
(meants.d.) of the cells with myofibroblast morphology that
arose within nerve NCSC colonies in 14-day standard cultures
were SMAThyl , a similar proportion (44+15%) were

gal staining of cells cultured from littermate controls thatSMA*Thy1", and 10+3% were SMAhy1" (Fig. 8A). Thus a
lacked Cre and/or the reporter transgene (Fig. 7A, Table 2high proportion of SMA myofibroblasts also expressed Thy1,
These data suggest that the myofibroblast progenitors in sciaiad some myofibroblasts acquire a SNIBy1" phenotype
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similar to endoneurial fibroblasts in vivo (Morris and Beechwe sorted and cultured Thiyand ThyZ cells from the sciatic
1984). nerves of postnatal Wntl1-CtexpRosd mice. Most of the
We next asked whether the THydopulation of sciatic nerve cells that forme@-gal-expressing myofibroblast-only colonies
cells contains neural crest-derived, myofibroblast-onlyin culture came from the Thykell fraction, and virtually all
progenitors, and, if so, whether these cells express SMA iof the cells in such colonies expressed SMA after 5 to 7 days
culture. We initially addressed this question using cells isolatedf culture (not shown). Interestingly, expression of SMA in
from E14 rat embryonic sciatic nerve, the system in whicleulture was again associated with downregulation of Thyl
NCSCs and their derivatives have been most extensivebxpression. As the only neural crest-derived fibroblasts in the
characterized (Morrison et al., 1999). Although Cre/lox-basederve are endoneurial fibroblasts, these data suggest thdt Thyl
fate mapping is not available in the rat, the peripheral myeliendoneurial fibroblasts downregulate Thyl expression and
protein PO is a highly specific marker of neural crest originform SMA" myofibroblast colonies in culture. Consistent with
Flow cytometric fractionation of E14 rat sciatic nerve cellsthis, a variety of fibroblasts have been observed to adopt a
labeled with antibodies to p75 &d Thyl revealed that many SMA* myofibroblast phenotype in culture and after injury in
myofibroblast-only  progenitors were found in thevivo (Sappino et al., 1990). Together these results suggest that
p75P;*fraction (Fig. 6), and that 42+13% of pPa* cells  the neural crest-derived myofibroblasts that arise in culture
were also Thyl (Fig. 8E,F). Importantly, culture of correspond to cells that acquire an endoneurial fibroblast fate
p75P,"Thyl" cells indicated that they exclusively formed in vivo.
myofibroblast-only colonies. Eighty-three percent of these
colonies contained only SMAhy1™ cells, while the remaining  The regulation of fibroblast and Schwann cell
colonies also contained variable proportions of SWy1*  differentiation from NCSCs
cells. These data suggest that neural crest-derived cells thiaf begin to study the mechanism by which the nerve
generate myofibroblast-only cells in vitro are initially Thyi ~ environment regulates fibroblast and Schwann cell
vivo, but rapidly downregulate this marker in vitro and begindifferentiation from nerve NCSCs, we investigated whether
expressing a SMAmyofibroblast phenotype. known factors from the nerve environment could account for
To test whether endoneurial fibroblasts in postnatal mouséis multilineage differentiation. First, the factors would have
nerves also formed SMAmyofibroblast colonies in culture, to cause individual sciatic nerve NCSCs to form Schwann cells
and myofibroblasts, but not neurons, as sciatic nerve NCSCs

do not give rise to neurons in the nerve (Bixby et al., 2002).
A I B - Second, these factors would have to be permissive for
= = ' neurogenesis from gut NCSCs, as gut NCSCs consistently
"3- SN PO myoffbrobbess &4 . - . N N -
v NS i Fig. 6. Dhh expression by progenitor populations in the developing

nerve. We isolated p7B;” NCSCs (A; 83% of these cells formed
multilineage colonies, and 6% formed colonies that contained
myofibroblasts and glia in a clonal analysis), %55 NCSCs (A;
74% of these cells formed multilineage colonies, and 12% formed
myofibroblasts and glia), p78"* myofibroblast progenitors (A; 97%
of these cells formed myofibroblast-only colonies) andBy5
3 W w! myofibroblast progenitors (A; 99% of these cells formed
myofibroblast-only colonies) from E14.5 rat sciatic nerve (Morrison
C Homtion Fold-change etal, 1_999). Only sr_nall_numbers of restricted _glial progenitor_s (_that
bl form glial-only colonies in culture) are present in the E14.5 sciatic
P0- SN NCSCs/P0- SN NCSCs 1 nerve, but the frequency of these cells increases from E15.5 to E17.5,
P0- SN NCSC/P0+ SN NCSC 1.4540.64 as NCSCs undergo glial restriction (Morrison et al., 1999). As
PO- SN NCSC/Gut epithelium 15.44+12.57 negative controls, we al_s_o isolated tﬂ_B gut NCSCs (B; 7_6% .of
P0- SN NCSC/Gut NCSCs 16.20£14.54 these cells formed multilineage colonies) and pZ5gut epithelial
e : " progenitors (B; none of these cells gave rise to colonies that
PO- SN NCSC/SN P0+ myofibroblasts 19.97£11.71 contained neural cells, although they did give rise to fibroblasts in
PO- SN NCSC/SN PO- myofibroblasts 37.10£29.56 culture). By quantitative (real-time) RT-PCR, we found that nerve
p75'P;- NCSCs expressed the highest levelBbh, followed by
D e slightly lower levels in p78;" NCSCs (1.45-fold lower), gut
S 5 epithelial cells (15-fold lower), gut NCSCs (16-fold lower), and
nerve myofibroblasts (20 to 40-fold lower) (C). As no reporter gene
expression was observed within the intestines of Dhlik@&@Rosa
mice, the low level oDhh expression in nerve myofibroblasts
appears to be inconsistent with reporter gene activation within these
. cells. D shows a representative experiment in which cDNA was
wéscs?/ random primed and normalized basedBearctin content, and then
/ . Dhh expression levels were compared between samples. We
A confirmed that each reaction product was homogeneous based on the
melting curve, and that a single product was generated of the
T R L it o ok B i o el R e expected size (data not shown). Sequencing dbtifeband
Cycle Number confirmed that the correct sequence had been amplified.
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Fig. 7.Some myofibroblast progenitors are neural crest
derived. Wnt1-Cre mice were mated wgactin-
flox/stopf-gal conditional reporter mice. Sciatic nerves
were dissected from the fetuses at E13.5, dissociated and
cultured at clonal density. Some cells formed mixed
colonies containing neural cells as well as myofibroblasts
(A), whereas other colonies contained only neural cells
(B), or only myofibroblasts (C). Neural cells were p75
(not shown), had a characteristically spindly morphology,
and grew in relatively dense colonies (B). Myofibroblasts
were p75SMA*, were characteristically large and flat, and
grew in small, dispersed colonies (C,D). The cultures were
e e P - Yo stained with X-gal to identify neural crest-derived cells
S S e 4"/ . ! NN = O (blue product). Colonies from Creportef littermate
R . e i AT e controls were never X-ga(A; Table 2), but neural

1\ RS e I colonies from Cré&eportef mice were usually X-gal(B;

N - - 5% Table 2), as would be expected. Myofibroblast colonies

S : L | i from Crefreportef mice were sometimes X-gal
Wl A AT ST I indicating neural crest derivation (C). Similar results were

&Y e i ' [ = obtained using Wnt1-CfxpRosd mice, in which some
foidhy nerve cells forme@-gal'SMA* myofibroblast colonies

‘. WoﬂbmblaSt colony (D; see Table 2 for quantification).
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g : In standard medium (No Add; Table 3), 73% of
. sciatic nerve NCSC colonies were multilineage
© (Table 3). Addition of the immunoglobulin Fc domain
R protein [a negative control for the addition of Delta-
- Fc (Morrison et al., 2000b)] did not affect
Phase contrast Brightfield differentiation when compared with standard
medium. Bmp4 by itself significantly promoted
neurogenesis, whereas Delta-Fc and GGF by
themselves significantly promoted gliogenesis (Bixby
et al., 2002; Morrison et al., 2000b; Morrison et al.,
1999; Shah et al., 1996; Shah et al., 1994). Note that
plating efficiencies (the percentage of cells that
survived to form colonies) varied among treatments
because Nrgl promotes the survival of nerve NCSCs
(Morrison et al., 1999). Most colonies contained
neurons in the combination of Bmp4 with Nrg1 (Shah
and Anderson, 1997). The combination of Bmp4
form neurons when transplanted into developing peripherand Delta-Fc promoted glial and myofibroblast differentiation
nerves, and fail to form glia in most cases (Bixby et al., 2002)oy nerve NCSCs, as had been previously observed (Morrison
Neuregulin (Nrgl) (Dong et al., 1995), Delta, and Bmp4 aret al., 2000b). Despite the fact that each individual factor
known to be expressed in developing peripheral nerves (Bixbgromoted only neurogenesis or gliogenesis, the combination of
et al., 2002), so we examined how this combination of factorBmp4, Nrgl and Delta-Fc generated the highest proportion of
affected the differentiation of NCSCs. colonies (52%) that contained both myofibroblasts and glia

Cret/report

D. Myofibroblast colony

Cret/reporte
¢
I

% Brightfield

Table 2. A minority of myofibroblast progenitors from the sciatic nerve is neural crest derived

Mating Genotype of pups X-gal+ neural colonies X-gal+ myofibroblast colonies
Whntl-CrexloxpRosa Littermate controls 0+0% 0+0%
Cre+, reporter+ 98+6% 12+10%
Whntl-Crex B-actin-flox/stopB-gal Littermate controls 0+0% 0+£0%
Cre+, reporter+ 79+18% 10+20%
Po-Crex B-actin-flox/stopB-gal Littermate controls 0+0% 0+0%
Cre+, reporter+ 52+33% 2+2%
CMV-CreX 3-actin-flox/stopB-gal Littermate controls 0+£0% 0+0%
Cre+, reporter+ 83+£24% 88+10%

Sciatic nerves were dissected from individual E13.5 pups, dissociated and cultured at clonal density under standardMondstionst al., 1999). After 5-
6 days, the cultures were stained with X-gal, and the percenta@embexpressing neural or myofibroblast colonies were counted. Because the CMV promoter
is widely expressed in the early embryo, it serves as a positive control for reporter activation, demonstrating thantijergyeat neural and myofibroblast
progenitors were capable of expresgiagal. Statistics represent mean+s.d. for at least three pups per treatment.
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(M+G; Table 3; see Fig. S6 in supplementary material). Almostindergo lineage restriction, we cultured nerve NCSCs (isolated
all remaining colonies in this treatment contained only glia (Gby flow-cytometry) at clonal density either in standard
only) or only myofibroblasts (M-only). This demonstrates thatmedium, or in medium supplemented with Bmp4, Nrgl and
the combination of Bmp4, Nrgl and Delta-Fc caused sciatibelta-Fc, for 7 days, and then subcloned the colonies into
nerve NCSCs to differentiate into glia and myofibroblasts (sesecondary cultures that contained standard medium. After 14
Fig. S6), consistent with the possibility that these factors in thdays, we examined the composition of the secondary colonies.
nerve environment promote the differentiation of SchwanrOf 22 colonies that were subcloned from standard medium, 19
cells and endoneurial fibroblasts from NCSCs. gave rise to multilineage secondary colonies, averaging 63+73

In contrast to their effect on nerve NCSCs, the combinatiomultilineage secondary colonies per primary colony, in
of Bmp4, Nrgl and Delta-Fc caused gut NCSCs to give risaddition to various other types of secondary colonies. This
almost exclusively to neurons and myofibroblasts (Table 3; sérdicates that in standard medium NCSCs give rise to colonies
Fig. S6 in supplementary material). This is consistent with théhat retain substantial numbers of multipotent progenitors. By
observation that gut NCSCs give rise to neurons, but usuallyontrast, colonies cultured in medium supplemented with
do not give rise to glia when they engraft in developingBmp4, Nrgl and Delta-Fc for 7 days never gave rise to
peripheral nerves (Bixby et al., 2002). This further supports theultilineage secondary colonies or any secondary colonies that
idea that Bmp4, Nrgl and Delta-Fc regulate differentiation ircontained neurons. Rather all 35 colonies subcloned from this
the developing nerve environment in vivo. treatment gave rise to M+G, G-only, and/or M-only colonies.

To test whether these factors caused sciatic nerve NCSCsThis indicates that the combination of Bmp4, Nrgl and Delta-
Fc caused nerve NCSCs to undergo lineage restriction in
culture to form progenitors that lacked neuronal potential,
but retained glial and/or myofibroblast potential.

Bmp4+Nrgl+Delta-Fc promote the acquisition of
an endoneurial fibroblast phenotype
If these factors promote the differentiation of NCSCs into
endoneurial fibroblasts in vivo, then they would be
expected to increase the proportion of myofibroblasts that
acquire a SMAThy1' phenotype in culture. To test this,
we cultured NCSCs under standard conditions or in the
: - o presence of standard medium supplemented by Bmp4,
et '™ ' Nrgl and Delta-Fc for 6 days, and then stained with
T antibodies against Thyl and SMA. Under standard
P75 P0+ cells conditions, gonIy 37>3A) of colonies contained
myofibroblasts after 6 days (averaging 5.9/colony) and
92+6% of cells with myofibroblast morphology were
SMA*Thy1", indicating poor differentiation toward an
endoneurial fibroblast phenotype (Fig. 8B,D). However,
after 6 days in Bmp4, Nrgl and Delta-Fc, 94% of colonies
in these experiments contained myofibroblasts (as well as
glia in most cases). and the number of myofibroblasts per
colony was greatly increased (averaging 1073/colony).

14d No Add

6d No Add

Fig. 8.NCSC-derived myofibroblasts express the endoneurial
fibroblast marker Thy1, and the generation of these cells is
enhanced by Bmp4, Nrgl and Delta. (A,D) After 14 days in
standard medium, nerve NCSCs give rise to myofibroblasts that
are either SMAThy1™ (purple arrows; 46+17% of cells with
myofibroblast morphology), SMA hy1" (white arrows;
44+15%), or SMAThy1* (white arrowhead; 10+3%). Note that
these colonies also contain large numbers of neurons and glia
that are not visible in this field of view. After only 6 days in
standard medium (B,D), NCSCs give rise to colonies

D 06 day No Add } containing mainly undifferentiated cells, as well as small

6d Delta+Nrg1+BMP4

100 @14 day No Add
06 day Delta+Nrgl+BMP4

numbers of myofibroblasts, which are mostly (92+6%) SW#y 1 (purple arrows). (C,D) In 6

day cultures supplemented with Delta, Nrgl and Bmp4, nerve NCSCs give rise to larger numbers

* of myofibroblast cells, that include a higher frequency of SW41* cells (white arrows;

60+8%), and SMAThy1" cells (white arrowhead; 28+7%) and a lower frequency of SMw1~

cells (not shown; 12+4%).P<0.05, relative to 6 day No Add (standard medium without Delta,

Nrgl or Bmp4 added}); indicatesP<0.05, relative to 14 day No add (D). (E) Neural crest-derived

2 *5 myofibroblast progenitors can be isolated from acutely dissociated fetal rat sciatic nerve as
p75Py" cells. (F) On average, 40+11% of theseP§5cells express Thyl in vivo. (G) 100% of

SMATHYL-  SMASTWI+  SMAThyl+ the colonies that arose in culture from theseByFhy1" cells were myofibroblast-only, and

Marker exprassion on myofibroblasts about 83% of these colonies consisted exclusively of SNl cells.

a6 *h

% of myofibroblasts
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Table 3. The combination of Bmp4, Nrgl and Delta-Fc cause sciatic nerve NCSC to give rise to glia and myofibroblasts
but cause gut NCSCs to give rise to neurons and myofibroblasts

Colonies containing the indicated cell types (%)

Plating
efficiency N+M+G N+G N+M N-only M+G M-only G-only U-only

SN NCSCs

No add 2448 73+15 9+6° 0+0 142 7+4 5+78 6+78 01

Fc 21+1G 72+7 3+38 2+4 3+6 10§ 3458 7+8 0+0

Nrgl 65+19* 2+1%8 3458 0+0 0+0 15+9%8 7458 66+16%8 7+5*

Delta-Fc 1745 00* 00* 00 00 32+18% 134%8 48+15%8 7+6*

Bmp4 31+1% 4+4%8 1+2* 17+9%8 42+17%8 8+118 11+6° 7458 9+6%8

Bmp4+Nrgl 70+13% 18+14%8 4428 21+6%8 16+9%8 1145 18+11* 7+5 5+4*

Bmp4+Delta-Fc 26+1% 0+0* 0+0* 245 12 30x13# 38+16* 24+15* 65*

Bmp4+Delta-Fc +Nrgl 50+12* 01* 00* 00 00 52+13* 27+11* 17+10* 34
Gut NCSCs

No add 82+10 7516 618 4+2 1+1 4+2 1145 01 01

Bmp4+Delta-Fc +Nrgl 74 +16 242% 0+0 30+14* 24+14* 4+4 35x7* 11 444*

E14.5 sciatic nerve and gut NCSCs were isolated by flow-cytometry &s,H€Blls, and cultured at clonal density for either 14 days (No add, Fc, GGF and
Delta treatments) or 6 days (all other treatments), depending on the time required for the majority of cells to differemtiatesatment. The cultures were
stained with antibodies against peripherin to identify neurons (N), GFAP to identify glia (G), and SMA to identify myofib(btlasll statistics represent
meanzs.d. for four to 10 independent experimerfes@*05 relative to No addP<0.05 relative to Bmp4+Delta-Fc+Nrg1). U-only colonies did not stain for any
of the differentiation markers but frequently had the appearance of G-only colonies, consistent with our previous olz&trGiimtytcolonies sometimes do
not stain with GFAP (Morrison et al., 2000b).

U, unstained.

Almost 90% of cells with a myofibroblast morphology

expressed Thyl wunder these conditions. Of these Neural crest

approximately one-third were SMAand two-thirds were Q‘Stem cell

SMA* (Fig. 8C,D). All of these values were significantly p75 *S100B *Dhh*

different from what was observed in standard mediun

(P<0.05). These data suggest that, in addition to increasing tl l

proportion of NCSCs that form myofibroblasts and glia in non-neuronal

culture, the combination of Bmp4, Nrgl and Delta-Fc alsc .restricted progenitor

dramatically increases the number of myofibroblasts the p75+S1008 *Dhh*

express Thyl. /

Discussion oo O Q regicted progenior

NCSCs cultured from sciatic nerve generate glia ant p7s+s100g*Dphh* p75"Dhh'Thy-1*

myofibroblasts, in addition to neurons, but it has been assumi

that the only neural crest-derived cells with their cell bodies it

peripheral nerves are Schwann cells. We have mapped the fi

of neural crest-derived cells in peripheral nerve using . . O

Crellox-based approach (Zinyk et al., 1998), and a series ! B - .

promoters specific to neural crest cells and their derivatives | Myelinafing Non-myelinafing  Endoneuria
Schwann cells Schwann cells fibroblasts

drive Cre expression (Chai et al., 2000; Jiang et al., 2000). O
results indicate that endoneurial fibroblasts in addition tc

myellnatlr}g ami r_]rorglm}ie“gatmg S5Ch\I/3vann Ctellstde[;:/e frorTFig. 9.Model of peripheral nerve development. NCSCs self-renew in
e neural crest (Table 1, Figs 4, 5). By contrast, other neNperipheral nerves to generate additional NCSCs (Morrison et al.,
cell types including perineurial cells, pericytes and endothelie19g9), as well as undergoing restriction under the influence of Nrg1,
cells, were not crest derived (Figs 2, 3). Consistent with the<Delta and Bmp4. The resulting restricted progenitors lack neuronal
observations, some of the myofibroblast progenitors culturepotential (non-neuronal) but undergo lineage commitment to form
from freshly dissociated sciatic nerve were neural crest deriveboth glial and myofibroblast progenitors. Glial progenitors

Table 2, Fig. 7). Many of these neural crest-derivecdifferentiate to form both myelinating and non-myelinating Schwann
( . Fig. 7) y differentiate to form both myelinating and linating Sch
myofibroblast progenitors expressed Thy1 in vivo, a marker ccells, and myofibroblast progenitors differentiate to form endoneurial
nerve fibroblasts including endoneurial fibroblasts (Morris andiProblasts. Itis likely that Nrgl, Delta and Bmp4 play multiple roles
Beech, 1984). Because endoneurial fibroblasts are the Orby having different effects on dlfferent_cells Wlthl_n these_ Ilneages.
non-glial neural crest-derivative in the sciatic nerve these da or example, Nrgl promotes the survival and glial restriction of

. o SCs (Morrison et al., 1999; Shah et al., 1994), whereas it
suggest that the myofibroblasts that arise in culture from NerVeomotes the survival, proliferation and maturation of glial

NCSCs or from freshly dissociated nerve cells correspond tgogenitors/Schwann cells (Dong et al., 1995), and the proliferation
cells that are fated to form endoneurial fibroblasts in vivo (Figbut not the survival of myofibroblast progenitors (Morrison et al.,

9). 1999).

p75-PyTS1008*  p75*+Py S100B* p75-S1008 "Dhh'Thy-1*+
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Schwann cell and fibroblast lineage segregation culture glia+tmyofibroblast (G+M) colonies, glia-only (G-only)
probably occurs within peripheral nerve colonies, or myofibroblast-only (M-only) colonies directly

To test whether endoneurial fibroblasts arise in vivo fronfrom freshly dissociated sciatic nerve (Morrison et al., 1999).
multipotent progenitors within the nerve environment, orProgenitors that form each of these colony types also arise from
whether they arise from an independent lineage of progenitorldividual sciatic nerve NCSCs upon subcloning in culture
or prior to their migration into the nerve, we used Dhh-Cre tdMorrison et al., 1999). It will be necessary to consider the
fate map nerve progenitoihhis not expressed by migrating functions of genes that are expressed by neural progenitors in
neural crest cells, or by neural crest progenitors that coloniZz8€ nerve in terms of NCSC self-renewal, lineage restriction,
ganglia, but is turned on in neural crest progenitors withidineage commitment, and differentiation.
developing peripheral nerves (Bitgood and McMahon, 1995; These results are also of general importance to
Jaegle et al., 2003; Parmantier et al., 1999) (see Fig. S5 aderstanding neural development, as they demonstrate that
supplementary material). Both Schwann cells and endoneuritiHnk neural crest cells actually adopt a myofibroblast fate in
fibroblasts arose from Dhh-Cre expressing progenitors withilivo. Previously, neural crest cells were known to form smooth
the nerve (Fig. 5). To test whether they arose from a commdRuscle in the cardiac outflow tracts but more caudal trunk
progenitor, or whether they might have arisen fromneural crest cells were not thought to adopt similar fates. As a
independent |ineages that Simuitaneousiy exprdgbbd_ipon result, although _trunk NCSCs, including SCiatiC n<_-3_rve NCSCs,
entry into the nerve environment, we examiBéat expression have been defined partly based on their ability to form
in NCSCs, and myofibroblast progenitors isolated from thényofibroblasts (in addition to neurons and glia) in culture
developing sciatic nerve (Fig. 6). We found that only NCSC4Bixby et al., 2002; Morrison et al., 1999; Shah et al., 1996),
within the nerve expressed significant levels bhh. it was unclear whether this myofibroblast capacity was actually
Myofibroblast progenitors expresséth at levels that were Uused in vivo. This question has gained added importance with
equal to or lower than those observed in gut NCSCs and gtite demonstration in the developing spinal cord that separate
epithelial progenitors, which failed to activate reporter gen@opulations of progenitors form oligodendrocytes and
expression. These results suggest that myofibroblagiotoneurons, as compaired to astrocytes and interneurons
progenitors arise fromDhh-expressing NCSCs within (Gabay et al., 2003). This suggests that although stem cells
developing nerves. from the spinal cord have been defined based on their ability
The fact that similar percentages of Schwann cells ant® form neurons, astrocytes and oligodendrocytes, there may
endoneurial fibroblasts express@dgal, whether the fate hot be a single cell population in vivo that actually forms all
mapping was performed using Wntl-Cre (Tabie 1) or th-Cer these cell ty_peS Iri the splnal COI’d..The. flndlng that the trurik
(Fig. 5), also supports the conclusion that these cell populatiof@ural crest gives rise to endoneurial fibroblasts (Fig. 4), in
originated from a common progenitor within the net#ntl ~ addition to neurons and glia (see Fig. S2 in supplementary
is expressed at the onset of neural crest migration, whehees Mmaterial), demonstrates that the ability of these cells to form
is not expressed until days later in developing peripherdnyofibroblasts does not result from reprogramming in culture.
nerves. If Schwann cells and endoneurial fibroblasts arose frothis thus of interest to study the fibroblast/glial fate decision
independent |ineages of progenitorS' these independeiﬁt addition to Stut_jylng the neur_on/glla fate decision by NCSCs.
lineages would have to simultaneously begin expressfn, The mechanism by which nerve NCSCs undergo
and then later simultaneously expreéBbh. Moreover, the —multilineage differentiation appears to involve the
levels of expression of these genes would also have to §@mbinatorial action of Bmp4, Delta,and Nrgl on the NCSCs.
similar in both lineages to account for the similar degrees dfach of these factors is expressed in developing peripheral
recombination in both cell types. A more parsimoniougherves in vivo (Bixby et al., 2002; Dong et al., 1995). Together
explanation is that these lineages arise from a commdhese factors cause sciatic nerve NCSCs to form glia and
progenitor that does not undergo lineage commitment untinyofibroblasts, but not neurons, in culture (Table 3, see Fig.

after migrating into the deveioping nerve. S6 in Supplementary material), even thOUgh |nd|V|duaIIy the
o factors promote neuronal or glial fate determination (Morrison
Implications for models of nerve development et al., 2000b; Morrison et al., 1999; Shah et al., 1996; Shah et

The finding that NCSCs undergo multilineage differentiatioral., 1994). In cultures supplemented with Bmp4, Delta and
in developing peripheral nerves indicates that nervéNrgl, sciatic nerve NCSCs formed glia+myofibroblast (G+M)
development is more complex than was previously thoughtolonies, glia-only (G-only) colonies, and myofibroblast-only
Prior models of neural crest differentiation in the nerve(M-only) colonies (Table 3), consistent with the possibility that
considered only the overt differentiation of Schwann cells fronthese factors regulate the differentiation of NCSCs in
Schwann cell precursors (Jessen et al.,, 1994; Jessen atelVeloping nerves. Moreover, in the presence of these factors,
Mirsky, 1992; Mirsky and Jessen, 1996). In the context of sucNCSCs generated much larger numbers of myofibroblasts, and
models, genes that regulate neural development were assuntld myofibroblasts were more likely to acquire a TISMA~

to play a role in this differentiation process. We find thatphenotype, thus resembling endoneurial fibroblasts (Fig. 8).
NCSCs self-renew within developing peripheral nervesThe involvement of these factors is further supported by the
(Morrison et al.,, 1999), undergo restriction to form non-observation that they cause gut NCSCs to give rise to neurons
neuronal progenitors, make a fate choice between the glial aattd myofibroblasts, but usually not glia, in culture (Table 3),
myofibroblast lineages, and then differentiate into Schwannonsistent with the observation that gut NCSCs give rise to
cells and endoneurial fibroblasts (Fig. 9). The existence afeurons but usually not to glia upon transplantation into
these partially restricted, and glial and myofibroblastdeveloping peripheral nerves (Bixby et al., 2002). Thus the
committed progenitors in vivo is supported by the ability tocombinatorial effects of Bmp4, Delta and Nrgl on sciatic nerve
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and gut NCSCs in culture appear to be consistent with the wayedical Institute. N.M.J. was supported by the MSTP, and Cell and
in which these NCSC populations differentiate in developingevelopmental Biology Training Grants (University of Michigan).

nerves in vivo. Thanks to David Adams, Martin White, Anne Marie Deslaurier, and
the University of Michigan Flow-Cytometry Core Facility. Flow-
The embryonic origin of nerve cell types cytometry was supported in part by the UM-Comprehensive Cancer

The embryonic origin of different nerve cell types has long beeﬁIH CA46592, and the UM-Multipurpose Arthritis Center NIH

. . ; : . R20557. Thanks to Elizabeth Smith in the Hybridoma Core Facility,
controversial but until recent years it was not possible to dlrectlgUIOIOOrted through the Michigan Diabetes Research and Training

trace the origin of nerve cell types in fate-mapping experimeniEenter (P60-DK20572) and the Rheumatic Core Disease Center (1
in vivo. For example, it was debated whether perineurial cells3p AR48310). Thanks to Chris Edwards, Dorothy Sorensen and
were derived from Schwann cells, endoneurial fibroblasts, or apian-Chun Yu for assistance with confocal and electron microscopy.
independent lineage of fibroblasts, based on morphologicahanks to Andrew McMahon for providing Wntl-Cre mice; to
criteria (Low, 1976; Peltonen et al., 1987; Peters et al., 1976Fhilippe Soriano for providing loxpRosa mice; and to K. Sue O’Shea
Our fate mapping experiments demonstrate directly that the vaféf expert advice on nerve histology.

majority of perineurial (_:ells are not neural crest derived ang;upplenm,_mtalry material

therefore cannot be lineally related to Schwann cells o pplementary material for this article is available at

endoneurial fibroblasts. Our data leave open the possibility thal, /), 1o 1ologists. org/cgi/content/full/131/22/5599/DC1
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