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Activated platelets adopt a characteristic spiculate morphology. A wide variety of anionic and zwitterionic 
amphipathic compounds were found to effect a similar shape change and to cause the open canalicular 
system to become less prominent. Several cationic amphipaths reversed thromhin-, PAF-, and amphipath-in- 
duced spiculation and restored the discoid shape. Higher concentrations of cationic amphipaths caused the 
cells to assume spheroid and indented forms, and caused the canalicular system to appear more prominent. 
Three amphipaths were studied further to address possible mechanisms underlying their morphological 
effects. Dilanroylphosphatidyicholine was found to induce spiculation without causing the changes in protein 
phosphorylation and inositide metabolism generally associated with platelet activation. Two other amphi- 
paths, chlorpromazine (which induced sphering) and dilauroylphosphatidylserine (which caused spiculation 
followed by sphering) caused specific changes in protein and/or  lipid phosphorylation, which may be 
responsible for some, but not all, of the morphological effects of these compounds. To account for these 
findings, we propose that platelet shape can be influenced by changes in the plasma membrane bilayer 
balance. Agents that bind to the membrane outer monolayer are accommodated by spiculation; those that 
bind to the inner monolayer are accommodated by sphering. 

Introduction 

'Platelet activation' denotes a complex cluster 
of cellular phenomena that, in vivo, effect he- 
mostasis. Activation is thought to be brought about 
by changes in the intracellular concentrations of 
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one or more second messengers. For example, 
thrombin, collagen, ADP, and platelet activating 
factor (1-O-alkyl-2-acetyl-sn-glycero-3-phospho- 
choline, PAF), are all thought to bind to specific 
receptors through which they stimulate one or 
more inositide-specific phospholipase C's [1-3], 
yielding calcium mobilizing phosphoinositols [4-6] 
and diacylglycerol [7]. Some of the biochemical 
consequences of elevated calcium and di- 
acylglycerol levels are known. Calcium stimulates 
calmodulin-activated myosin light chain-1 kinase 
[8]; one or more phospholipase A 2 activities [9], 
which liberate arachidonic acid (whose metabolite 
thromboxane A 2 is itself a platelet activator); and 
calcium- and aggregation-dependent proteases [10]. 
Diacylglycerol activates protein kinase C [7], which 
phosphorylates a 47 kDa protein identified by 
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Connolly et al. as inositol trisphosphate 5'-phos- 
phomonoesterase [11]. Touqui et al. have proposed 
that the same kinase C substrate may be a lipo- 
cortin [12]. 

Together or separately, calcium and di- 
acylglycerol can reproduce most features of plate- 
let activation [13,14]. However, some phenomena 
(e.g. thrombin-induced shape changes under con- 
ditions where intracellular calcium levels are not 
elevated) require postulation of other intracellular 
signals [15]. The behavior of saponin-treated 
platelets is also difficult to reconcile with activa- 
tion by diacylglycerol or calcium mobilization [16]. 

These biochemical events somehow effect a 
dramatic shape change, with the normally discoid 
platelets becoming spiculate spheres. The spicules 
can be fine (filopodia) or broad (pseudopodia). 
Shape change is generally the earliest and most 
easily triggered response to activators [1,2], fol- 
lowed by secretion and aggregation. Exceptions to 
this pattern include phorbol esters and synthetic 
diacylglycerols, which can induce secretion without 
concomitant spicule formation [17,18]. Spiculate 
platelets can recover their resting discoid shape, 
even after granule release has occurred [19]. Plate- 
let shape change is accompanied by a remodeling 
of the cytoskeleton [20,21]. The interrelationships 
between activation-triggered changes in cell bio- 
chemistry, cytoskeletal organization, and mem- 
brane contour remain to be elucidated. 

Under certain circumstances, human erythro- 
cytes become spiculate in a shape change called 
crenation or echinocytosis. In some respects 
echinocytosis is similar to platelet shape change. 
This was first recognized by Kanaho and Fujii 
[22], who reported that two red cell crenators, 
lysophosphatidylcholine and lauric acid, cause 
rabbit platelets to develop fine filopodia. Two 
amphipaths known to cause stomatocytosis in 
erythrocytes (chlorpromazine and cepharanthine) 
caused platelets to sphere. Other cationic amphi- 
paths are known to cause platelet sphering as well 
[23]. These observations, together with the ob- 
servation that inositide catabolism is associated 
with spiculation in both erythrocytes and platelets 
[1-3,24-26], led us to investigate the correspon- 
dence between platelet and erythrocyte shape 
changes further. 

In this report, we investigate the effects of a 

variety of previously untested amphipaths on 
platelet shape, and the dose-dependence and time 
course of these effects. We also examine the ultra- 
structure of amphipath-treated platelets to de- 
termine whether the open canalicular system, 
which is contiguous with the plasma membrane, is 
morphologically altered by amphipath treatment. 
Finally, we assess whether amphipaths might exert 
their morphological effects by altering inositide or 
protein phosphorylation. 

Materials and Methods 

Unless otherwise indicated, biochemicals were 
obtained from Sigma Chemical Company (St. 
Louis, MO). 

Platelet isolation. Blood was obtained by veni- 
puncture from adult volunteers who denied taking 
medication for the previous 14 days, and collected 
in silicone-coated Vacutainer tubes (Becton-Dick- 
inson, Rutherford, N J) containing sodium citrate 
to yield 10 mM. Erythrocytes and leukocytes were 
separated from platelet-rich plasma by centrifuga- 
tion at 150 x g for 15 min at room temperature. 
The cell pellet was reserved, and the platelet-rich 
plasma was recentrifuged (15 min, 150 x g, room 
temperature) to reduce erythrocyte and leukocyte 
contamination. Platelets were separated from 
plasma by gel filtration on Sepharose CL-2B [27] 
or by low pH centrifugation [28]. Cells were sus- 
pended in 137 mM NaC1, 2.7 mM KC1, 2 mM 
MgCI 2, 0.4 mM NaH2PO4, 5.6 mM glucose, 5 
mM Hepes (pH 7.4); or in a similar medium 
buffered with 12 mM NaHCO 3 (pH 7.4). 
Gel-filtered cells were generally (1.8 + 0.3). 108 
cells/ml. Cells isolated by centrifugation were di- 
luted to (1-5). 108 cells/ml. In the first series of 
morphology experiments to be described, ADP 
scavengers and albumin were not included in the 
platelet suspension medium. Similar results were 
obtained in further experiments conducted in the 
presence of bovine serum albumin (0.1%, 'essen- 
tially fatty acid free'), apyrase (120 /tg/ml), 
and/or  phosphocreatine (700 /~M) plus creatine 
kinase (2 U/ml).  These additives were included 
for the protein and lipid phosphorylation experi- 
ments described below. 

Erythrocyte isolation. Erythrocytes were isolated 
by resuspending the reserved cell pellet in 3-4 vols 



of 150 mM NaC1, centrifuging at 3000 × g for 5 
min, and aspirating the supernatant and top layer 
of erythrocytes. Three saline washes were followed 
by one wash in 4 vols. of 138 mM NaC1, 5 mM 
KCI, 6.1 mM Na2HPO4, 1.4 mM NaH2PO4, 1 
mM MgSO4, 5 mM glucose (pH 7.4) and centrifu- 
gation at 5000 x g for 10 min. Cells were resus- 
pended in this buffer at 10% hematocrit (109 
cells/ml). 

Incubation with amphipaths. Saline suspensions 
(150 mM NaC1) of PAF, egg lysophosphati- 
dylcholine (egg lysoPC), dilauroylphosphati- 
dylcholine (DLPC, Avanti Polar Lipids, Inc., Bir- 
mingham, AL), dimyristoylphosphatidylcholine 
(DMPC), and dilauroylphosphatidylserine (DLPS, 
synthesized by D.L. Daleke using a modification 
of the procedure of Comfurius and Zwaal [29]) 
were sonicated to clarity in a bath sonicator. 1- 
Pyrenebutyric acid (Eastman Kodak Co., Roches- 
ter, NY) was dissolved in ethanol. Fluorescein, 
chlorpromazine, dibucaine, and chlorotetracycline 
(ICN Nutritional Biochemicals, Cleveland, OH) 
were dissolved in saline. 

Solutions or suspensions of amphipaths were 
added as concentrates to suspensions of platelets 
or red cells in capped plastic tubes. In the case of 
1-pyrenebutyric acid, the final ethanol concentra- 
tion was 1% (v/v), and control cells were in- 
cubated with 1% ethanol and no amphipath. In- 
cubations were carried out for 5 min at 37 °C in a 
shaking water bath, unless otherwise specified. 

Thrombin activation. Platelets or erythrocytes 
were incubated with thrombin (0.1 to 1.0 U/ml )  
for 0 to 5 rain at 37 o C. 

Cell morphology. Aliquots of amphipath-treated 
and control platelets or red cells were fixed for 15 
min in 1% glutaraldehyde. Platelets were ex- 
amined by phase contrast microscopy with a 100 x 
objective. Morphology was classified as spherical 
(scored - 1), discoid without filoposida (scored 0), 
discoid with one or two filopodia (scored + 1), or 
discoid or spherical with more than two filopodia 
(scored + 1). Erythrocytes were examined by bright 
field or oblique illumination with a 40 x objective 
and classified as discocytes (scored 0), echinocytes 
(scored + 1 to + 5, as in Ref. 30), or stomatocytes 
(scored - 1  to - 4 ,  as in Ref. 31). The average 
score for a field of 100 platelets or erythrocytes 
was taken as the morphological index. Reproduci- 
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bility of the index was approximately + 0.15. 
Samples of glutaraldehyde-fixed cells were pre- 

pared for scanning electron microscopy by wash- 
ing the cells with water five times, allowing them 
to settle without drying on glass cover slips, 
freeze-drying, and sputter coating with Au-Pd. 
Samples for transmission electron microscopy were 
post-fixed in 1% OsO 4, serially dehydrated, em- 
bedded in Epon, thin sectioned, and stained with 
uranyl acetate and lead citrate. 

To assess the number of canalicular openings 
per unit area on transmission electron micro- 
graphs of platelets, the following protocol was 
followed. Samples were coded by us, and prepared 
for microscopy and photographed 'single blind' 
(by Frances C. Thomas, Dept of Biology, Stanford 
University, Stanford, CA 94305). The platelet 
cross-sectional areas were determined by cutting 
and weighing photocopies of all micrographs, and 
the canalicular openings were counted. 

Radiolabeling. Platelet-rich plasma was in- 
cubated with 1 mCi /ml  32P i (Amersham, carrier 
free) for 90 rain at 37 ° C. Cells were then isolated 
by low pH centrifugation as described above. 

Lipid analysis. Phospholipids were extracted in 
15 vols. of ice cold chlrooform/methanol /conc.  
HC1 (100 : 200 : 1, v/v)  plus 1 vol. 100 mM EDTA. 
Water (5 vols.) and chloroform (5 vols.) were 
added and the phases were allowed to separate. 
The organic phase was collected, dried under a 
stream of nitrogen or argon, loaded onto 2.5 x 10 
cm Silica Gel HL plates (250 /~m coating, Anal- 
tech, Newark, DE) and developed in chloroform/ 
methanol /water /conc ,  ammonia (48 : 40 : 7 : 5, 
v/v). Lipid spots were stained with iodine and 
circled in pencil. The plates were then autoradio- 
graphed using Kodak X-OMAT AR film. Radio- 
active spots were scraped and quantified by liquid 
scintillation counting. Radiolabel in the PC spot 
was assumed to be constant [32] and was used as 
an internal standard to correct for variations in 
lipid loading ( + 15%). 

Phosphoprotein analysis. Aliquots of 3zp-labeled 
platelets were added to Laemmli gel loading buffer 
[33], heated to 100°C for 2 min, and subjected to 
SDS 12.5% polyacrylamide gel electrophoresis. In 
experiments not shown, 6% polyacrylamide gels 
were used to improve resolution of high molecular 
weight proteins. Gels were stained with Coomassie 
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blue to verify that equal amounts of protein were 
loaded in each lane. Stained gels were dried and 
autoradiographed on Kodak X-OMAT AR film at 
- 7 0  °C with a Dupont Cronex screen. Gel slices 
were digested in 30% H202 at 60°C overnight 
and their radiolabeling quantified by liquid scintil- 
lation counting. 

Results 

Platelets isolated by gel filtration or low pH 
centrifugation were irregular discs ranging from 1 
to 4 btm in diameter, with zero to two fine filo- 
podia extending from the rim of the disc (Fig. 
1A). The proportions of stage 0 through + 2 mor- 
phologies varied from one isolation to another, 
with typical morphological indices of +0.3 to 
+ 0.9 for gel-filtered platelets and + 0.1 to + 0.6 
for cells isolated by centrifugation. The cell surface 
displayed openings of approx. 100 nm to the 
canalicular system. Prominent features of the nor- 
mal platelet ultrastructure (Fig. 2a) included the 
plasma membrane, an underlying equatorial ring 
of microtubules, the extensive open canalicular 
system, a dense tubule system, and mitochondria 

and storage granules. These features have been 
described more extensively by others [34]. 

A mphiphath-induced spiculation 
Platelets were treated with seven anionic or 

zwitterionic amphipaths: egg lysoPC micelles; 
DLPC, DMPC, and DLPS sonicated vesicles; and 
solutions of chlorotetracycline, 1-pyrenebutyric 
acid, and fluorescein. The morphological effects of 
these compounds were assessed as a function of 
amphipath concentration, platelet concentration, 
and length of incubation. All of these compounds 
induced cell spiculation, though on different time 
scales and at different concentrations (Table I; 
Fig. 3). 

Relatively low concentrations of amphipaths 
produced discoid platelets with a few long, fine 
filopodia. At higher amphipath concentrations the 
number of spicules increased and the platelets 
became more nearly spherical. At still higher con- 
centrations the spicules were lost and the platelets 
appeared as irregular spheres. This may be due to 
'budding' or vesiculation of the filopodia [35]. 
Spiculate platelets produced by amphipath treat- 
ment were morphologically indistinguishable from 

TABLE I 

THE EFFECTS OF AMP HIP AT HS  ON PLATELET A N D  E R Y T H R O C Y T E  SHAPE 

Platelets ((1.7_+0.2).108 cells/ml) and erythrocytes (109 cel ls /ml)  were incubated with amphipaths  for 5 min at 3 7 ° C  (2 h for 
DMPC), and their morphologies assessed. 

Compound Platelets Erythrocytes 

effect half maximal effect half maximal 
on concentration on concentration 
shape (it M) shape (/~ M) 

PAF 
DLPC 
Egg lysoPC 
DMPC 
1-Pyrenebutyric acid 
Fluorescein 
DLPS 
Chlorpromazine 
Dibucaine 
Tetracaine 
Theophylline 
3-1sobutyl- 

1 -methylxanthine 

spiculation 
spiculation 
spiculation 
spiculation 
spiculation 
spiculation 
biphasic 
sphering 
sphering 
sphering 
none 

none 

1.5 ± 0.5 echinocytosis 7 _+ 2 
2 + 1 echinocytosis 7 _+ 2 
5 + 1 echinocytosis 10 +_ 2 
15 + 2 echinocytosis 10 _+ 2 
45 + 15 echinocytosis 180 _+ 60 
4 500 + 500 echinocytosis 5 000 + 1 000 
5-20 biphasic 20-50 a 
20 + 10 stomatocytosis 110 + 30 
n.d. ( < 150) stomatocytosis 600 + 100 
n.d. ( < 150) stomatocytosis n.d. 
> 3000 none > 3000 

> 900 none > 900 

a Estimated from Ref. 17 and D.L. Daleke, personal communication.  
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cells activated by PAF (100 nM), ADP (50 /~M), 
or collagen (10 # g / m l ) .  Thrombin-stimulated 
platelets were similar in appearance but their spi- 
cules tended to be shorter and broader (pseudo- 
nodi a£ 

The ultrastructure of a spiculate, DLPC-treated 
platelet is shown in Fig. 2b. This micrograph 
shows numerous filopodia roughly 100 nm in di- 
ameter, some containing longitudinally arrayed 
microtubules. Peripheral microtubules are also 

Fig. 1. Scanning electron micrographs of control and amphipath-treated platelets. (A) Untreated platelets, discoid with few filopodia. 
(B) Spiculate platelets, produced by incubating cells (1.8.108/ml) with egg lysoPC (25 #M). (C) Spheroid and indented platelets 
produced by incubating cells (1.8.108) with chlorpromazine (50 /tM). (D) Discoid platelets produced by incubating cells 

(1.8.10 S/ml) with egg lysoPC (25/.t M), followed by addition of chlorpromazine (50 # M). Magnification: 8500 ×. 
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seen just inside the cell body. No 'internal con- 
traction' [34] is apparent. The open canalicular 
system is less prominent in spiculate platelets than 
in untreated platelets; from this and other micro- 
graphs, the number of canalicular openings per 
unit cross-sectional area decreased about 2-fold. 

The most potent amphipath, DLPC, was at 
least 20-fold less potent than the structurally re- 

lated compound PAF. DLPC-induced spiculation 
was half-maximal at a concentration of roughly 
6.106 molecules per cell. The amounts of DLPC, 
DMPC, or egg lysoPC required to produce half- 
maximal spiculation varied approximately linearly 
with platelet concentration over a range of (1-5) • 
10 8 platelets/ml. 

Half-times for amphipath-induced spiculation 

Fig. 2. Transmission electron micrographs of control and 
amphipath-treated platelets. (a) Untreated platelets. Shown are 
F, filopodium; G, granule; M, mitochondrion;  MT, 
circumferential band of microtubules; OC, open canalicular 
system. (b) DLPC-treated platelets. Cells (5.108/ml) were 
incubated with DLPC (40/~M) for 5 min at 37 o C. (c) DLPC- 
and chlorpromazine-treated platelets. Cells were incubated for 
5 min and DLPC as in (b) followed by 140 ~tM chlorpromazine 

for 5 min. Magnification: 17500x. 
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Fig. 3. Dose-response curves for platelets (1.8.108/ml) in- 
cubated with amphipaths. C), DLPC; n, egg lysoPC; zx, DMPC; 

O, 1-pyrenebutyric acid; II, fluorescein. 

ranged from less than 30 s for egg lysoPC to 1 + 1 
min for DLPC and 45 + 15 rain for DMPC. These 
time scales are consistent with the reported rates 
of intermembrane transfer for the respective lipids 
[36]. DLPC- and egg lysoPC-treated cells re- 
mained spiculate for at least 30 min. DMPC- 
treated cells remained spiculate for at least 1 h. 

DLPS-induced biphasic shape change 
As previously reported [31], the effects of DLPS 

on platelet shape were more complex. At con- 
centrations of 10-25 #M (platelet concentration 
2.108 cells/ml), DLPS induced rapid spiculation 
with a half-time of roughly 2.5 min. This spicula- 
tion was followed by recovery of the discoid form 
and then by sphering (Fig. 6); occasional indented 
forms were also seen (vide infra). Lower con- 
centrations effected sphering without the transient 
spiculation. 

Amphipath-induced sphering 
Platelets were treated with three cationic 

amphipaths: chlorpromazine, dibucaine, and te- 
tracaine. At low concentrations, these agents 
caused the few spicules found in untreated plate- 
lets to disappear. Treated with higher amphipath 
concentrations, the platelets became more nearly 
spherical and developed surface irregularities and 
occasional indentations (Fig. 1C). A few such 
platelets displayed large invaginations (Fig. 4C), 
which might be exaggerated openings of the can- 
alicular system. 

Compensatory shape changes 
Platelets were treated with egg lysoPC or DLPC 
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at concentrations sufficient to cause marked spicu- 
lation. The spiculate cells were then treated with 
chlorpromazine, dibucaine, or tetracaine. Subse- 
quently, they regained discoid form, and finally 
became spherical and indented (Fig. 1D). The 
discoid PC-plus-chlorpromazine treated platelets 
were indistinguishable from untreated (resting) 
platelets, and the spheroid platelets were indis- 
tinguishable from cells treated with chlorproma- 
zine alone. Spheroid DLPS-plus-chlorpromazine- 
treated platelets appeared to possess a more exten- 
sive (2-3-fold more openings per unit cross sec- 
tional area) and more dilated open canalicular 
system than did untreated platelets (Fig. 2c and 
other micrographs not shown). Alternatively, some 
of these dilated openings might represent empty 
secretory granules. 

Chlorpromazine and dibucaine also reversed 
the morphological effects of thrombin and PAF 
(Fig. 5a), again with a half time of roughly 2.5 
min. Similar concentrations of amphipaths were 
required to reverse the effects of physiological 
platelet agonists (25-50 /~M chlorpromazine per 
2-108 thrombin- or PAF-activated cells). Con- 
versely, egg lysoPC reversed the morphological 
effects of chlorpromazine (30 ~tM) (Fig. 5b). At 
higher chlorpromazine concentrations, egg lysoPC 
only partially reversed the effects of chlorproma- 
zine. 

lnhibitors 
Albumin (possibly a prostaglandin scavenger [1]) 
and an ADP scavenger (either apyrase or creatine 
kinase plus phosphocratine) are often added to 
platelet suspensions as 'stabilizers'. Platelets were 
incubated with DLPC, DLPS, or chlorpromazine 
in the presence of these agents. As in their ab- 
sence, DLPC caused spiculation, and DLPS caused 
transient spiculation followed by sphering (data 
not shown). Aspirin treatment either in vivo or in 
vitro had no effect on egg lysoPC-induced spicula- 
tion. Thus the shape change does not require 
either ADP or thromboxane release. 

Agents that elevate platelet cAMP tend to 
render the cells resistant to activation, perhaps by 
accelerating the removal of calcium from the cyto- 
plasm [37]. Since many cationic amphipaths, in- 
cluding chlorpromazine, dibucaine, and tetracaine, 
are known calmodulin inhibitors and some 
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cAMP-phosphodiesterases are calmodulin-depen- 
dent, it seemed plausible that these compounds 
might reverse spiculation and cause sphering by 
raising intracellular cAMP. However, the phos- 
phodiesterase inhibitors theophylline (3 mM) and 

E 

3-isobutyl-l-methylxanthine (IBMX, 900/~M) had 
no effect on platelet shape and did not alter the 
shape of platelets incubated with thrombin (1 
U/ml),  PAF (7/~M), or egg lysoPC (25/~M). 

Cytochalasins bind to the rapidly growing end 
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Fig. 4. Comparison of amphipath-treated erythrocytes and 
platelets. (A) Untreated platelet. (B) Spiculate platelet after 
incubation with egg lysoPC as in Figure lB. (C) Indented 
platelet after incubation with chlorpromazine as in Fig. 1C. 
(D) Discoid platelet after incubation with egg lysoPC followed 
by chlorpromazine as in Fig. ]D. (E) Untreated erythrocyte. 
(F) Spiculate erythrocyte (echinocyte) after incubation with 
egg lysoPC (25 /~M) at 10% hematocrit. (G) Indented erythro- 
cyte (stomatocyte) after incubation with chlorpromazine (100 
/~M) at 10% hematocrit. Magnification: A-D, 20000 ×; E-G, 

7000 x. 

of actin filaments and prevent addit ion of further 
monomers.  They also inhibit thrombin- induce 
platelet shape changes [38,39]. However,  cyto- 
chalasin E (1 FM) and colchicine (10 mM) had no 
effect  on  egg l y s o P C - i n d u c e d  sp icu la t ion  
(Brunauer, L.S. and Mitchell, K.T., unpublished 
observations). 

Amphipath-induced shape changes in erythrocytes 
In  general, zwitterionic and anionic amphipaths  

induce red cell crenation (Fig. 4F). As described 
previously [30], egg lysoPC, DLPC,  and D M P C  
were potent  crenators, inducing rapid echinocyto-  
sis at micromolar  concentrat ions (Table I). The 
structurally similar compound  PAF  was about  
equally potent  as a red cell crenator. This suggests 
that  the compound  acts on red cells simply as an 
outer monolayer  intercalator, not  through specific 
receptors as is the case in platelets. 1-Pyrenebu- 
tyric acid was a much less potent  crenator  (Table 
I), in agreement with a previous report  [40]. Chlo- 
rotetracycline caused red cell crenation in the 
presence, but  not the absence, of  1 m M  extracellu- 
lar calcium, in agreement with a previous report  
[41]. DLPS causes transient crenation followed by 
stomatocytosis  [31]. The half-times for crenation 
varied f rom less than 30 s for egg lysoPC and 
fluorescein to 1.2 + 0.3 min for D L P C  and 70 + 20 
min for DMPC.  Thrombin  (1 U / m l )  had no effect 
on red cell shape. 

The cationic amphipaths  chlorpromazine,  di- 
bucaine, and tetracaine caused red cells to cup 
and invaginate (Fig. 4G) as described previously 
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Fig. 5. Compensatory shape changes in platelets. (a) Platelets 
(1.8.10~/ml) were incubated for 5 min at 37°C with egg 
lysoPC (25/xM, O), PAF (7 #M, i), thrombin (1 U/ml, A), or 
no additive (O), then incubated for 10 rain at 37°C with 
chlorpromazine at the concentrations shown. (b) Platelets (1.7. 
108/ml) were incubated for 5 min with chlorpromazine (0, O; 
30/~M, e; 60 ~M, i), then incubated 10 min with egg lysoPC 

at the concentrations shown. 
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[42]. This shape change was complete within 5 
min. The cationic amphipaths also reversed the 
morphological effects of egg lysoPC, DLPC, 
DMPC, and metabolic crenation induced by ATP 
depletion. 

Amphipath effects on lipid and protein phosphoryla- 
tion 

Platelets were labeled with 32Pi, washed, and 
incubated with DLPC (40 #M). Aliquots were 

assessed for cell morphology (Fig. 6), protein 
phosphorylation (Fig. 8), and lipid phosphoryla- 
tion (Fig. 6). As shown in Fig. 8, DLPC treatment 
produced no changes in the labeling of myosin 
light chain 1 (MLC1), the 47 kDa kinase C sub- 
strate, or any of the other prominent phos- 
phoprotein bands. In contrast, thrombin stimula- 
tion caused prominent labeling of both MLC1 and 
p47 within 20 s, and a slower increase in the 
labeling of one or two 24-26 kDa protein bands. 
The smaller of these co-migrates with a putative 

. j  + 2 - / •  - - - - - 0  substrate of cAMP-dependent protein kinase (Ref. 
< • "  ~ 37, and data not shown). A modest elevation in 

I /  I ~  actin binding protein phosphorylation could be 
O ~ ~ detected on 6% polyacrylamide gels following 
0 r~ thrombin treatment, but not following DLPC 
~ 0 i ~ O t  treatment (not shown). 
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Fig. 6. Inositide metabolism and platelet shape during incuba- 
tion with DLPC followed by chlorpromazine. 32p-labeled 
platelets (5.108/ml) were incubated with DLPC (40 /.tM) at 
37 o C; aliquots were taken at the times shown. Chlorproma- 
zine was added immediately following the 5 min time point, to 
yield a final concentration of 140 #M. Morphology (upper 
panel) and 32p-labeling (lower panel) of Pl (A), PIP ( i ) ,  and 
PIP 2 (O) were assessed. Inositide data are expressed as 
cpm/specific activity, where specific activity, measured in 
cpm/mol% phospholipid, was determined at t =0 .  If the 
specific activity remained constant throughout the incubation, 
the radiolabel data also represent the relative masses of the 
inositides in mol%. Points represent mean + S.E. for two sep- 
arate experiments. Error bars are omitted where they are 

smaller than the plotted symbols. 
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Fig. 7. Inositide metabolism and platelet shape during incuba- 
tion with DLPS. 32p-labeled platelets (-10S/ml) were in- 
cubated with DLPS (50 #M). Morphology (upper panel) and 
inositide labeling (PI, A; PiP, l ;  PIP2, O) were measured and 
are plotted as described for Fig. 6. Data shown are from two 
consecutive experiments using platelets from one batch of 

radiolabeled cells. 
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Fig. 8. Autoradiogram of platelet phosphoproteins during incubation with DLPC, chlorpromazine, and thrombin. 32p-labeled 
platelets (5-108 cells/ml) were incubated with thrombin (1 U/ml), no additive, or DLPC (40/xM) followed by chlorpromazine (140 
~M). Samples were analyzed by SDS 12.5% polyacrylamide gel electrophoresis followed by autoradiography. Coomassie blue staining 

verified that equal amounts of protein were loaded in each lane. Molecular weight markers are shown on the right. 

After 5 min incubation with DLPC, chlor- 
promazine was added to yield a final concentra- 
tion of 140 /~M. Over the next 5 min, chlor- 
promazine caused retraction (or loss) of filopodia, 
recovery of the discoid shape, and then sphering. 
These morphological changes were accompanied 
by two major changes in the phosphoprotein label- 
ing pattern (Fig. 8). There was a small decrease in 
the labeling of most substrates, most prominently 
a 50% decrease in the labeling of a 70 kDa protein 
of unknown identity. These changes were not seen 
in platelets incubated with DLPC alone (not 
shown). 

DLPC-induced spiculation was not accompa- 
nied by significant changes in phosphoinositide 
labeling (Fig. 6), nor were changes seen in PA or 
PC labeling (not shown). In contrast, thrombin-in- 
duced spiculation was accompanied by increasing 
labeling of PA and a transient decrease in [PIP2] 
(not shown), as previously reported [43,44]. Upon 
chlorpromazine treatment, there was a 2.5- to 
3-fold increase in PIP labeling accompanied by a 

decrease in PI labeling and possibily also a de- 
crease in PIP 2 labeling. These changes were not 
seen in cells incubated with DLPC alone (not 
shown). The time courses for the lipid population 
changes and morphological changes were similar. 
No increase in PA labeling was seen (not shown). 
Under somewhat different incubation conditions 
(EDTA in the suspending medium and no DLPC 
treatment) chlorpromazine has been reported to 
increase both PIP and PIP 2 labeling [45]. 

In a similar experiment, platelets were pre- 
labeled with [32p]Pi, washed, and incubated with 
DLPS (50 /~M). The cells first became spiculate, 
then discoid, and finally spheroid (Fig. 7). These 
shape changes were accompanied by no changes 
in the phosphorylation of MLC1, p47, or any 
other phosphoprotein bands. There were decreases 
in the labeling of PIP (50%) and PIP 2 (20%) 
detectable 10 to 20 rain post-DLPS treatment. An 
increase (not statistically significant) in PI labeling 
was seen, possibly accounting for the decreases in 
PIP and PIP 2. No change in PA labeling was 
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detected (not shown). 
As assessed by Coomassie blue staining of 

SDS-polyacrylamide gels, there were no changes 
in the gross platelet protein composition following 
DLPC, DLPS, or chlorpromazine treatment. 

Discussion 

Platelets incubated with various anionic and 
zwitterionic amphipaths develop fine filopodia. 
The discoid cell body becomes rounder, and the 
open canalicular system less prominent. These 
spiculate platelets resemble cells exposed to ADP, 
PAF, and other physiological platelet activators. 
Amphipath-induced spiculation is not accompa- 
nied by aggregation, nor are DLPC, DMPC, and 
DLPS-induced shape changes accompanied by 
serotonin release (Brunauer, L.S., unpublished re- 
suits). Amphipath-induced spiculation occurs and 
persists in the presence of aspirin, albumin, cyto- 
chalasin E, apyrase, creatine phosphate/phospho- 
creatine kinase, theophylline, and IBMX. 

Cationic amphipaths restore spiculate platelets 
to the discoid shape. The few spiculate platelets 
always found in untreated platelet suspensions 
become discoid when treated with low concentra- 
tions of such amphipaths, as do maximally spicu- 
late thrombin-, PAF-, DLPC-, and egg lysoPC- 
treated platelets. Higher concentrations of cationic 
amphipaths cause platelets to become more nearly 
spherical and indented, and their canalicular sys- 
tems possibly become more prominent. Occasion- 
ally such cells display large invaginations, possibly 
exaggerated entrances to the canalicular system. 
Zwitterionic amphipaths reverse chlorpromazine- 
induce cupping and restore platelets to apparently 
normal resting morphology * 

Possible mechanisms for amphipath-induced shape 
changes 

It seemed plausible that amphipaths might ex- 
ert their morphological effects by impinging upon 

* Nachmias and co-workers have shown that local anesthetic- 
induced platelet sphering becomes irreversible at long times 
(1-2 h) or at high anesthetic concentrations [23]. This irre- 
versibility (not the sphering per se) coincides with proteoly- 
sis of actin binding protein and talin. Under the conditions 
used in the present work, sphering was reversible (Fig. 5), 
and no proteolysis was noted on Coomassie blue stained 
electrophoretograms. 

activation-associated biochemical processes. How- 
ever, after examining lipid and protein phosphory- 
lation in platelets treated with DLPC, DLPS, and 
chlorpromazine, no such explanation is apparent. 
This is clearest in the case of DLPC. DLPC was 
found to induce spiculation without altering the 
phosphorylation of myosin light chain-1 or actin 
binding protein, both of which have been associ- 
ated with shape changes induced by physiological 
activators [46,47]. DLPC caused no changes in 
inositide labeling, and no increase in the phos- 
phorylation of the 47 kDa protein kinase C sub- 
strate. Thus DLPC appears to bypass the changes 
in platelet inositide metabolism and protein phos- 
phorylation generally associated with platelet 
activation. 

Two prominant biochemical changes of uncer- 
tain significance accompanied chlorpromazine-in- 
duced de-spiculation and sphering. First, there 
was a marked increase in PIP, largely at the 
expense of PI. Perhaps cationic amphipaths bind 
to the polyanionic PIP, shielding it from further 
metabolism. Aminoglycoside antibiotics like 
neomycin are thought to alter inositide metabo- 
lism by a similar mechanism [48]. Second, chlo- 
rpromazine caused loss of radiolabel from most of 
the phosphoproteins detected. This could be due 
to activation of a phosphatase with low specificity, 
or perhaps to changes in the specific activity of 
the intracellular metabolic ATP pool. 

As previously noted [31], DLPS was found to 
cause transient spiculation followed by chlor- 
promazine-like sphering. The only biochemical 
change detected during these shape changes was a 
loss of radiolabel from PIP, and perhaps also 
PIP z. This loss of PIP appeared to accompany the 
sphering phase of the DLPS-induced shape 
changes (although it is possible that a small de- 
crease in PIP labeling accompanied the earlier 
spiculation phase as well). The observed change in 
lipid labeling contrasts with the chlorpromazine- 
induced increase in PIP and loss of PI. DLPS did 
not alter protein phosphorylation and no proteoly- 
sis was detected. Thus, the biochemical changes 
that accompany chlorpromazine-induced sphering 
are not seen during DLPS-induced sphering. 

Bilayer balance and erythrocyte shape 
Spiculate platelets bear a superficial structural 



resemblance to crenated erythrocytes (echino- 
cytes). Erythrocytes undergo morphological 
changes to yield spiculate echinocytes or indented, 
cupped stomatocytes in response to a variety of 
treatments, among them exposure to amphipaths. 
The prevailing explanation for the effects of 
amphipaths on erythrocyte shape is the 'bilayer 
couple' hypothesis [49]. This hypothesis asserts 
that cationic amphipaths concentrate in the mem- 
brane inner monolayer through energetically 
favorable interactions with acidic inner leaflet 
phospholipids; the resulting shape change, 
stomatocytosis, allows the membrane to geometri- 
cally accommodate the expanded inner leaflet. 
Zwitterionic and anionic amphiphaths concentrate 
in the outer leaflet through kinetic trapping and 
energetically unfavorable inner leaflet interac- 
tions, respectively, thereby expanding its relative 
area and causing echinocytosis. Exquisitely small 
changes in membrane bilayer balance (roughly 1% 
relative expansion of either leaflet) are sufficient 
for these shape changes [30,50,51]. Other processes 
(ATP depletion and calcium loading) also cause 
echinocytosis. It has been proposed that these 
shape changes also arise from changes in bilayer 
balance - inner monolayer shrinkage secondary to 
phosphoinositide catabolism [24-26]. Echinocyto- 
sis and stomatocytosis are in a sense opposite 
processes; stomatocytogenic compounds like 
chlorpromazine reverse the morphological effects 
of calcium loading, metabolic depletion, or 
echinocytogenic amphipaths. 

This hypothesis remains controversial [52-54], 
and alternative hypotheses centered on the mem- 
brane skeleton as the driving force in echinocyto- 
sis/stomatocytosis have been advanced [55,56]. 
These alternatives have yet to be tested thor- 
oughly. 

Bilayer balance and platelet shape 
Two observations suggest a connection between 

erythrocyte and platelet shape changes. First, there 
is some resemblance between the spiculate, dis- 
coid, and indented forms of each cell type (Fig. 4). 
Second, all echinocytic amphipaths tested induced 
platelet spiculation and all stomatocytogenic 
amphipaths caused platelet sphering (Table I). 
DLPS caused transient spiculation (echinocytosis) 
followed by sphering (stomatocytosis) in both cell 
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types. Thus it is possible that platelet shape 
changes are governed by changes in bilayer bal- 
ance. Whenever platelets are treated with agents 
that expand the plasma membrane outer mono- 
layer relative to the inner monolayer, the cells 
become spiculate and the canalicular system less 
prominent. Expansion of the inner monolayer 
causes a loss of spicules and greater prominence 
of the canalicular system. These changes are shown 
schematically in Fig. 9. 

The morphological effects of all of the amphi- 
paths examined in this work are consistent with 
the bilayer balance hypothesis. We envision that 
egg lysoPC, DLPC, and DMPC transfer as mono- 
mers [36] to the platelet plasma membrane, inter- 
calate in its outer monolayer, and remain kineti- 
cally trapped there for hours to days. DLPS likely 
transfers rapidly to the platelet outer monolayer 
and then translocates to the inner leaflet on a time 
scale of 10 to 20 min. This translocation may be 
mediated by a PS-specific 'flippase', an activity 
inferred from shape changes [31] and spin label 
studies [58] in platelets, and from a variety of 
approaches in erythrocytes [31,57]. 1-Pyrenebu- 
tyric acid and fluorescein likely partition between 
the membrane monolayers, favoring the outer 
leaflet. The partitioning of chlorotetracycline 
favors whichever side faces the higher calcium 
concentration. The cationic amphipaths may bind 
preferentially to the inner leaflet, or may expand 
the inner leaflet by promoting conversion of PI to 
the larger PIP. Though direct evidence of these 
proposed binding modes is lacking for platelets, a 
large body of work on erythrocytes and other 

SPHEROID DISCOID SPICULATE 

Outer monolayer intercalators 
or inositide degradation 

Inner monolayer intercalators 

Fig. 9. Schematic view of the relationship between bilayer 
balance and platelet shape. 
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membrane systems supports their plausibility 
[30,31,36,40-42,49]. 

Elementary geometrical considerations show 
that the spiculate shape allows, in fact requires, 
expansion of the plasma membrane outer mono- 
layer. The cell membrane can be divided into 
three contiguous domains: the cell body, with a 
nearly even balance of inner and outer monolayer 
surface areas for spherical, discoid, or even bicon- 
cave discoid shapes (outer / inner  monolayer area 
---1.01); filopodia, which possess excess outer 
monolayer area (for a 100 nm filopodium with a 5 
nm thick membrane, outer / inner  monolayer area 
---1.10); and the canalicular system, with excess 
inner monolayer area (outer / inner  monolayer 
area --~ 0.90). Losing canalicular structures a n d / o r  
gaining filopodia requires an increase in outer 
monolayer area; the reverse requires a decrease. 

The bilayer balance hypothesis presupposes that 
the trans-bilayer distribution of platelet lipids re- 
mains more or less intact during amphipath-in- 
duced shape changes. It has been shown that this 
distribution is altered upon platelet stimulation by 
thrombin plus collagen; more phosphatidylserine 
becomes accessible to the extracellular phase for 
prothrombin conversion or phospholipase A 2 
degradation [59]. Under some conditions, how- 
ever, thrombin or collagen alone fail to induce PS 
exposure [59,60]. It remains to be seen whether 
amphipath treatment, a more limited form of 
'activation' (shape change without aggregation or 
secretion), causes similar alterations. 

It is unclear how the remodeling of the cyto- 
skeleton that accompanies platelet shape changes 
[20] might regulate or be regulated by manipula- 
tions of the plasma membrane bilayer balance. 
This deficiency notwithstanding, we feel that the 
bilayer balance hypothesis provides a useful 
framework for understanding platelet shape. It 
accounts for the morphological effect of many 
amphipaths [22,23], successfully predicts the ef- 
fects of other amphipaths (the present work), and 
provides a rationale for the common morphologi- 
cal effects of structurally dissimilar compounds. 

The morphological effects of physiological 
activators like thrombin, collagen, and ADP might 
also involve bilayer balance changes. Wilson et al. 
[3] have estimated that thrombin-stimulated hu- 
man platelets rapidly lose about 10 nmol PI per 

1 0  9 cells, or about 6 . 1 0  6 molecules/cell.  Conver- 
sion of PI to diacylglycerol and phosphatidic acid 
should shrink the membrane inner monolayer and 
thereby upset the bilayer balance. A comparable 
change in bilayer balance might be expected to 
result from the insertion into the membrane outer 
monolayer of 6 . 1 0  6 molecules of exogenous 
DLPC per cell, which, as shown above, is suffi- 
cient to cause marked spiculation. Thus, inositide 
hydrolysis may serve not only to generate crucial 
second messengers, but also to alter the preferred 
contour of the plasma membrane through changes 
in bilayer balance. If so, this might explain how 
thrombin and PAF can cause spiculation under 
conditions where they do not elevate intracellular 
calcium [13,15]. 
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