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minutes to hours) to the kinetic and ther- 
modynamic properties of single polymers; 
investigation of foldinglunfolding in phys- 
iological ionic strengths and temperatures; 
and determination of the effects of ions, 
drugs, and proteins on RNA structure (27). 
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Switching Repulsion to 
Attraction: Changing Responses 

to Slit  During Transition in 
Mesoderm Migration 

Sunita G. Kramer, Thomas Kidd,* Julie H. Simpson, Corey S. Goodman? 

Slit is secreted by cells a t  the midline of the central nervous system, where it 
binds t o  Roundabout (Robo) receptors and functions as a potent repellent. We 
found that migrating mesodermal cells in  vivo respond t o  Slit as both an 
attractant and a repellent and that Robo receptors are required for both 
functions. Mesoderm cells expressing Robo receptors initially migrate away 
from Slit at the midline. A few hours after migration, these same cells change 
their behavior and require Robo t o  extend toward Slit-expressing muscle at- 
tachment sites. Thus, Slit functions as a chemoattractant t o  provide specificity 
for muscle patterning. 

Migrating cells are guided by attractive and 
repulsive signals (1). Many of these factors 
are bifunctional (1-5). In addition, migrating 
cells can switch on or off their responsiveness 
to particular guidance cues (6-8). In vitro, 
growth cones can switch between attraction 
and repulsion if the internal state of the cell is 
altered [e.g., (9, lo)]. Here we show that such 
a change takes place in the developing meso- 
derm in the Drosophila embryo. Migrating 
mesodermal cells switch their responsiveness 
to Slit as they switch phases in their differ- 
entiation. Initially, they are repelled by Slit 
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emanating from the midline, but only a few 
hours later, they are attracted to Slit secret- 
ed by epidermal muscle attachment sites 
(MASs). 

The first phase of cell migration during 
Drosophila myogenesis occurs after gastrula- 
tion, when muscle precursor cells migrate 
through the ventral furrow and spread dorsal- 
ly to coat the inner surface of the ectoderm. In 
the second phase, muscle precursors fuse to 
form individual muscle fibers as they extend 
growth cone-like processes, which migrate 
toward specific MASs within the epidermis 
(1 1-13). 

The migration of the mesodermal cells -
that will form ventral muscles is dependent 
On the expression of 'lit' an extracellular 
matrix molecule secreted by midline cells 
(14). In slit mutant embryos, many ventral 
muscle precursors fail to migrate away from 
the midline and fuse to form muscles that 
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inappropriately stretch across the central ner- 
vous system (CNS) (Fig. 1B) (15,16). On the 
basis of staining with several muscle-specific 
markers, we identified most of these mis- 
placed muscles as ventral muscles 6 and 7 
(17). These defects are rescued by expressing 
UAS-slit at the ventral midline using single- 
minded-GAL4 (la),  confirming that the mid- 
line expression of Slit is required for the 
migration of muscle precursors away from 
this region (Fig. 1D) (16). 

In the Drosophila CNS, Slit is the repulsive 
ligand for the Roundabout (Robo) family of 
receptors (7, 15, 19-23). The Drosophila ge- 
nome encodes three Robo receptors: Robo, 
Robo2, and Robo3. Robo and Rob02 together 
control repulsive axon guidance at the midline 
(20, 22). The repulsion of mesodermal cells by 
Slit at the midline also requires Robo and 
Robo2. In robo mutant embrvos, occasional 
muscles can be seen crossing the midline (15, 
16), whereas in the robo,robo2 double mutant, 
the muscle phenotype resembles that of slit, 
with most segments containing multiple mus- 
cles 6 and 7 stretched across the midline (Fig. 
1C) (16). This defect can be rescued by ex- 
pressing either a robo or rob02 transgene in all 
muscles with the 24B-GAL4 driver (18). 

After their migration away from the mid- 
line, specific muscle precursor cells fuse with 
neighboring myoblasts to form muscle fibers 
(11, 24). These muscles extend growth cone- 
like processes toward their appropriate MASs 
(12, 13). Little is known about the cues that 
guide these cell-specific migrations. Here we 
show that Slit is one of these cues, but in this 
case, Slit functions as an attractant for mus- 
cles expressing Robo andlor Robo2. 

All MASs express the zinc-finger protein 
Stripe (Fig. 2A) (18, 25). Beginning at stage 13 
of embryogenesis, slit is also expressed at the 
subset of MASs that lies along the segment 
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borders where longitudinal muscles (and certain 
other oblique ~nuscles) attach (Fig. 2C). Slit is 
absent from MASs for lateral transverse mus- 
cles 2 1 through 24, which attach away from the 
segment bordcrs. The expression of Slit at a 
subset of MASs suggests a role for Slit in 
~nuscle attachment specificity. Moreover, it 
suggests that the function of Slit in muscle 
development is not exclusively repulsive. 

Robo and Rob02 are expressed at the sites 
of contact bctween the longitudinal muscles 
and their Slit-positive MASs (Fig. 2B). Fur- 
thermore, the two receptors are absent in 
those transverse muscles that extend toward 
Slit-negative MASs. 

We used confocal microscopy to confirm 
the cellular localization of Slit and Robo 
along with D-MEF2, a transcription factor 
that stains niuscle cells (26). Slit is localized 
to the outer epidermal cell layer and is con- 
centrated at the MASs (Fig. 2D). Robo local- 
izes to the nluscle ccll layer, with the protein 
concentrated at the ends of the muscles where 
they niake contact with the Slit-expressing 
epidermis (Fig. 2E). 

If Slit plays a role in guiding muscle pio- 
neers toward their correct MASs, then we would 
expect ~nuscle patterning defects in slit  nuta ant 
embryos, distinct fro111 those due to its initial 
rolc as a midline ~-epellent. To test this, we 
rescued slit mutant embryos by driving UAS-slit 
with .si1zgle-1)zi1zclec/-GAL4. In these embryos, 
the initial migration defect seen in the ventral 
muscle precursors is rescued (Fig. 1 D). Howev- 
er, striking defects are seen during the second 
phase, as muscles extend toward their MASs. 
Many muscles that nonnally attach at Slit-pos- 
itive MASs are instead attached to the wrong 
sites in the epidemiis (Figs. 3C and 4). We 
found no substantial defects in Stripe expres- 
sion, indicating that these defects are not due to 
a loss of MASs (27). These results suggest that 
Slit at MASs acts as a che~noattractant to guide 
migrating muscle cells. 

Muscles 6 and 7 are among the n~uscles that 
havc attachment defccts. These muscles nor- 
n~ally stretch bctween scgment borders and 
make connections at Slit-positivc MASs (Figs. 
3B and 4A). In slit (midline-rescued) mutants, 
these muscles often do not reach their MASs, or 
they make abnonnal connections with the epi- 
dermis (Figs. 3C and 4B) (16). Thus, in the 
initial phasc of mesodenn ~nigration, the pre- 
cursors for muscles 6 and 7 were repelled by the 
Slit-positive midline (Fig. I ,  B and C) (17), but 
now a few hours later, these cells are attracted 
to Slit-positive MASs. 

Muscle 5 also has attachment defects in slit 
mutants. This muscle attaches at two sites along 
thc segment borders that are Slit-positive (Figs. 
3B and 4C). In slit (midline-resc~~ed) mutants, 
this muscle is often missing or not properly 
attached at one or both ends (Figs. 3C and 4D) 
(16). This dcfect is not due to a loss in the 
n~uscle 5 precursor (18, 28). Therefore, precur- 

sor cell identity appears not to be altered in slit 
embryos. Rather, the migrating muscle fiber is 
guided to the wrong place. 

To test whether Slit is signaling through 
Robo receptors in this pathway, we tested for 
genetic interactions between Slit and Robo. 
In either slit,roAo or slit,roDo2 transheterozy- 
gotes, we seldoni observe muscle insertion 
defects. However, in embryos that are trans- 
heterozygous for all three genes, we observe 
frequent defects in muscle attachment, sin+ 
lar to the defects seen in a midline-rescued 
slit homozygous mutant (16). For example, 
muscle 5 is often misinserted. Together with 
the expression data, these results suggest that 
Slit functions through Robo receptors to at- 
tract a specific class of migrating muscle cells 
to their appropriate MASs. 

Muscles 2 1 through 23 no~~nally do not ex- 
press high levels of Robo or Robo2. Likewise, 
Slit protein is not detected at their MASs (Figs. 
2 and 3). The correct migration of these ~nuscles 
requires thc expression of clerailerl (rlrl), a re- 
ceptor tyrosine kinase, also involved in midline 
axon guidance. In clrl mutants, muscles 21 
through 23 frequently bypass their normal 
MASs and continue to extend ventrally (29). As 
predicted, these muscles are not severely altered 
in slit mutants (30). If Slit is indeed a chemoat- 
tractant for muscles expressing Robo, then ec- 
topically expressing Robo in these muscles 
might cause the111 to be attracted to Slit-positive 
MASs. To test this hypothesis, we expressed 
Robo or Rob02 in all nluscles using the 24B- 
GAL4 line (31). In these flies, niuscles 21 
through 23, which now abnormally express 
Robo or Robo2, turn and make attachnients at 

the segment borders (Figs. 3E and 4E) toward 
Slit-positive MASs (Fig. 2C). These muscles are 
no longer attracted to these sites in a slit mutant, 
confi~~ning that these muscles were indeed at- 
tracted to Slit (Fig. 4F). 

The experiments described thus far show 
that Slit at MASs is an attractant for migrating 
mesode~~n cells. Does this require only Slit, or 
does solne other cue at the MASs help convert 
Slit responsiveness from repulsion to attraction'? 
To distinguish between these two possibilities, 
we ectopically expressed Slit at different loca- 
tions in the epider~nis. We crosscd UAS-slit flies 
to the e~~grc~ilecl-GAL4 or lx~tcl~ecl-GAL4 lines 
(18). e~igrcriletl-GAL4 drives expression in a 
segmental pattem that only partially overlaps 
the MAS cells. pcitcl~ecl-GAL4 expresses in a 
broad epidernial stripe in the center of each 
scgment. When slit is expressed by these GAL4 
lines in wild-type embryos, we observe little 

Fig. 1. Slit, Robo, and Rob02 are required for the 
repulsion of mesoderm cells away from the ven- 
tral midline, as shown by stage 16 embryos 
stained with an antibody to muscle myosin. An- 
terior is to the left and the ventral midline is the 
horizontal middle of each panel. (A) Wild-type 
embryo. The ventral muscles are arranged in a 
segmental pattern on either side of the midline 
and anchor to the epidermis underneath the CNS 
(above the plane of focus). (B) slit embryo. The 
ventral muscles fail to migrate away from the 
midline, resulting in muscles that extend over 
the dorsal surface of the CNS. Arrow with * 
indicates ventral longitudinal muscles 6 and 7. (C) 
The robo,robo2 double mutant is largely identical 
to slit. (D) The slit phenotype is rescued by driving 
UAS-slit with single-minded-GAL4 (78). 

Fig. 2. Slit and Robo are coexpressed at a subset 
of MASs, as shown by confocal sections of stage 
16 wild-type embryos labeled with antibody to 
Stripe (Sr) (red), antibody to Robo (green), or 
antibody to Slit (green). Dorsal is up, and anterior 
is to the left in each panel. (A) Sr is present in all 
MASs, including those for ventral longitudinal 
muscles 6, 7, 12, and 13 (arrowheads) and for 
lateral transverse muscles 21 through 23 (ar- 
rows). (B) Robo is expressed by the longitudinal 
muscles and is restricted to the sites of contact 
between the muscles and their MASS (arrow- 
heads). Robo staining is absent in the transverse 
muscles [compare with arrows in (A)]. The dorsal 
segmentally repeated structures are the chor- 
dotonal organs. Rob02 has an identical expression 
pattern at this stage (27). (C) Slit is expressed by 
epidermal cells and localizes to a subset of MASS 
(arrowheads). Slit staining is absent from MASS 
for the lateral transverse muscles. Cross sections 
through the body wall of wild-type stage 16 
embryos costained for (D) Slit or (E) Robo (red) 
and D-MEF2, which labels muscle nuclei (green). 
Slit localizes to the outer epidermal cell layer and 
is concentrated to the sites of muscle attachment 
(MA) (arrowheads), whereas Robo is concentrated 
at the ends of the muscles, where they make 
contacts with the epidermis at segment borders 
(arrowheads). 
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change in the nluscle pattem (Fig. 4G). Howev- 
er, when endogenous MAS slit is renloved at the 
same time, we observe dramatic n~uscle pattem- 
ing defects. Dorsal n~uscles 1, 2, 9, and 10 
nornlally stretch across fi.0111 one segment bor- 
der to another (11). These muscles, which ex- 
press Robo receptors, stretch across the segment 
but often misattach in slit mutants (31). Howev- 

er, in slit,e~l-GAL4;UAS-s/it embryos, these 
muscles frequently fail to stretch across each 
segment and instead align themselves along the 
stripe o f  ectopic Slit (Fig. 4H). Similar results 
are obtained with the patched-GAL4 line (31). 
Thus, the expression of Slit in the epidermis is 
sufficient to provide an attractive cue to migrat- 
ing mesoderm cells. 

Fig. 3. Repulsion and 
attraction by Slit. (A) 
Schematic illustrating 
the bifunctional na- 
ture of Sl i t  during two 
phases of myogenesis. 
During the first phase 
(bottom), Slit (pink) 
functions as a repel- 
lent at the midline for 
migrating mesoderm 
cells that express Robo 
and Rob02 (blue). Sev- 
eral hours later, these 
same cells, which con- 
tinue to express the 
Robo receptors, are 
now attracted to 
MASs expressing Slit. 
(B and D) Wild-type 
muscle pattern show- 
ing the Robo-positive 
lateral muscles 4 
through 7, 12, and 13 
(blue), as well the Robo-negative transverse muscles 21 through 23 (yellow). MASs expressing Slit 
are labeled in pink. Slit is absent from the MASs for muscles 21 through 23. (C) In slit 
loss-of-function (LOF) embryos, Robo-positive muscles are frequently found attached to the wrong 
sites in the epidermis. Muscles 21 through 23 remain largely unaffected. (E) Ectopic expression of 
Robo or Rob02 [gain of function (GOF)] in muscles 21 through 23 causes these muscles to turn and 
attach to sites that express high levels of Slit. 

Fig. 4. Muscle guidance is dependent on S l i t  or I: 
Robo dosage (refer to Fig. 3 for muscle identi- 
fication). Dorsal is up and anterior is to the left 
in each panel. Myosin staining is shown in (A 
and C) wild-type and (B and D) slit,sim-GAL4; 
UAS-slit embryos. As shown in (A), muscles 6 
and 7 normally run parallel to each other. In slit 
embryos (B), these muscles do not reach their 
MASs (arrow with *) or make abnormal con- 
nections with the epidermis (arrowhead with 
*). As shown in (C), muscle 5 (arrows) normally 
stretches obliquely between muscle 4 and mus- 
cle 12. In slit embryos (D), this muscle is often 
missing (indicated by *) or not properly at- 
tached (arrow with *). Muscle 4 is also often 
not properly attached in these embryos 
(marked by <*>). (E) Myosin staining in a 
stage 16 embryo carrying one copy of UAS- 
rob0 and 246-GAL4. Here, 50% of lateral trans- 
verse muscles (n = 71) expressing ectopic Robo 
are attracted to the segment borders at sites 
that express high levels of S l i t  (indicated by 
arrowheads with *). Similar results were ob- 
tained with UAS-robo2. (F) In s1it;UAS-robo/ 
246-GAL4 embryos, these muscles make nor- 
mal attachments in 98% of segments counted 
(n = 104) (arrowheads). As typical for slit 
mutants, we occasionally detect an extra transverse muscle (marked by *). (G)  Ectopic expression 
of S l i t  in a pattern of Engrailed stripes in a wild-type background results in little change in the 
overall muscle pattern as visualized by staining with antibody to D-MEF2, which stains the muscle 
nuclei. (H) The muscle pattern is dramatically altered by simultaneous removal of endogenous slit 
and ectopic expression of Slit in Engrailed stripes. The muscle cells now align with the stripes of 
ectopic S l i t  (marked by *). Ectopic Slit is stained blue and is slightly out of the plane of focus 
(arrows). 

The data presented here lead to f o ~ ~ r  conclu- 
sions. First, Slit is a bifunctional guidance cue in 
vivo. It has been shown that, in addition to its 
role as a repellent, Slit can function as a branch- 
inducing factor in vitro (32). Here we show that 
for migrating mesodelm cells in vivo, Slit func- 
tions as a chemorepellent at the midline and as a 
chemoattractant at MASs (Fig. 3A). Second, 
members of the Robo receptor family are re- 
quired for both functions. At present, we do not 
know whether this conversion from repulsion to 
attraction reflects a change in another receptor 
subunit or a change in the internal state of the 
cell. Third, individual cells in vivo switch their 
response to Slit from repulsion to attraction. For 
ventral muscles 6 and 7 precursors, Slit is repul- 
sive during the first phase of their migration 
away from the midline and then attractive dur- 
ing the second phase of their nligration toward 
their specific MASs. This switch in responsive- 
ness takes place within a few hours (Fig. 3A). 
Fourth, to our knowledge, Slit provides the first 
example of a guidance molecule shown to pro- 
vide specificity for muscle patterning. In the 
absence of Slit, certain nluscles lose their way. 
Moreover, when the Slit receptors Robo or 
Rob02 are ectopically expressed in muscles that 
normally do not express them, these muscles 
incorrectly extend toward Slit-expressing 
MASs. 

How do cells in vivo convert their respon- 
siveness over only a few hours? In vitro, 
changing the levels o f  cyclic nucleotides can 
convert attraction to repulsion and vice versa 
(9, 10). With an in vivo model for switching, 
it will be o f  interest to determine the molec- 
ular mechanism whereby cells in a develop- 
ing organism switch their responsiveness 
from repulsion to attraction. 
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Embryonic stem (ES) cells are fully pluripotent in that they can differentiate into 
all cell types, including gametes. We have derived 35 ES cell lines via nuclear 
transfer (ntES cell lines) from adult mouse somatic cells of inbred, hybrid, and 
mutant strains. ntES cells contributed t o  an extensive variety of cell types, 
including dopaminergic and serotonergic neurons in vitro and germ cells in vivo. 
Cloning by transfer of ntES cell nuclei could result in normal development of 
fertile adults. These studies demonstrate the ful l  pluripotency of ntES cells. 

stralns tested y~elded at least one nuclear trans- 
fer ES ( I I~FS)  cell l ~ n e  (Table I )  ( 8 )  Cultures 
\sere establ~shed iioin XX embr) or den\ ed la 
cumulus cell nuclear transfer (14 2% of bldsto- 
cysts) d11d both XX and XY einbqor denled 
from tall-t~p cells (6 5O6. Table 1) In total. 35 
successfully cryopreserved stable ntES cell 
lines were produced. 

Clonal or~gin of ntES cell l~nes  was con- 
firmed by polymerase chain reaction (PCR) 
analysis of polymorphic markers (8. 9). The 
ntES cell inorphology of most lines was siin- 
ilar to that of widely disseminated lines such 
as E l 4  (11). We found no evidence for a 
pronounced difference in the efficiency of 
ntES cell line establishment betueen inbred 
and hybrid backgrounds (Table 1). All ntES 
cell lines tested expressed markers diagnostic 
for undifferentiated ES cells (IZ),including 
dlkallne phosphatase (8) dnd Oct314 (13)  

Embryon~c stem cells hale  been ~nduced 
to d~fferent~ate In l l tro to p~oduce cardlomy- 
ocytes (14). neurons (15). astrocytes and 011- 
godendrocytes (16). and he~i ia topo~et~c Iin-
eages ( I  7 )  To assess the plur~potenc> of 
ntES cell\. u e  therefole \ought ( I )  to dlffer- 
entlate them In \ Itro to a \\ ide ~ a r l e t y  of 
ectodennal, tnesodennal. and endode~lnal 
Ilneages, and (11) to Induce a hlghlq dlfferen- 
tiated cell type. We chose a particularly spe- 
cialized example with therapeutic potential: 
dopaminergic neurons. 
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Differentiation of embryo~d bodies (8,I X )  
derived froin three different ntES cell l i n r  
resulted in a mixed population of ectodem~al, 
endodem~al, and mesodern~al den\ at11 e\ ( 1Y )  
Effic~ent neural difkrentiat~on of ntES cell> 
could be readily induced in each of the  sclscn 
lines tested. Generation of specific midbrain 
dopaininergic neurons from ntES cells was 
achieved with a range of efficiencies by using a 
multistep differentiatloll protocol described pre- 
viously (15.  20) (Fig. 1 .  A and B). One ntES 
cell line yielded dopaminergic neurons in cx- 
cess of 50°% of the total cell number. The 
functional nature of these neurons was con-
firmed by reversed-phase HPLC (UP-HPI-C') 
determination of dopami~le release (21)  (Fig. 
1C) Serotonerg~c neuions here also detected 
histochen~ically. cilthougl~ In smallel nunibel\. 
and selotonln ele ease a a r  confim~ed bg RP-
HPLC (Fig 1 .  D and F )  

Two recent reports (22  23) demibe ,I 

total of fi le mouse ES cell-llke Ilneh d e r ~ ~ c d  
from the ICMs of cloned bla\toc>\ts 31-

though none contr~buted to the geiln line M i' 
characterized the contribution of I9 ntES cell 
lines to chimeric offspring after ntES cell 
injection into fertilization-derived blastocysts 
froin the ICR strain (24 ). The contribution of' 
ntES cells to 105 chimeric offspring after 348 
blastocyst injections is summarized in Table 
1. The contribution can be readily approxl- 
mated by coat color. because all ntES cell 
lines are derived from black-eyed strains ivitli 
dark coat color. whereas ICR is albino (Fig. 
2. A and B). ntES cell lines gencrc~lly co11- 
tributed strongly to the coats of ~IIIIIICI-ic 
offspring (Table 1 ). This \\as c~rsoborati'd 
for ntES cells derived from a hqbrid str-a111 
ub~quitouslyexpressing h ~ g h  Ic\cl\ of t l i ~  

leporter tldnsgene. EGFP (3.5) 411 ~ntclnnl 
organs examined from trio ECiFP T? chilli^-
ms contained an extensile contribution fro111 
the ECiFP-expressing ntES cells i 13) .  

As a comprehensl~e measule ot p lu~ ipo- 
tency. the ab111ty to cont l ib~~te  to the Senn 
line is considered a defining cliaracterlstic of 
ES cells. Chimeric offspring \\ere crosaetl 
\\.ith the albino strain, ICR. In ongonig ex- 
periments. 29 pups have been deri\ccl after 
chimera X ICR crosses as judged hy cqe and 
coat color and. where appropriate. FGFP ex- 
pression ( Table 1 ) .  Germ line t ransmis~~on 
\\as demonstrated for si'\.en ntES cell 11ni.k 

Stem cells are able to differentiate into multiple 
cell types. representatives of which might be 
harnessed for tissue repair in degenerative dis- 
orders such as diabetes and Parki~lson's disease 
(I). One obstacle to therapeutic applications is 
obtaining stein cells for a given patient. A so-
lution would be to derive stem cells froin ein- 
bryos generated by cloning froin the nuclei of 
the individual's somatic cells. We have previ- 
ously cloned mice by microinjection using a 
variety of cell types as nucleus donors, includ- 
ing embryonic stein (ES) cells (2-4). We 
sought to perform the converse experiment by 
deriving ES cell lines in vitro from the illner cell 
inass (ICM) of blastocysts clonally produced by 
nuclear transfer. 

To this end. nuclei from adult-derived so-
inatic donor cells of five strains. includi~lg in- 
bred (e.g.. 129iS\ and C57BL:fYW"". nude) and 
F,  hybrid (e.g.. C:57BL/6 X DBA'2) represen- 
tatives uere transferred by microinjection (5) to 
produce cloned blastocysts (Table 1). When 
plated on fibroblast feeder layers in cul t~~re  
medium ( 6 ). cloned blastocysts from all file 
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