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A Cytoplasmic Protein Inhibits the GTPase Activity
of H-Ras in a Phospholipid-Dependent Manner

MEN-HWEI Tsa1, CHUN-LI Yu, DENNIS W. STACEY

A cytoplasmic protein has been identified that inhibits the guanosine triphosphatase
(GTPase) activity of bacterially synthesized, cellular H-Ras protein. This GTPase
inhibiting protein is able to counteract the activity of GTPase activating protein
(GAP), which has been postulated to function as a negative regulator of Ras activity.
The potential biological importance of the GTPase inhibiting protein is further
supported by its interaction with lipids. Phospholipids produced in cells as a conse-
quence of mitogenic stimulation increase the activity of the GTPase inhibiting protein,
as well as inhibit the activity of GAP. The interaction of such lipids with each of these
two regulatory proteins would, therefore, tend to increase the biological activity of Ras

and stimulate cell proliferation.

LTHOUGH IT APPEARS THAT CELLU-

lar Ras proteins are important in

proliferative signal transduction (17,
2), the mechanism by which Ras is regulated
remains unclear. As with other guanine
nucleotide—binding proteins, Ras is thought
to be biologically active when bound to
guanosine triphosphate (GTD); its inherent
GTPase activity, however, slowly converts
Ras-GTP to Ras-GDP (guanosine diphos-
phate), which is thought to be biologically
inactive. A change in cither the nucleotide
exchange rate of Ras or the inherent GTP
hydrolysis rate could therefore be responsi-

ble for controlling the biological activity of
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the protein. A GTPase activating protein
(GAP) has been identified (3-3) that stimu-
lates the GTPase activity of normal Ras
more than 100-fold without affecting onco-
genic mutant Ras proteins. Because GAP
can stimulate the conversion of Ras-GTP
into Ras-GDP, it could function in sup-
pressing the biological activity of Ras (6).
On the other hand, on the basis of mutation
analysis indicating that GAP interacts with a
sequence that is essential for Ras biological
activity (3, 4), it has been suggested that
GAP might act as the Ras cffector protein.

On the basis of results of microinjection
cxperiments, we prwlouslv suggested that
the biological activity of Ras could be con-
trolled by phosphollplds (7, 8). This was
supported by our observation that GAD is
inhibited by certain phospholipids in vitro

(8), and we fturther demonstrated that GADP
physically associates with lipids including
phosphatidic acid (PA), phosphatidylinosi-
tol monophosphate, and arachidonic acid;
other lipids were incftective (9). The physi-
cal association between GAP and phospho-
lipids resulted in the retention of GAP on a
lipid affinity column. GAP bound to such a
PA column was released after treatment with
EDTA, suggesting that its association with
lipid requires divalent cations. When a prep-
aration of soluble, cytoplasmic proteins was
passed over a PA-containing affinity column
and then cluted with EDTA, two protein
fractions with opposite cffect on  Ras
GTPasc activity were obtained: one of these
fractions contained GAP and stimulated
GTPase, whereas the second fraction inhib-
ited Ras GTPase activity. We have now
characterized this GTPase inhibitor.

A mouse brain extract that had been
eluted from DEAE-Sephacel was added to a
PA affinity column. After extensive washing
(Fig. 1), the column was then cluted with
10 mM EDTA. The GTPase activity of
H-Ras was inhibited by cluted fractions 1 to
3 (10) (Fig. 1A). Later fractions eluted from
the same column contained GAP (9). Thus,
there were two distinet enzymatic activities
in mouse brain extract that bind to PA in a
cation-dependent manner. One is GAPD,
whereas the other is a GTPase inhibiting
protein. We confirmed these results, which
were observed with a filter binding assay
(11) (Fig. 1A), by immunoprecipitation
analysis (Fig. 1B) (12).

In the immunoprecipitation assay, an in-
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creased rate of nucleotide exchange would
result in the increased binding of Ras to
[a-*?P)GTP, giving the appcarance of a
decrease in GTPase activity. To rule out the
possibility that increased nucleotide ex-
change was responsible for the observed
decrease in GTPase activity in the presence
of the inhibitory protein fractions, a 600-
fold excess of unlabeled GTP was added to
the reaction mixture at the time of addition
of Mg“. Nucleotide exchange would thus
result in the replacement of 32p_labeled GTP
by unlabeled GTP and a decrease in the
overall labeling of Ras. Under these condi-
tions, the total labeled nucleotide bound to
immunoprecipitated Ras was not altered by
the inhibitory protein fractions from the
affinity column. This indicates that GTPase
activity rather than exchange rate is altered.
This conclusion was confirmed by results
with the filter binding assay, in which an
excess of unlabeled GTP is routinely in-
cluded. Increased nucleotide exchange
would therefore result in decreased protein-
associated 32P, whereas inhibition of GTPase
activity would have the opposite effect. Re-
sults from both assays show that the activity
identified inhibits the basal level of Ras GT-
Pase activity. No alteration in the mobility of
Ras on an SDS-polyacrylamide gel or evi-
dence of phosphorylation of Ras has been
observed as a consequence of GTPase inhibit-
ing protein activity.

The GTPase inhibitor isolated from the
affinity column has an apparent molecule
mass of 60,000 daltons on a Sephadex G-75
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molecular exclusion column. We do not
know if this protein is similar to any of the
proteins of similar size that associate with
GAP (13). The inhibitory activity was com-
pletely abolished by treatment with chymo-
trypsin, indicating that the inhibitor is a
protein. It is a relatively heat-stable protein
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Fig. 2. Dosc response and lipid enhancement of
GTPasc inhibition. Ras was allowed to associate
with [y-*2P]GTP and then incubated with in-
creasing amounts of GTPasc inhibiting protein in
the presence (@) or absence (O) of 1-stearovl,
2-arachidonoyl PA (80 pg/ml). In the presence of
lipid, the GTPasc inhibiting protein caused a
maximal inhibition of ~90%. Inhibition of
GTPasc activity was calculated from the filter
binding assay as follows: Z = the binding of
labeled GTP at zero time; Y = the binding after
60 min at 30°C in the absence of added material;
X = the binding after incubation together with
added GTPase inhibiting protein with or without
added lipid; percentage inhibition = [(X — Y)/
(Z = Y)] X 100%. Similar results were obtained
with the immunoprecipitation assay. Results are
from a single experiment, but are representative of
two other experiments.
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Fig. 1. Elution of GTPase inhibiting
protein from a lipid affinity column
(19). (A) Mouse brain extract eluted
from DEAE-Sephacel (20) was passed
over a PA affinity column, which was
then washed extensively (10 column
volumes) with tris-HCl (pH 7.5) con-
taining 5 mM MgCl,. Column frac-

tions were collected beginning with the addition of buffer containing 10 mM EDTA to the column.
Each fraction was then assayed by the filter binding method (11) for its effect on Ras GTPase activity.
Alteration in GTP hydrolysis (O) is calculated by comparing the amount of **P remaining associated
with Ras in the presence (P) or absence (A) of added factors. Percent alteration equals [(A — P)/
A] % 100%. The basal GTP hydrolysis rate in the assay is 1.2 pmol/liter per hour at 30°C with 128 ng
of Ras. The absorbance at 280 nm (A,g,) (@) of each fraction is also shown. (B) Inhibition of Ras
GTPase activity by the factor eluted from the lipid affinity column. Fractions 1 to 3 were further tested
for their ability to inhibit Ras GTPase activity with the immunoprecipitation GTPase assay (12). The
ratio of the amount of **P present on GDP to that present in GDP plus GTP indicates the extent of
GTP hydrolysis. Lanes 1 and 2, Ras protein without added column fractions. Lanes 3 and 4, Ras plus
protein (20 pg/ml) from the combined fractions 1 to 3. In both (A) and (B), EDTA present in the
column fractions may inhibit the basal rate of Ras GTPase. Data are from a single analysis but are
representative of results obtained in repeated experiments.
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because boiling for 10 and 15 min causes
only 30% and 60% loss of activity, respec-
tively. To more thoroughly characterize the
GTPase inhibiting protein, we partially pu-
rified it from bovine brain bv a procedure
including DEAE-Sephacel, a PA affinity col-
umn, and a Sephadex G-75 size exclusion
column, resulting in a 500-fold purification.
This material was used for all analyses pre-
sented below, but the preparation was con-
currently further purified by heat treatment
and high-performance liquid chromatogra-
phy on a DEAE resin, resulting in an overall
10,000-fold purification of the GTPase inhib-
iting protein (14). Results presented with
partially purified material were repeated with
the highly purified protein. There was no
apparent biochemical difference between the
properties of the partially and highly purified
GTPase inhibiting protein.

In the absence of phospholipid, GTPase
inhibiting protein inhibited Ras GTPase in a
dose-dependent manner (Fig. 2). Further-
more, the activity of the GTPase inhibiting
protein was stimulated twofold by 0.15 M
NaCl. This concentration of NaCl inhibits
the ability of GAP to stimulate the GTPase
activity of Ras. In time course studies, the
inhibitory factor reduced the rate of GTPase
at all times tested between 5 and 50 min.
Finally, no GTP binding activity could be
detected in the partially or highly purified
preparations of the inhibitory factor.

The GTPase inhibiting protein was first
identified by virtue of its binding to a PA
affinity column, indicating that this protein,
like GAP, binds phospholipids. Those lipids
able to bind GAP block its ability to stimu-
late Ras GTPase activity (&). Therefore, we
tested whether phospholipids were also able
to alter the activity of GTPase inhibiting
protein. H-Ras protein bound to [y-*?P]
GTP was incubated with GTPase inhibiting
protein along with 1-stearoyl, 2-arachi-
donoyl PA (80 pg/ml) in the presence of
0.15 M NaCl and 3 mM MgCl,. In this
reaction, the ability of GTPase inhibiting
protein to inhibit GTPase activity was en-
hanced up to threefold compared to reac-
tions without added lipid (Fig. 2). Thus, PA
affects GAP and the GTPase inhibiting pro-
tein in opposite directions; GAP activity 1s
inhibited, whereas GTPase inhibiting pro-
tein is stimulated. In both cases, the result of
these lipid interactions 1s to increase the
proportion of Ras associated with GTP and
thus to increase its biological activity. PA
itself had no direct effect on the GTPase
activity of Ras.

A series of phospholipids was tested for
their ability to stimulate the GTPase inhib-
iting protein. Among the phospholipids
with the highest activity were those affected
metabolically by mitogenic stimulation, in-
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cluding PA, phosphatidylinositol mono-
phosphate, arachidonic acid, and diacviglyc-
crol. Phospholipids that are major structural
components of the plasma membrane—such
as phosphatidylcholine, phosphatidyletha-
nolamine, and  phosphatidylserine—had
only a slight cffect, which was independent
of lipid concentration. Diacvlglycerol (dili-
nolein), which induced a fourfold stimula-
tion of GTPase inhibiting protein activity,
was the most potent, both in the amount
required for stimulation and in the overall
degree of stimulation. Dilinolein was fol-
lowed by PA, arachidonic acid, and phos-
phatidvlinositol - monophosphate,  which
stimulated activity three-, two-, and 1.5-
told, respectively (Fig. 3). Among phospha-
tidic acids, only those containing unsatur-
ated fatty acids [such as arachidonic acid
(20:4)] had potent stimulating cftects. Ex-
cept for diacylglycerol, the lipids that
strongly enhanced GTPase inhibiting pro-
tein activity were those with the strongest
ability to inhibit GAP (&). Highly purified
GTPasc inhibiting protein was stimulated
by phospholipids to the same extent as the
partially purified material.
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Fig. 3. Enhancement of GTPasc inhibiting activ-
ity by various lipids. Lipids were prepared as
liposomes, as described for PA (19). GTPase
inhibiting protein (9 pg/ml) was added to cach
reaction along with various concentrations of cach
tvpe of lipid. After incubation for 60 min at 30°C,
the extent of GTP hvdrolysis was determined by
filter binding. Dilinolein (O), 1- -stcarovl, 2-arach-
idonoyl PA (@), arachidonic acid (L), phosphati-
dylinositol monophosphate (B). Although some
inhibition by more¢ common structural phospho-
lipids was obscrved, this limited inhibition was
not observed to be dose-dependent and its rele-
vance is therefore unclear. These lipids included
phosphatidylethanolamine (dotted circles), phos-
phatidvicholine (A), and phosphatidylscrine (A).
Percentage of basal GTPasc activity was calculated
as the inhibition (calculated as in hg:, 2) observed
in the presence of added lipid as a percentage of
the inhibition obtained without added lipid. Re-
sults are from a single experiment, but are repre-
sentative of two other experiments.
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Fig. 4. Modecl for the role of lipids in the control
of Ras activity. Evidence indicates that Ras pro-
teins are able to function biologically to transmit
a proliferative signal only when bound to GTP.
GAP would thercfore tend to reduce the biolog-
ical activity of Ras by increasing the rate of
GTPasc activity. In the presence of lipids pro-
duced as a result of mitogen stimulation this
activity. would be blocked. GTPase inhibiting
protein, on the other hand, inhibits the GTPasc
activity of Ras, resulting in an increase in the
proportion of Ras bound to GTP and therefore
an increase on biological activity. This effect is
enhanced in the presence of lipids. Lipids, there-
fore, are postulated to aftect both of these regu-
latory proteins so as to increase the biological
activity of Ras.

When crude cytoplasmic extracts are incu-
bated with Ras, GAP activity predominates
over the GTPase inhibitory activity de-
scribed here, resulting in a marked stimula-
tion in the rate of Ras GTPase. When
enough partially purified GTPase inhibiting
protein is added, however, GAP activity can
be counteracted, resulting in a net decrease

in GTP hvdrolysis. We tested the ability of

partially purified GTPase inhibiting protein
(8 pg/ml) to inhibit GAP activity in a crude
cytoplasmic  extract. The  basal
GTPase activity resulted in a 33% hvdrolysis
of bound GTP. The addition of a GADP
preparation increased this to 64% hydroly-
sis, whereas added GTPase inhibitory pro-
tein (without GAP) reduced GTT hvdrolysis
to 20%. In the presence of both GAP and
GTPase inhibiting protein, 46% of the
bound GTP was hvdrolyzed, suggesting
that the two proteins counteract cach other.
In the presence of a partially inhibitory
concentration of I-stearovl, 2- aradnd()nvl
PA (30 pg/ml), GTP hydrolysis was reduced
to 50% in the presence of GAP but to 28%
in the presence of both GAP and the
GTPase inhibiting protein. This result indi-
cates that GTPase inhibiting protein is able
to overcome the effect of GAD in the pres-
ence of a lipid concentration too low to
ctliciently inhibit GAP activity in the ab-

sence of the inhibitory protein. The effect of

GTPase inhibiting protein, therefore, is
more pronounced in the presence of stimu-
latory lipids.

To characterize the interaction between
Ras and the GTPasc inhibitory protein, we
carried out a competition assay. Standard
assays with Ras bound to labeled nucleotide

ratc of

were performed in the presence or absence
of a fourfold excess of Ras bound to unla-
beled nucleotide [0.5 wM; along with bo-
vine serum albumin (300 pg/ml) as a carri-
er]. In the presence of excess Ras bound to
unlabeled GTP or GDP, the activity of
GTPase inhibiting protein was reduced by
75 and 74%, respectively, compared to
those reactions without added, competing
Ras protein. This tvpe of substrate compe-
tition shows that there is a direct interaction
between Ras and GTPase inhibiting pro-
tein, and that GTPasc inhibiting protein is
able to associate with Ras bound cither to
GDP or GTP. For comparison, GAP asso-
ciates only with Ras bound to GTP (15).
The mechanism by which the GTPase activ-
ity of Ras 1s inhibited by the GTPasce hib-
itory protein is unknown. Stoichiometric
analysis indicated that the quantity of Ras in
the assay exceeds that of GTPase inhibiting
protein by at least 50-fold. It scems possiblc
therefore, that the inhibitory protein in-
duces an alteration in the conformation of
Ras that inhibits its GTPase activity and
which persists for some time after the two
proteins separate.

The phospholipids that inhibit GAP and
activate GTPasc inhibiting protein are the
phospholipids actively produced in manyv
cells by scrum or growth factor stimulation
(16). The inhibition of GAP activity by these
lipids would tend to increase the proportion
of Ras bound to GTP and thus its biological
activity. The stimulation by these lipids of
the GTPase inhibiting protein would have
the same cffect on the biological activity of
Ras (Fig. 4). The lipids produced as a result
of mitogen stimulation would, theretore,
interact with both GAP and the GTPase
inhibiting protein to promote the biological
activity of Ras. The activity of this inhibi-
tory protein is likelv to be most important in
the presence of these lipids. It has been
proposed that tvrosine kinases initiate a mi-
togenic signal that is received bv Ras (7).
Interestingly, tvrosine kinases interact both
tunctionally and physically with enzymes
able to produce the tvpe of lipids we have
shown stimulate the GTPase inhibiting pro-
tein (17, 18). Taken together, these data
support the hvpothesis that lipid metabo-
lism forms a link between growth factor
receptors and ccllular Ras proteins that is
critical in the control of proliferation.

REFERENCES AND NOTES

1. L. S. Mulcahy, M. R. Smith, D. W. Stacev, Narure
313,241 (l‘)‘%) M. R. Smuth, S.J. DL(llldltllﬁlIS‘
D. W. Stacev, ibid. 320, 540 (1986).

2. M. Barbacid, Amnu. Rev. Biochem. 56, 779 (1987).

3. M. Trahey and F. McCormick, Science 238, 542
(1987).

4. C. Cales, J. F. Hancock, C. J.
Narre 332, 548 (1988).

Marshall, A. Hall,

SCIENCE, VOL. 250



5. H. Adari, D. R. Lowy., B. M. Willumsen, C. J. Der.

F. McCormick, Science 240, 518 (1988).

R. Ballester ¢r al., Cell 59, 681 (1989).

. C.-L. Yueral., ibid. 52, 63 (1988).

. M.-H. Tsai, C.-L. Yu. F. S. Wer

Science 243, 522 (1989).

9. M.-H. Tsai, M. Roudebush, C.-
D. W. Stacey, in preparation.

10. The clution of the two protein fractions with the
ability to alter Ras GTPase activity from a PA affinity
column seems to depend on the size of the column.
In our previous experiments, when a small PA
affinity column (2 ml) was used, only GAD activity
was detected. However, in the present study, a large

% N o

D. W, Stacey,

L. Yu. J. B. Gibbs,

PA affinity column (5 ml) allows the separation of

both GAP and GTPasc inhibiting protein activitics.
The two proteins are thus apparently not separable
by the smaller PA affinity column.

11. For filter binding assays, puriticd bacterially synthe-
sized Ras was first loaded with [y-*2P]GTD by
incubation with 20 wl of incubation buffer contain-
ing 20 mM tris-HCI (pH 7.5). I mM dithiothreitol,
and 2 uM |- 2l’] TP (10 Ci/mmol; Amersham) at
30°C for 10 min. GTPasc activity was then assaved
by incubating the [y-32P|GTP- bound Ras (0.1 wM)
at 30°C for 60 min in 100 wul of reaction butter |20
mM tris-HCI (pH 7.5). 1 mM dithiothreitol, 1 mM
MgCl,, 1 mM GTP]. 'l'hc reaction nuxture was then
applied to nitrocellulose filters (0.45 pm, 25 mm;
BA 85, Schleicher & Schuell), which were immedi-
ately washed with 10 ml of 20 mM tris-HCI (pH
7.5) containing 5 mM MgCl, and 50 mM NaCl.
‘The amount of {y-*2P]GTP remaining on the filters,
which reflects the GTPase activity of Ras, was
determined. The data deseribed here obtained with
renatured Ras protein, but similar results have been
obtained with Ras prepared in soluble form, 70 to
80% of which binds nucleotide.

12. Nucleotide-free Ras (0.2 puM) was incubated for 20
min at 30°C with 1 pM [a-*?P]JGTP (3000 Ci/
mmol; Amersham) in 50 pl of tris-HCI (pH 7.5)
containing 2 mM dithiothreitol. The GTTase reac-
tion was initiated by addition of MgCl, with or
without test samples in 100 pl of reaction buffer
|final concentrations: 20 mM tris-HCI (pH 7.5), 5
mM MgCl,, 0.15 M NaCl, 1 mM dithiothreitol|.
After incubation at 30°C for 1 hour, Ras was
immunoprecipitated by monoclonal antibody Y13-
259 and protein A—Sepharose beads coated with
rabbit antibody to rat immunoglobulin G. Bound
nucleotides were released from the immunoprecipi-
tate by boiling for 3 min, resolved on polyethyl-
encimine cellulose thin-layer chromatography plates
(EM Science) in 1 mM potassium phosphate (pH
3.4), and visualized by autoradiography. Ras
protein was prepared in a bacterial expression svs-
tem.

13. C. Ellis, M. Moran, F. McCormick, T. Pawson,
Nature 343, 377 (1990).

14. M.-H. Tsai ¢t al., m mlmripr in preparation.

15. U. S. Vogel er al.. Namre 335,90 (1988).

16. S. T. Sawver and . Cohen, Biochemistry 20, 6280
(1981); D. H. Carney, D. L. Scott, E. A. Gordon,
E. F. LaBelle, Ccll 42,479 (1985); A. J. R. Habe-
nicht ¢r al., J. Biol. Chem. 256, 12329 (1981); T.
Nakamura and M. Ui, ihid. 260, 3584 (1985); Z
Lahoua, M. E. Astruc, A. Crastes de Paulet, Biochim.
Biophys. Acta 958, 396 (1988); L. R. Grillone, M.
A. Clark, R. W. Godfrev, F. Stassen, S. T. Crooke,
J. Biol. Chem. 263, 2658 (1988).

17. J. Mcisenhelder, P. G. Suh, S. G. Rhee, T Hunter,
Cell 57, 1109 (1989); B. Margolis ¢r al., ibid.. p.
1101; G. Carpenter and S. Cohen, Ann. Rev.
Biochem. 48, 193 (1979).

18. J. S. Brugge, Cell 46, 149 (1986).

19. An affinity colunn (5 ml) containing immobilized
1-stearovl, 2-arachonovl PA was prepared by first
chemically linking arachidic acid (20:0) (prepared as
liposomes in acetate buffer) to agarose gel contain-
ing a six-atom hydrophilic spacer arm (AFF-gel 102;
Bio-Rad). The covalently attached fatrv acid is un-
available for association with GADP (9), but it was
able to associate with and retain subscqucntl) added
liposomes, presumably by hvdrophobic interactions.
Liposomes of PA were passed over the column to
generate the affinity column used. PA- liposomes
were prepared by dissolving PA (0.5 1o 1.0 mg;
Sigma) i chlorotorm, followed by drving under

16 NOVEMBER 1990

vacuum, in a glss tube (12 by 75 ¢m). The thin
laver of lipid coating the glass was suspended in 1 ml
of 0.1 M tris-HCI (p}I 7.5) and sonicated in an ice
bath for 30 s bv inserting a titanium nmronp
(Fisher, Model 300 Sonic Dlsmunbrm)r) mto the
bottom of the glass tube. Half-maximum power
output was used for liposome-micelle preparation.
20. The cerebra from ten mice were homogenized in
ice-cold hypotonic butfer [10 mM tris-HCl (pH
7.5). 5 mM MgCl,, 1 mM dithiothreitol, 1T mM
phenvimethylsultonyl fluoride]. The  homogenate
was centrifuged ar 3000¢ for 10 min to remove
unbroken cells, and resulting supernatant was then
centrituged at 100.000¢ for 30 min. The superna-
tant (5 mg of protein per milliliter), which contained
GTPase inhibiting protein activity, was stored at

—80°C. Before application to the PA affinity col-
umn, the preparation (30 mb) was incubated with 10
ml of DEAE-Scphacel (Pharmacia LKB) tor at least
2 hours in tris-HCl (pH 7.5) connining 5 mM
MgCly and 1 mM EGTA. After washing the resin
with 1 liter of the same buffer five times, proteins
were cluted from the resin by the same butfer
containing 0.3M NaCl.
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J. Leis and D. R. Lowy for helpful reviews ot the
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Mesodermal Control of Neural Cell Identity:
Floor Plate Induction by the Notochord

MARYSIA PLACZEK, MARC TESSIER-LAVIGNE, TOSHIYA YAMADA,

THOMAS JESSELL, JANE DODD*

The floor plate is a specialized group of midline neuroepithelial cells that appears to
regulate cell differentiation and axonal growth in the developing vertebrate nervous
system. A floor plate—specific chemoattractant was used as a marker to examine the role
of the notochord in avian floor plate development. Expression of this chemoattractant
in lateral cells of the neural plate and neural tube was induced by an ectopic notochord,
and midline neural tube cells did not express the chemoattractant after removal of the
notochord early in development. These results provide evidence that a local signal from
the notochord induces the functional properties of the floor plate.

HE DEVELOPMENT OF THE VERTE-

brate nervous system begins with the

induction of the ncural plate from
undifferentiated cctoderm in response to
signals that derive from adjacent mesoderm
(1, 2). Within the neural plate, the first cells
to differentiate arc located at its midline (3)
and give rise to the floor plate, a distinct
structure at the ventral midline of the neural
tube (4, 5). The floor plate appears to be the
source of a signal that regulates the pattern
of cell differentiation along the dorsoventral
axis of the neural tube (6, 7). The floor plate
also contributes to axonal patterning by
releasing a diffusible factor that may attract

commissural axons to the ventral midline of

the spinal cord (8) and by guiding these
axons after thev cross the midline (9). The
specialized tunctions ot the floor plate have
led us to examine the interactions that con-
trol its differentiation.

Prospective floor plate cclls are located
immediately above the notochord, and no-
tochord gratts placed next to the neural tube
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cause wedging of the adjacent neural epithe-
lium similar to that observed during the
carly development of the floor pl.lt(. (10).
These results have led to the suggestion that
floor plate differentiation 1s induced by the
notochord (10, 11). However, u)mpambk
changes in neuroepithelial cell shape occur
in manv regions of the developing nervous
svstem (12); thus it is not possible unambig-
wously to identity the floor plate by its
morphology. The floor plate-specific che-
moattractant (8) provides a marker with
which to detect the floor plate and its devel-
opment in response to the notochord. Here,
we report that this chemoattractant 1s in-
duced in lateral cells of the chick neural plate
and neural tube in vivo and i vitro and that
the chemoattractant does not appear in cclls
at the ventral midline of the neural tube in
the absence of the notochord. A local signal
from the notochord therefore appears to act
on overlying neural plate cells to induce
floor plate differentiation.

To study the induction of the floor plate
in the chick embrvo, we mitallv examined
whether chick floor plate causes outgrowth
and orientation of commissural axons from
explants of E11 rat dorsal spinal cord (13,
14). Production of the chemoattractant was
quantified by counting the number ot axon
bundles that emerged from the rat dorsal
explants. Floor plate explants from stage 6

REPORTS 985



