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Dynamic regulation of microtubule coils in
ADP-induced platelet shape change by p160ROCK

(Rho-kinase)

Benjamin Z.S. Paul, Soochong Kim, Carol Dangelmaier,

Chandrasekaran Nagaswami, Jianguo Jin, John H. Hartwig, John W. Weisel,

James L. Daniel, Satya P. Kunapuli

Platelet shape change is an extremely rapid process mediated by both the calcium-sensitive and p160
ROCK

pathways.

The present study examines how different features of shape change studied by scanning electron microscopy clearly

correlate to changes in the pattern of light absorbance measured in an aggregometer. Platelets change shape from the

initial ‘disc’ form by producing: membrane ‘blebs’, sphere formation (cell-rounding), filopodia extension, and surface

membrane folding. The presentation of these features was dramatically slower in the absence of intracellular calcium

mobilization. In the presence of the p160ROCK-inhibitor, Y-27632, shape change was initially normal but platelets

rapidly transformed back to smooth discs with extended filopodia. The reappearance of the disc shape is reflected by

an increase in the amplitude of oscillations in the aggregometer shape change tracing. The kinetics of actin/

cytoskeleton association correlated with filopodia formation but not with disc to sphere transformation. Changes in

the level of tubulin polymerization correlated with changes from disc to sphere morphology. These experiments are

consistent with a role for a RhoA/Rho kinase-regulated pathway in the maintenance of a spherical platelet shape

after agonist-dependent activation. Continued disruption of the cytoskeletal microtubule ring, appears to be a Rho

kinase-dependent event involved in the transformation of discoid platelets into spheres.

Introduction

The initial response of platelets to agonist-stimula-
tion is a change in cell shape from a lentiform ‘disc’
to a spiculated ‘sphere’ (spheroechinocyte).1,2

The morphology that presents both before and
during platelet shape change has been investigated
using scanning and transmission electron micro-
scopy.3–8 Platelet shape change is a dynamic process
that includes both contractile events and regulation
of a circumferential microtubule coil.9–11 Actin
filaments originating from within the cytoplasm
lead to the extension of filopodia.8,12,13 An actin–
myosin contractile apparatus surrounds the newly
centralized dense- and a-granules.2,8,12,14 Secretion-
stimulating agonists (e.g., thrombin, and thrombox-
ane A2) cause release of the granule contents. Further
production of thromboxane A2 induces more platelet
activation and aggregation forming the primary
hemostatic plug.1,10

Controversy exists over both the role of the
circumferential microtubule coil in maintaining the
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resting discoid shape and what subsequent changes
to the microtubule coil occur both before and after
shape change begins. Early biochemical15,16 and
morphological studies17–20 have reported that the
microtubule coil disassembles upon agonist-stimu-
lated shape change. Others argue that the circumfer-
ential ring does not disappear but becomes centrally
constricted within a mass of actin and myosin
microfilaments.14,21 Furthermore, there is a debate
over the role of the plasma membrane actin filament
skeleton in the maintenance of the cell’s resting
discoid shape. This actin filament mesh is anchored
to glycoproteins by either actin-binding protein or
through spectrin and ankyrin.2 Hartwig and co-
workers13,22 have provided evidence that the discoid
morphology is maintained by a spectrin-reinforced
surface membrane cytoskeleton. In contrast, White
and Rao11 have found that cold-induced sphere
formation was dependent on reversible changes to
the microtubule coil.
Nishimura et al.23 have shown in rat hepatoma

cells that RhoA/p160ROCK (Rho-associated coiled-
coil containing kinase, also referred to as ‘Rho-
kinase’) mediated signaling (also referred to as the
‘Rho/Rho-kinase pathway’) is involved in the regula-
tion of both cytoskeletal actin filaments and micro-
tubule organization. The small GTPase Rho mediates
regulation of the cell cytoskeleton in such events as:
cell motility, rearrangement of stress fiber formation,
stable microtubule orientation, contractility, and
tumor cell progression.24–31 There is a growing
body of evidence for the role of G-protein a
subunits,32 phosphatases,33 and kinases in the regula-
tion of microtubule polymerization and disassembly
(for reviews, see Refs. [34–36]). Finally, a number
of investigations have shown that microtubule
disruption increases RhoA-mediated myosin light
chain kinase (MLCK) activity and inhibition
of myosin specific protein phosphatase activity
resulting in increased contractility in both endothelial
cells and fibroblasts.31,37–39 However, the molecular
signaling events that regulate microtubule stability
during platelet shape change have never been
investigated.
While aggregation in response to ADP is depen-

dent upon the concomitant stimulation of the higher
affinity Gq-coupled P2Y1 receptor and the lower
affinity Gi-coupled P2Y12 receptor, shape change
is solely dependent on ADP-stimulation of the P2Y1
receptor.40,43–45 Previously, it has been shown that
RhoA/p160ROCK signaling coupled to the P2Y1
receptor produces shape change in human platelets.46

Furthermore, a calcium-sensitive signaling mechan-
ism is required for a faster rate of platelet shape
change induced by ADP, U46619 (a thromboxane
A2 mimetic), and thrombin.46,47 Calcium-sensitive
signaling mechanisms can be investigated using
the intracellular calcium chelator, 5,50-dimethyl
BAPTA. The calcium-insensitive aspect of platelet

shape change is mediated by p160ROCK (Rho-kinase)
when stimulated by U46619,48 ADP,46 and throm-
bin or the thrombin receptor-activating peptide,
YFLLRN.47 RhoA, a member of the Ras homo-
logous small GTPase family, is present in platelets
and following stimulation by its guanidine nucleotide
exchange factor, p115RhoGEF, it will associate with
and activate p160ROCK (Rho-kinase).49–52 The
RhoA/p160ROCK (Rho-kinase) pathway is involved
in the actin–myosin contractile response of smooth
muscle cells, fibroblasts, endothelial cells, and
neuronal cell lines.53–60 Human platelets contain
myosin phosphatase, which is phosphorylated and
inactivated by the RhoA/p160ROCK pathway.49,61

P160ROCK can be selectively inhibited by the two
structurally different compounds Y-27632 and HA
1077.56

Platelet shape change includes several morpholo-
gical changes including filopodia extension, plasma
membrane folding, and sphere formation. Although
shape change is known to be regulated independently
by both calcium-sensitive and P160ROCK-sensitive
pathways, it is not clear how these pathways regulate
different morphological features of shape change. In
this study we investigated the regulation of cytoske-
letal actin and myosin by the RhoA/p160ROCK

pathway and the involvement of actin and tubulin
in the different aspects of platelet shape change.
Here we demonstrate that actin polymerization and
filopodia formation can be mediated through either a
calcium-dependent pathway or the RhoA/p160ROCK

pathway. Our results show that an increase in
cytosolic calcium will initiate the disruption of the
microtubule coil. In contrast, the RhoA/p160ROCK

pathway both initiates and maintains microtubule
coil disruption during platelet transformation from
disc to spherical morphology.

Materials and methods

Platelet preparation

Human blood was collected from an informed group
of volunteers derived from the students and staff at
Temple University School of Medicine. Blood was
collected into a one-sixth volume of ACD (85mM
sodium citrate, 111mM glucose, 71.4mM citric acid).
Platelets were treated with acetylsalicylate and resus-
pended in calcium-free Hepes-buffered Tyrode’s solu-
tion as previously described.46,62 The platelet count
was adjusted to 2�108 cells/ml. 5,50-Dimethyl-
BAPTA-loaded platelets were prepared from plate-
let-rich plasma which was incubated with 1mM
acetylsalicylic acid and 50 mM 5,50-dimethyl BAPTA-
acetoxymethylester as previously described.46 Platelet
p160ROCK (Rho-kinase) was inhibited by incubating
the platelets with stirring (900 rpm) for 3min at 37�C
with 10 mM Y-27632.46
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Platelet aggregation and shape change

Platelet aggregation and shape change were mea-
sured as previously described.40,46,62,63 In brief,
platelet shape change was followed after the addi-
tion of 1 mM SC-57101 before agonist-stimulation.
SC-57101 blocks fibrinogen binding to its receptor
and is a known inhibitor of platelet aggregation.64 All
experiments were performed in the presence of 2mM
CaCl2 and were repeated at least three times using
platelets from different donors.

Scanning electron microscopy

Platelets resuspended in calcium-free Hepes-buffered
Tyrode’s solution were activated with 10 mM ADP
following the addition of 2mM CaCl2 and 1 mM SC-
57101. Other conditions are as indicated. At specified
times the platelets were fixed by the addition of an
equal volume of 2.5% glutaraldehyde buffered at pH
7.2 with 100mM phosphate. Incubation with the
fixative continued for at least 30min in a 37�C
water bath. Collected specimens were then gently
suction-filtered onto Nucleopore polycarbonate
filters (0.2 mm) that had been preincubated with
0.01mg/ml polylysine for 12 h and then washed in
phosphate-buffered saline (pH 7.4). Filters with
collected platelets were stored in 1.25% glutaralde-
hyde at room temperature until further processing.
As previously described,65 specimens were washed in
50mM cacodylate buffer (pH 7.4) and then fixed with
1% osmium tetroxide for 15min at room tempera-
ture. The samples were dehydrated in a graded series
of ethanol concentrations through 100% over a
period of 1.5 h. The specimens were critical point
dried with CO2 in a Denton apparatus. Finally,
specimens were mounted and coated with � 12.5 nm
of gold–palladium (60 : 40), observed at 10 kV, and
photographed digitally using a Philips XL20 scan-
ning electron microscope (Philips Electron Optics,
Eindhoven, The Netherlands). Conditions were
repeated on three separate occasions using cells
from different donors. Representative samples are
shown.

Measurement of actin association with the Triton-
insoluble cytoskeletal fraction

Platelet samples were treated with 1% Triton X-100,
50mM Hepes (pH 7.5), 150mM NaCl, 5mM EDTA,
2mM PMSF, 2mM NaF, 1mM sodium orthovana-
date and 10 mg/ml leupeptin. After 10min at 0�C, the
cytoskeletons were pelleted by centrifugation at
7000� g. Samples were dissolved in SDS sample
buffer and electrophoresed on 10% polyacrylamide
gels. Gels were stained with GelCode blue and
resulting gels were scanned and analyzed for intensity
of staining using NIH image 1.61. Experimental

conditions were repeated three times using cells from
different donors.

Isolation of polymerized tubulin fraction and
determination of �-tubulin level

Aspirin-treated platelets were prepared as previously
described and resuspended in calcium-free Hepes-
Tyrode’s buffer at 2–3�108 cells/ml. Cells were
allowed to rest at 37�C for 45min. Incubations and
stimulations were performed in the presence of 1 mM
SC-57101 in a Chronolog Aggregometer at 37�C with
stirring (900 rpm). Five hundred-ml volumes of
platelet preparation were incubated with either
10 mM Y-27632 for 3min or vehicle (control) and
10 mM taxol was added 10–30 s prior to the addition
of 10 mM ADP. The platelets were lysed at indicated
time points by the addition of an equal volume of
calcium-free Hepes-Tyrode’s buffer containing 0.8%
Triton X-100, 12mM EGTA, and 20 mg leupeptin at
room temperature. Microtubules were pelleted by
centrifugation at 100 000�g for 30min at 25�C.
Samples were solubilized in SDS sample buffer
and boiled for 10min. Samples were resolved on
10% SDS–PAGE. Proteins were transferred to
Immobilon-P (polyvinylidene difluoride membrane),
blocked with 5% nonfat dried milk and probed for
b-tubulin using a mouse monoclonal IgG2b (Santa
Cruz Biotechnology, Santa Cruz, CA) raised against
the common amino acid residues 210–444. This
sequence is found in the human b-tubulin isotypes:
Mb1 to Mb5 and Mb7. The Mb1 isotype is expressed
only in hematopoietic cells (megakaryocytes, plate-
lets, and nucleated fetal erythroblasts).66 The anti-
body is used at a 1 : 1000 dilution for 60min at room
temperature. A secondary HRP-conjugated goat ant-
mouse IgG (Kirkegaard & Perry Laboratories,
Gaithersburg, MD) was used at a dilution of
1 : 10 000 for 60min at room temp. Bands were
detected by chemiluminescence (Pierce Supersignal
Pierce Technology, Iselin, NJ) and analyzed using an
Intelligent Dark Box II (Fuji Systems USA, Stanford,
CT). The experiment was repeated three times using
cells from different donors.

Results

The rate and extent of ADP-induced shape change is
affected by inhibition of p160ROCK (Rho-kinase)
with Y-27632 and prevention of an increase in
intracellular calcium concentration with
5,50-dimethyl BAPTA

A platelet aggregometer measures changes in ultra-
violet light scattering. The tracing reflects changes in
optical density as the cells change shape and
aggregate. Shape change is known to correlate with
an increase in optical density (greater scattering of
light). ADP-induced shape change is altered in a
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time-dependent manner by Y-27632 treatment as
compared to control platelets. In control and 5,50-
dimethyl BAPTA-treated platelets, pre-stimulatory
oscillations in the tracings disappear following
addition of agonist (Figure 1). When platelets are
treated with 10 mM Y-27632 (the maximal concentra-
tion for selective inhibition of p160ROCK (Rho-
kinase)56) the oscillations diminish but then steadily
increase in amplitude following an initial ADP-
induced increase in light scattering. The increase in
oscillation amplitude suggests that the platelets had
partially reverted to a ‘resting’ shape. This experi-
ment suggests that the RhoA/p160ROCK (Rho-kinase)
pathway may be required to maintain certain
morphological features of platelet shape change
initiated by ADP-stimulation at the P2Y1 receptor.
On the other hand, the aggregometer tracing suggests
that 5,50-dimethyl BAPTA-treated platelets undergo
shape change that is morphologically normal while
differing from control only in rate of onset and
completion.

ADP-induced shape change morphology is affected
by inhibition of p160ROCK (Rho-kinase) and
prevention of an increase in cytosolic calcium
concentration

Platelet shape change is known to involve cell
rounding and filopodia formation. To investigate
the morphological changes associated with the
inhibition of p160ROCK (Rho-kinase), platelets were
examined by scanning electron microscopy 1min
after agonist-stimulation. The initial data indicated
that either the RhoA/p160ROCK (Rho-kinase) path-
way or the calcium/calmodulin myosin light chain
kinase (MLCK) pathway might mediate either cell
rounding or filopodia extension. Unstimulated plate-
lets treated with either 5,50-dimethyl BAPTA,

Y-27632, or both appear the same as unstimulated
controls (data not shown).
In order to understand the role of calcium-sensitive

and -insensitive pathways in the formation of specific
morphological features of shape change (e.g., filopo-
dia, sphere formation and membrane folding), the
time course of ADP-induced shape change was
followed by scanning electron microscopy in the
absence and presence of specific inhibitors. Each of
the images shown is representative of hundreds of
similar micrographs from at least three experiments.
Control platelets undergoing ADP-induced shape
change produce three morphological characteristics
at distinct periods in time (Figure 2). Initially, at 2 s,
the platelet membrane is rippled and protrusions
designated as ‘blebs’ begin to form. At 5 s, sphere
formation (cell rounding) is present with greater
‘bleb’ formation and initial filopodia extension. By
15 s shape change is complete and the cells have
become spheres with folded membranes and filopo-
dia. The stable morphological characteristics of
platelet shape change (a sphere-shaped cell body, a
folded membrane surface, and filopodia) are char-
acteristics of the ‘spheroechinocyte’ that are main-
tained up to 2min following ADP-stimulation
(Figure 2). Measuring the change in light absorbance
over time, we46 and other investigators47 have shown
that preventing increases in intracellular Ca2þ slows
the rate of shape change. These scanning electron
microscopy data reveal that when platelets that
contain the intracellular Ca2þ buffer 5,50-dimethyl
BAPTA change shape there are delays in both the
onset and occurrence of specific morphological
features (Figure 3). Membrane ripples do not
appear until 5 s; furthermore, initiation of membrane
‘bleb’ formation, cell rounding, and filopodia exten-
sion all occur between 5 and 15 s and are not
complete until 30 s. As observed for normal ADP-
induced shape change (Figure 2), the changes in
morphology for Ca2þ buffer-treated platelets were
maintained at 1 and 2min following agonist-stimula-
tion (Figure 3). The aggregometer shape change
tracing induced by ADP in the presence of 10 mM Y-
27632 suggests the presence of different morphologi-
cal characteristics as compared to the corresponding
control (Figure 1). Following an initial increase in
light absorbance with a decrease in oscillation
amplitude, there is a steady and dramatic increase
in the oscillation amplitude by 1min. Platelets treated
with 10 mM Y-27632 and fixed at 2, 5, 15 and 30 s,
and at both 1 and 2min following the addition of
ADP were examined by scanning electron microscopy
(Figure 4). In these platelets the early steps of shape
change that occur during the first 15 s are normal;
however, by 30 s the sphere shape due to cell
rounding begins to reverse, and at 1–2min the
platelets are shaped like flattened discs with the
continued presence of filopodia. Thus, ADP-induced
‘bleb’ formation, membrane folding, cell rounding,

Figure 1. Inhibition of p160ROCK (Rho-kinase) by Y-27632 and
preventing an increase in cytosolic calcium concentration by 5,50-
dimethyl BAPTA have different effects on both the extent and rate
of ADP-induced shape change. Representative shape change
tracings (three experiments using cells from three different
donors) as measured in an aggregometer. Arrows indicate the
addition of agonist. Platelets were all stimulated in the presence
2 mM CaCl2 and 1 mM SC57101 under the conditions as
indicated: 10mM Y-27632 preincubation and/or 50mM 5,50-
dimethyl BAPTA treatment.

162 RHO-KINASE REGULATES THE PLATELET MICROTUBULE COIL



Figure 3. Morphological features are presented differently during ADP-induced shape change as compared to ADP-induced shape
change with either the absence of an increase in cytosolic calcium concentration or the inhibition of p160ROCK (Rho-kinase). All samples
were stimulated in the presence of both 2 mM CaCl2 and 1 mM SC57101 as described in Materials and Methods and fixed at indicated
times following the addition of 10mM ADP. Bar represents 2mm length. The data with 5,50-dimethyl BAPTA-treated platelets are shown at
different time points after stimulation. This experiment is representative of three similar experiments.

Figure 2. Morphological features are presented differently during ADP-induced shape change as compared to ADP-induced shape
change with either the absence of an increase in cytosolic calcium concentration or the inhibition of p160ROCK (Rho-kinase). All samples
were stimulated in the presence of both 2 mM CaCl2 and 1 mM SC57101 as described in Materials and Methods and fixed at indicated
times following the addition of 10mM ADP. Bar represents 2mm length. The data with untreated platelets are shown at different time
points after stimulation. This experiment is representative of three similar experiments.
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and filopodia extension all occur in the absence of the
RhoA/p160ROCK pathway. However, the mainte-
nance of ADP-induced cell rounding and membrane
folding is dependent on the RhoA/p160ROCK path-
way. The combination of Y-27632 and 5,50-dimethyl
BAPTA completely prevents all the characteristics of
shape change (e.g., filopodia, sphere formation, and
membrane folding) and instead the platelets remained
as smooth discoid cells that are no different from
non-stimulated control cells (not shown). These
results indicate that calcium/calmodulin MLCK-
dependent events are not required for either ADP-
induced filopodia extension or formation of the
sphere-shaped morphology. In contrast, p160ROCK

activity appears to play a role in ADP-induced cell
rounding and plasma membrane folding.

The level of ADP-induced actin filament
reorganization and myosin association is affected by
either inhibition of p160ROCK (Rho-kinase) or
prevention of an increase in cytosolic calcium
concentration

Agonist-induced platelet shape change involves the
polymerization of actin and its subsequent asso-
ciation with myosin. The actin–myosin contractile
apparatus appears to centralize the dense- and

a-granules into the center of the platelet.2,12,33,67

The association of platelet myosin and actin is
dependent upon phosphorylation of the regula-
tory myosin light chain by calcium/calmodulin
MLCK68,69 with concurrent inhibition of platelet
myosin phosphatase PP1Md.49,70 Furthermore, pre-
vious reports have shown that a strong correlation
exits between the level of phosphorylated myosin
light chain and the initiation of shape change.71

Actin filament reorganization can be measured as
the formation of the 7000�g Triton-insoluble
cytoskeleton fraction, which also demonstrates the
level of actin–myosin association. In control plate-
lets, 10 mM ADP causes a rapid increase in the
association of actin and myosin that peaks at
roughly 10 s (Figure 5). In control platelets the
level of actin in association with myosin remains
elevated up to 2min following stimulation. In the
presence of Y-2763, the level of cytoskeletal actin–
myosin peaks at 10 s (Figure 5) as compared to the
level in control platelets, which quickly declines.
Platelets pretreated with 5,50-dimethyl BAPTA show
a much slower and diminished increase in the
cytoskeletal formation with a peak occurring
roughly around 20 s following ADP-stimulation. In
both Y-27632 treated platelets and 5,50-dimethyl
BAPTA-treated platelets the level of actin–myosin

Figure 4. Morphological features are presented differently during ADP-induced shape change as compared to ADP-induced shape
change with either the absence of an increase in cytosolic calcium concentration or the inhibition of p160ROCK (Rho-kinase). All samples
were stimulated in the presence of both 2 mM CaCl2 and 1 mM SC57101 as described in Materials and Methods and fixed at indicated
times following the addition of 10mM ADP. Bar represents 2 mm length. The data with Y-27632-treated platelets are shown at different
time points after stimulation. This experiment is representative of three similar experiments.
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association falls and reaches a similar level by 2min
(Figure 5).

P160ROCK (Rho-kinase)-inhibition affects tubulin
depolymerization in ADP-stimulated platelets

The change of disc-shaped platelets to spiculated
spheres appears to involve depolymerization of
microtubules potentially by G-protein activation
of RhoA with subsequent increased activity of
p160ROCK. If true, then during this process the
amount of tubulin found in the pellet by high-speed
centrifugation (100 000�g) would decrease due to
conversion of microtubules to soluble tubulin. The
analysis of microtubules in the cytoskeleton was
performed as described by Kenney and Linck3 in a
manner that quantitatively preserves the assembled
microtubules from the cytoskeleton without causing
any polymerization of soluble platelet tubulin.

Figure 6 provides the first clear evidence that,
immediately following agonist-stimulation in control
cells, there is a dramatic decrease in the amount of
b-tubulin found in this pellet. The rate of this
decrease appears greatest during the first 30 s. By
90 s the level of b-tubulin in the microtubules had
decreased to 40% of the unstimulated level. To
evaluate the contribution of p160ROCK (Rho-kinase)
in this process, cells were pretreated with the selective
inhibitor Y-27632. Over the course of shape change,
the rate and level of b-tubulin in the microtubule
pellet was similar over the first 10 s; however, by 30 s
there is a significant difference. As shown in Figure 6,
the b-tubulin content only reached a maximal
decrease of � 65% by 30 s. From this time point on
there is a steady increase in the level of b-tubulin in
the isolated microtubule fraction. By 2min the level
of b-tubulin in the microtubule fraction is the same as
in unstimulated, resting cells. These results clearly

Figure 5. ADP-induced actin filament reorganization and myosin association is affected by inhibition of p160ROCK (Rho-kinase) and the
absence of an increase in cytosolic calcium concentration. Triton-insoluble cytoskeletons were prepared from platelets stimulated with
10mM ADP for indicated times. An equal volume of 1% Triton X-100 solution was added to the cell suspension to stop each reaction.
Samples were analyzed as described in the Methods. (A) Gel Code Blue-stained SDS–PAGE. Actin band is 40 kDa and is indicated by
arrow. (B) Densitometry of the actin band from the gels such as shown in (A). Each point represents the average and standard deviation
of three determinations. This experiment is representative of three similar experiments.
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demonstrate for the first time that agonist-induced
signaling events regulate tubulin depolymerization
and repolymerization during platelet activation.

Discussion

Stimulation of the P2Y1 receptor by ADP
causes platelet shape change;41,42,63 furthermore, all
downstream signaling mediating shape change is
initiated by the heterotrimeric G-protein, Gq.72

Prior studies have shown that agonist-induced plate-
let shape change involves both calcium-dependent
and calcium-independent mechanisms as measured
by increased light scattering in an aggregometer.46–48

We have used ADP to stimulate shape change and
have investigated the regulation of morphology and
cytoskeletal architecture. ADP-induced shape change
provides a unique opportunity to identify the
regulation and contribution of actin filaments and
microtubules without obscuring events such as
secretion or multiple receptor/G-protein signaling.
The intracellular calcium chelating agent 5,50-
dimethyl BAPTA has been used to completely
prevent the increase in intracellular calcium follow-
ing stimulation by ADP, thereby preventing the

activation of calcium dependent pathways such as
calcium/calmodulin MLCK.46 The pyridine deriva-
tive Y-27632 is selective for the inhibition p160ROCK

in human platelets (IC50¼ 1 mM).56

The scanning electron microscopy data presented
in this report provide a better understanding of the
contribution made by calcium-sensitive and -insensi-
tive mechanisms to the different features of shape
change. Filopodia extension, plasma membrane
folding, and sphere formation all require either an
increase in intracellular calcium (Figure 3), or the
activity of p160ROCK (Figure 4). The calcium-
sensitive pathway and the calcium-insensitive
RhoA/p160ROCK pathway independently induce all
the features of shape change. Shape change mediated
by the calcium-sensitive pathway proceeded at the
same rate as in control platelets; however, plasma
membrane folding and the spherical shape are not
maintained in the absence of functional p160ROCK

(Rho-kinase) (Figure 4). This is in contrast to shape
change mediated by the RhoA/p160ROCK pathway
that occurs at a much slower rate and is maintained
(Figure 3). Interestingly, comparison of the aggrego-
metry tracings and the cells examined by scanning
electron microscopy reveals a novel correlation

Figure 6. Tubulin polymerization in ADP-stimulated platelets is affected by the inhibition of p160ROCK (Rho-kinsase). Human platelets,
untreated or treated with Y-27632, were stimulated with ADP for 10, 30, 60, 90 and 120 s. Triton-insoluble protein was obtained as
described in the Methods. The proteins were electrophoresed, transferred to a membrane, and probed with anti-b-tubulin antibody. (A)
Western blot and (B) densitometry. Experimental conditions were repeated three times using cells from different donors.
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between the amplitude of the aggregometry oscilla-
tions (Figure 1) and the presence of disc-shaped cells
(Figure 2). The relative increase in amplitude of the
oscillations indicates an increasing presence of disc
shaped cells (Figures 1 and 4). In contrast, a decrease
in amplitude indicates a diminishing presence of disc-
shaped cells and an increase in sphere-shaped cells
(Figures 1–3).
We investigated whether the spherical shape was

dependent upon actin association with myosin in the
cytoskeleton. Platelet myosin phosphatase is phos-
phorylated and inactivated by RhoA/p160ROCK.49,50

The maintenance of both ADP-induced membrane
folding and the spherical shape could require
continual inactivation of myosin phosphatase to
preserve myosin light chain phosphorylation and
the actin–myosin contractile response. However,
there was no difference in the level of actin associated
with the cytoskeleton by 2min between Y-27632 disc-
shaped cells and 5,50-dimethyl BAPTA-treated
sphere-shaped platelets (Figure 5). Furthermore, the
levels of phosphorylated myosin light chain in either
Y-27632 or 5,50-dimethyl BAPTA-treated platelets
was the same by 45 s following ADP-stimulation.46

Therefore, such a mechanism for the maintenance of
spherocyte morphology is unlikely. However, there is
a clear correlation between the presentation of
filopodia and the maximal association of actin and
myosin in the cytoskeleton. In control and Y-27632
treated platelets (inhibition of p160ROCK) the max-
imal level of association occurs at 10 s and maximal
filopodia presentation occurs between 5 and 15 s. In
the absence of calcium mobilization (5,50-dimethyl
BAPTA) the maximal level of actin and myosin
association occurs at 20 s and maximal filopodia
presentation occurs at a point between 15 and 30 s.
A connection between the maintenance of spherical

morphology and RhoA/p160ROCK activity is demon-
strated in Figure 4. In the absence of p160ROCK

activity the platelets are unable to remain spherical
and revert back towards the disc shape. The
disruption of the microtubule coil leads to a
decreased level of b-tubulin in the isolated micro-
tubule fraction.16 The kinetics of the decrease in
b-tubulin in the 100 000�g pellet correlates with the
time points at which disc-shaped cells change into
sphere-shaped cells (Figures 2 and 6). The time frame
for reverting back to the disc shape in Y-27632-
treated cells correlates closely with the return of
tubulin polymerization (Figures 4 and 6). Thus,
p160ROCK (Rho-kinase) initiates and maintains
microtubule disassociation; whereas, the calcium-
sensitive pathway contributes more to initiation of
microtubule disassembly. Subsequent to activation,
as the intracellular calcium level falls, the calcium-
sensitive pathway fails to maintain the spherical
shape. Investigations using Y-27632, toxin B,
and C3 exotoxin have revealed a role for
RhoA/p160ROCK (Rho-kinase)-mediated microtubule

disruption in endothelial cells,37 cardiomyocytes31

and an invasive tumor cell line.23 The present
investigation extends the early observations made
by Behnke,73,74 White and co-worker,75,76 and Kenny
and Linck3 regarding the role of the microtubule coil
in supporting the discoid shape. Furthermore, we
demonstrate that the p160ROCK (Rho-kinase) path-
way regulates microtubule disruption in platelets
and contributes to the maintenance of spherical
morphology.
Further investigation into the mechanism utilized

by platelets to regulate microtubule stability is
required. The platelet microtubule coil may be
maintained by microtubule-associated proteins
(MAPs), which stabilize and bundle microtubules
when they are in a non-phosphorylated state. When
MAPs are phosphorylated they detach from micro-
tubules and permit tubulin depolymerization because
of inherent dynamic instability.35,36 Perhaps MAPs
are dephosphorylated by PP1Md, a phosphatase
that is inactivated by p160ROCK.49,61 Just as likely,
p160ROCK phosphorylates and inactivates an uni-
dentified phosphatase in addition to PP1Md. As
mentioned, the protein phosphatase 1 and 2A
inhibitors, okadaic acid and calyculin-A, cause
disassembly of the microtubule coil and platelet
shape change.33 The phosphorylation and inactiva-
tion of MAP-regulating phosphatases would promote
MAP phosphorylation and subsequent disassembly
of the microtubule coil. A number of phosphopro-
teins have been identified in human platelets that may
in the future be identified as the target MAP
responsible for stability of the microtubule coil: a
210-kDa MAP,77 a 51-kDa protein,3 and a 90-kDa
protein.33 The presence of Y-27632 would prevent
p160ROCK (Rho-kinase)-mediated inactivation of
phosphatase activity leading to phosphatase-
mediated dephosphorylation of MAPs, their associa-
tion with a growing microtubule, and reformation of
the circumferential coil.
In this study, for the first time, we have correlated

changes in the aggregometer tracing with specific
morphological features of platelet shape change.
Either the RhoA/p160ROCK or the calcium-depen-
dent pathway mediates filopodia extension. The
calcium-insensitive RhoA/p160ROCK pathway is
required for the maintenance of both spherical
shape and membrane folding in ADP-induced plate-
let shape change. The return of the discoid shape in
the absence of p160ROCK activity is likely due to the
return of the microtubule coil and does not appear to
involve the association of actin and myosin in the
cytoskeleton. An explanation of the inability of the
calcium-sensitive pathway to maintain shape change
may be evidenced by the fact the increase in
intracellular Ca2þ caused by ADP is transient and
rapidly returns to baseline. Thus, while Ca2þ-
regulated events can disrupt the microtubule coil
(Figure 6), the p160ROCK pathway is necessary for the
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sustained disruption of the microtubule coil and
resulting spherical morphology.
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