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Abstract. The asymmetric distribution of stable, post-
translationally modified microtubules (MTs) contrib-
utes to the polarization of many cell types, yet the fac-
tors controlling the formation of these MTs are not
known. We have found that lysophosphatidic acid
(LPA) is a major serum factor responsible for rapidly
generating stable, detyrosinated (Glu) MTs in serum-
starved 3T3 cells. Using C3 toxin and vall4 rho we
showed that rho was both necessary and sufficient for
the induction of Glu MTs by LPA and serum. Unlike
previously described factors that induce MT stability,
rho induced the stabilization of only a subset of the

MTs and, in wound-edge cells, these stable MTs were
appropriately oriented toward the leading edge of the
cell. LPA had little effect on individual parameters of
MT dynamics, but did induce long states of pause in a
subset of MTs near the edge of the cell. Rho stimula-
tion of MT stability was independent of actin stress fi-
ber formation. These results identify rho as a novel reg-
ulator of the MT cytoskeleton that selectively stabilizes
MTs during cell polarization by acting as a switch be-
tween dynamic and stable states of MTs rather than as
a modulator of MT assembly and disassembly.

crotubules (MTs)! distinguishable by their rates of

turnover. Dynamic MTs have a half-life of minutes
and comprise the largest subset of MTs in proliferating
and undifferentiated cells (Saxton et al., 1984; Schulze and
Kirschner, 1986). In contrast, stable MTs (or more prop-
erly, stabilized MTs, since they are derived from dynamic
MTs) have a half-life of an hour or more and are minor
components of undifferentiated cells (Schulze et al., 1987;
Webster et al., 1987). Stabilized MTs are found at elevated
levels in polarized and differentiated cells (Gundersen and
Bulinski, 1986, 1988; Gundersen et al., 1989; Houliston
and Maro, 1989; Baas and Black, 1990; Pepperkok et al.,
1990; Warn et al., 1990; Bulinski and Gundersen, 1991;
MacRae et al., 1991).

There are reasons to think that the stabilized MTs may
perform distinct functions from those performed by the
dynamic MTs. In many cases, stabilized MTs have been
shown to accumulate posttranslationally modified forms
of tubulin (e.g., detyrosinated [Glu] tubulin; Gundersen

IN many cells there are at least two populations of mi-
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et al., 1984, 1987; Gundersen and Bulinski, 1986; Webster
et al., 1987; Kreis, 1987) and/or acetylated tubulin (Pip-
erno et al., 1987; Schulze et al., 1987). The presence of
modified tubulin subunits serves to biochemically distin-
guish stabilized from dynamic MTs. Nonetheless, available
evidence suggests that posttranslational modification is a
consequence, not a cause of MT stability (Khawaja et al.,
1988; Webster et al., 1990; also see Fig. 3). We have re-
cently found that vimentin intermediate filaments are
preferentially coaligned with the subset of stabilized, dety-
rosinated MTs (Glu MTs) in the lamella of locomoting
3T3 cells and that this interaction is specific for Glu tubu-
lin versus tyrosinated (Tyr) tubulin (Gurland and Gunder-
sen, 1995; Kreitzer, G., and G.G. Gundersen, manuscript
submitted for publication). These results suggest that post-
translational modifications of tubulin are not involved in
altering the stability of MTs, but rather in regulating the in-
teraction of other organelles with stabilized MTs.

In a number of cases, the formation of stabilized MTs
during cell polarization and differentiation occurs specifi-
cally in the region of the cell undergoing polarization. For
example, in polarized fibroblasts migrating into an in vitro
wound, the stabilized MTs are not found throughout the
cell, but are concentrated in the lamella (Gundersen and
Bulinski, 1988; Nagasaki et al., 1992). Stabilized MTs are
found along the bipolar axis of elongating myoblasts just
before myoblast fusion (Gundersen et al., 1989). Stabilized
MTs also form selectively in growing neurites during neu-
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rite outgrowth (Baas and Black, 1990; Bulinski and Gun-
dersen, 1991). These results suggest that there are signaling
pathways that are involved in stimulating MT stabilization
both spatially and temporally.

Regulation of MT stabilization is further suggested by ob-
servations that the levels of stabilized MTs change rapidly
in response to cell-associated and soluble external factors.
Stabilized, Glu MTs in locomoting fibroblasts are rapidly
lost upon cell—cell collision or after treatment with isolated
plasma membranes (Nagasaki et al., 1992, 1994). In serum-
starved fibroblasts, MT stabilization can be triggered by
serum factors relatively rapidly (30-60 min), or more slowly
by TGF-B (Gundersen et al., 1994), suggesting that the
MT stabilization is acutely regulated by soluble as well as
cell-associated external factors. Protein phosphatase inhibi-
tors can selectively depolymerize stable MTs in the same
time frame, suggesting some involvement of protein
phosphorylation in the control of stabilized MT formation
(Gurland and Gundersen, 1993). To date, however, there
are no reports that changes in MT stability occur as rapidly
as changes in the actin cytoskeleton, where cytokines and
growth factors stimulate changes in actin dynamics and as-
sembly in minutes or even seconds (Condeelis, 1993; Hall,
1994).

How external signals are transmitted to stabilize MTs is
completely unknown. Earlier work suggested that mitoge-
nic lipid lysophosphatidic acid (LPA) was an important se-
rum component involved in maintaining MT stability (Na-
gasaki and Gundersen, 1996). We now show that LPA can
rapidly alter MT stability in serum-starved 3T3 fibroblasts.
LPA stimulates a number of intracellular signaling path-
ways and we show that the one involving the small GTP-
binding protein, rho, mediates the LPA stimulation of MT
stability. Importantly, rho stabilizes only a subset of the
MTs, unlike other factors that when introduced into cells
stabilize the entire population of MTs. Thus, rho is the
first intracellular signaling molecule identified capable of
regulating MT stability locally, selectively, and rapidly.
Combined with earlier results on the regulation of the ac-
tin cytoskeleton by rho (Ridley et al., 1992; Hall, 1994),
our results suggest that rho is involved in the coordinate
regulation of the MT and actin cytoskeletons.

Materials and Methods

Cell Culture, Serum-free Treatment, and Wounding

NIH-3T3 cells (passage no. 127-137) were cultured in DME and calf se-
rum as previously described (Gundersen and Bulinski, 1988). Cells were
seeded onto acid-washed glass coverslips, grown to confluency (2-3 d),
and starved in serum-free medium (SFM) as previously described (Gun-
dersen et al., 1994). For some experiments, monolayers were wounded by
scraping off a narrow strip of cells with a jeweler’s screwdriver (Gunder-
sen and Bulinski, 1988) and then used immediately or after 2 h.

Lipid Treatments

Serum-starved cells were treated with lipids by adding lipids directly from
stock solutions to SFM. The extent of Glu MT induction (see below) was
compared with that obtained in 0.5% calf serum (CS), which gave a maxi-
mal response (Gundersen et al., 1994). In some experiments, LPA or CS
was pretreated with phospholipase B (PLB; 0.5 U/nmol LPA; 1 U/10 pl
CS) at 37°C for 2 h, and then boiled for 4 min to destroy PLB activity. PLB
was from Sigma Chemical Co. (no. P8914; St. Louis, MO) and was dissolved
in calcium and magnesium free Hanks’ balanced salt solution containing
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20 mM Hepes, pH 8.0 (CMFH). The following lipids were obtained from
Sigma Chemical Co. except where noted: LPA, L-a-lysophosphatidic acid
(1-oleoyl; Sigma Chemical Co. or Avanti Polar Lipids, Alabaster, AL); LPG,
L-a-lysophosphatidylglycerol (1-oleoyl; Avanti Polar Lipids); PA, L-a-phos-
phatidic acid (dioleoyl); LPC, L-a-lysophosphatidylcholine (1-oleoyl); LPE,
L-a-lyosphosphatidylethanolamine (1-oleoyl); LPS, L-a-lysophosphatidyl-
L-serine; LPI, L-a-lysophosphatidylinositol; OAG, 1-oleoyl-2-acetyl-sn-glyc-
erol; PAF, 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine (platelet-
activating factor); and LPAF, 1-O-hexadecyl-sn-glycero-3-phosphocholine
(lysoplatelet-activating factor). Stock solutions were prepared as follows:
PAF and LPAF were prepared in water at 5 mg/ml. LPA and LPG were at
1 mM in CMFH containing 1 mM fatty acid—free BSA; PA, LPC, LPE,
LPS, LPI, and OAG were dissolved in 50% ethanol at 5 mg/ml. All lipids
were stored at —80°C and mixed into SFM just before adding to the cells.

Assessment of the Induction of Glu MTs

The extent of the induction of Glu MTs was assessed microscopically, es-
sentially as previously described (Gundersen and Bulinski, 1988; Gunder-
sen et al., 1994). In brief, cell monolayers that had been fixed and immuno-
fluorescently labeled for Glu and Tyr MTs (see below) were examined
with a Nikon 60X Plan Apochromat oil objective (NA 1.4) on a Nikon
Optiphot fluorescence microscope. The extent of the induction of Glu
MTs was determined on a cell-to-cell basis by scoring cells for the pres-
ence of a significant number of MTs (=10) that were brightly labeled with
antibody to Glu tubulin. As has been found in numerous other studies
(Gundersen et al., 1984, 1989, 1994; Webster et al., 1987; Gundersen and
Bulinski, 1988), these brightly labeled Glu MTs are clearly distinguishable
from the bulk of the MTs that contain very low levels of Glu tubulin.

Assessment of MT Stability

To determine the resistance of MTs to nocodazole, SFM-treated cells that
had been refed fresh SFM alone or SFM containing 1 wM LPA or 0.5%
CS for 5 min were treated with 2 uM nocodazole for 30 min (still in the
presence of LPA or CS). Previously, we had determined that 2 uM no-
codazole was optimal for breaking down most of the MTs in SFM-treated
NIH-3T3 cells (Gundersen et al., 1994). After nocodazole treatment, cells
were detergent extracted under conditions that remove monomeric tubu-
lin, but preserve MTs (Gundersen et al., 1994), and then fixed in —20°C
methanol for 5 min. The nocodazole resistance of MTs in cells that had
been microinjected with 1.2 mg/ml vall4 rho or 1 mg/ml Hu IgG (as a con-
trol), was determined in the same way, except that the nonextractable
marker, 0.5 mg/ml IFA mouse antibody to intermediate filaments (Pruss et
al., 1981), was comicroinjected and cells were incubated for 30 min before
treating with 2 uM nocodazole for 60 min, extracting, and fixing.

To assess the resistance of MTs to dilution, SFM-treated cells were
refed SFM or SFM containing 1 uM LPA for 5 min, washed quickly with
warm EBSS, then PEM (0.1 M PIPES, pH 6.9, 1 mM EGTA, and 1 mM
MgCl,), and then extracted for 1 min in 0.2% Triton X-100 in PEM. After
extraction, cells were washed with warm PEM and then incubated in PEM
for 1 h at 37°C. The cells were then fixed in —20°C methanol.

Indirect Immunofluorescence

Fixation and staining were performed as previously described (Gundersen
et al., 1984, 1994). Indirect immunofluorescence for most experiments was
performed with a rabbit peptide antibody specific for Glu tubulin (SG;
Gundersen et al., 1984) and a mouse monoclonal antibody specific for actin
(C4D6; Lessard, 1988). In some experiments, cells were also stained with a
rat monoclonal antibody to Tyr tubulin (YL1/2; Kilmartin, 1982). YL1/2
was the generous gift of Dr. J. Kilmartin (Medical Research Council,
Cambridge, UK). For the MT stability experiments, the SG antibody and
a mouse monoclonal antibody (3F3) reactive with all -tubulin isoforms,
were used as previously described (Khawaja et al., 1988). C4D6 and 3F3
were generously provided by Dr. J. Lessard (University of Cincinnati,
OH). Secondary antibodies were 1:400 dilution of high F/P fluorescein-
conjugated goat anti-rabbit IgG (Cappel, Durham, NC), 1:200 dilutions of
rhodamine-conjugated donkey anti-mouse or donkey anti-rat IgG (Jack-
son ImmunoResearch Laboratories, West Grove, PA), 1:100 dilutions of
coumarin-conjugated donkey anti-rat or Cy5-conjugated donkey anti-rat
(Jackson ImmunoResearch Laboratories). Injected human IgG was de-
tected with the secondary antibody coumarin-conjugated donkey anti—
human IgG at a 1:50 dilution. Injected IFA antibody was detected with the
rhodamine-conjugated donkey anti-mouse antibody at a 1:200 dilution.
Images were captured with a SIT camera (MTI model 65; Dage-MTI,
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Michigan City, IN) or a cooled CCD camera with a Kodak KAF 1400 chip
(1,317 X 1,035 pixels; MicroMAX; Princeton Instruments, Trenton, NJ),
processed using Image 1 or Metamorph imaging software (both from Uni-
versal Imaging Corp., West Chester, PA).

Microinjection

Cells were pressure microinjected using back-loaded glass capillaries and a
Narshige micromanipulator (Narshige, Greenvale, NY; Gurland and Gunder-
sen, 1995). We estimate that ~10% of the cell volume was routinely injected.

Wild-type rhoA and the constitutively active mutant, vall4 rhoA, were
expressed from the pGEX-2T vector as glutathione-S-transferase fusion
proteins (Smith and Johnson, 1988) and cleaved and purified according to
the method of Ridley et al. (1992). By SDS-gel electrophoresis, these
preparations were 30-50% pure. Proteins were concentrated using a collo-
dion bag apparatus and dialyzed against H-KCI (10 mM Hepes, pH 7.4,
140 mM KCl) plus 1 mM MgCl,. Rho proteins at 2 mg/ml were comicroin-
jected with 1 mg/ml human IgG to identify injected cells. Rho vectors were
the generous gift of Dr. A. Hall (University College, London, UK).

RhoA GTP-yS and GDP-BS treatments were performed by incubating
2 mg/ml rhoA with 2 mM EDTA and 1 mM GTP-yS or GDP-S at 30°C
for 30 min. Samples were then put on ice, MgCl, added to a concentration
of 15 mM, and dialyzed overnight against H-KCI plus 5 mM MgCl,. The
concentration of the injected samples was 1.2 mg/ml. Protein concentra-
tion was determined with the BCA protein assay (Sigma Chemical Co.)
using BSA as the standard.

Purified botulinum C3 toxin was a kind gift from Dr. K. Aktories (Uni-
versitat Freiburg, Germany). C3 was stored at —80°C and thawed and di-
luted to 1 or 10 pwg/ml in H-KCI just before use. C3 was microinjected into
serum-starved cells before treating cells with LPA or CS.

In Vivo MT Measurements

Rhodamine-labeled tubulin (R-tubulin) was prepared as described previ-
ously (Mikhailov and Gundersen, 1995). Monolayers of serum-starved
cells were wounded, allowed to recover for 2 h, and microinjected with 5-6
mg/ml R-tubulin. Cells were rinsed with fresh SFM and the R-tubulin was
allowed to incorporate overnight. Fluorescence video microscopy was per-
formed as described previously (Mikhailov and Gundersen, 1995), with
the following modifications: cells were perfused with warm 10 mM Hepes-
buffered, pH 7.4, phenol red-free, bicarbonate-free DME (Sigma Chemi-
cal Co.) containing 5 mg/ml fatty acid—free BSA, 10 mM lactic acid, and
Oxyrase (Oxyrase Inc., Ashland, OH; 3 units per 5 ml of medium) to reduce
photodamage (Mikhailov and Gundersen, 1995). Images (32 frame aver-
age) were captured every 10 s using an ISIT camera (DAGE-MTI), digitized
with Image 1 software and stored on an OMDR.

Measurements and dynamics calculations were performed using Image-1
(Universal Imaging Corp.) and Lotus 1,2,3 software, as described (Dha-
modharan and Wadsworth, 1995; Mikhailov and Gundersen, 1995). Mi-
crotubules in sequential images were traced using a mouse-driven cursor,
and the computer calculated the change in position of the ends. The direction
was manually recorded. Differences of position of <0.5 um in sequential
images were considered within measurement error and defined as pauses
(Sammak and Borisy, 1988; Dhamodharan and Wadsworth, 1995). Micro-
tubule dynamic instability parameters were calculated from image se-
quences taken at 10-s intervals. Rescue frequency, catastrophe frequency,
and dynamicity were determined as described by others (Dhamodharan
and Wadsworth, 1995). Values for percent time growing, shortening, or
pausing were calculated for individual MTs by computing the time spent
in each phase. Statistical comparisons were made using Student’s ¢ test.

Cytochalasin D Treatment

Monolayers of serum-starved 3T3 cells were wounded, fed SFM with or
without 0.5 uM cytochalasin D (Sigma Chemical Co.), and incubated for
15 min. SFM containing 1 wM LPA was then diluted 1:10 into the medium,
mixed well, and incubated for an additional 90 min. Coverslips were fixed
and stained as above.

Results

LPA Induces the Formation of Glu MTs in
Serum-starved NIH-3T3 Cells

In a previous study (Nagasaki and Gundersen, 1996), we
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found that removal of LPA from serum caused a contact
inhibition-like response (diminished lamellepodia, re-
duced motility, and loss of stable Glu MTs) in locomoting
fibroblasts. The loss of stable, Glu MTs from the lamella
of the locomoting fibroblasts upon LPA removal sug-
gested that LPA might be an important factor in regulat-
ing the stability of MTs. To determine whether LPA is ca-
pable of inducing the formation of stable MTs, we examined
the effects of LPA and other lipids on serum-starved NITH-
3T3 fibroblasts, which are dependent on added factors to
generate stable MTs (Gundersen et al., 1994).
Serum-starved NIH 3T3 cells contained virtually no Glu
MTs (Fig. 1 a) but numerous Tyr MTs (Fig. 1 b) by immu-
nofluorescence with Glu and Tyr tubulin specific antibod-
ies as previously reported (Gundersen et al., 1994). When
these cells were incubated for 2 h with 1 M LPA there was
a substantial increase in the number of Glu MTs in virtu-
ally every cell (Fig. 1 ¢). LPA did not induce a dramatic in-
crease in the total number of MTs, as represented by the
Tyr MTs (Fig. 1 d). The increase in Glu MTs was compara-
ble to that seen with 0.5% CS (Fig. 1 ¢) and demonstrated
that LPA was sufficient to stimulate the formation of Glu
MTs. We also detected an increase in Glu tubulin levels,
but not total tubulin levels, in LPA- or CS-treated cells by
western blot analysis (data not shown; see Gundersen et al.,
1994). This confirmed that the increased Glu MT staining

Figure 1. LPA induces Glu MT formation in serum-starved 3T3
fibroblasts. SFM-treated cells were refed SFM (a and b), SFM
containing 1 puM LPA (c and d), or SFM containing 0.5% CS
(e and f) for 2 h. Cells were fixed and stained with antibodies spe-
cific for Glu (a, ¢, and e) or Tyr (b, d, and f) tubulin. Bar, 20 pm.
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Figure 2. LPA and CS induce Glu MTs with a similar time
course. SFM-treated cells were refed SFM alone (@) or SFM con-
taining 1 .M LPA (M) or 0.5% CS (A) and then incubated for
the indicated time before fixation and staining for Glu MTs. Scor-
ing was as described in Table I. Results shown are averages of
three separate experiments.

was not due to the unmasking of Glu tubulin epitopes, but
rather reflected a selective increase in Glu MTs.

The induction of Glu MTs by LPA was rapid and was
nearly identical to that seen with CS. Treatment of serum-
starved NTH-3T3 cells with 1 wuM LPA for 1 h resulted in a
10-fold increase in the number of cells containing brightly
stained Glu MTs (Fig. 2). A significant increase in the
number of cells with Glu MTs was detected within 30 min

Table I. Induction of Glu MTs in Serum-starved NIH-3T3
Fibroblasts by LPA and Related Lipids

Treatment Concentration Glu MTs
uM
CS 0.5% +++
LPA 1 +++
0.1 +++
0.01 ++
0.001 +
PA 10 —
LPC 10
LPG 10 +
LPE 1 —
LPI 1 -
LPS 1 —
OAG 10 —
PAF 10 -
LPAF 10 +
CS + PLB* 0.5% *
LPA + PLB* 0.1 -

SFM-treated cells were refed SFM alone as a control or SFM containing the indicated
components at the indicated concentration for 2 h, then stained with antibodies to Glu
tubulin. 100 cells were examined and scored for the presence of Glu MTs according
to the criteria in Materials and Methods. The response was then ranked according to
the following scheme: — = no change from control (<10% of cells with Glu MTs);
+ = just detectable increase over controls (10-30% with Glu MTs); ++ = half-
maximal response (30-70% of cells with Glu MTs); +++ = maximal response
(>70% of cells containing Glu MTs).

*CS and LPA were treated with 1 U PLB/10 pL CS, and 0.5 U PLB/nmole LPA at
37°C for 2 h (see Materials and Methods).
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of LPA addition. This rapid induction of Glu MTs distin-
guishes LPA from other factors that initiate a much slower
increase in Glu MTs (Gundersen et al., 1994).

The LPA induction of Glu MTs was concentration de-
pendent. A significant increase in the number of cells with
Glu MTs was detected with 10 nM LPA, and the maximal
response occurred with 100 nM (Table I). The effects of
LPA were also specific, as even closely related lipids were
ineffective even at 1-10 uM (Table I). Among the lipids
tested were PA, which has an additional fatty acid chain;
LPI, LPE, LPC, LPG, and LPS, which have head groups;
and PAF and LPAF, which contain ether-linked fatty ac-
ids but are otherwise structurally similar. Pretreatment of
LPA with PLB, which cleaves the acyl side chain of lyso-
phospholipids, abrogated the ability of LPA to induce Glu
MTs (Table I). PLB pretreatment of CS also reduced the
ability of the serum to induce Glu MTs (Table I). We con-
clude that LPA can specifically increase Glu MTs in cells
and is one of the major serum factors involved in regulat-
ing MT stability.

LPA Induces a Rapid Increase in Stable MTs

To confirm that the LPA-induced Glu MTs reflected an
increase in the number of stabilized MTs rather than
solely an increase in detyrosination, we tested the resis-
tance of MTs to nocodazole, which selectively depolymer-
izes dynamic MTs at concentrations of 1-10 pM (Khawaja
et al., 1988). Serum-starved cells were treated with 0.1 pM

Figure 3. LPA stimulates for-
mation of nocodazole- and dilu-
tion-resistant MTs. For nocoda-
zole stability, SFM-treated cells
were refed SFM alone (a) or
SFM containing 1 pM LPA (b)
or 0.5% CS (c¢) for 5 min. No-
codazole was added to a final
concentration of 2 uM and cells
were incubated for 30 min. Cells were then detergent extracted to
remove monomeric tubulin, washed, fixed, and stained for B-tubu-
lin. For dilution resistance, SFM-treated cells were refed SFM
alone (d) or SFM containing 1 pM LPA (e) for 5 min. The cells
were then washed, detergent extracted, washed again, and incu-
bated in PEM at 37°C for 1 h. Coverslips were fixed and stained
with antibodies to B-tubulin. Bar, 20 wm.
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LPA or 0.5% CS for 5 min, followed by 2 uM nocodazole
(still in the presence of LPA or CS) for 30 min to depoly-
merize dynamic MTs (Fig. 3). Whereas cells in SFM had
few MTs after nocodazole treatment (Fig. 3 a), cells incu-
bated with LPA or CS contained numerous nocodazole-
resistant MTs (Fig. 3, b and c). These stable MTs also re-
acted with antibodies to Glu tubulin (not shown). This
confirms that LPA induces MT stabilization and suggests
that the stabilization induced by LPA is rapid.

In the above experiment, we could not pinpoint the time
at which the MTs became stabilized (resistant to nocoda-
zole), since it took 30 min of nocodazole treatment to de-
plete the cells of the dynamic MTs. To determine when
MT stability was achieved, we took advantage of the resis-
tance of stabilized MTs to dilution upon cell permeabiliza-
tion with detergent (Khawaja et al., 1988). This allowed us
to treat cells with LPA briefly and then extract the cells
and assess the effects on MTs. Cells were incubated for 5
min with SFM alone or SFM containing 1 uM LPA, then
extracted with 0.2% Triton-X 100, and incubated in PEM
for 1 h. As shown in Fig. 3 d, this treatment led to depoly-
merization of virtually all of the MTs in unstimulated cells.
In contrast, LPA-treated cells contained a significant num-
ber of dilution-resistant MTs (Fig. 3 e). These results con-
firm that MT stability was rapidly induced by external
agents and that LPA was not simply affecting the detyrosi-
nation enzyme, tubulin carboxypeptidase. Also, since little
Glu staining is detected in cells fixed after 5 min in LPA
(not shown), presumably because it takes the carboxypep-
tidase ~30 min to generate significant levels of Glu tubu-
lin (see Gundersen et al., 1987), this further confirms that
detyrosination is not involved in MT stabilization.

Cook et al. Rho Mediates Microtubule Stability

Rho Is Necessary for the Induction of Glu MTs by LPA
or Serum

LPA stimulates numerous intracellular signaling cascades
through a putative transmembrane receptor (see Moole-
nar, 1997). Previous work in our laboratory has suggested
that many of these pathways were not involved in inducing
stable MTs. For example, pertussis toxin did not block CS
or LPA stimulation of Glu MTs in serum-starved cells,
suggesting that the G; pathway is not involved (not
shown). Protein kinase C activators (octyl-acetyl-glycerol
[OAG] or phorbol esters) did not stimulate Glu MT for-
mation (Table I and not shown), and pretreatment of cells
with PMA to downregulate protein kinase C did not block
LPA induction of Glu MT formation (not shown). Elevat-
ing internal calcium levels by microinjecting inositol tri-
phosphate was also ineffective (not shown). In the assay
for maintenance of the oriented array of Glu MTs, arachi-
donic acid had no effect on Glu MTs (Nagasaki and Gun-
dersen, 1996). Thus, a number of the intracellular signaling
pathways stimulated by LPA did not seem to be involved
in the stabilization of MTs.

LPA also activates the small GTP-binding protein rho,
and in so doing induces the rapid formation of actin stress
fibers and focal adhesions (Ridley and Hall, 1992). Several
characteristics (rapidity, extent, and dose) of the LPA in-
duction of actin stress fibers were similar to those we
found for the induction of MT stability, suggesting that rho
may be involved in generating stable MTs. To examine
this possibility, we microinjected serum-starved cells with
botulinum C3 toxin that ADP-ribosylates and inactivates
rhoA (Rubin et al., 1988) and then treated the cells with
LPA or serum. Injection of C3 toxin dramatically reduced

Figure 4. C3 toxin inhibits
LPA-induced formation of
Glu MTs. Botulinum C3
toxin (1 wg/ml) was microin-
jected into serum-starved
cells along with human IgG
as a marker. The medium
was then replaced with fresh
SFM containing 1 uM LPA
and cells were incubated for
90 min. After fixation in
—20°C methanol, coverslips
were quadrupally stained
with antibodies to human
1gG (a), Glu tubulin (b), ac-
tin (¢), and Tyr tubulin (d).
Bar, 20 pm.
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the capability of the cells to generate Glu MTs after LPA
treatment. Most C3-injected cells (65%, n = 189) contained
virtually no Glu MTs, as shown in Fig. 4 a. Other C3-injected
cells had fewer Glu MTs than uninjected cells. As reported
previously (Ridley and Hall, 1992), the C3 toxin also blocked
the formation of stress fibers (Fig. 4 ¢). Importantly, Tyr
MTs appeared largely unaffected by C3 toxin (Fig. 4 d).
Microinjection of the human IgG marker alone did not
block the effect of LPA (not shown). C3 was also sufficient
to block induction of Glu MTs in response to 1% CS (not
shown). These results show that rho is necessary for induc-
tion of Glu MTs by LPA or CS.

Active Rho GTPase Stimulates the Formation of Glu
MTs in Serum-starved Cells

To determine whether rho was sufficient to stimulate MT
stability, we microinjected the constitutively active mutant
of rho, vall4 rho, into serum-starved 37T3 cells and assayed
the cells for Glu MTs. We found that 83% of vall4 rho-
injected cells (n = 88) showed a dramatic increase in the
number of Glu MTs over that in uninjected neighbors (Fig.
5, b and e). As expected, vall4 rho also stimulated forma-
tion of actin stress fibers (Fig. 5 ¢). A comparison of the
Glu MTs with the Tyr MTs in the injected cells showed
that vall4 rho induced the stabilization of only a subset of
the MTs, since there were many MTs that stained only for
Tyr tubulin (Fig. 5, d—f). Consistent with this selective sta-
bilization of a subset of MTs, we did not detect a signifi-
cant difference in the level of Tyr MTs in injected vs. non-
injected cells (Fig. 5 f). The coinjected marker protein,
human IgG, had no effect on Glu MTs when microinjected
alone (not shown).
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Figure 5.  Microinjected
vall4 rho induces formation
of Glu MTs. A wounded
monolayer of serum-starved
cells was microinjected with
vall4 rho along with human
IgG as a marker and then in-
cubated an additional 90-120
min before fixation and triple
immunofluorescence  stain-
ing (a—c are from one field,
d—f are from another). In-
jected cells were detected
with  coumarin-conjugated
antibodies to human IgG (a
and d). Injected cells contain
many Glu MTs, whereas un-
injected neighboring cells
contain few or none (b and
e). Vall4 rho also induced
stress fiber formation, as
shown in ¢ with a monoclonal
antibody to actin. Tyr MTs
were largely unaffected by
vall4 rho injection (f). Bar,
20 pm.

We confirmed the stability of these Glu MTs by testing
the resistance of MTs in the vall4 rho injected cells to no-
codazole (1 h with 2 uM nocodazole). Because it was nec-
essary to extract cells after nocodazole treatment (see Ma-

Figure 6. Microinjected vall4 rho induces formation of nocoda-
zole resistant MTs. Serum-starved cells were microinjected with
either IFA antibodies (a and b) or IFA antibodies and vall4 rho
(c and d). Cells were then incubated for 30 min, treated with 2 pM
nocodazole for 1 h, and then extracted and fixed. Injected cells
were detected with rhodamine-conjugated antibodies to mouse
IgG (b and d) and nocodazole-resistant MTs were detected with
Glu tubulin antibodies (a and c). Only vall4 rho-injected cells
contain nocodazole resistant MTs (c¢). Bar, 20 pm.

180



Figure 7. Dynamics of MTs
in LPA-treated cells. Serum-
starved cells were injected with
R-tubulin. The next day cells
were treated with 1 uM LPA
for 1-2 h and then fluorescent
images were acquired at 10-s
intervals. Shown are R-tubu-
lin-labeled MTs at the edge of
a live cell at 1-min intervals. Many MT ends can be seen to un-
dergo changes in length during the recording. Arrow designates a
long-paused MT (see text). An asterisk indicates a change in po-
sition of the long-paused MT at 6 min. Bar, 2 pm.

terials and Methods), we comicroinjected a nonextractable
marker, IFA antibodies to intermediate filaments, to iden-
tify the injected cells (Fig. 6, b and d). Whereas 72% of the
vall4 rho-injected cells (n = 196) contained nocodazole-
resistant MTs (Fig. 6 ¢), only 20% of control injected cells
(n = 92) had nocodazole-resistant MTs (Fig. 6 a). A simi-
lar percentage of uninjected cells (18%) had nocodazole
resistant MTs, showing that the microinjection alone did
not increase the number of cells with stable MTs.

The selective stabilization of a subset of MTs in vall4
rho-injected cells supports the idea that rho is a bona fide
regulator of MT stability in cells. Further support for this
notion came from the distribution of Glu MTs in wound
edge cells microinjected with vall4 rho. Previous studies
have shown that the Glu MTs are oriented toward the
leading edge of monolayer cells adjacent to an in vitro
wound (Gundersen et al., 1989, 1994; Nagasaki et al.,
1992). In many wound-edge cells microinjected with vall4
rho, we found that the Glu MTs that were formed were
localized to the leading edge of the cell (compare Fig. 5, e
and f). In fact, at 1 h after treatment, when ~45% of cells
contain Glu MTs with either LPA or rho (see Fig. 2), the
proportions of cells with oriented Glu MTs were very sim-
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Table Il. MT Dynamics in Serum-free and LPA-treated Cells

Parameter SFM LPA
Growth rate (um/min) 83+4.1 6.8 £ 2.4*
Shortening rate (um/min) 11.7£53 10.7 £2.8
Catastrophe (events/min) 0.02 = 0.02 0.01 £0.01
Rescue (events/min) 0.03 = 0.03 0.03 = 0.03
Dynamicity (events/min) 0.13 £ 0.07 0.09 = 0.04*
Time growing (%) 375159 32.1 152
Time shortening (%) 345 +223 25.6 = 12.6
Time paused (%) 28.0 = 19.5 423 + 19.7%
Long-paused MTs (%) 0 13
Number of MTs 53 59

Data were obtained from 8 cells (SFM) and 6 cells (LPA).
*Significant difference at P < 0.05.

*Significant difference at P < 0.01.

”Long—paused MTs were those paused for greater than 3 min.

ilar (76% for vall4 rho versus 82% for LPA). Thus, active
rho, in the absence of external factors, is sufficient to in-
duce the selective stabilization of MTs with the proper ori-
entation in wound edge cells. These features distinguish
rho from many other factors (e.g., taxol and MAPs, see
Discussion) that stabilize MTs indiscriminately in cells.

To confirm that active, GTP-bound rho was responsible
for the induction of Glu MTs, wild-type recombinant rho
was incubated with either GTP-yS or GDP-BS. These non-
hydrolyzable guanine nucleotides activate and inhibit rho,
respectively. Microinjection of rho—-GTP-yS stimulated an
increase in Glu MTs and actin stress fibers, while microin-
jection of the same concentration of rho-GDP-3S had no
effect (not shown). These results confirm that the active,
GTP-bound form of rho is sufficient to induce formation
of Glu MTs in serum-starved cells.

Rho Induces Long Episodes of Pausing in a
Subset of MTs

To understand how rho affected MTs, we examined the
dynamics of individual MTs in living cells after microinjec-
tion of R-tubulin (e.g., see Fig. 7). We compared the dy-
namics of MTs in serum-starved cells to those treated with
LPA, since we showed above that the LPA-induced stabi-
lization of MTs required rho. There was a significant de-
crease in the dynamicity and a significant increase in per-
cent time paused (from 28 to 42%) in cells treated with LPA
(Table IT). The growth rate was modestly reduced in LPA,
but this difference was less significant (P < 0.05) than those
in dynamicity and per cent time paused (P < 0.01). Shrink-
age rate and catastrophe and rescue frequencies were all
within experimental error. The increase in the mean per-
cent time paused was due mostly to a decrease in the per-
centage of time spent shortening. These data suggest that
LPA may not significantly affect the dynamics of tubulin
subunit addition or loss from MTs, but rather may change
whether a MT is in an active state (of growing or shrink-
ing) versus an inactive state (see Discussion).

The data above are consistent with our earlier immuno-
fluorescence data suggesting that rho was not dramatically
altering the behavior of the bulk MTs, but might affect
only a subset of the MTs. To confirm this, we analyzed the
data from the time-lapse recordings to see whether the be-
havior of a subset of MTs was affected. We focused on the
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length of pauses in individual MTs, since the mean percent
time paused showed the greatest difference between se-
rum-free treated and LPA-treated cells. Pauses in individ-
ual MTs in serum-free treated cells were very short (usu-
ally <1 min) and this can be seen from the plots of the
position of individual MT ends over time (“life history”
plots; Fig. 8 a shows two typical examples). These MTs un-
dergo typical dynamic instability with periods of growth
and shrinkage, punctuated by abrupt transitions between
the two states. Pause intervals in these MTs were always
<3 min and typically <1 min. Similar results were ob-
served for most of the MTs in LPA-stimulated cells. How-
ever, a small percentage of the MTs exhibited strikingly
different behaviors with relatively long periods of pause.
Life history plots of two of these long-paused MTs from
LPA-treated cells are shown in Fig. 8 b. Some of the long-
paused MTs did not change position over long periods of
time (Fig. 8 b, top; see also Fig. 7), whereas others changed
position so slightly that they were below the limit of reso-
lution of our measurements (<0.5 pm/10-s interval) and so
were still characterized as pausing (Fig. 8 b, bottom). We
do not know whether those in the latter category were ac-
tually paused or were just growing very slowly (the growth
rates measured over long intervals were in the range of
0.1-0.5 pm/min). It is interesting to note that even the
long-paused MTs were not irreversibly stabilized; we ob-
served a number of cases in which long-paused MTs would
resume dynamic activity (see Figs. 7 and 8 b).

To get an idea of how many MTs in the LPA-treated
cells exhibited this kind of behavior, we defined long-
paused MTs as those exhibiting at least one 3-min pause
interval during a recording, since this was longer than any
of the pauses seen in serum-free cells. 13% of the MTs in
the LPA-treated cells were long-paused according to this
criterion. This is consistent with the hypothesis that there
is a distinct subset of MTs affected by rho. When we exam-
ined the location of the long-paused MTs in cells, we ob-
served an additional feature of these MTs that suggested
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Figure 8. Life history plots of
MTs in SFM-treated cells and
LPA-treated cells. Represen-
tative life history plots for
typical MTs in control SFM-
treated cells (a) and for long-
paused MTs in LPA-treated
cells (b). Data points indicate
the change in position of the
end of a single MT at 10-s in-
tervals. MTs in SFM-treated
cells undergo frequent transi-
tions between growth and
shortening phases, whereas
long-paused MTs in LPA-
treated cells do not grow or
shrink for long periods of
time.

that they were a separate subset of MTs: virtually all of
them were in close proximity to the edge of the cell and
presumably near the plasma membrane (see Fig. 7, arrow).
This raises the possibility that the factors contributing to
the long pauses of these MTs are localized in or near the
plasma membrane (see Discussion).

Actin Stress Fibers Are Not Necessary for
Glu MT Formation

In our experiments with C3 and vall4 rho, the induction or
inhibition of Glu MT formation was always accompanied

Figure 9. Cytochalasin D treatment does not block LPA-induced
Glu MT formation. A wounded monolayer of serum-starved cells
was treated for 15 min with SFM alone (a and ¢) or SFM contain-
ing 0.5 pM cytochalasin D (b and d). LPA was then diluted into
the medium to a final concentration of 0.1 wM, and cells were in-
cubated an additional 90 min before fixation and staining. Cy-
tochalasin D blocked LPA-induced stress fibers (d) but not Glu
MTs (b). Bar, 20 pm.

182



by induction or inhibition of actin stress fiber formation
(see Figs. 4 and 5). To determine whether the formation of
actin stress fibers was required for the generation of Glu
MTs, we treated cells with cytochalasin D before LPA ad-
dition to prevent the formation of stress fibers. Cytochala-
sin D at 0.5 uM was sufficient to completely block the in-
duction of stress fibers, but did not affect the formation of
Glu MTs (compare Fig. 9, a and b). Cytochalasin D alone
did not induce the formation of stable, Glu MTs. These re-
sults show that the formation of actin stress fibers is not a
prerequisite for the induction of Glu MTs.

Discussion

We have demonstrated that LPA is a major serum factor
that can generate rapid changes in the stability of a subset
of MTs in serum-starved NIH 3T3 fibroblasts. These ef-
fects are mediated by rho GTPase, as inhibition of rho
with C3 toxin blocks the LPA effect and constitutively ac-
tive rho mimics it. The stabilization of MTs induced by rho
was selective in that only a subset of the MTs were af-
fected. In many wound-edge cells, the MTs stabilized by
active rho were oriented toward the wound edge, showing
that a signaling pathway stimulated by active rho is capa-
ble of recapitulating the polarized stabilization of MTs in
wound edge cells observed with LPA or CS. This is clearly
distinct from the global stabilization of MTs induced when
MAPs are introduced into cells by microinjection (Drubin
and Kirschner, 1986; Dhamodharan and Wadsworth,
1995) or transfection (Kanai et al., 1989; Bramblett et al.,
1993). Other reagents that stabilize MTs, like taxol (Gun-
dersen et al., 1987; Mikhailov, A., and G.G. Gundersen,
manuscript submitted for publication) and nonhydrolyz-
able analogues of GTP (Wehland and Sandoval, 1983), ap-
pear to affect all MTs in the cell. Rho then is the first mol-
ecule identified that participates in the selective stabilization
of MTs.

The rapidity of the LPA stabilization of MTs was sur-
prising. In as little as 5 min after application of LPA, we
were able to detect MT stability with our dilution assay
(Fig. 3). This is a much more rapid change in MT dynamics
than has been measured previously, and suggests that the
MT system is capable of responding to environmental
stimuli as rapidly as the actin system (Condeelis, 1993).
Thus MTs, like actin, have the capacity to respond to tran-
sient environmental cues. At this point, we have not tried
to measure more rapid change in MT dynamics, although
it may be possible to detect such changes by directly ob-
serving MTs in cells immediately after addition of LPA.

Our direct observations of MT dynamics in LPA-treated
cells showed that the primary effect of rho activation on
MTs was on whether a MT was involved in dynamic be-
havior rather than on the parameters of dynamic instabil-
ity (growth and shortening rates and transition frequen-
cies) that characterize dynamic behavior. The largest
difference detected in the average parameters of MTs
were a reduction in the time spent pausing and in dynam-
icity, an overall measure of MT activity. A smaller differ-
ence was also detected in the growth rate of MTs, but this
was less significant. At the level of individual MTs, we
found a subset of MTs that exhibited unusually long
pauses, and these account for much of the decreases in the

Cook et al. Rho Mediates Microtubule Stability

average time spent pausing and dynamicity measured for
the entire population. The decreased dynamicity and the
small decrease in growth rate could both be a reflection of
the increase in pausing. LPA-treated cells undergo fewer
transitions, thereby reducing the dynamicity. And because
we used a relatively long sampling interval of 10 s, MTs in
LPA-treated cells could be undergoing pauses of less than
10 s that would give the appearance of slow growth.

Other groups have reported long-paused MTs in other
cells (Cassimeris et al., 1988; Schulze and Kirschner, 1988;
Shelden and Wadsworth, 1993) but this marks the first
time that the long pauses can be attributed to the activa-
tion of a specific signal transduction pathway. We think
that the long-paused MTs correspond to Glu MTs because
both populations are a subset of the MTs and both are
stimulated by LPA and rho. The long pausing events we
have observed could clearly contribute to the longevity of
the MTs, but several of these 3-7 min long-paused events
would be necessary for a MT to become a Glu MT (see
above).

How are MTs selectively stabilized by active rho? At
this point we cannot draw a detailed molecular mechanism
for rho stabilization of MTs. However, by combining our
current data with the abundant literature on how small
GTPases in the ras superfamily work, we can propose a
model with certain defined elements. Rho, like other small
GTPases, is isoprenylated in vivo and this is required for
its function (Mohr et al., 1990; Kranenburg et al., 1997).
This finding and studies showing that rho is translocated to
the plasma membrane upon stimulation (Takaishi et al.,
1995) suggest that rho is active when associated with the
plasma membrane. We suggest that the active, membrane-
bound rho locally stimulates a MT stabilizing factor, which
in turn stabilizes dynamic MTs whose excursions carry
them into the region. This “molecular flypaper” model is
attractive since it can account for the selective stabilization
of MTs and is consistent with our observations that the
long-paused MTs are localized near the plasma membrane.

Rho, like other small GTPases, is thought to be active
only when it is in the GTP-bound state. Thus, when rho
hydrolyzes its bound GTP, the activation of the MT-stabi-
lizing factor would be turned off and the MT would be-
come dynamic again. Thus, rho may act as a switch be-
tween the dynamic and stabilized states of MTs. The
longevity of the stabilized state would depend on how long
rho remained in the GTP-bound form, and this could be
influenced by other factors such as GTPase-activating pro-
teins and guanine nucleotide dissociation inhibitors. In our
study we did observe different intervals of pause in the
long-paused MTs, but whether this reflects tho GTP hy-
drolysis is currently unknown.

How is the stabilization of the MT achieved? One possi-
bility is that the stabilizing factor may decrease MT dy-
namics by sterically capping the end of the MT, since in
another study we have found evidence that Glu MTs in
TC-7 epithelial cells are physically capped (Infante, A., M.
Stein, Y. Zhai, G.G. Borisy, and G.G. Gundersen, manu-
script submitted for publication), but other mechanisms
are not ruled out by our data. An examination of the
known downstream effectors of rho does not reveal an ob-
vious candidate for such a stabilizing factor. Downstream
effectors have been identified by two hybrid screens or by
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affinity chromatography and share the common property
of binding specifically to the GTP-bound form of rho.
Among this group of proteins are several protein kinases
(Leung et al., 1995; Amano et al., 1996; Ishizaki et al., 1996;
Matsui et al., 1996; Watanabe et al., 1996), a lipid kinase
(Ren et al., 1996), a protein phosphatase-targeting subunit
(Kimura et al., 1996), the kinesin-anchoring protein kinec-
tin (Hotta et al., 1996), and a number of proteins of un-
known function that may act as adaptor proteins given
their protein—protein interaction domains (Madaule et al.,
1995; Reid et al., 1996; Watanabe et al., 1996). None of
these effectors appear to have a MT-binding domain simi-
lar to those described for other MT-interacting proteins. It
is possible that rho induces MT stability by activating an
intermediate or series of intermediates. Kinectin is an in-
triguing candidate because it is thought to anchor kinesin
to vesicles involved in protein trafficking (Burkhardt,
1996). One of the kinases, rho kinase (ROKa), has been
shown recently to be sufficient for triggering stress fiber
formation (Leung et al., 1996; Amano et al., 1997). It will
be interesting to determine if one or more of these affect
MT stability.

From our study and previous work (Ridley and Hall,
1992; Hall, 1994), it is now clear that rho regulates both the
actin and MT systems, and in this sense coordinates the ac-
tivities of these two cytoskeletal systems. Is active rho
stimulating each system independently or are the rho stim-
ulated effects on one system dependent on rho effects on
the other? We showed here that cytochalasin pretreat-
ment did not prevent LPA from stimulating Glu MT for-
mation, even though it blocked stress fiber formation. This
implies that rho-stimulated MT stabilization occurs inde-
pendently of rho-stimulated effects on actin filaments, al-
though one needs to be careful in interpreting the cytocha-
lasin experiments, since cytochalasin does not completely
deplete cells of actin filaments. The converse situation is
not as clear. A recent report showed that breaking down
MTs with nocodazole in serum-starved fibroblasts induced
the formation of stress fibers (Bershadsky et al., 1996) and
we have observed similar results in our own experiments
(Gundersen, G.G., unpublished observations). Induction
of stress fibers by nocodazole may be dependent on active
rho, as C3 toxin can block the effect (Enomoto, 1996).
This and earlier work (Danowski, 1989) suggest that MTs
can affect the actin system. Further studies will be neces-
sary to determine the relationship between the rho-induced
changes in MTs and actin filaments.

MT stabilization may be an important component of the
rho-dependent response in those systems that have been
shown to involve rho. For example, C3 toxin has been
shown to inhibit cell motility in sperm, neutrophils, and
Swiss 3T3 cells, as well as scatter factor-induced motility
in keratinocyes (Stasia et al., 1991; Takaishi et al., 1993,
1995). Rho has also been implicated in endocytosis (Lamaze
et al., 1996) and cytokinesis (Takaishi et al., 1995). The
possibility that some of the rho effects in these cases are
due in part to regulated changes in MT stability will need
to be addressed in the future.
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