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Summary

The developmental potential of a uniform population of
neural progenitors was tested by implanting them into

motoneurons, they failed to elongate axons out of the DRG.
In addition, they neither expressed the DRG marker Brn3a

chick embryos. These cells were generated from retinoic
acid-treated mouse embryonic stem (ES) cells, and were
used to replace a segment of the neural tube. At the time

nor the Trk neurotrophin receptors. Control experiments
with untreated ES cells indicated that when colonizing the
DRG, these cells did elongate axons and expressed Brn3a,

as well as Trk receptors. Our results thus indicate that ES
cell-derived progenitors with RG characteristics generate
neurons in the spinal cord and the DRG. They are able to
respond appropriately to local cues in the spinal cord, but
not in the DRG, indicating that they are restricted in their
developmental potential.

of implantation, the progenitors expressed markers
defining them as Pax6-positive radial glial (RG) cells, which
have recently been shown to generate most pyramidal
neurons in the developing cerebral cortex. Six days after
implantation, the progenitors generated large numbers of
neurons in the spinal cord, and differentiated into
interneurons and motoneurons at appropriate locations.
They also colonized the host dorsal root ganglia (DRG) and
differentiated into neurons, but, unlike stem cell-derived

Key words: Neural tube, Stem cells, Motoneuron, Radial glial cells,
Neurotrophin receptors

Introduction RG cells are the first cell type that can be distinguished from

Unlike many other adult tissues, the nervous system dreuroepithelial cells, and they have traditionally been

mammals has a limited ability to compensate for the loss dfonsidered to guide the migration of newly born neurons and
dR, subsequently become astrocytes (for a review, see Rakic,

03). Recently, they were also discovered to generate neurons
alatesta et al., 2000), and it now appears that most pyramidal
urons in the developing telencephalon derive from RG cells
alatesta et al., 2003). In the present study, we implanted
ax6-positive RG cells in place of a portion of the chick neural
Ebe, and examined their fate several days after implantation.

administered growth factors can increase neurogene
following neuronal death caused by focal ischemia (Nakato
et al., 2002), large scale cell replacement based on t
recruitment of endogenous progenitor cells does not seem
be sufficient to restore functional neuronal circuits when th
cell losses are extensive. A number of neurodegenerati
diseases dramatically illustrate the consequences of this

situation. _ o Materials and methods

In theory, there is no quantitative limit to cell replacement .

: - - : All reagents for cell culture were purchased from Invitrogen unless
based on the implantation of in vitro generated neurg] A
. . . .3 -otherwise indicated.

progenitors, and previous studies have indicated that nestin-
positive, ES-derived cells have the potential to integrate in the€ell culture
host nervous system (e.g. Brustle et al., 1997). HoweveKouse ES cells were deprived of mouse embryonic fibroblasts and
experiments of this kind have been typically performed wittcultured on gelatine-coated dishes containing Dulbecco’s Modified
heterogeneous cell populations (for a review, see Andersohagle Medium and leukemia inhibitory factor (LIF, 1000 U/ml) (for
2001). We recently found that the addition of retinoic aciddetails, see Bibel et al., 2004). To facilitate their detection in the host,
(RA) to rapidly dividing mouse ES cells leads to the generatio#® used ES cells engineered to express green fluorescent protein
of a uniform population of neural progenitors that display thé?';lp) ;g’é?l)bcém?ragﬂesog?ersd?égg' ;ifg#)crl::éftir?'gai?gﬁélg'tzggl
characteristics of RG cells found in the developing dors N ' Y 9

. SR ishes for a period of 8 days, with the addition @i\d all-trans RA
telencephalon (Bibel et al., 2004). This finding offered th Sigma) during the last 4 days. In some experiments (see Results),

possibility to test the differentiation potential of a homogenouggs were used 36 hours after the beginning of their formation. EBs
cell population corresponding to progenitors participating invere fixed in 4% paraformaldehyde for 30 minutes, incubated in 30%
normal brain development. sucrose for 12 hours, embedded in cryomedium (OCT, Sakura) and
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stored at —80°C until cryosectioning. In some experimentgyMO0 and 0.2% Triton in PBS (7% Triton was used for Oct3/4 staining).
bromo-deoxyuridine (BrdU, Sigma) was added to EB cultures 3 hourSections were then incubated with primary antibodies in blocking

prior to fixation. solution for 12 hours at 4°C. The following antibodies were used at
) ) the indicated dilutions: Isl1 (1:500, gift from S. Arber, Biozentrum,
Chick embryo experiments University of Basel, Switzerland), Brn3a (1:10000, gift from E.

Fertilized chick eggs were incubated at 38.5°C and 80% humidity foFurner, UCSD, USA), pan-Trk C-14 (1:1000, Santa Cruz), Glast
approximately 42 hours, until they reached the 19-21 somite stag€l:1000, Chemicon), Oct3/4 N-19 (1:20000, Santa Cruz), Sox2
Embryos were staged according to Hamburger and HamiltoAB5770 (1:3000, Chemicon), BrdU (1:1000, Sigma), and a p75 serum
(Hamburger and Hamilton, 1951). Two millilitres of albumen wasraised against the bacterially expressed cytoplasmic domain of rat p75
removed from the egg and a portion of the upper eggshell was openéil:1000). The antibodies 40.3A4 (Isl1, 1:1500), 4F2 (Lim1/2, 1:500),
To visualize the embryo, drawing ink (Pelikan, A17) was dissolved ir81.5 C10 (Mnr2, 1:500), Pax6 (1:1000), 74.5A5 (Nkx2.2, 1:50),
PBS (16pl/ml) and injected under the blastoderm. One neural fold\estin (1:10), Rc2 (1:10), 50.5A5 (Lmx1, 1:50) and Pax7 (1:500)
was removed over a length of 4 somites, at the level of the forelimere obtained from the Developmental Studies Hybridoma Bank
bud, by tearing the tissue with glass needles. RA-treated EBs weneaintained by the University of lowa. In all cases, PBS was
incubated with trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA) at substituted for the primary antibodies to test for unspecific labelling
37°C for 10 minutes. EBs are typically heterogeneous in size anaf secondary antibodies. Sections were rinsed in PBS repeatedly
those corresponding approximately to the size of the gap to be fillehd incubated with the following antibodies for 1 hour at room
were selected for the implantation experiments. RA-untreated EBemperature: anti-rabbit Rhodamine Red X-conjugated antibody and
were trypsinized for 6 minutes. After incubation with trypsin, one EBanti-mouse Cy3 antibody (1:1000, Jackson), anti-guinea pig antibody
was transferred, with a pipette tip, onto the top of the missing portio(L:1000, gift from S. Arber). Secondary antibodies were combined
of the neural tube and implanted manually using a tungsten needlsith the nuclear stain Hoechst 33342 (1g/ml, Sigma). Sections

By the end of these manipulations, the EB had become a loose celére rinsed in PBS and mounted. Sections used for BrdU staining
aggregate, which helped to accommodate it in the appropriat@ere previously incubated in 2 N HCI for 30 minutes at 37°C, then
position. Trypsin-treatment of EBs was found to be essential, aseutralized in 0.1 M sodium tetraborate for 30 minutes and rinsed in
untreated EBs remained compact and did not integrate into the hd3BS. Pictures were collected with a Zeiss Axioplan2 Imaging
environment. After sealing and incubation for 6 days, the embryofluorescent microscope and processed with Adobe Photoshop 7.0.
were removed from the eggs, examined for GFP fluorescence and

fixed in 4% paraformaldehyde for 4 hours. Following incubation in

30% sucrose for 36 hours, they were embedded in cryomedium afesults

stored at —-80°C for cryosectioning. Characterization of implanted RA-treated EBs
Immunohistochemistry We first examined the expression of nestin, Sox2, Rc2, Glast

Sixteen micrometre thick cross-sections were rinsed in PBS an@nd Pax6 in RA-treated EBs at the time of implantation (Fig.
incubated for 30 minutes in blocking solution containing 10% seruni). The vast majority of the cells were found to be positive for

nestin

Sox2 RC2 GLAST Pax6 Pax7

Lim1/2 MNR2 Isi1 Nkx2.2 Olig2 . BrdU

Fig. 1.Characterization of CNS progenitors in RA-treated EBs. Cryosectionsi{1Bick) of EBs after 4 days of RA treatment (see Materials
and methods), double labelled with a nuclear stain (upper rows) and with the indicated markers (lower rows). The maa@safxtpress
nestin, Sox2, Rc2, Glast and Pax6, a profile characteristic of neurogenic RG cells. Note that the expression of theseveatkers is
distributed throughout the EB. RA-treated EBs contain very few cells (<1%) expressing the markers Lim1/2, Mnr2 and Istklland no
expressing Pax7, Nkx2.2 or Olig2. A 3-hour pulse with BrdU shows the presence of proliferative cells in RA-treated EB$ivAtH&=s

from different experiments were analyzed for each marker. Scale barni00
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Table 1. Integration of donor cells in operated embryos

Number of embryos Number of embryos  Number of embryos  Percentage of embryos containing Percentage of embryos
Cell type implanted operated surviving operation with GFP+ cells GFP+ cells in VSC with axons containing GFP+ cells in DRG
RA-treated cells 113 101 63 65.5+2718-p4) 59.2+34.51(=27)
RA-untreated cells 86 71 56 74.9+2716-(6) 86.1+16.414=19)

Analyses were performed on embryos from 16 independent experiments (nine with RA-treated EBs and seven with RA-untr&jtedaEs¢mbryos
were initially observed as wholemounts and those showing a GFP signal at the implant region (third column) were sedti@sederbryos contained
numerous GFP+ cells in several continuous sections, but the number of these varied. GFP+ cells were frequently detesédlispheal cord (VSC)
extending axons towards the periphery (fourth column), and in the DRG (fifth column). In few sections, donor cells weremlgtected DRG, suggesting
that they also migrated along the anteroposterior axis. We failed to detect mouse nuclei in embryos that did not exIsigihal GHP%), suggesting that the
donor cells did not survive in these animals. Results are +srerepresents the number of embryos analyzed.

these markers and they were evenly distributed throughout tipeecursors located at more dorsal and ventral positions,
EBs (Fig. 1). RA-treated EBs did not contain cells expressingespectively, of Pax6-positive cells (Jessell, 2000). Less than
the markers Pax7 or Nkx2.2, which in the neural tube defing&% of the cells in RA-treated EBs expressed Lim1/2, Mnr2,
Isl1 or Olig2, which are normally expressed by differentiating
neuronal precursors in the spinal cord and in the DRG. Also,
no cells were positive for the sensory marker Brn3a (data not
shown). The majority of the cells within RA-treated EBs were
dividing, as assessed by a 3-hour BrdU pulse prior to fixation
(Fig. 1). Taken together, these observations indicate that RA-
treated EBs contain a uniform population of CNS progenitors
with the known antigenic characteristics of RG cells found in
the dorsal telencephalon (reviewed by Kriegstein and Gotz,
2003).

A

1} Remove right side
of newral tube

2) Disseciale EB
and implant cells

Differentiation of RA-treated EBs after implantation
in the neural tube

Following the removal of one half of the neural tube, one RA-
treated, trypsinized EB was implanted in the gap (Fig. 2A).
Embryos surviving the operation (see Table 1) were removed
from the egg, washed with PBS, and observed under a
fluorescent microscope. A GFP signal found at the implant
region indicated that the donor cells survived and differentiated
into neurons in the chick host (see Table 1). Serial transverse
sections were then analyzed and stained with the nuclear stain
Hoechst 33342, allowing mouse and chick cells to be
unambiguously identified on the basis of their distinct nuclear
morphologies (Fontaine-Perus et al., 1997) (see Fig. 2B).
Mouse GFP neurons were detected in all consecutive sections
of the implant area. Notably, the operated side of the spinal
cord was abundantly populated by GFP neurons, closely
resembling the adjacent non-operated side in size and
morphology (Fig. 2C). Also, a bundle of GFP-labelled axons

Fig. 2. Progenitors from RA-treated EBs integrate in the chick neuralWas often observed projecting from the ventral spinal cord
tube. (A) A segment of one neural fold (~400 long) was removed towards the perlphery, resembllng a ventral root (Flg 2D, Table
and discarded at the level of the forelimb bud of E2 chick embryos. 1). Cell counts indicated that the majority of the nuclei
EBs were dissociated with trypsin and implanted (see Materials and exhibiting mouse morphology co-localized to GFP-expressing
methods), and embryos were allowed to develop until E8. cells (see Table 2). These observations show that donor cells

(B) Identification of donor cells by nuclear morphology. Nuclear survive in very large numbers for prolonged periods of time,
staining with Hoechst of 1gim-thick cryosections reveals differences
in morphology between chick and mouse nuclei. (C,D) Transverse
sections (16um thick) through chick embryos operated on as

Table 2. Neuronal differentiation of donor cells

described in A. (C) Donor cells survive in large numbers and Percentage of mouse neurons  Percentage of mouse
differentiate into GFP+ neurons throughout the operated side of the Cell type implanted in spinal cord neurons in DRG
spinal cord. Left image shows nuclear staining revealing spinal cord Ra-treated cells 78.5+15.3 81.345.5
morphology. Note that the operated side resembles the non-operatetkA-untreated cells 72.8+19.2 65.4+17.1

side in size and morphology. (D) GFP+ neurons populate the ventral

spinal cord and extend axons towards the periphery. Axons can be  The number of mouse nuclei was quantified in the spinal cord and in the
observed projecting dorsally (arrowhead) and ventrally (arrow). GFP DRG of embryos collected from 8 independent experiments. Results show the
signal co-localizes with neurofilament (NF-M) staining (yellow). percentage+s.e.m. of Hoechst-stained mouse nuclei that expressed GFP,
Scale bar: 1@m in B; 100um in C,D. indicating their neural identity.
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Table 3. Expression of neural markers by donor cells

Cell type implanted LIM1/2 in SC Mnr2 in VSC Isllin VSC Brn3a in DRG Isl1 in DRG
RA-treated cells 39.3+10.2 73.6+23.5 80+26.4 0 0
RA-untreated cells 42.8+10.9 15.4+6.4 43.9+36.8 36.7+18.6 21.1+4.7

Analysis performed on sections from embryos implanted with RA-treated or RA-untreated cells, collected from five indepenitesntsxiResults show
percentagets.e.m. of GFP+ cells that expressed Lim1/2 throughout the spinal cord (SC), Mnr2 or Isl1 in the ventral §pi8&])cardl Brn3a or Isl1 in the
DRG.

and that they differentiate mostly into neurons in the chicko express the dorsal interneuron marker Lmx1 (data not
spinal cord. shown).

Because in the spinal cord some interneurons and As previous studies revealed that when chick motoneurons
motoneurons are generated from a progenitor pool expressidifferentiate and start to elongate axons they express both Trk
markers that we also find in our RA-treated EBs (Ericson ednd p75 receptors (McKay et al., 1996), we next investigated
al., 1997; Graham et al., 2003), we next investigated whetherhether ventrally located donor cells also expressed these
these cell types could also be identified in the progeny of theeurotrophin receptors. Fig. 3D-I shows labelling of ventrally
implanted EBs. We found that GFP-expressing neuron®cated GFP+ neurons and their axons using pan-Trk and p75
located throughout the spinal cord expressed the interneuramtibodies.
marker Lim1/2 (Fig. 3A, Table 3), while they expressed Mnr2 )
and IsI1 in the ventral spinal cord (Fig. 3B,C). These cells alsg€lls from RA-treated EBs colonize dorsal root
extended long GFP-positive axons towards the periphery (Figanglia but fail to differentiate into sensory neurons
3B). Importantly, GFP+/Lim1/2+ cells located dorsal to theln the chick embryo, neural crest cells delaminate from the
motoneuron domain of the spinal cord did not express Mnréorsal neural tube and start to migrate to the periphery to form
(Fig. 3J-K). In the dorsal spinal cord, the GFP+ cells failedthe PNS at E2 (Le Douarin and Kalcheim, 1999). As our

Fig. 3. Progenitors from RA-treated EBs
differentiate into defined neuronal
subtypes. (A-K) Transverse sections
through E8 chick embryos operated on at
E2, as described in Fig. 2, showing
endogenous GFP signal and labelled for
the indicated markers. (A) GFP+ neurons
located at the middle spinal cord express
Lim1/2 (merged yellow). Ventrally

located GFP+ neurons express the
motoneuron markers Mnr2 (B) and Isl1
(C). Note in B, the GFP+ axons (arrow)
projecting from the MNR+/GFP+ cells
towards the periphery. (D-1) Expression of
neurotrophin receptors by donor cells.
(D) p75 expression is detected in ventrally
located GFP+ neurons and their axons
(arrow). (E,F) Higher magnification of the
GFP+ somata and the axons indicated by
the arrow in D. (G) Expression of Trk
receptors is detected in ventrally located
GFP+ neurons using pan-Trk antibodies.
(H,I) Higher magnification of the
GFP+ somata and the axons
indicated by the arrow in G.

(J-K) Consecutive sections of the
same embryo, double labelled by
Hoechst (J,K), and by Lim1/2'{Dr
Mnr2 (K'). GFP+ cells located at the
middle spinal cord express Lim1/2
(J shows a higher magnification of
the same section), but do not express
Mnr2 (K"). Scale bar: 5¢im in A-
C.,E,FH,l; 100um in J-K; 200pum

in D,G.
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progenitors were implanted at these developmental stages, ¥aem EBs for 36 hours in the presence of LIF and without RA,
next examined whether donor cells could colonize the PN&nd subsequently were implanted in the chick neural tube
GFP-positive cells were frequently found in the host DRG (Figfollowing the same procedure as has been described for RA-
4A and Tables 1, 2). However, unlike their chick counterpartsreated embryos. Prior to implantation, ES cells expressed the
in the DRG, mouse neurons never expressed the transcriptitlanscription factor Oct3/4 (Fig. 5A), indicating their
factors Brn3a (Fig. 4B) and Isl1 (Fig. 4C), which are markersindifferentiated, pluripotent character (Niwa et al., 2000;
that define most neurons in that structure (Anderson, 1999%oiani et al., 2002). They failed to express nestin, Sox2, Pax6
Surprisingly, we never found mouse neurons elongating axorms Pax7, Rc2, Glast, Lim1/2, Mnr2, Isl1, Nkx2.2, Olig2 or
outside the DRG, even though GFP expression indicated thédrn3a (data not shown). Like RA-treated ES cells, they also
neuronal identity. These cells expressed p75 at high levels (Figurvived in large numbers and differentiated into neurons in
4D), but they failed to express detectable levels of Trkhe host spinal cord (see Tables 1, 2). ES cell-derived GFP-

receptors (Fig. 4E). positive neurons located throughout the spinal cord expressed
_ Liml1/2 (Fig. 5B), suggesting their differentiation into

RA-untreated EBs generate both spinal cord and interneurons. Surprisingly, and like the RA-treated cells, they

DRG neurons in vivo failed to express Lmx1 in the dorsal spinal cord (data not

We next tested the prediction that in the absence of RAhown). Ventrally located mouse neurons expressed Mnr2 and
treatment, ES cells would generate both CNS and PNS ne'' !
progeny in vivo. Undifferentiated ES cells were allowed

Fig. 4. Progenitors from RA-treated EBs fail to acquire sensory Fig. 5. Developmental potential of cells from RA-untreated EBs. ES
neuron characteristics. (A) Host DRG (asterisk, Nomarsky image, cells were allowed to form EBs for 36 hours and then implanted into
left) is shown to be colonized by GFP+ cells (right). Donor cells the chick neural tube as described in Fig. 2. (A) Cryosectiongnil2
colonized much of the host DRG, and the majority expressed GFP, thick) through EBs double-labelled by Oct3/4 antibodies (upper row)
indicating their neural differentiation. Note the lack of GFP+ and the nuclear staining Hoechst (lower row). After 36 hours, the
processes. In this section (see also Fig. 6), mouse donor cells have majority of the cells within the EB express Oct3/4 (left column).
migrated longitudinally, away from the site of implantation, and the After 8 days (4 without and 4 with RA), very few cells within the EB
spinal cord segment at this level is occupied mostly by chick cells. maintain Oct3/4 expression (right column). (B-F) Transverse sections
Expression of Brn3a (B) and Isl1 (C) in DRGs colonized by GFP+ through E8 chick embryos operated on as described previously,
cells. Note the absence of Brn3a and Isl1 expression by GFP+ cellsshowing endogenous GFP signal and labelled for the indicated

(no merged yellow). (D) GFP+ cells express high levels of the p75 markers. (B) ES cell-derived GFP+ cells located at the middle spinal
neurotrophin receptor in the DRG (merged yellow). (E) Expression cord express the interneuron marker Lim1/2 (merged yellow).

of Trk receptors is detected in chick cells in the DRG (arrow), and inVentrally located GFP+ cells express the motoneuron markers Mnr2
their axons (arrowhead) projecting to the spinal cord, but not in (C) and Isl1 (D). GFP+ cells in the ventral spinal cord elongate axons
GFP+ donor cells. Cells expressing Brn3a or Isl1 always exhibited towards the periphery; both their somata (arrowheads) and axons
chick nuclear morphology (not shown). drez, dorsal root entry zone;(arrows) are labelled by p75 (E) and pan-Trk (F) antibodies. Scale
sc, spinal cord. Scale bars: 0@ in A; 50um in B-E. bar: 100um in A; 25um in B-D; 100um in E,F.
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Fig. 6.Cells from RA-untreated EBs differentiate into DRG neurons and extend axons. (A) Host DRG (asterisk, Nomarsky image, ) is show
to be colonized by ES cell-derived GFP+ neurori3. (dote GFP+ axons (arrow) projecting towards the spinal cord!)(B@or axons are

detected by endogenous expression of @*Phth in the DREZ (arrow) and in the spinal cord (arrowhead). (C-E) Expression of Brn3a (C),
Isl1 (D) and p75 (E) by many GFP+ neurons (merged yellow) in host DRG. (F) Expression of pan-Trk in host spinal cordoteatralin

the DRG (asterisk), which is colonized by GFP+ cells. Higher magnification images of the same section show pan-Trk expgs&ssion by

cells in the DRG (G), and also in their axons joining the ventral root (H). (1,J) GFP+ cells colonize both the spinaltber®B@l (asterisk).

| is stained for Mnr2; J for Lim1/2. GFP+ cells located only in the ventral spinal cord express Mnr2 (also shaam inigher magnification

of the same section), while GFP+ cells located throughout the spinal cord express Lim1/2. Note that no GFP+ cells expraetb@sehe

DRG (asterisk). White lines delineate the spinal cord and DRG limits. drez, dorsal root entry zone; sc, spinal cordt roptehtale bar:

100pm in AJF,I; 50pum in B; 25um in C,E,G,H,J; 12.5m in D.

Isll (Fig. 5C,D), and elongated long axons towards thevere found to be GFP-positive in intact EBs or during the first
periphery, suggesting that they differentiated intohours following EB dissociation (data not shown). These
motoneurons. These cells also expressed Trk and p#¥Bsults indicate that RA-treated EBs contained a homogeneous
neurotrophin receptors in their somata and their axons (Figrogenitor population with the characteristics of cortical RG
5E,F). Like the progeny of RA-treated cells in the spinal cordgells. Previous studies using similar markers indicated cellular
donor cells located dorsal to the motoneuron domain did ndteterogeneity of RA-treated EBs (Renoncourt et al., 1998;
express Mnr2 (data not shown). Wichterle et al., 2002). In particular, none of our progenitors
Numerous GFP-positive neurons were also found in thexpressed Pax7 or any neuronal markers to significant levels.
DRG (Fig. 6A). Notably, these cells expressed Brn3a (Fig. 6C)Ve feel that these differences are most likely due to the
and Isl1 (Fig. 6D), and also elongated axons both towards thmethods used to culture ES cells, such as the absence of feeder
spinal cord and the periphery (Fig. 6A,B,H; see Table 3 for aells at the time of EB formation, as well as the selection of
quantitative comparison with RA-treated cells). ES cell-rapidly dividing, presumably uncommitted ES cells for EB
derived neurons expressed p75 (Fig. 6E), but, in contrast formation (Bibel et al., 2004). The apparent homogeneity of
RA-treated cells in the DRG, they also expressed high levetsur RA-treated EBs prior to implantation is likely to explain
of Trk receptors in their somata, as well as in their axons (Figvhy motoneurons are generated following grafting in the
6F-H). Neither ES cells nor RA-treated cells expressed Mnrabsence of pre-treatment with sonic hedgehog (see Wichterle
(Fig. 6l) or Lim1/2 (Fig. 6J) when colonizing the DRG. et al., 2002). Indeed, as motoneurons constitute only a fraction
of our progenitors, it can be expected that if the ES cells-
. . derived population is heterogeneous at the time of
Discussion implantation, it is likely to contain fewer cells that are able to
In the RA-treated EBs used for implantation, most cellenter the motoneuron differentiation pathway. Presumably in
divided, and virtually all expressed nestin, Sox2, Pax6, Rc2 armur case, sonic hedgehog or other signalling molecules
Glast, whereas only very few expressed interneuron andklivered by the host drive the generation of motoneurons at
motoneuron markers such as Lim1/2, Mnr2 or Isl1. No cellshe appropriate location following grafting of sufficient
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numbers of competent progenitors able to interpresuggest, then, that neurons located in the DRG do not extend

differentiation signals. axons by default, even in the highly conducive environment

. . o provided by developing DRG. Although we do not know why
Large numbers of EB-derived cells differentiate into Trk receptors are not expressed when mouse cells are located
neurons in the host in the host DRG, we note that they fail to express the POU

Six days after implantation, the vast majority of the progenitorgranscription factor Brn3a. It has been shown that the
were found to differentiate in the spinal cord into Liml1/2+expression of all Trk receptors is compromised in the
interneurons and Mnr2+/Isl1+ motoneurons. The lattetrigeminal ganglia of Brn3& mice, while the expression of
extended axons towards the periphery and expressed thé5 is not affected (Huang et al., 1999). In addition, Brn3a has
neurotrophin receptors p75 and Trk, both in their somata an@cently been shown to directly induce transcription of TrkA
axons. In addition to the identification of donor cells usingn the DRG (Ma et al., 2003). Thus, the absence of Brn3a
GFP, we also monitored, by nuclear staining, the fate of othexpression by donor neurons in the DRG may be related to
cells that survived in the chick embryo but failed totheir failure to express Trk receptors. Why the expression of
differentiate into neurons. Both in the spinal cord and the DR@rn3a is not turned on is unclear, but we note that in the DRG,
about 80% of the mouse nuclei were found to belong to GFPthe progenitors of Brn3a cells are not Pax6-positive. In view
cells. A previous study has indicated that there is a completdf these results with the DRG, we performed similar
overlap between cells expressing GFP fromtéhudocus and  implantation experiments with RA-untreated ES cells.
those positive for the antibody TuJ1 that recognizes a neuroiirtually all ES cells at the time of implantation expressed
specific form of tubulin (Tucker et al., 2001). In addition, weOct3/4, one of the markers correlating with pluripotency of ES
also found that, in the spinal cord, many GFP-negative mousells (Niwa et al., 2000; Boiani et al., 2002). We found that
cells expressed either Lim1/2 or Mnr2 (data not shown)these cells also survived in large numbers after implantation.
suggesting that they were on their way to become post-mitotidke RA-treated cells, they also differentiated into Lim1/2+
interneurons or motoneurons, respectively. Although it maynterneurons, and into Mnr2+ and Isl1+ motoneurons,
seem surprising that our progenitor cells only give rise to fevextending long axons towards the periphery that were positive
cells not belonging to the neuronal lineage, our experimentsoth for Trk and p75 neurotrophin receptors. We observed,
did not go beyond E8, which is before the time when largbowever, that RA-untreated ES cells generated fewer
number of astrocytes are generated in the spinal cord. It lmotoneurons than RA-treated cells, as judged by the
possible that some of the GFP-negative cells may later go @xpression of Mnr2 and Isl1. Recent studies indicate that
to differentiate into astrocytes and other cell types. Our resulsomite-derived RA plays an early role in the acquisition of a
also indicate that the implanted progenitors are able to responéural fate by neural tube cells (Diez del Corral et al., 2003),
to patterning signals in the spinal cord, generating spinal corahd that the same molecule can further promote these cells into
interneurons and motoneurons in a time- and positiona motoneuron differentiation pathway, even in the absence of
dependent manner. At present, in vivo cell lineage studies hagenic hedgehog (Novitch et al., 2003). It is therefore
not rigorously proven that Pax6-positive RG cells in the spinatonceivable that pre-treatment with RA may not only induce
cord generate motoneurons and subtypes of interneurons, mgural differentiation of ES cells, but also brings these cells
this appears quite likely. Indeed, the pattern of expression afoser to a motoneuron fate. ES cells also colonized the host
RG markers and of Pax6 in the spinal cord, as well as tHeRG, but, in contrast to RA-treated cells, they acquired
decrease of motoneuron numbers in the small eye mutaekpression of the markers Brn3a and Isll. These cells
(Ericson et al., 1997), are compatible with this interpretationelongated axons outside the DRG both towards the spinal cord
and the periphery, and they expressed Trk receptors in addition
RA-treated EBs fail to elongate axons in the DRG to p75. The proportion of ES cells colonizing DRG and
After implantation in the neural tube, the progenitors alsdalifferentiating into neurons in that structure was similar to that
exhibited a migratory behaviour and colonized the adjacerbserved for RA-treated cells. Thus, the failure of RA-treated
DRG. Strikingly, while most differentiated into GFP+ neuronscells to express DRG markers and to elongate axons did not
in the host DRG, they failed to elongate axons or to expresesult from a higher number of cells colonizing the DRG and
Brn3a and Isl1, which define most neurons in that structuralifferentiating into neurons. We also note that neither RA-
This is in contrast to donor-derived motoneurons in the spinateated nor RA-untreated cells colonizing the DRG ever
cord that were Isl1l+ and extended axons to the periphery, expressed spinal cord markers.
result that does not support an intrinsic limitation of the
progenitors to express Isl1 or to elongate axons. MoreoveRestricted developmental potential of RA-treated
while the mouse motoneurons expressed both p75 and THBS
receptors, donor neurons in the DRG did not express detectatitevivo, RG cells expressing the markers Rc2, BLBP and Glast
levels of Trk receptors. By contrast, these neurons expressate widely distributed throughout the embryonic CNS
p75 at relatively high levels. We previously showed that p7%Kriegstein and Gotz, 2003). However, not all of them are
intrinsically activates Rho and inhibits axonal elongationneurogenic. For example, RG cells in the ganglionic eminence
(Yamashita et al., 1999), and it is possible that p75 expressiaio not substantially contribute to the neuronal population
by donor neurons in the DRG in the absence of detectabfeund in the striatum, or to the interneuron population in the
expression of Trk receptors may account for their failure t@erebral cortex, and the neurogenic potential of RG cells seems
elongate axons. During normal development, all sensorio correlate with their expression of Pax6 (Heins et al., 2002;
neurons that express p75 also express at least one of the thkésatesta et al., 2003). Thus, RG cells from the dorsal
types of Trk receptor (Wright and Snider, 1995). Our resultselencephalon express Pax6, while RG cells located in the
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ventral telencephalon are Pax6-negative and are essentiallyentral. neural pattern, neuronal differentiation, and segmentation during
non-neurogenic. Recently, this conclusion was challenged bybody 8305sxtifés'omgur%nioyd?imé Morton. S.. Kawakami. A
ricson, J., Rashpbass, P., Schedl, A., brenner-Morton, S., Kawakami, A.,

?Qﬁ:omlaet gle (ﬁggl((;%ﬁ ?(lj’ :rg?(;% Vivr?orsgsgtgeo?‘tet?]etha(lthRS van He_yningen, _V., Jgssell, T. M. and Brisco_e, J1997). Pax6 controls

y prog Y- progenitor cell identity and neuronal fate in response to graded Shh
However, thg BLBP promoter used by Anthony et.al. to drive signaling.Cell 90, 169-180.
the expression of Cre and to mark RG cell derivatives seemédntaine-Perus, J., Halgand, P., Cheraud, Y., Rouaud, T., Velasco, M. E.,
to be effective as early as E10.5, which may be before the timeCifuentes-Diaz, C. and Rieger, F.(1997). Mouse-chick chimera: a
when BLBP is expressed in RG cells. Fewer neurons are founogevelopmental model of murine neurogenic c&lsvelopment24, 3025-
; TS X 036.
in the cortex of Pax6 mutant mice, and transfection of Pax8raham, v., Khudyakov, J., Ellis, P. and Pevny, L(2003). SOX2 functions
into astrocytes seems to be sufficient to cause their to maintain neural progenitor identityeuron39, 749-765.
differentiation into neurons (Heins et al., 2002). The RA-Hamburger, V. and Hamilton, H. L. (1951). A series of normal stages in the
treated ES cells used in our study have the antigenic profile ﬂﬁﬁ‘s’eﬁp%e;};gsttge Fc,h'gfaggtr’]riwl’:' M’\‘I’;‘I)(g?lﬂff' L hack
RG cells found in the developmg_dorsal, b_ut not in the ventral'y " Chapouton, P., Barde, Y. A. and Gotz, M.(2002). Glial cells
telencephalon, as at the time of |m_plantat|0n es_sentlally all of generate neurons: the role of the transcription factor Pat6Neuroscis,
them expressed Pax6. While previous work with these cells 308-315. _ _ _
showed that, in vitro, they differentiated into neurons with thé"ULa”gr (Eingjé)zaS%UKa frﬁgﬂ'?icﬁ;} %?g'éz ﬁani(r'gggtvh’\é'- ;ggrsst'icaft‘ggténd
Eggrﬁgﬂféyigg gé ??;ISS(Lr?gltlz I(()B(;g?::jésllyntzeorgfg,t mirgog\r/] urvixfal of trigeminal neurons by regulating Trk receptor expression.

g . ) : - 3 evelopmenil26, 2869-2882.

differentiate according to their position in the embryo.Jessell, T. M.(2000). Neuronal specification in the spinal cord: inductive
However, their differentiation potential seems to be restricted, signals and transcriptional codééat. Rev. Genet, 20-29.
In particular, they cannot acquire the typical antigenic anéfnegstem, A. R. and Gotz, M.(2003). Radial glia diversity: a matter of cell

holoaical f f inh | fate.Glia 43, 37-43.
morphological features of peripheral sensory neurons. Le Douarin, N. M. and Kalcheim, C.(1999). The neural crestCambridge,

UK: Cambridge University Press.
Conclusion Ma, L., Lei, L., Eng, S. R., Turner, E. and Parada, L. F(2003). Brn3a

. . - . regulation of TrkA/NGF receptor expression in developing sensory neurons.
As neural progenitors with the characteristics of cortical RG peyelopment 30 3525-3534.

cells can be generated from ES cells in virtually unlimitedvalatesta, P., Hartfuss, E. and Gotz, M(2000). Isolation of radial glial cells
amounts, they may represent a useful source of defined celldy fluorescent-activated cell sorting reveals a neuronal linBeyelopment
to compensate for the loss of specific cell types in the CNS ;§3é5t26153|552£:ék ML A Hartfuss. E.. Kettenmann. H.. Kinkert. W
mCIUdmg mOtoneuronS' I.t will be Interesting to examm_e _th Kirchhoﬁ, F and YGotz, M (2003).’ Néuronal or glia’u pryogeny: régio’nal
molecular deter_mlnants imposing developmental restrictions gifterences in radial glia fatéleuron37, 751-764.

on such progenitors, as this knowledge may become importamtkay, S. E., Garer, A., Caldero, J., Tucker, R. P., Large, T. and

in the context of specific cell-replacement therapies. Oppenheim, R. W.(1996). The expression of trkB and p75 and the role of
BDNF in the developing neuromuscular system of the chick embryo.
Developmeni22 715-724.
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