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The effects of lysoPC, four other amphiphiles containing a linear 16 carbon alkane tail and chlorpromazine
on platelet cytoskeletal assembly were compared. LysoPC and nonmetabolized amphiphiles all caused
time-dependent inhibition followed by potentiation of thrombin-induced aggregation, serotonin secretion and
cytoskeletal assembly in gel-filtered platelets, a result which ruled out hydrolysis of the amphiphiles as the
mechanism of the time dependence. Hexadecanesulfonate was superior as a potentiator and cetyltrimethyl
ammonium bromide (CTAB) was a better inhibitor. On the contrary, inhibition of platelet activation by
arachidonate was not effected in a time-dependent manner and the actin-crosslinking proteins, actin-binding
protein and myosin, were selectively prevented from incorporation into cytoskeletal cores, although protein
phosphorylation and actin polymerization still occurred. Chlorpromazine also showed this selective inhibition
of cytoskeletal assembly. LysoPC at concentrations which have been reported to cause development of
filopodia did increase slightly the amount of actin present in Triton X-100-insoluble cores but not protein
phosphorylation or incorporation of actin-crosslinking proteins. The effective concentrations of lysoPC and
chlorpromazine can be predicted from the Meyer-Overton-Mullins rule of anesthesia which indicates their
general effectiveness, but their specific effects only partially overlap.

Introduction

During platelet activation, phospholipid
metabolism is markedly enhanced. Investigations
on this metabolism have centered on the liberation
of arachidonic acid (reviewed in Ref. 1) and the
importance of the products of arachidonic acid
oxidation to platelet activation is well-established.
The arachidonic acid consumed in this metabolism
is released from several phospholipid pools by a
complex set of reactions which has complicated

Abbreviations: CTAB, cetyltrimethyl ammonium bromide;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
lysoPC, lysophosphatidylcholine.
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the assessment of the relative contributions of each
pool [2,3]. Two intermediates of the phosphati-
dylinositol cycle serve as sources of arachidonic
acid. Diacylglycerol is hydrolyzed by a lipase [4]
and phosphatidic acid is cleaved by specific phos-
pholipase A, [5]. Two other phospholipase A,
enzymes liberate arachidonic acid from phos-
phatidylinositol [6] and phosphatidylcholine [7],
respectively. However, products of phospholipid
hydrolysis other than arachidonic acid have active
roles in platelet activation. For example, di-
acylglycerol has been has been implicated in
activation of protein kinase C [8]. In fact, the
major, measurable byproduct of this arachidonate
liberation is lysoPC [9] which can alter platelet



response, but its function in platelet activation
remains unclear. In addition to this endogenously
produced lysoPC, Cucuianu [10] has argued that
the plasma concentrations of lysoPC are sufficient
to alter platelet function.

Joist et al. [11] have extended the studies of the
effects of lysoPC on platelet function. They re-
ported the effect was time-dependent, showing
both inhibition and potentiation. The later devel-
opment of the potentiation partly paralleled the
hydrolysis of lysoPC and for this reason, they
thought the potentiation was produced by the
saturated fatty acids derived from the lysoPC.
Cucuianu [10], who has continued these investiga-
tions, states that plasma lysoPC concentrations
range between potentiation and inhibition of
platelets with larger deviations in this range in
certain disease states. More recently, Kanaho and
Fujii [12] have examined the morphological
changes induced in platelets by two classes of
amphiphiles where the classification was derived
from the differences produced in red blood cell
morphology. LysoPC and lauric acid transformed
normal platelets into spiny discs and spheres with
unusually slender filopodia. Neither the time de-
pendency nor the possibility that the morphologi-
cal changes were produced by the fatty acids from
lysoPC catabolism were examined. Chlorproma-
zine, which represented the second class of
amphiphiles, induced swelling and smooth sphere
formation but no filopodia.

During normal platelet activation, the develop-
ment of filopodia depends on the assembly of a
cytoskeleton composed primarily of actin fila-
ments associated with actin-binding protein and
an alpha-actinin-like protein {13]. In this study, we
examined the effects of lysoPC on the assembly of
the cytoskeleton before and after activation. To
rule out the possibility that results were produced
by the saturated fatty acids derived from lysoPC
during its metabolism, several closely related, syn-
thetic compounds that would not produce fatty
acids were included for comparison.

Methods
The materials used in this study were purchased

from the following sources: lysoPC (Avanti Bio-
chemicals); ['*Clserotonin (Amersham); [3?Plor-
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thophosphate (New England Nuclear); arachidonic
acid (NuChek Prep); Hepes, EDTA, EGTA, Tris,
Triton X-100, ATP and bovine serum albumin
(Sigma); sodium dodecyl sulfate (SDS), acryla-
mide, bisacrylamide and protein molecular weight
standard (Bio-Rad); CTAB and sodium hexade-
canesulfonate (Aldrich); and hexadecylsul-
fobetaine (Calbiochem Behring). CTAB and
sodium hexadecanesulfonate were recrystallized
from ethanol.

Platelet preparation and labelling with [*’P]or-
thophosphate or ['?CJserotonin. Whole blood was
freshly drawn from the antecubital vein of volun-
teers after obtaining informed consent. Platelets
were isolated from citrate anticoagulated whole
blood as previously described [13]. Platelets sus-
pended at a concentration of 1-10°/ml in buffer
1 (145 mM sodium chloride/5 mM potassium
chloride/0.1 mM magnesium chloride/0.05 mM
calcium chloride/5.5 mM glucose/1 mg/ml
bovine serum albumin/15 mM Hepes (pH 7.4))
were labeled for 45 min at 37°C with either 1
mCi/ml [*’Plorthophosphate or 0.05 pCi/ml
[**C]serotonin. The platelets were then gel filtered
at 4°C on a Sepharose 2B column with bed volume
10-times the applied sample volume. The platelets
were collected, counted on a hemocytometer and
adjusted to 5 - 108 platelets /ml with buffer 1. After
30 min. at 37°C, the platelets completely re-
covered their discoid shape and were utilized in
the experiments described in this study. Aggrega-
tion and secretion were monitored as detailed pre-
viously [13].

Secretion. Secretion of ['*Cl]serotonin from
platelets labeled as described above was measured
on 0.05 ml time-course aliquots in which secretion
was stopped by mixing with 10 vol. 50 mM sodium
phosphate (pH 7.4)/0.2% glutaraldehyde. After
removing the platelets by centrifugation at 8000 X
g for 1 min, aliquots of the supernatants were
counted for [¥C]serotonin. Percent release was
calculated by subtracting zero-time values for
[**C]serotonin (less than 10% of total values) from
the time-course values and dividing these corrected
numbers by the total amount in the 0.05 ml plate-
let aliquot after subtraction of zero-time values.

Phosphorylation. Phosphorylation of platelet
actin-binding protein, myosin 20 kDa light chains,
and a 40 kDa protein was monitored with time.
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Although referred to in this and previous papers as
a 40 kDa polypeptide, the actual molecular mass
has been estimated at around 47 000 by Lyons and
Atherton [14]. This polypeptide migrates anoma-
lously in the electrophoresis system employed in
this study and is usually located in the leading or
trailing edge of the actin band. Aliquots (0.05 ml)
withdrawn during the experimental time course
were immediately denatured for 3 min at 100°C
after adding 0.025 ml of a 3-fold concentrated
denaturing buffer consisting of 6% SDS/6% 2-
mercaptoethanol /30% glycerol /3 mM EDTA /12
mM EGTA /0.03% Bromophenol blue/150 mM
Tris-HCI (pH 6.8). These aliquots were stored at
—20°C and reheated for 2 min at 100°C before
electrophoresis. Electrophoresis on 6-17.5% poly-
acrylamide gradient gels was performed as de-
scribed by Studier [15]. After soaking the gels for
30 min at 60°C in 10% trichlororacetic acid, the
gels were subsequently fix-stained with Coomassie
blue, destained, dried, autoradiographed and the
2P cpm/gel band was quantified as previously
described [16].

Cytoskeletal core isolation and quantification.
Isolation of platelet cytoskeletal cores by extrac-
tion with 1% Triton X-100 with 5 mM EGTA
present, was performed according to the procedure
of Phillips et al. [17] with slight modifications [16].
Cytoskeletal cores were denatured for electro-
phoresis with a volume-denaturing buffer equiva-
lent to the original platelet suspension volume and
0.04-ml aliquots were electrophoresed as described
above. Supernatant fractions which were diluted
2-fold by the extraction buffer were denatured by
the addition of 1/5 vol. 5-fold concentrated dena-
turing buffer and 0.1-ml aliquots, equivalent to
0.04 ml of the original platelet suspension, were
electrophoresed as described above. After fix-
staining and destaining, the cytoskeletal core and
supernatant lanes were scanned on a LKB
UltroScan Laser Densitometer in order to quantify
protein distribution between the fractions.

Amphiphile assays. The concentrations of the
hexadecanesulfonate in platelets and their super-
nates were estimated by the partitioning of the
anionic detergent-cationic methylene blue salt into
chloroform [18]. The counterpart assay of CTAB
as cationic CTAB-Bromophenol blue salt was not
possible because of the low recoveries of CTAB

from the albumin-containing buffer solutions and
from the platelet pellets. The assay for hexade-
canesulfonate is described briefly as follows. After
incubation of platelet suspension with amphiphile,
the mixture was centrifugally separated for 5 min
at approx. 1000 X g. To 1 ml of supernate was
added 0.7 ml chloroform, 1 ml of H,O and 25 ul
of a solution of 1 g methylene blue in 1 1 0.4 mM
HCI. The platelet pellet was extracted with 0.7 ml
chloroform and 0.35 m! methanol before addition
of 2 ml H,O and the methylene blue. The cloudy
chloroform layers were recentrifuged for 3 min at
5000 X g. Standards in water were similarly ex-
tracted and platelet pellets containing no hexade-
canesulfonate were also extracted to correct for
endogenous negatively charged amphiphiles that
would cary dye into the organic phase. The meth-
ylene blue transferred to the chloroform was moni-
tored at 655 nm.

Results

Similar to what had been previously reported
for lysoPC, hexadecanesulfonate and CTAB dis-
played a complex pattern of effects on thrombin-
induced activation of gel-filtered platelets. The
potentiations and inhibitions were complicated
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Fig. 1. Comparison of the effect of CTAB and hexadecane-
sulfonate on thrombin-induced activation of gel-filtered plate-
lets. Gel-filtered platelets were incubated at 37°C with
amphiphile for the designated time period before challenge
with 0.2 U/ml thrombin or 0.25 U/ml thrombin with lysoPC.
The effects on aggregation are designated thus: 2.5 uM CTAB
(O), 5 uM CTAB (a), 30 oM hexadecanesulfonate (O) and 60
uM lysoPC (®).



functions of time (Fig. 1), when these compounds
were incubated with platelets for various time
periods before challenge with thrombin. Hexade-
canesulfonate was superior at the initial potentia-
tion and appeared to require a longer period of
incubation before expressing an inhibitory effect
even at higher doses. As the concentrations of the
amphiphiles were increased, the inhibition was
expressed earlier and the adjustment period, dur-
ing which the platelets partially recovered their
activity, was extended. Recovery and potentiation
of secretion often paralleled that of aggregation,
but in some platelet preparations, secretion re-
mained depressed. In the experiment depicted in
Fig. 1, after the 12-min incubation with 2.5 and 5
pM CTAB, platelet secretion had not only re-
covered but was stimulated to over 100% of the
control value. In contrast to these marked changes
in the effects of the amphiphiles with time on the
thrombin-induced activation, the time dependence
of inhibition by CTAB of arachidonate-initiated
aggregation was much less apparent (not shown).
The relative inhibition by selected amphiphiles
were compared with platelets challenged with 10
pM arachidonate after a 1-min incubation with
inhibitor. Hexadecylsulfobetaine and CTAB were
more effective than chlorpromazine and lysoPC,
followed by hexadecanesulfonate. CTAB was about
three-times more potent than lysoPC.

Neither CTAB nor hexadecanesulfonate could
be hydrolyzed to fatty acids, the products sug-
gested by Joist et al. [11] as the mediators of
potentiation. However, the recovery of activity
with time might still be metabolic. Both of these
detergents are readily assayed in aqueous solutions
based on their ability to transfer into an organic
phase when paired with an organic dye of opposite
charge. Albumin and platelets prevented the assay
of CTAB, but hexadecanesulfonate was assayed.
Platelet suspensions incubated with 30 pM
hexadecanesulfonate for 3 and 45 min at 37°C
were centrifuged and the supernates and pellets
were assayed separately. The amount of detergent
in the supernate, was 90.7 £ and 86.8 + 4.4%,
respectively, of the total amount added for the 3
and 45 min samples. The platelet pellets from both
samples contained 7.3 + 0.4 and 8.0 + 1.0%, re-
spectively, of the total hexadecanesulfonate after
correction for some dye binding by platelets com-
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Fig. 2. Aggregometer tracings of gel-filtered platelets. Starting
from the top, platelets were activated with 10 pM arachidonate
(AA) (added at second arrow) with prior addition of 0, 10, 15,
or 25 uM lysoPC (LPC) (added at the first arrow). A 1-min
time interval is indicated by the bar.
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Fig. 3. The effect of increasing concentration of lysoPC on
cytoskeletal development. SDS-polyacrylamide gel electro-
phoresis of cytoskeleta cores isolated from equivalent numbers
of platelets after: lane 1, no treatment; lane, 2, 1 min with 25
uM lysoPC; or pretreated 1 min with the indicated concentra-
tions of lysoPC before activation for 1 min with 10 pM
arachidonate; lane 3, no lysoPC; lane 4, 10 uM lysoPC; lane 5,
15 pM lysoPC, and lane 6, 25 pM lysoPC. Cytoskeletal cores
were isolated and denatured as described in Methods. ABP,
actin-binding protein; MHC, myosin heavy chain.
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ponents. The similarity in the values for the 3 and
45 min samples suggests that metabolism of the
antagonists is not the reason for the time depend-
ency of inhibition and recovery of platelet func-
tion.

The effects of CTAB and lysoPC on cyto-
skeletal assembly were examined next. After
activation of untreated platelets, a stable cyto-
skeletal core was isolatable from Triton X-100-
lysed platelets as has been demonstrated before
[17]. Increasing dose of lysoPC reduced not only
the extent of aggregation (Fig. 2) but the amount
of actin-binding protein and myosin heavy chain
incorporated into the cytoskeleton (Fig. 3). At
concentrations that blocked aggregation almost
completely, these proteins were also prevented
from being incorporated into the cores. In con-
trast, actin and to a lesser extent a 34 kDa peptide

TABLE 1

(possibly platelet tropomyosin) remained in the
cores at these same inhibitory concentrations of
lysoPC. The incorporation of actin in the core was
dependent on platelet activation, since only a small
increase in actin in the core was noted after treat-
ment with lysoPC (comparison between control,
lane 1, and treated, unactivated sample, lane 2).
The effect of the other amphiphiles on the incor-
poration of the crosslinking proteins (actin-bind-
ing protein and myosin heavy chain) into cyto-
skeletal cores were quantified (Table I). Little cy-
toskeletal core was detectable in the control plate-
lets or those treated with any of the amphiphiles.
After activation, those samples in which aggrega-
tion was blocked also showed a near complete
inhibition of the increase in actin-binding protein
and myosin heavy chain in the core as compared
to the activated control. Much more of the actin

EFFECTS OF AMPHIPHILES ON INCORPORATION OF CYTOSKELETAL PROTEINS INTO CORES

The area under the densitometric tracing of the bands for each protein incorporated into the activated control core was arbitrarily
assigned as 100%. The areas were linear with a 4-fold reduction in the amount of control sample applied to the gel and a standard
deviation of +7% was obtained for replicate samples. The dashes represent percent areas below an estimated level of significance
which was 6, 4 and 10 for actin-binding protein, myosin heavy chain and 34 kDa peptide, respectively. The samples and their
respective controls were activated with either 10 pM arachidonate or 0.25 U/ml thrombin. Unless otherwise specified, the
amphiphiles were incubated for 2 min with the platelets before sampling or activation.

Sample Percentage incorporation compared to activated control
Actin Actin-binding Myosin 34 kDa
protein heavy chain peptide
Unactivated
control 15 — - -
15 uM CTAB 16 - - -
+ arachidonate 60 12 8 48
30 uM lysoPC 27 - - 22
+ arachidonate 48 17 5 42
30 pM hexa- 10 - - -
decanesulfonate
+ arachidonate 104 96 80 102
25 uM chlor- 14 — - 12
promazine
+ arachidonate 67 22 12 52
25 uM CTAB + 68 54 58 60
thrombin
25 uM CTAB® + 90 91 101 73
thrombin

2 This sample was incubated for 30 min at 37 °C with CTAB before activation. To the sample above, the amphiphile was added only

2 min before challenge, similar to all the other preceding samples.



and 34 kDa peptide were retained in treated cores.
Hexadecanesulfonate in this series of experiments
showed a slight enhancement of aggregation but
little effect on the incorporation of the proteins
into the cytoskeletal core.

In thrombin-activated platelets, CTAB did not
prevent selectively the incorporation of actin-bi-
nding protein and myosin heavy chain into the
activated cores (Table I). Furthermore, after the
platelets recovered partially from the CTAB treat-
ment with respect to thrombin activation, the full
assembly of the cytoskeletal cores was nearly res-
tored. This finding would appear to rule out a
direct effect of the amphiphiles on the proteins,
since the inhibition persisted with respect to
arachidonate activation (not shown). Therefore,
amphiphiles appeared to affect an activation pro-
cess, and protein phosphorylation of these cyto-
skeletal proteins was considered a prime candi-
date.

However, protein phosphorylation was almost
as intense after arachidonate activation, despite
near complete inhibition by lysoPC of aggregation
(Fig. 4). The prevention of aggregation alone (even
with EGTA) prevents dephosphorylation [16] and
is not a specific effect of lysoPC (compare also
Fig. 4a and ¢). The maximum phosphorylation
whether or not lysoPC is present indicates that
lysoPC is not inhibitory. This lack of effect was
most evident with phosphorylation of the 40 kDA
protein but more importantly, the same extensive
phosphorylation of actin-binding protein and
myosin light chain, both normally incorporated
into the cytoskeletal cores, was detected (Fig. 5).
Nor was the phosphorylation of these proteins
initiated by levels of lysoPC that caused shape
change. Therefore, the platelets were responding to
the agonists but certain processes other than phos-
phorylation were blocked selectively.

Discussion

The time dependence of the effect of lysoPC
was previously attributed to the hydrolysis of
lysoPC to free fatty acids which in turn produced
the potentiation [11]. This seems unlikely, since
similar results were obtained with CTAB and
hexadecanesulfonate. These compounds could pro-

33

A o b1 2 3 4 6 8 10 12 15(min)

-
MLC» (. wme s o0 S5 oo 4o S0 b =

LPC AA
B lod: 2 3 4 6 8 10 12 15(min)

ABP»

40P

MLC L i e o o on 48 &0

EGTA Thrombin
c 041 2 3 4 € 8 10 12 15(min)

ABP»

40P»

MLC»

Fig. 4. Autoradiograms of the time-course of protein phos-
phorylation after platelet activation. The radiolabeling of the
platelet nucleotides, the processing of the samples taken at the
indicated times after activation, the electrophoresis of the sam-
ples in polyacrylamide gradients in the presence of SDS and
mercaptoethanol, and the autoradiography of these gels are
described in Methods. The time-courses are (A) after activation
with 10 pM arachidonate, (B) pretreatment for 2 min with 25
1M lysoPC before activation with 10 M arachidonate and (C)
pretreatment for 2 min with 5 mM EGTA before activation
with 1 U/ml thrombin. The positions of actin-binding protein
(ABP), the phosphorylated 40 kDA protein (40P) and myosin
light chain (MLC) are marked. Other abbreviations are the
same as Fig. 2.
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voke slow processes that produced the time-depen-
dent effects, but diffusion of the amphiphiles into
different areas within the cell [19] would be an
alternate explanation. Such an explanation could
account for the faster action of CTAB whose
quaternary amine headgroup would be more solu-
ble than the sulfonate ion in the hydrophobic core
of the membrane, thus increasing its transmem-
brane diffusion rate. A similar explanation has
been given for the differences between ionizable
and quaternary amine derivatives of local
anesthetics, where the ionizable amine is the more
rapid diffusable moiety [20]. Furthermore, ethyl
lidocaine, a quaternary amine, but not its tertiary
amine derivative, lidocaine, produces a time-de-
pendent effect on platelets [21].

As mentioned earlier, lysoPC causes the devel-
opment of abnormally slender filopodia [12]. These
filopodia are not only morphologically distinct
from the filopodia normally produced during
platelet activation, but they are not associated with
actin-binding protein-crosslinked action filaments.
In fact, lysoPC prevented this type of cytoskeletal
assembly after activation induced by arachidonate.
However, lysoPC did cause a small increase in the
amount actin incorporated into the core of non-
activated platelets (Table I), whereas hexadecane-
sulfonate and chlorpromazine, at concentrations
that caused shape change, did not cause an in-
crease in core actin. Whether this small increase in
core actin is related to the slender filopodia was
not resolved in this study.

Inhibition by the amphiphiles is unrelated to
shape change. This point was first made by Joist et
al. [11]. In our experiments with 10 pM

Fig. 5. The Effect of lysoPC on protein phosphorylation in-
duced by arachidonic acid. Phosphorylation time-courses of (A)
40 kDa protein (40P), (B) actin-binding protein (ABP) and (C)
myosin light chain (MLC) in platelets treated with 25 uM
lysoPC (M), pretreated 2 min with 25 uM lysoPC before activa-
tion by 10 uM arachidonic acid (@) or activated by 10 uM
arachidonic acid without lysoPC (®@). Incorporation of 2P
cmp/gel band indicated on the left axis was determined as
described in Methods for aliquots taken at the times indicated
on the bottom axis. Duplicate runs displayed less than 10%
variation. In five separate experiments the time of the peak in
radioactivity after arachidonic acid activation varied less than 2
min. Samples with lysoPC alone remained at basal levels
(+10%) throughout the time-course.



arachidonate, shape change was often associated
with lysoPC inhibition. However, inhibition of ag-
gregation did not depend on shape change in the
experiments of lysoPC inhibition of activation at
lower doses of arachidonate (not shown) or CTAB
blockade of 10 uM arachidonate activation. Fur-
thermore, shape change did not assure inhibition,
since 30 uM hexadecanesulfonate induced shape
change while producing some potentiation.

The inhibition was markedly selective for the
crosslinking of the actin filaments and was un-
related to protein phosphorylation. Myosin incor-
poration appeared to be most sensitive. However,
this selectivity was not readily apparent with
thrombin. Therefore, thrombin has a secondary
activation route for governing the crosslinking re-
actions. This secondary process would appear to
be the one that is affected in a time-dependent
manner, since inhibition of arachidonate activa-
tion was nearly time independent.

Most amphiphiles, including detergents, fit the
definition of anesthetics and anesthetics are known
to affect other tissues beside neural tissues, all at
comparable concentrations (reviewed in Ref. 22).
The Meyer-Overton-Mullins rule of anesthesia, that
basically states the efficacy of an anesthetic de-
pends on the volume occupancy of the amphiphile,
indicates the generality of the effect. This volume
occupancy, and hence the efficacy of anesthesia,
correlates with many changes in membrane prop-
erties, including protection against osmotic hemol-
ysis of erythrocytes. From this latter property,
effective doses for lysoPC and chlorpromazine are
predicted as 25 and 10 uM, respectively [22). The
similarity of these predicted values and the effec-
tive concentrations determined here conform with
the generality of amphiphilic inhibition of platelet
activation that has been reported previously [18].
Kanaho et al. [24] have reached a similar conclu-
sion about the amphiphilic inhibition of platelets.

Underlying the generality of the amphiphilic
response is a selectivity of effects on the morphol-
ogy directly as well as cellular responses. Thus, the
reported difference in the morphological effect of
the amphiphiles, lysoPC producing filopodia while
chlorpromazine merely rounds platelets [12], fall
into the selective effects, whereas during inhibition
of arachidonate activation by an amphiphile, the
disruption of the cytoskeletal assembly appeared

35

to be a general effect, since chlorpromazine showed
the same pattern of cytoskeletal disruption as
lysoPC.

The complexity of the effects of lysoPC on
platelet function including time-dependent
potentiation and inhibition of activation, prevents
any prediction on the role of endogenously pro-
duced lysoPC. Furthermore, the general effective-
ness of amphiphiles in modifying platelet re-
sponses suggests that other phospholipid meta-
bolic intermediates of platelet activation may also
have important modifying functions in the differ-
ent platelet processes. These modifying functions
can be selective not only for the process affected
but for type of agonist, as indicated by the selec-
tive disruption by amphiphiles of the cytoskeletal
assembly induced by arachidonate but not by
thrombin.
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