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Abstract. Addition of the bioactive phospholipid
lysophosphatidic acid (LPA) or a thrombin recep-
tor-activating peptide (TRP) to serum-starved N1E-115
or NGI108-15 neuronal cells causes rapid growth cone
collapse, neurite retraction, and transient rounding of
the cell body. These shape changes appear to be
driven by receptor-mediated contraction of the cortical
actomyosin system independent of classic second mes-
sengers. Treatment of the cells with Clostridium botu-
linum C3 exoenzyme, which ADP-ribosylates and
thereby inactivates the Rho small GTP-binding pro-
tein, inhibits LPA- and TRP-induced force generation
and subsequent shape changes. C3 also inhibits LPA-

induced neurite retraction in PCI12 cells. Biochemical
analysis reveals that the ADP-ribosylated substrate is
RhoA. Prolonged C3 treatment of cells maintained in
10% serum induces the phenotype of serum-starved
cells, with initial cell flattening being followed by neu-
rite outgrowth; such C3-differentiated cells fail to re-
tract their neurites in response to agonists. We con-
clude that RhoA is essential for receptor-mediated
force generation and ensuing neurite retraction in NIE-
115 and PCI12 cells, and that inactivation of RhoA by
ADP-ribosylation abolishes actomyosin contractility
and promotes neurite outgrowth.

HE Ras superfamily of low molecular weight GTP-

binding proteins can be divided into three major sub-

families, i.e., Ras, Rab, and Rho (Bourne et al., 1990;
Hall, 1990). The most studied of these proteins, Ras, can
cause cell transformation and triggers a serine/threonine pro-
tein kinase cascade in growth factor-stimulated cells (e.g.,
Leevers and Marshall, 1992; Moodie et al., 1993; Warne et
al., 1993; Hordijk et al., 1994). In PC12 cells, Ras is an es-
sential component of nerve growth factor (NGF)'-induced
signaling and differentiation (Noda et al., 1985; Bar-Sagi et
al., 1985; Hagag et al., 1985; Qiu and Green, 1991; Thomas
et al., 1992; Wood et al., 1992; Li et al., 1992). The Rab
proteins, on the other hand, are thought to be involved in in-
tracellular vesicular transport (Balch, 1990) and have been
implicated in neurotransmitter release from the presynaptic
terminal (Fischer von Mollard et al., 1990; Mizoguchietal.,

E. J. van Corven'’s present address is Gene Pharming, 2333 CC Leiden, The
Netherlands.

Address all correspondence to W. H. Moolenaar, Division of Cellular
Biochemistry, The Netherlands Cancer Institute, Plesmanlaan 121, 1066
CX Amsterdam, The Netherlands.

1. Abbreviations used in this paper: LPA, lysophosphatidic acid; MLC(K),
myosin light chain (kinase); NGF, nerve growth factor; TRP, thrombin re-
ceptor-activating peptide.

© The Rockefeller University Press, 0021-9525/94/08/801/10 $2.00
The Journal of Cell Biology, Volume 126, Number 3, August 1994 801-810

1990; Shirataki et al., 1993). The function of the three
identified Rho proteins (RhoA, RhoB, and RhoC) have been
explored by the use of Clostridium botulinum C3 exoen-
zyme, which ADP-ribosylates Rho in its putative effector do-
main and thereby inactivates the protein (Aktories et al.,
1987; Sekine et al., 1989; Paterson et al., 1990). These
studies have revealed that Rho regulates the actin-based
cytoskeleton and thereby participates in the control of cell
shape, agonist-induced cell adhesion and motility, smooth
muscle contraction and cell cycle progression (for review see
Hall, 1992; Narumiya and Morii, 1993). Although the Rho
proteins are highly expressed in brain and enriched in synap-
tosomes (Morii et al., 1988; Kim et al., 1989), there are
hardly any clues to their neural functions.

We and others recently reported that in serum-starved
NIE-115 and NG108-15 neuronal cells, the bioactive phos-
pholipid lyophosphatidic acid (LPA) (Moolenaar, 1994) and
a thrombin receptor-activating peptide induce rapid growth
cone collapse, neurite retraction, and transient rounding of
the cell body, apparently through receptor-mediated con-
traction of the actin-based cytoskeleton (Jalink and Moo-
lenaar, 1992; Suidan et al., 1992; Jalink et al., 1993; Smal-
heiser, 1993). Serum, which contains albumin-bound LPA
(Tigyi and Miledi, 1992; Eichholtz et al., 1993) also pro-
voked neurite retraction in nerve growth factor (NGF)-
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differentiated PC12 cells (Skaper et al., 1983; Dyer et al.,
1992; Tigyi and Miledi, 1992) and in serum-starved mouse
neuroblastoma cells (Seeds et al., 1970). Furthermore, se-
rum inhibits neurite outgrowth in various types of primary
neuronal cultures, an effect presumably caused by albumin-
bound LPA (Adler, 1982; Skaper et al., 1983; Ziller and Le
Douarin, 1983; Davis et al., 1984; Windebank and Blexrud,
1986; Dyer et al., 1992; Tigyi and Miledi, 1992). These
findings support the view that both LPA and thrombin may
play a normal physiological role in neural morphogenesis,
development, and plasticity and a pathophysiological role
during traumatic injury of the nervous system when neurons
are acutely exposed to blood-borne factors such as thrombin
and LPA, and often undergo irreversible degeneration (Haw-
kins and Seeds, 1986; Monard, 1988; Grand et al., 1989;
Jalink et al., 1993, and references therein).

In previous studies we have explored the mechanisms by
which thrombin and LPA exert their dramatic effects on neu-
ral cell shape (Jalink and Moolenaar, 1992; Jalink et al.,
1993). We have identified the putative LPA receptor by pho-
toaffinity labeling and found that it is prominently expressed
in brain as well as in NIE-115 and NG108-15 cells (van der
Bend et al., 1992). We have demonstrated that both LPA and
thrombin act through their cognate G protein-coupled recep-
tors to rapidly reorganize the cortical actin cytoskeleton via
a novel signaling pathway that is independent of prior Ca*
mobilization, protein kinase C activation or altered CAMP
levels. Instead, LPA- and thrombin-induced shape changes
of NIE-115 cells are coincident with a small but significant
increase in p60 tyrosine kinase activity (Jalink et al.,
1993). LPA-induced actin reorganization is also observed in
fibroblasts: Ridley and Hall (1992) reported that LPA, like
serum, triggers the formation of focal adhesions and stress
fibers in serum-starved 3T?3 cells and that this action is medi-
ated by the Rho protein.

In this paper we have examined the possible role of Rho
in agonist-induced shape changes in N1E-115 and PC12 cells.
We show that C3 treatment inhibits LPA- and thrombin-
induced generation of actomyosin-based contractile forces
and thereby prevents neurite retraction and cell rounding.
Furthermore, C3 treatment of exponentially growing cells
causes prominent neurite outgrowth accompanied by growth
arrest. Our results suggest a key role for the RhoA protein
in the regulation of neural architecture by extracellular
agonists.

Materials and Methods

Materials

L-a-lysophosphatidic acid (l-oleoyl) was obtained from either Sigma
Chemical Co. (St. Louis, MO) or Serdary Research Laboratories (London,
Ontario), and bovine thrombin was from Sigma Chemical Co. Thrombin
receptor-activating peptide (TRP, sequence SFLLRNPDKYEPF; Vnetaal.,
1991) was synthesized as described (Jalink and Moolenaar, 1992). Recom-
binant C. botulinum C3 exoenzyme was prepared essentially as described
(Nemoto et al., 1991). Pertussis toxin was from List Biological Laborato-
ries Inc. (Campbell, CA). NGF was obtained from Collaborative Research
Inc. (Bedford, MA) and KT5926 from Calbiochem-Behring Corp. (San
Diego, CA). Phallacidin labeled with fluorescent NBD [N-(7-nitrobenzo-2-
oxa-1,3-diazole)] (NBD-phallacidin) and Indo-1 acetoxymethylester were
from Molecular Probes (Eugene, OR). Phenyl-methyl-sulfonyl-fluoride,
soybean trypsin inhibitor, and laminin were from Sigma Chemical Co.;
leupeptin was from Boehringer Mannheim Gmbtt (Mannheim, Germany);

The Journal of Cell Biology, Volume 126, 1994

aprotinin from Fluka Chemie (Brussels, Belgium); trichloroacetic acid and
EGTA were from Merck (Darmstadt, Germany); and DME, penicillin, and
streptomycin from GIBCO BRL Life Technols Inc. (Gaithersburg, MD).
[32P]NAD and [*?PJorthophosphate were obtained from Amersham. Cul-
ture disposables were from Becton Dickinson & Co. (Plymouth, England).

Cell Culture

NIE-115 mouse neuroblastoma cells (Amano et al., 1972) and NG108-15
glioma X neuroblastoma hybrid cells (Hamprecht et al., 1985) were rou-
tinely grown in DMEM supplemented with penicillin (100 pg/ml), strep-
tomycin (100 ug/ml), and 10% FCS. For morphological assays, cells (pas-
sage 8 to 25) were seeded at a density of 1-2 X 10*/cm? in plastic 35-mm
dishes and 24-48 h later they were exposed to serum-free DME for 20-24 h.
PCI2 cells were seeded at 10° cells/35-mm dish and grown in DME sup-
plemented with 10% FCS and 5% horse serum. For neurite retraction
studies, PC12 cells were cultured in serum-free chemically defined medium
(Skaper et al., 1983) containing NGF (25 ng/ml) for 2 d. Under these condi-
tions, 70-80% of the cells developed neurites of 15-30 um in length (cf.
Dyer et al., 1992).

Cell Fractionation and [??P]ADP Ribosylation

Cells were grown in 10-cm culture dishes for 24 h, washed twice with PBS,
scraped with a rubber policeman in ice-cold 20 mM Tris/HCI (pH 80) in
the presence of protease inhibitors (0.4 mM PMSF, 20 uM leupeptin, 0.005
trypsin inhibiting U/ml aprotinin, 2 pg/ml soybean trypsin inhibitor), and
homogenized with 30 strokes (tight pestle) in a 10-ml Douncer. Cell debris
was discarded by centrifugation (S00 g for 10 min) at 4°C. The supernatants
were centrifuged at 25,000 g for 30 min to separate the cytosolic from the
crude membrane fraction. Protein was determined with the Bradford assay
(Bio-Rad Laboratories, Cambridge, MA; see Bradford, 1976). For ADP
ribosylation assays, membrane or cytosolic fractions (30 ug protein) were
heat inactivated at 65°C for 5 min and then taken up in reaction buffer con-
taining: 90 mM Tris/HCI (pH 80), 2.6 mM MgCl;, 1 mM EDTA, 10 mM
thymidine, 10 mM dithiothreitol, 1 mM ATP, 100 uM GTP, 10 uCi/mi
[**P]NAD. The reaction was started by addition of C3 excenzyme (5
ug/ml) or pertussis toxin (1 pg/ml). After 60 min at 37°C, the reaction was
stopped by addition of ice-cold TCA (10% wt/vol). TCA was removed by
centrifugation (15,000 g for 15 min) and washing the pellets with ether. Af-
ter gel electrophoresis (using 12% polyacrylamide), ADP-ribosylated pro-
teins were visualized by autoradiography (Kodak XAR film). For two-
dimensional gel analysis, the isoelectric focusing gels contained pH 3.5-10
ampholines (LKB Instruments, Bromma, Sweden) and the second dimen-
sion gels 12% acrylamide.

Morphological Analysis

Agonist-induced shape changes of N1E-115 or NG108-15 cells were scored
as described previously (Jalink and Moolenaar, 1992). In brief, low-density
cultures in 35-mm dishes were shifted to serum-free DME for 20-30 h to
obtain a nearly homogeneous population of flattened cells in which 90-95%
of the cells have short filopodia and 5-10% of the cells have developed neu-
rites of >25 pm in length. Alternatively, cells were maintained for 4-5 d
in serum-free DME to obtain a more fully differentiated cell population in
which virtually all cells have well-developed, long neurites. Agonist-
induced shape changes were monitored using an inverted microscope
(Nikon Diaphot) equipped with phase-contrast optics and a video recording
system. Experiments were performed at 37°C in bicarbonate/5% CO,-
buffered DME, pH 7.3. Cells were photographed prior to and 3 min after
addition of agents using a Somy UP-850 videoprinter. To determine
dose-response relationships, cell morphology was assessed semi-quantita-
tively at 3 min after agonist addition. Relative shape change (“% shape
change”) was defined as follows (Jalink and Moolenaar, 1992; Jalink et al.,
1993): 0%, no detectable change in any cell (20-40 single cells within a
microscopic field); 100%, complete rounding up of all flattened cells; 50%,
all cells display partially (“half”) rounded shape. Intermediate values were
estimated by interpolation. In large series of experiments, assessment of cell
rounding from photomicrographs by a second person with no prior knowl-
edge of the experimental protocol, yielded data that did not deviate by more
than 10%. Data are presented as means + SEM (n > 3).

Cell viability before and after treatment with the various agents was not
detectably affected as determined by trypan blue exclusion. However, after
prolonged serum deprivation (6-7 d), differentiated N1E-115 cells begin to
die by apoptosis (Kruman et al., 1993).
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Force Generation Assay

Various methods have been described to demonstrate contractile forces in
individual cells. Shear forces generated by migrating fibroblasts can cause
visible wrinkling of ultrathin sheets consisting of polymerized dimethyl-
polysiloxane (Harris et al., 1980; Baorto et al., 1992). Alternatively, bend-
ing of highly flexible microneedles has been used to measure forces gener-
ated by growing neurites (Dennerl et al., 1988). However, our efforts to
adopt either of both methods were unsuccessful. N1E-115 cells were found
to be incapable of inducing visible wrinkles in laminin-coated layers of
polymerized dimethylpolysiloxane (viscosity: 600 Stokes), presumably be-
cause of insufficient cell-substratum adhesiveness. Using the flexible nee-
dle approach for monitoring the build-up of contractile forces, resuits were
highly variable between different experiments and neurites were often
damaged by the microneedle. Moreover, the latter technique is not readily
compatible with the focal application of agonists from a micropipette.

‘We therefore developed an alternative method to monitor the generation
of contractile forces in the neurite shafts. In this new assay, we either
selected cells with “loose” neurites that adhere to the dish only at the cell
soma and the growth cone, or else we deliberately detached neurites from
the substratum using a sharp microneedle fixed on a micromanipulator. A
thin plastic suction pipette (~25-um diam) was then positioned at one side
of the neurite shaft and a local, continuous flow of medium was then gener-
ated by suction to provoke bending of the loose neurite. A second pipette
(~2-um tip size) containing agonist was positioned opposite to the suction
pipette, close to the neurite under study. Agonists were pressure applied and
neurite morphology was monitored for a period of at least 10 min. This
technique has the advantage of local perfusion: agents are rapidly removed
by the suction pipette, thus allowing successive experiments to be carried
out on different neurite-bearing cells in the same dish. Shape changes were
video recorded and photographed using a videoprinter. Statistical signifi-
cance was calculated using the Kolmogorov/Smirnov parameter-free test for
differences between two samples.

F-Actin Staining

Cells grown on circular cover glasses were fixed for 5 min with 3% parafor-
maldehyde in PBS followed by permeabilization using PBS containing 0.1%
Triton X-100 and 1 mM EGTA for 5 min. After rinsing the cells in EGTA-
containing PBS, NBD-phallacidin (2 ng/ml) was added for 20 min at room
temperature. Cells were viewed using a Bio-Rad/Nikon confocal laser scan-
ning microscope.

[Ca*']; Measurements

Serum-deprived cells, attached to glass cover slips (3 X 1 cm), were loaded
with indo-1 by exposing them to 5 uM indo-l-acetoxymethylester for 30 min
at 37°C. Fluorescence measurements were carried out as described (Jalink
et al., 1990).

Activation of p21'

Serum-starved cells in six-well plates (one well, 10 cm?) were serum
starved for 20 h and then exposed to phosphate-free DME supplemented
with 200 uCi [*2P); per well for an additional 4 h. Cells were treated with
agonist, lysed in a 1% Triton X-114 Hepes buffer, and p21™ was immuno-
precipitated, and then assayed for bound nucleotides by thin layer chroma-
tography as described (van Corven et al., 1993).

Results

ADP Ribosylation of Rho Proteins in N1E-115 Celils
by C3 Exoenzyme

‘When membranes and cytosol from either N1E-115 cells or
Rat-1 fibroblasts are ADP-ribosylated by C3 exoenzyme and
subjected to SDS-PAGE, a distinct [*2P]ADP-ribosylated
protein band of ~ 23 kD is detected (Fig. 1 A). NIE-115 cells
showed consistently stronger 32P-labeling in the cytosol
than in the membrane fraction, in agreement with the
reported subcellular distribution of p21 (Narumiya et al.,
1988; Adamson et al., 1992), whereas about equal amounts
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Figure 1. [**P]ADP-ribosylation of 23-kD protein by C3 exo-
enzyme in Rat-1 and N1E-115 cells. (4) Cytosol and crude mem-
branes were ADP-ribosylated using [2P]NAD as described in
Materials and Methods. (B) In situ ADP-ribosylation in NIE-115
cells by C3 treatment (30 ug/ml; 4-h preincubation) of intact cells.
Cells were then homogenized and cytosol and membrane fractions
used for ADP ribosylation. (m, membranes; c, cytosol). (C) Two-
dimensional polyacrylamide gel analysis of proteins [*2P]JADP-
ribosylated by C3 in cell lysates from NIE-115 cells. Cell homog-
enization and ADP-ribosylation of proteins by C3 was carried out
as described in Materials and Methods. The reaction mixture was
solubilized in sample buffer, separated by IEF (ampholines 3.5-10),
and then by SDS-PAGE on 12 % acrylamide gels. The small circular
spot (~20 kD) at pH 6.3 is also observed in control samples (in
the absence of C3) and hence is not a C3 substrate.

of radioactivity were found in the membrane and cytosolic
fraction from Rat-1 cells. To identify the C3 substrate(s) in
further detail we performed two-dimensional gel analysis of
ADP-ribosylated protein extracts from NIE-115 cells (Fig. 1
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Figure 2. Effect of C3 on agonist-induced shape changes in NIE-115 cells. (4) Morphology of NI1E-115 cells maintained in serum-free
medium for 24 h. (B) Response of the cells in A to treatment with LPA (1 uM) for 3 min. (C) Serum-deprived cells pretreated with C3
(30 ug/ml) for 3 h. (D) Response of the cells in C to treatment with LPA (1 uM) for 3 min. Note absence of morphological changes in
C3-treated cells. Similar results were obtained with NG108-15 cells. Bar, 40 um.

C). This analysis reveals that the major 21-23 kD C3 sub-
strate migrates between pH 5.9 and 6.2, which identifies this
protein as being RhoA (pl 6.1, as opposed to 5.3 for RhoB
and 6.8 for RhoC; Yeramian et al., 1987; Nemoto et al.,
1992). Overexposure of the film reveals an additional minor
C3 substrate, migrating at pH >8 and with an apparent mo-
lecular mass of 22 kD (Fig. 1 C). This minor spot most
likely is the Rho-related Rac protein, which has a pI of 8.5
(Didsbury et al., 1989) and serves only as a very poor sub-
strate for C3 ADP-ribosyltransferase in vitro (Just et al.,
1992; Ridley and Hall, 1992); when introduced into living
cells, C3 specifically inhibits Rho-dependent, but not Rac-
dependent events (Ridley and Hall, 1992). From these
results we conclude that the RhoA protein is by far the pre-
dominant C3 substrate in N1E-115 cells.

When NI1E-115 cells were pretreated with 30 ug/ml C3 for
4 h and then homogenized and fractionated followed by ADP
ribosylation, the amount of Rho protein available for subse-
quent in vitro [**P]JADP-ribosylation by C3 is strongly re-
duced (Fig. 1 B). Thus, RhoA has undergone almost com-
plete ADP-ribosylation in situ during several hours of C3
treatment.
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Effect of C3 on Agonist-induced Shape Changes

Addition of LPA, serum (which contains 1-5 uM LPA; Eich-
holtz et al., 1993), thrombin or TRP (Vu et al., 1990) to
serum-deprived N1E-115 or NG108-15 cells causes immedi-
ate, dramatic morphological changes (Jalink et al., 1992,
1993; see also Suidan et al., 1992). Within seconds of agonist
addition, growth cones collapse, developing neurites retract
and flattened cell bodies start to round-up (Fig. 2, 4 and B).
Rounding up of somata is usually complete within 1 min,
while complete retraction of lengthy neurites can last for up
to 30 min in the continuous presence of agonist; shrunken
neurites often undergo visible degeneration, whereas rounded
cell bodies gradually reflatten in the continuous presence of
agonist (Jalink et al., 1992, 1993).

Pretreatment of serum-starved NI1E-115 cells with C3 for
several hours markedly inhibits LPA- and thrombin-induced
shape changes (Fig. 2, Cand D) which correlates with in situ
ADP-ribosylation of RhoA (Fig. 1 B). The effect of C3 is
dose and time dependent, with almost complete inhibition
observed at 30 ug/ml C3 after a 3-h incubation (Fig. 3). Inhi-
bition was not reversed by washing the C3-treated cells. Of
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Figure 3. Dose dependence of shape change inhibition by C3 in
NIE-115 cells. Cells were treated for 3 h with the indicated concen-
trations of C3, exposed to LPA for 3 min and the ensuing shape
change assessed as described in Materials and Methods.

note, there are no significant differences in cell shape be-
tween control cells and cells treated with C3 for 3 hin serum-
free medium (cf. Fig. 2, A and C). This contrasts to the
behavior of fibroblasts, which rapidly round up after intro-
duction of C3 (Chardin et al., 1988; Paterson et al., 1990).

Serum and LPA also promote neurite retraction in primary
neurons and NGF-treated PC12 cells, respectively (see In-
troduction for references). Generally, PC12 cells respond
more slowly to LPA and serum than N1E-115 cells, with the
first signs of neurite retraction being detectable after 5-10
min rather than seconds (Dyer et al., 1992; Tigyi and
Miledi, 1992; Jalink, K., unpublished observations). Prein-
cubation of NGF-treated PC12 cells with C3 (30 ug/ml for
3 h) largely inhibits LPA- and serum-induced neurite retrac-
tion (not shown), demonstrating that the effects of C3 on
agonist-induced neurite retraction is not restricted to NI1E-
115 cells. From these results we conclude that RhoA function
is essential for agonist-induced neurite retraction and cell
rounding.

Effects of C3 on the Actin Cytoskeleton

We next examined the effects of C3 on the actin cytoskeleton
in serum-starved NIE-115 cells. Like most neuronal cells,
NIE-115 and NG108-15 cells. do not possess actin stress
fibers extending throughout the cytoplasm but instead show
f-actin staining in the cell periphery only, particularly in
filopodia and growth cones (Jalink and Moolenaar, 1992; Ja-
link et al., 1993). Fig. 4 shows the distribution of f-actin in
control N1E-115 cells, LPA-treated cells, and cells pretreated
with 30 ug/ml C3 for 3 h and then challenged with LPA. As
shown earlier for thrombin (Jalink and Moolenaar, 1992),
LPA triggers the rapid formation of a “contractile ring” of
f-actin just underneath the plasma membrane (Fig. 4 B). C3-
treated cells remain flattened and resist LPA action, but it is
seen that they display somewhat reduced f-actin staining in
the filopodia and the cell cortex when compared to control
cells (cf. Fig. 4, 4 and C).

Jalink et al. Rho and Receptor-mediated Neural Shape Changes

Figure 4. F-actin staining in serum-starved NI1E-115 cells. (4) Flat-
tened cell deprived from serum for 24 h. (B) Rounded, “contracted”
cell treated with LPA for 3 min. (C) Cell pretreated with C3 for
3 h; subsequent treatment with LPA or thrombin left morphology
unaltered (not shown). Note diminished f-actin staining in C3-
treated cell as compared to control cell (4). Cells were fixed,
stained with NBD-phallacidin and viewed by confocal microscopy
as described in Materials and Methods. Bar, 20 um.

C3 Blocks Generation of Actomyosin-based
Contractile Forces

We previously suggested that LPA- and thrombin-induced
cell rounding and neurite retraction is secondary to contrac-
tion of the cortical actin cytoskeleton (Jalink and Moolenaar,
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1992; Jalink et al., 1993). We sought to directly monitor the
build-up of contractile forces in neurites using a new assay
(see Materials and Methods). In this assay, the shaft of a long
neurite was mechanically detached from the dish and the
“loose” part of the neurite was then subjected to a continuous
flow of medium in such a manner as to bend it (Fig. 5). Ap-
plication of medium containing either LPA or TRP causes
rapid shortening of the neurite, indicative of contractile force
generation (Fig. 5). Contraction of bent neurites was ob-
served within min after application of LPA (§ uM) or TRP
(250 uM) in every experiment (n = 14 and n = 10, respec-
tively). In contrast, after pretreating the cells with C3 (30
ug/ml) for at least 3 h, LPA and TRP were no longer capable
of shortening loose neurites (LPA, 8 nonresponders in 10 ex-
periments carried out in five different cultures; P < 0002;
TRP, 8 nonresponders in 9 experiments in three different cul-
tures; P < 0.001). As expected, cells treated with the actin-
disrupting agent cytochalasin D (5 uM) also fail to shorten
their neurites in response to agonists.

Actin-based contractility in both muscle and nonmuscle
cells is driven by the motor protein myosin. Normally, myo-
sin activity is regulated by myosin light chain kinase
(MLCK) and various other protein kinases and phosphatases
(reviewed by Sellers, 1991). We used the selective MLCK in-
hibitor KT5926 (Nakanishi et al., 1990) to test the possible
involvement of MLCK in the observed contractions. KT5926
appears to be highly selective for MLCK when compared to
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Figure 5. Agonist-induced
contraction of detached neu-
rites. {4) Schematic illustra-
tion of experimental proce-
dure. A flow of test medium
was generated by a suction pi-
pette (S) positioned close to a
loose neurite (detached from
the dish between the arrows),
causing the neurite to bend.
Agonists were applied from a
micropipette (4). {B) De-
tached neurite under control
conditions. (C) Neurite bend-
ing provoked by flow of
medium. (D) Contraction
(shortening) of bent neurite in
response to flow of LPA-con-
taining medium from micro-
pipette. Note pear-shaped
contours of LPA-containing
medium (also schematically
illustrated in A4). Bar, 40 um.

other protein kinases tested (Nakanishi et al., 1990). Treat-
ment of serum-deprived N1E-115 cells with KT5926 blocks
LPA-and TRP-induced shape changes in a dose-dependent
manner (ICs ~0.5 uM; Fig. 6). The concentration of
KT5926 required for full inhibition (2-5 uM) is similar to
the dose required to suppress MLC phosphorylation in intact
platelets (Nakanishi et al., 1990). These results suggest that
the RhoA-dependent contractile response to agonists in N1E-
115 cells requires MLCK activity.

Lack of Effect of C3 on Agonist-induced Ca**
Mobilization and p21™ Activation

We next tested whether C3 treatment affects other early re-
sponses to LPA and thrombin. Both agonists evoke a rapid,
phospholipase C-mediated Ca?* transient in their target
cells (Jalink et al., 1990, 1993; Jalink and Moolenaar, 1992).
In cells pretreated with C3 (30 ug/ml for either 3, 24, or 96
h), there were no detectable differences in shape and kinetics
of the LPA- and TRP-induced Ca?* signal under conditions
where agonist-induced shape changes were fully blocked
(Fig. 7).

Apart from phospholipase C activation and subsequent
Ca? mobilization, LPA, and thrombin also induce rapid
activation of p21™ in a pertussis toxin-sensitive manner, at
least in fibroblasts (van Corven et al., 1993). In serum-
starved NIE-115 cells, basal p21=-GTP levels were found
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Figure 6. Effect of KT5926 on LPA-induced Shape Changes. NI1E-
115 cells were treated for 3 h with the indicated concentrations of
KT5926 (stock dissolved in DMSO), exposed to LPA (1 uM) for
3 min, and the ensuing shape change assessed as described in
Materials and Methods.
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Figure 7 Effects of C3 on agonist-induced Ca®* mobilization.
Time course of changes in cytoplasmic free Ca?* induced by LPA
and TRP in control and C3-pretreated NE-115 cells, as indicated.
(F) Ca**-dependent indo-1 fluorescence. For experimental details
see Materials and Methods.
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Figure 8. Effects of C3 on the morphology of NIE-115 cells in
serum-containing medium. (4) Exponentially growing cells in the
presence of 10% serum. (B) Cells treated with 30 ug/ml C3 for
3 h in serum-containing medium. Note extensive flattening of cell
bodies and formation of short neurite-like extensions. (C) Neurite
formation in cells maintained in 10% serum and 30 ug/ml C3 for
4 d. At that time, C3 was still active since C3-containing medium
could be re-used several times to induce neurite outgrowth in other
cultures. Bar, 40 um.

to be as low as in quiescent normal fibroblasts, i.e., around
5% of total p21= (van Corven et al., 1993; and results not
shown). However, for unknown reasons, LPA-induced p21=
activation was much more difficult to detect in N1E-115 cells
than in fibroblasts. To examine whether ADP-ribosylation of
Rho might affect p21=-GTP accumulation, we therefore
turned to Rat-1 fibroblasts. We verified that C3 (30 ug/ml,
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4 h pretreatment) fully inhibits LPA-induced stress fiber for-
mation in these cells, as it does in 3T?3 cells (Paterson et al.,
1990; Ridley and Hall, 1992; Jalink, J., unpublished obser-
vations). We found that in C3-treated cells, LPA stimulates
p217-GTP accumulation to the same extent as in control
cells (not shown). It thus appears that Rho function is re-
quired neither for agonist-induced Ca** mobilization nor
for p21m™ activation.

C3 Treatment Causes Cell Flattening and Neurite
QOutgrowth in the Presence of Serum

In the presence of 10% FCS, exponentially growing N1E-115
cells are round and refractile with neurite outgrowth being
fully suppressed (Fig. 8 A; Jalink and Moolenaar, 1992).
Given the inhibitory effect of C3 on cell rounding and neurite
retraction in serum-starved cells, we reasoned that C3 treat-
ment of rounded, undifferentiated cells maintained in 10%
FCS might induce cell flattening and morphological differen-
tiation (i.e., the “serum-starved” phenotype). Indeed, cells
treated for a few hours with C3 (30 gg/ml) in the presence
of FCS become progressively more flattened, very similar to
the phenotype induced by serum removal (Fig. 8 B; cf. Fig.
2 A). Maximal cell flattening was observed after 24 h using
30 pg/ml C3. Cell flattening was also induced by the MLCK
inhibitor KT5926 in a dose- and time-dependent manner
(ECs 0.5 pM at 24-h pretreatment), suggesting that the
phosphorylation state of myosin light chain is critical for
maintaining the rounded, ‘contracted’ cell shape observed in
serum-containing medium (not shown).

Prolonged C3 treatment of N1E-115 cells for several days
in the continuous presence of 10% FCS causes prominent
neurite outgrowth accompanied by growth arrest (Fig. 8 C),
again reminiscent of the differentiated phenotype induced by
long-term serum starvation. When C3-differentiated NIE-
115 cells are exposed to LPA or thrombin, no shape changes
were detectable even when monitored over a period of sev-
eral hours (not shown). Treatment of PC12 cells with C3 for
several days also results in neurite outgrowth and growth ar-
rest (Nishiki et al., 1990; Jalink, K., unpublished observa-
tions); we found that the growth cones and neurites of C3-
differentiated PC12 cells were completely resistant to LPA
(not shown).

Discussion

The mechanisms by which neural cells regulate their com-
plex morphology are poorly understood. Molecules as di-
verse as extracellular matrix components, growth factors,
neurotransmitters, bioactive phospholipids, and secreted
proteases, as well as their inhibitors, can exert dramatic
effects on neural architecture, ranging from stimulation of
neurite outgrowth to induction of growth cone collapse, neu-
rite retraction, and even neurodegeneration. Rapid with-
drawal of developing neurites and their growth cones evoked
by extracellular molecules is fundamental to nervous system
development and neural plasticity. Furthermore, reversal
and inhibition of neurite outgrowth is also of considerable
clinical relevance: for example, axons in the central nervous
system fail to regenerate after traumatic injury and this fail-
ure might well be due to inhibitory factors formed at the sites
of injury. Several studies point to an important role for
thrombin and LPA in provoking neurite retraction and sup-
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pressing neural differentiation (Monard, 1988; Jalink and
Moolenaar, 1992; Suidan et al., 1992; Tigyi and Miledi,
1962; Jalink et al., 1993, and references therein). Both
thrombin and LPA are rapidly produced during injury and
blood clotting, but they may also play a role in normal ner-
vous system functioning. In cultures of primary neurons and
neural cell lines, thrombin, LPA, and serum (which contains
LPA) cause rapid retraction of developing neurites and, at
least in neuroblastoma cells, transient rounding of the cell
soma. Thrombin and LPA act through their cognate G
protein-coupled receptors but the ensuing morphological
effects appear to be independent of known second messenger
systems (Jalink and Moolenaar, 1992; Suidan et al., 1992;
Jalink et al., 1993).

In this study we have used recombinant bacterial C3 ex-
oenzyme to explore the possible role of the Rho small GTP-
binding protein in the action of LPA and thrombin. The C3
ADP-ribosyltransferase is very specific for Rho proteins and
is at least two orders of magnitude less active on the closely
related CDC42 and Rac proteins (Just et al., 1991; Ridley
and Hall, 1992). We show that C3 causes in sita ADP-
ribosylation of the RhoA protein and thereby inhibits throm-
bin- and LPA-induced neurite retraction and soma rounding
in serum-starved N1E-115 cells; moreover, we found that C3
treatment blocks LPA-induced neurite retraction in PC12
cells. In particular, our analysis reveals that RhoA function
is essential for the generation of contractile, actomyosin-
based forces in the cortical cytoskeleton. Conversely, ADP-
ribosylation of Rho in serum-exposed rounded cells causes
cell flattening, probably as a result of reduced cytoskeletal
tension, followed by prominent neurite outgrowth and growth
arrest, very similar to what is observed after long-term se-
rum starvation of NIE-115 cells. These findings suggest that
RhoA functions in a receptor-linked signal transduction cas-
cade that regulates actomyosin contractility which, in turn,
controls both the retraction and outgrowth of neurites.

A signaling role for RhoA in cytoskeletal organization was
recently put forward by Hall and co-workers who showed
that in serum-starved 3T3 cells, ADP-ribosylated Rho in-
hibits serum- and LPA-induced formation of actin stress
fibers and focal adhesions, whilst the active GTP-bound
form of RhoA promotes actin stress fiber formation (Pater-
son et al., 1990; Ridley and Hall, 1992). Although ADP-
ribosylation of Rho causes flattened fibroblasts to round up
with loss of attachment (Chardin et al., 1989; Paterson et
al., 1990), just opposite to what is observed in N1E-115 cells
(Figs. 2'and 8), our results are not necessarily incompatible
with the fibroblast model, in which LPA triggers Rho-
dependent formation of stress fibers. It is known that actin
stress fibers are under a state of isometric contraction and
that this contraction contributes to their formation (Bur-
ridge, 1981); moreover, serum stimulation of quiescent
fibroblasts causes stress fibers to contract (Giuliano et al.,
1992). On the other hand, the present results are not readily
compatible with LPA promoting cell-substratum adhesion,
as occurs in serum-starved fibroblasts due to Rho-dependent
focal adhesion assembly (Ridley and Hall, 1992).

In platelets, ADP-ribosylation of RhoA inhibits thrombin-
induced aggregation (Morii et al., 1992); and in a B cell line,
ADP-ribosylation of RhoA prevents phorbol ester-induced
cell aggregation, apparently by affecting the process of inte-
grin “activation” rather than interfering with actin polymer-
ization (Tominaga et al., 1993). In the latter cell types, RhoA
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was suggested to function in the phospholipase C-protein
kinase C-signaling pathway. In neuronal cells, however,
agonist-induced neurite retraction and cell rounding are
causally unrelated to the phospholipase C/Ca**/protein ki-
nase C cascade (Jalink and Moolenaar, 1992; Jalink et al.,
1993), which strongly argues against a role for RhoA in this
classic second messenger system. Instead, the available evi-
dence supports a model in which LPA and thrombin trigger
at least three separate signaling pathways involving activa-
tion of phospholipase C, p21™ and p21™, respectively.
Cross-talk between Ras- and Rho-dependent signaling path-
ways has recently been proposed (Settleman et al., 1992).

How may RhoA function in neurite retraction and, when
ADP-ribosylated, promote neurite outgrowth? RhoA-depen-
dent contractility is abolished by a selective inhibitor of
MLCK, KT5926, suggesting a critical role for the phos-
phorylation state of myosin light chain. Interestingly, in-
creased myosin phosphorylation accompanies the contrac-
tion of actin stress fibers in serum-stimulated fibroblasts
(Giuliano et al., 1992). In astrocytes, a decrease in myosin
light chain phosphorylation (by KT5926) has been suggested
to cause destabilization of the cortical actin cytoskeleton
which, in turn, promotes process outgrowth (Baorto et al.,
1992). But perhaps the most appealing analogy emerges
from smooth muscle physiology. In smooth muscle, several
agonists can increase G-protein-mediated MLC phosphory-
lation and contractile force at constant cytosolic [Ca?*]
(Kitazawa et al., 1991). ADP-ribosylated RhoA was reported
to block GTP-induced enhancement of smooth muscle con-
traction and active RhoA .GTP could overcome this inhibi-
tion (Hirata et al., 1992). Taken together, the results suggest
that RhoA and its putative downstream effector(s) somehow
regulate receptor-linked actomyosin contractility indepen-
dently of prior Ca**-mobilization, possibly by altering the
balance between MLC kinase and phosphatase activity (cf.
Kitazawa et al., 1991), and thereby direct neurite behavior.
Our preliminary results indicate that LPA-induced neuronal
shape changes are accompanied by enhanced phosphorylation
of a 20-kD protein with a pl close to that of the 20-kD myosin
light chain (Eichholtz, T., and W. H. Moolenaar, data not
shown). Thus, the available evidence supports a model in
which basal Rho activity is necessary to maintain actomyosin-
based neurite tension and cell shape; increased Rho activity
(Rho-GTP accumulation) then triggers neurite contraction,
whereas inactive (ADP-ribosylated) Rho somehow shuts off
the contractile function of the cortical actomyosin system
and thereby promotes neurite outgrowth. Direct biochemical
studies should help to unravel the Rho-dependent events that
control actomyosin contractility in neural cells.

Since RhoA in NIE-115 cells apparently does not function
in one of the classic signal transduction pathways, it is tempt-
ing to speculate that RhoA is activated by LPA and thrombin
in a manner similar to that proposed for p21= activation,
i.e., through a putative, intermediate tyrosine kinase (van
Corven etal., 1993). Indeed, not only are the morphological
actions of LPA and thrombin blocked by protein tyrosine ki-
nase inhibitors, neurite retraction and cell rounding are also
accompanied by a rapid increase in p60* tyrosine kinase
activity (Jalink and Moolenaar, 1992; Jalink et al., 1993).
On the other hand, recent results suggest that in 3T3 cells
Rho is essential to couple the LPA receptor to enhanced pro-
tein tyrosine kinase activity (Kumagai et al., 1993). The
putative link between tyrosine kinase activation, RhoA func-
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tion, and actomyosin contractility should be explored in fur-
ther biochemical studies. Although a signaling role for RhoA
in linking the receptors for LPA and thrombin to the ac-
tomyosin system is supported by the available data, it should
be emphasized that our results do not eliminate the formal
possibility that ADP-ribosylated Rho causes subtle modifi-
cations in the actomyosin system and thereby prevents it from
proper functioning. Determination of the relative levels of
guanine nucleotides bound to RhoA and microinjection of
active RhoA GTP will help to distinguish between these pos-
sibilities.

In conclusion, the present results add a new aspect of
RhoA function to the rapidly expanding list of Rho-depen-
dent cytoskeletal events in that we have identified RhoA as
an essential component in the control of actin-based forces
and neuronal cell shape by LPA and thrombin. How the
receptors for LPA and thrombin couple to RhoA-dependent
actomyosin contractility and thereby regulate neural ar-
chitecture is a major challenge for future experiments.

We thank Dr. Lauran Oomen for help with confocal microscopy.
This work was supported by the Foundation for Biophysics and the Dutch
Cancer Society.

Received for publication 14 December 1993 and in revised form 6 April
1994,

leENMCS

Adamson, P., H. F. Paterson, and A. Hall. 1992. Intracellular localization of
the p21* proteins. J. Cell Biol. 119:617-627.

Adler, R. 1982. Regulation of neurite outgrowth in purified retina neuronal cul-
tures: effects of PNPF, a substrate bound, neurite promoting factor. J. Neu-
rosci. Res. 8:165-177.

Aktories, K., U. Weller, and G. S. Chhatwal. 1987. Clostridium botulinum
type C produces a novel ADP-ribosyltransferase distinct from botulinum C2
toxin. FEBS (Fed. Eur. Biochem. Soc.} Lett. 212:109-113.

Amano, T., E. Richelson, and M. W. Nirenberg. 1972. Neurotransmitter syn-
thesis by neuroblastoma clones. Proc. Natl. Acad. Sci. USA. 69:258-263.

Balch, W. B. 1990. Small GTP-binding protein in vesicular transport. Trend
Biochem. Sci. 15:473-477.

Baorto, D. M., W. Mellado, and M. L. Shelanski. 1992, Astrocyte process
growth induction by actin breakdown. J. Cell Biol. 117:357-367.

Bar-Sagi, D., and J. R. Feramisco. 1985. Microinjection of the ras oncogene
protein into PC12 induces morphological differentiation. Cell. 42:841-848.

Bourne, H. R., D. A. Sander, and F, McCormick. 1990. The GTPase super-
family: a conserved switch for diverse cell functions. Nature (Lond.).
348:125-132.

Bradford, M. M. 1976. A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 162:156-159.

Burridge, K. 1981. Are stress fibers contractile? Nature (Lond.). 294:691-692.

Chardin, P., P. Boquet, P. Madaule, M. R. Popoff, E. J. Rubin, and D. M.
Gill. 1989. The mammalian G protein rhoC is ADP-ribosylated by Clos-
tridium botulinum exoenzyme C3 and affects actin microfilaments in Vero
cells. EMBO (Eur. Mol. Biol. Organ.) J. 8:1087-1092.

Davis, E., S. D. Skaper, M. Manthorpe, G. Moonen, and S. Varon. 1984, Fetal
calf serum mediated inhibition of neurite growth from ciliary ganglion neu-
rons in vitro. J. Neurosci. Res. 12:29-39.

Denner), T. J., B. C. Joshi, V. L. Steel, R. E. Buxbaum, and S. R. Heideman.
1988. Tension and compression in the cytoskeleton of PC12 neurites 1I:
quantitative measurements. J. Cell Biol. 107:665-674.

Didsbury, J., F. Weber, G. M. Bokoch, T. Evans, and R, Snyderman. 1989.
Rac, a novel Ras-related family of proteins that are botulinum toxin sub-
strates. J. Biol. Chem. 264:16378-16382.

Dyer, D., G. Tigyi, and R. Miledi. 1992. The effect of active serum albumin
on PC12 cells: I. Neurite retraction and activation of the phosphoinositide
second messenger system. Mol. Brain Res. 14:293-301.

Edwards, J. G., G. Campbell, M. Carr, and C. C. Edwards. 1993. Shapes of
cells spreading on fibronectin: measurement of the stellation of BHK21 cells
induced by raising cAMP, and of its reversal by serum and lysophosphatidic
acid. J, Cell Sci. 104:339-407.

Eichholiz, T., K. Jalink, I. Fahrenfort, and W. H. Moolenaar. 1993, The bioac-
tive phospholipid lysophosphatidic acid is released from activated platelets.
Biochem. J. 291:677-680.

Fischer von Mollard, G., G. A. Mignery, M. Baumen, MJ, S. Perin, T. J. Han-
son, P. M. Burger, R. Jahn, and T. C. Siidhof. 1990. Rab3 is a smali GTP-
binding protein exclusively localized to synaptic vesicles. Proc. Natl. Acad.

809



Sci. USA. 87:1988-1992.

Giuliano, K. A., J. Kolega, R. L. DeBaisio, and D. L. Taylor. 1992. Myosin
1I phosphorylation and the dynamics of stress fibers in serum-deprived and
stimulated fibroblasts. Mol. Biol. Cell. 3:1037-1048.

Grand, R.J. A., P. W. Grabham, M. J. Gallimore, and P. H. Gallimore. 1989.
Modulation of morphological differentiation of human neuroepithelial cells
by serine proteases: independence from blood coagulation. EMBO (Eur.
Mol. Biol. Organ.) J. 8:2209-2215.

Hagag, N., S. Halegoua, and M. Viola. 1986. Inhibition of growth factor-
induced differentiation of PC12 cells by microinjection of antibody to ras
p21. Nature (Lond.). 319:680-682.

Hall, A. 1990. The cellular function of small GTP-binding proteins. Science
(Wash. DC). 249:635-640.

Hall, A. 1992. Ras-related GTPases and the cytoskeleton. Mol. Biol. Cell
3:475-479.

Hamprecht, B., T. Glaser, G. Reiser, E. Bayer, and F. Propst. 1985. Culture
and characteristics of hormone-responsive neuroblastoma X glioma hybrid
cells. Methods Enzymol. 109:316-341.

Harris, A. K., P. Wild, and D. Stopak. 1980. Silicon rubber substrata: a new
wrinkle in the study of cell locomotion. Science (Wash. DC). 208:177-179.

Hawkins, R. L., and N. W. Seeds. 1986. Effect of proteases and their inhibitors
on neurite outgrowth from neotal mouse sensory ganglia in culture. Brain
Res. 398:63-70.

Hirata, K., A. Kikuchi, T. Sasaki, S. Kuroda, K. Kaibuchi, Y. Matsuura, H.
Seki, K. Saida, and Y. Takai. 1992. Involvement of rho p21 in the GTP-
enhanced calcium ion sensitivity of smooth muscle contraction. J. Biol.
Chem. 267:8719-8722.

Hordijk, P. L., I. Verlaan, E. J. van Corven, and W. H. Moolenaar. 1994, Pro-
tein tyrosine phosphorylation induced by lysophosphatidic acid in Rat-1
fibroblasts. J. Biol. Chem. 269:645-651.

Jalink, K., and W. H. Moolenaar. 1992. Thrombin receptor activation causes
rapid neural cell rounding and neurite retraction independent of classic sec-
ond messengers. J. Cell Biol. 118:411-419.

Jalink, K., E. J. van Corven, and W. H. Moolenaar. 1990. Lysophosphatidic
acid, but not phosphatidic acid, is a potent Ca?*-mobilizing stimulus for
fibroblasts. J. Biol. Chem. 265:12232-12239.

Jalink, K., T. Eichholtz, F. R. Postma, E. J. van Corven, and W. H.
Moolenaar. 1993. Lysophosphatidic acid induces neuronal shape changes
via a novel, receptor-mediated signaling pathway: similarity to thrombin ac-
tion. Cell Growth Diff. 4:247-255.

Just, I. C., C. Mohr, G. Schallehn, L. Menard, J. R. Didsbury, J. Vandekerck-
hove, J. van Damme, and K. Aktories. 1992. Purification and characteriza-
tion of an ADP-ribosyltransferase produced by Clostridium limosum. J.
Biol. Chem. 267:10274-10280.

Kim, S., A. Kikuchi, A. Mizogushi, and Y. Takai. 1989. Intrasynaptosomal
distribution of the ras, rho and smg-25A GTP-binding proteins in bovine
brain. Mol. Brain. Res. 6:167-176.

Kitazawa, T., B. D. Gaylinn, G. H. Denney, and A. P. Somlyo. 1991.
G-protein-mediated Ca®* sensitization of smooth muscle contraction
through myosin light chain phosphorylation. J. Biol. Chem. 266:1708-1715.

Kruman, I. I, M. A. Kostenko, R. Y. Gordon, V. L. Popov, and S. R.
Umansky. 1993. Differentiation and apoptosis of murine neuroblastoma cells
NI1E-115. Biochem. Biophys. Res. Commun. 191:1309-1318.

Kumagai, N., N. Morii, K. Fujisawa, Y. Nemoto, and S. Narumiya. 1993.
ADP-ribosylation of rho p21 inhibits lysophosphatidic acid-induced protein
tyrosine phosphorylation and phosphatidylinositol-3-kinase activation in cul-
tured Swiss 3T3 cells. J. Biol. Chem. 268:24535-24538.

Leevers, S. J., and C. J. Marshall. 1992. Activation of extracellular signal-
regulated kinase, ERK2, by p21ras oncoprotein. EMBO (Eur. Mol. Biol. Or-
gan.) J. 11:569-574.

Li, B.-Q., D. Kaplan, H. Kung, and T. Kamata. 1992, Nerve growth factor
stimulation of the ras-guanine nucleotide exchange factor and GAP activity.
Science (Wash. DC). 256:1456~1459.

Mizoguchi, A., S. Kim, T. Ueda, A. Kikuchi, H. Yorifuji, N. Hirokawa, and
Y. Takai. 1990. Localization and subcellular distribution of smg p25A, a ras
p21-like GTP-binding protein, in rat brain. J. Biol. Chem. 256:11872-
11879.

Monard, D. 1988. Cell-derived proteases and protease inhibitors as reguiators
of neurite outgrowth. Trends Neurosci. 11:541-544.

Moodie, S. A., B. M. Willumsen, M. J. Weber, and A. Wolfman. 1993, Com-
plexes of ras.GTP with raf-1 and mitogen-activated protein kinase kinase.
Science (Wash. DC). 260:1658-1661.

Moolenaar, W. H. 1994. LPA: a novel lipid mediator with diverse biological
actions. Trends Cell Biol. 4:213-219.

Morii, N., A. Sekine, Y. Ohashi, K. Nakao, H. Imura, M. Fujiwara, and S.
Narumiya. 1988. Purification and properties of the cytosolic substrate for
botulinum ADP-ribosyltransferase. J. Biol. Chem. 263:12420-12426.

Morii, N., T. Teru-uchi, T. Tominaga, N. Kumagai, S. Kozaki, F. Ushkibu,
and S. Narumiya. 1992. A rho gene product in human blood platelets. .
Effects of the ADP-ribosylation by botulinum C3 ADP-ribosyltransferase on
platelet aggregation. J. Biol. Chem. 267:20921-20926.

Nakanishi, S., K. Yamada, K. Iwahashi, K. Kuroda, and H. Kase. 1990.

The Journal of Cell Biology, Volume 126, 1994

KT5926, a potent and selective inhibitor of myosin light chain kinase. Mof.
Pharmacol. 37:482-488.

Narumiya, S., and N. Morii. 1993. Rho gene products, botulinum C3 exoen-
zyme and cell adhesion. Cell. Signalling. 5:9-19.

Narumiya, S., A. Sekine, and M. Fujiwara. 1988. Substrate for botulinum
ADP-ribosyltransferase, Gb, has an amino acid sequence homologous to a
putative rho gene product. J. Biol. Chem. 263:17255-17257.

Nemoto, Y., T. Namba, S. Kozaki, and S. Narumiya. 1991. Clostridium botuli-
num C3 ADP-ribosyltransferase gene. J. Biol. Chem. 266:19312-19319.

Nishiki, T., 8. Narumiya, N. Morii, M. Yamamoto, M. Fujiwara, Y. Kamata,
G. Sakaguchi, and S. Kozaki. 1990. ADP-ribosylation of the rho/rac pro-
teins induces growth inhibition, neurite outgrowth and acetylcholine esterase
in cultured PCI12 cells. Biochem. Biophys. Res. Commun. 167:265-272.

Noda, M., M. Ko, A. Ogura, D. Liu, T. Amano, T. Takano, and Y. kawa.
1985. Sarcoma virus carrying ras oncogenes induce differentiation-asso-
ciated properties in a neuronal cell line. Nature (Lond.). 318:73-75.

Paterson, H. F., A. J. Self, M. D. Garrett, 1. Just, K. Aktories, and A. Hall.
1990. Microinjection of recombinant p21™ induces rapid changes in cell
morphology. J. Cell Biol. 111:1001-1007.

Qiu, M. S., and S. H. Green. 1991. NGF and EGF rapidly activate p2lras in
PC12 cells by distinct, convergent pathways involving tyrosine phosphoryla-
tion. Neuron. 7:937-946.

Ridley, A.J., and A. Hall. 1992. The small GTP-binding protein rho regulates
the assembly of focal adhesions and actin stress fibers in response to growth
factors. Cell. 70:389-399.

Seeds, N. W., A. G. Gilman, T. Amano, and M. W. Nirenberg. 1970. Regula-
tion of axon formation by clonal lines of a neural tumor. Proc. Natl. Acad.
Sci. USA. 66:160-167.

Sekine, A., M. Fujiwara, and S. Narumiya. 1989. Asparagine residue in the
rho gene product is the modification site for botulinum ADP-ribosyltrans-
ferase. J. Biol. Chem. 264:8602-8605.

Sellers, J. R. 1991. Regulation of cytoplasmic and smooth muscle myosin.
Curr. Opin. Cell Biol. 3:98-104.

Settleman, J., C. F. Albright, L. C. Foster, and R. A. Weinberg. 1992. Associ-
ation between GTPase activators for Rho and Ras families. Narure (Lond. ).
359:153-154.

Shirakati, H., K. Kaibuchi, T. Sakoda, S. Kishida, T. Yamaguchi, K. Wada,
M. Miyazaki, and Y. Takai. 1993. Rabphilin-3A, a putative target protein
for smg p25A/rab3A p25 small GTP-binding protein related to synaptotag-
min. Mol. Cell. Biol. 13:2061-2068.

Skaper, S. D., I. Selak, and S. Varon. 1983. Serum and substratum modulation
of neurite outgrowth. J. Neurosci. Res. 9:359-369.

Smalheiser, N. R. 1993. Acute neurite retraction elicited by diverse agents is
prevented by genistein, a tyrosine kinase inhibitor. J. Neurochem. 61:
340-343.

Suidan, H. S., S. R. Stone, B. A. Hemmings, and D. Monard. 1992. Thrombin
causes neurite retraction in neuronal cells through activation of cell surface
receptors. Neuron. 8:363-375.

Thomas, S. M., M. Demarco, G. D'Arcangelo, S. Halegoua, and J. S. Brugge.
1992. Ras is essential for nerve growth factor- and phorbol ester-induced
tyrosine phosphorylation of MAP-kinase. Cell. 68:1031-1040.

Tigyi, G., and R. Miledi. 1992. Lysophosphatidates bound to serum albumin
activate membrane currents in Xenopus oocytes and neurite retraction in
PC12 pheochromocytoma cells. J. Biol. Chem. 267:21360-21367.

Tominaga, T., K. Sugie, M. Hirata, M. Morii, J. Fukata, A. Uchida, H. Imura,
and S. Narumiya. 1993. Inhibition of PMA-induced, LLFA-1 dependent lym-
phocyte aggregation by ADP ribosylation of the small molecular weight GTP
binding protein, rho. J. Cell Biol. 120:1529-1537.

Van Corven, E. J., P. L. Hordijk, R. H. Medema, J. L. Bos, and W. H.
Moolenaar. 1993. Pertussis toxin-sensitive activation of p21™ by G
protein-coupled receptor agonists in fibroblasts. Proc. Natl. Acad. Sci. USA.
90:1259-1261.

Van der Bend, R. L., J. Brunner, K. Jalink, E. J. van Corven, W. H,
Moolenaar, and W. J. van Blitterswijk. 1992. Identification of a putative
membrane receptor for the bioactive phospholipid, lysophosphatidic acid.
EMBO J. 11:2495-2501.

Vu, T.-K. H., D. T. Hung, V. 1. Wheaton, and S. R. Coughlin. 1991. Molecu-
lar cloning of a functional thrombin receptor reveals a novel proteolytic
mechanism of receptor activation. Cell. 64:1057-1068.

Warne, P. H., P. R. Viciana, and J. Downward. 1993. Direct interaction of
ras and the amino-terminal region of raf-1 in vitro. Narure (Lond.).
364:352-355.

Windebank, A. J., and M. D. Blexrud. 1986. Characteristics of neurite out-
growth from spinal rat ganglia: effects of serum and segment level. J. Neu-
ropathol. Exp. Neurol. 45:683-691.

Woad, K. W., C. Sarnecki, T. M. Roberts, and J. Blenis. 1992. Ras mediates
nerve growth factor receptor modulation of the signal-transducing protein ki-
nases: MAP-kinase, Raf-1 and RSK. Cell. 68:1041-1050.

Ziller, C., and N. M. Le Douarin. 1983. Neuronal differentiation in cultured
neural crest cells: the effect of serum on neurite outgrowth. Birth Defects.
19:251-261.

810



