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Incubation of gel.filtered human platelets in ganodermlc acid S (lanosta-7,9(I i),2A-trien-3~,15a-diacetoxy-26-oic acid) 
showed that within a min 80% of the agent was taken up by the cells. The process of uptake was a simple diffusion, and 
the partition coefficient was about l0 s. The agent caused p!atelet aggregation at a concentration above 20/zM. Above 
the threshold, the extent of cell aggregation was in a linear relationship to the agent concentration. Also, the % of cell 
aggregation was comparable to the elevation of: (1) cytosolic free Ca 2+ concentration (ICa2÷h); (2) protein phospho- 
rylation; and (3) serotonin release. Also, it was correlated with the change in the intereonversion of plmsphoinesitides. 
Moreover, platelets in various concentrations of ganndermie acid S appeared to show different time-course profiles in 
the changes of [sz P]phosphoinositides and [az PlPhosphatidic acid (PA). Upon addition of the agent, IAatelets showed an 
initial increase in all of the [aZplphosphoinositides, and then the level of each kind of phosphoinositide decreased 
sequentially in phasphatidylinasitol 4,5-bisphosphate (PIPe) , phosphatidylino~itol 4-phosphate (PIP) and phosphatld~l- 
inositol (Pl). Below the aggregation threshold, platelets showed neither the resynthesis of l~2PlPlPz and [3ZPlPlP nor 
the accumulation of [32P]PA. However, at 25 and 50/zM, platelets showed not only the resynthesis of I3zPIPIP2 and 
[azPIPIP but also the acccmulation of 132PIPA. Interestingly, at 100/zM ganndennie acid S, plate|ets did not show the 
resynthesis of IszPIPIP2 and lazpIPIP. In this case, the level of [3ZPIPA accumulation and that of 132pIP! decrease 
were less than those found in platelets at 50/LM ganndermic acid S. The results suggested that ganedermic acid S 
caused the activation of PIP 2 hydrolysis. Scanning electron microscopy (scanning EM) revealed that the morphology of 
platelets below the aggregation threshold appeared to he spiculate discoid shape. Above the threshold, the cells rounded 
up to spleulate irregular ~orms, whleh showed an elongation of filopodia after prolonged 30-s incubation, in addition, 
platelets at >/50/zM ganndermic ackl S showed the occurrence of membrane vesiculation. Hence, the incorporation of 
ganndermie acid S into platelet membrane resulted in the change of membrane morphology. 

Introduction 

Platelets play an important role in thrombosis and 
haemostasis [1]. The aggregation of platelets occurs 
when the cells respond to agonist stimulation. This 
phenomenon requires metabolic energy, calcium ion, 
fibrinogen, and the change of membrane structure so 
that platelets can adhere together [2]. In the cell, bio- 
chemical events of the stimulus-response coupling in- 

Abbreviations: PI, phosphatidylinositol; PIP, phosphatidylinositol 4- 
phosphate: PlP~, phosphatidylinositol 4,5-bisphosphate; PA, 
phosphatidic acid; scanning EM, scanning electron microscopy; 
[ Ca2+ ]i, concentration of cytosolic free calcium ion. 
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volve: (1) the onset of membrane event in either the 
production of thromboxanes or an increased turnover 
of phosphoinositides [3-5]; (2) an elevation of cylosolic 
free Ca 2+ concentration ([Ca2+[0 [6]; and (3) protein 
phosphorylation [7]. In thrombin-stimulated platelet ag- 
gregation, the onset of phosphoinositide metabolism is 
the primary membrane event leading to the cell aggrega- 
tion [4,8-11]. Tysnes et al. [8] have pointed out that a 
preincubation of 32p-labeled platelets at 37°C for 60 
rain is necessary to obtain the comparable results in the 
change of [32p]P1 radioactivity to the change in quan- 
tity. Mauco et al. [12] have also indicated that different 
PI pools exist in platelets. 

The stimulus-response of piatelets also results in the 
rapid change of cell shape in less than half a minute 
[13]. The initially flat discoid ccl!s ~ound up into irregu- 
lar form with the protrusion of pseudopods, which is 
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resulted from the reorganization of cytoskeletal mole- 
cules [14-1"/]. However, the morphology of a cell is also 
governed by its membrane morphology which includes 
both lipid bilayer and membrane skeleton [18-21]. It 
has been reported that membrane-acting agents can 
change platelet membrane morphology to either a sphere 
or spiculate form [21,22]. The bilayer couple hypothesis 
has been used tc explain that the differential change in 
morphology is due to the different asymmetric distribu- 
tion of these solutes between the bilayer leaflets ]21]. 

Ganodermic acid S (lanosta-7.9(11),24-trien-308,15a- 
diacetoxy-26-oic acid) is the major triterpenoid purified 
from Ganoderma lucidum (Fr.) Karst., which is a widely 
used Polyporaceae in traditional Chinese medicine [23]. 
It has been reported that the structure analogue of 
ganodermic acid S can lower '.he cellular content of 
cholesterol as well as inhibit the growth of cultured 
hepatoma cells [24,25]. Ganodermic acid S is an amphi- 
pathic molecule with a chemical structure similar to the 
detergents cholate and deoxycholate. We have shown 
that the infiltration of deoxycholate into platelet mem- 
brane results in the inhibition of platelet function [22]. 
Ganodermic acid S m,~y be a membrane-acting agent as 
well. Hence, the effect of ganodermic acid S on human 
platelets was investigated. 

In this study, three aspects of the effect of gano- 
dermic acid S on human gel-filtered platelets were in- 
vestigated. These were: (1) the uptake of ganodermic 
acid S by platelets; t2) the effects on platelet biochem- 
ical events as compared to those of tbrombin stimula- 
tion; and (3) the effect on cell lnorphology as revealed 
by scanning electron microscopy (scanning EM). The 
results showed that ganodermic acid S was highly solu- 
ble in platelets membrane, hence causing membrane 
spiculation and vesiculation. The agent also activated 
PiP 2 hydrolysis which resulted in platelet aggregation. 

Experimental procedures 

Materials 
Chemicals, organic solvents, thin-layer chromato- 

graphic plate (TCL plate silica gel 60), Omni-szintisol 
(cocktail) and EDTA (Titriplex If) were purchased from 
E. Merk (Darmstadt, F.R.G.). All organic solvents were 
redistilled before use. Both bovine thrombin and indo- 
methacin were obtained from Sigma (St. Louis, MO, 
U.S.A.). Fura-2/AM was from Boehringer Mannheim 
(Mannheim, F.R.G.). Sepharose 2B was from Pharmacia 
(Piscataway, N J, U.S.A.). X-ray film was purchased 
from Fuji Photo Film Co. (Japan). The carrier free 
[32p]phosphate (2 mCi/ml, pH 7.4) was a generous gift 
from the Department of Radioisotope, National Tsing 
Hua University, Hsinchu, Taiwan, China. 

Methods 
Preparation of gel-filtered and ~2P-labeled platelets. 

Human platelets were isolated from freshly drawn blood 

of the healthy donors. The blood was anticoagulated 
with 10% (v/v) of 0.11 M sodium citrate. After .', 
ccntrifugation (250 × g for 15 rain) at room tempera- 
ture, platelet-rich plasma was filtered through a Sep- 
harose 2B column (2.5 × 20 cm) according to the method 
of Lages et al. [26]. The buffer solution was a modified 
calcium-free Hepes Tyrode's buffer containing 0.1% 
dextrose and 5 mM Hepes (gH 7.4). For preparing 
32p-labeled platelets, 20 ml of platelet-rich plasma was 
incubated with 2 mCi of carrier-free [32P]phosphate at 
37 °C for 1 h prior to gel filtration. The cell number was 
estimated in a hemacytometer by a phase contrast mi- 
croscope (Nikon, Type 104, Japan). In this study, iso- 
lated platelets were preincubated at 37 °C for 60 min 
prior to further investigation. The preincubation was to 
restore the cells back to discoid shape [27]. Also, in this 
condition, changes in the radioactivities of [32p] phos- 
phoinositides and [32p]PA might represent the changes 
in quantity during a 2-rain study of phosphoinositide 
turnover [8]. 

Estimation of the uptake of ganodermic acid S by 
platelets. Platelets (3.108 cells/ml) were incubated with 
various concentrations of ganodermic acid S. After a 
certain period, an aliquot was centrifuged through a 
layer of 0.5 ml silicon oil in a Laboratory centrifuge 
(Sigma, Model 202 CM, F.R.G.) at 13500 × gfor 1 rain. 
The supernatant, so called the first supematant, was 
taken to measure the remained concentration of gano- 
dermic acid S by a spectrophotometer at 7.43 nm (Beck- 
man, Model DU-70, U.S.A.). The abso~tion coefficient 
of ganodermic acid S at 243 nm is 16600. Silicon oil 
had no effect on the extinction coefficient of gano- 
dermic acid S. The uptake of ganodermic acid S by 
platelets was calibrated from a difference between the 
original concentration and the concentration left in the 
supernatant. In the condition of platelets at >/50/~M 
ganodermic acid S, a second-step centrifugation was 
performed on the first supernatant, which was recentri- 
fuged at 150000 × g for an hour in an ultracentrifuge 
(Beckman, Model L7, U.S.A.). The second supernatant 
was re-examined for the concentration of ganodermic 
acid S as above, while the pellet was examined by 
negative-staining electron microscopy. 

Morphological studies by electron microscopy. Nega- 
tive-staining electron microscopy was employed to ex- 
anfine the pellet obtained from the above described 
two-step centrifugation. The pellet was resuspended in 
0.1 ml of Hepes Tyrode's buffer. A drop of sample was 
put on a carbon-coated Formvar grid (200 mesh). After 
a negative staining with 2% phosphotungstic acid for 30 
s, the sample was examined in a Hitachi H-600 trans- 
mission electron microscope at 75 kV. 

The sample preparation for scanning EM study was 
detailed in a previous study [27]. In brief, the agent- 
treated platelets were added with 5 vol. of ice-cold 2.570 
ghitaraldehyde in the modified calcium-free Hepes 



Tyrode's buffer (pH 7.4). After a storage in ice for 1 h, 
the prefixed sample was then postfixed with 1% OsO 4 
and dehydrated. The sample was dried in a critical-point 
dryer (Hitachi, Model HCP-2, Japan) in CO 2, and then 
plated with gold in an ion coater (Eiko Engineering, 
Model IB-2, Japan). The plated sample was observed 
under a Hitachi S-520 scanning electron microscope at 
20 kV. 

Analyses of biochemical events. The extent of platelet 
aggregation was observed in an aggrecorder (Daiichi, 
Model PA-3210, Japan). 0.5 ml of prewarmed platelets 
(3. l0 s cells/ml) were added with various concentra- 
tions of ganodermic acid S. Control experiment was the 
aggegation under the stimulation by bovine thrombin 
(0.1 unit/ml). In the aggregation study, two inhibitors 
were also used, i.e. 2.5 mM EDTA and 10 ttM indo- 
methacin. 

The study of protein phosphorylation was carried out 
by a modification of that described by Sano et al. [7]. 
Prewarmed 32 P-labeled platelets were stirred at 37 °C  in 
an aggreeorder, and then added with various concentra- 
tions of ganodermic acid S. After 1 min, a 45/tl aliquot 
was quenched with 10/tl of a sample buffer containing 
8,~ dodeeylsulfate (SDS), 20%. 2-mercaptoethanol, 40% 
glycerol arid 0.25 M Tris-HCl (pH 6.8). The mixture 
was boiled in a water bath for 3 rain, and then sep- 
arated by an electrophoresis in a 11% polyacrylamide 
gel containing 0.1% SDS as described by Laemmli [28]. 
The gel was stained with Coomassie brilliant blue, and 
dried in a slab dryer (Bio-Rad, Model 483, U.S.A.). The 
dried 8el was subjected to autoradiography (Fuji X-ray 
film). Intensities of both 47-kDa and 20-kDa proteins 
were quantitated by a Hoefer scanning densitometer 
(Model GS 300, U.S.A.). The intensity used as 100~ for 
each of the pbosphorylated proteins was that obtained 
from the control experiment of thrombin stimulation. 

Fura-2/AM was employed as a probe iv. the estima- 
tion of the change in [Ca2+]~. The experiment was 
performed according to the method of Pollock et al. [29] 
with some modifications. Piatelet-rich plasma was in- 
cubated with 1/~M fura-2 acetoxymethyl ester at 37°C 
for 45 rain, and then was filtered through a Sepharose 
2B column as described previously. Prewarmed fura-2- 
loaded platelets were transferred into a prewarmed 
siliconized-quartz cuvette, finally, various amounts of 
ganodermic acid S were added. Fluorescence was mea- 
sured in a fluorescence spectrophotometer (Hitachi, 
Model 654-60, Japan) at an excitation wavelength of 
339 nm and an emission wavelength of 500 nm [30]. 
[Ca2+]i was calibrated according to the method of Pol- 
lock el al. [29]. 

Secretion of serotonin was assayed as that described 
by Drummond and Gordon [31]. The 100% serotonin 
release was the value of platelet stimulated by 0.I 
uni t /ml  bovine thrombin. 

Analysis of phospholipid turnover. Analysis of the 
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changes in [32P]phosphoinositides and [32PlPA was per- 
formed according to that described by Holmsen et at. 
[4]. 32P-labeled gel-filtered platelets (3-108 cells/ml) 
were incubated with various concentrations of gano- 
dermic acid S. At each interval, an aliquot was taken for 
lipid extraction at 0 ° C  in a solution containing 4 parts 
of chloroform/methanol/conc. HCI (20 : 40:1, v/v),  1 
part of chloroform, and 1 part of water. Extracted lipid 
was separated by one-dimensional thin-layer chro- 
matography on a precoated silica-gel 60 plate. The 
solvent system was: chloroform/methanol/methyl-  
amine (40% aqueous sohition)/water (60: 35 : 5 : 5, v/v).  
The chromatograms were visualized by an overnight 
autoradiography (Fuji X-ray film). Each 32P-phospho- 
lipid species was scrapped into a vial, and added with 2 
ml of Omni-szintisol (E. Merk). Radioactivity of each 
lipid species was counted in a scintillation counter 
(Beckman, Model LS-i801, U.S.A.). 

Results 

The uptake of ganodermic acid S by human gel-filtered 
platelets 

Fig. 1A depicts the time course of the incorporation 
of ganodermic acid S into platelets. The results showed 
that: (1) the uptake of ganodermic acid S was saturable 
in 1 min; and (2) 80% of the molecule was taken up 
from the medium. In the condition of platelets at >/50 
ttM ganodermic acid S, the time-course profiles were 
different between the one obtained from the single-step 
centrifugation and the other from the two-step centrif- 
ugation. This difference was due to the membrane vesi- 
culation occurring in platelets at >/50/~M ganodermie 
acid S. In this condition, a small size of pellet was 
obtained from the two-step centrifugation. The pellet, 
as revealed by a negative-staining electron microscopy, 
consisted of both vesicles (0.05-0.2 p.m in diameter) 
and aggregates of membrane fragments (Fig. IB). A 
plot of the uptake rate vs. external concentration of 
ganodermic acid S appeared to be linear ~,~nset of Fig. 
1A). Hence, the uptake process of ganodermic acid S by 
platelets was a simple diffusion. If one assumes that the 
size of platelets in the population was homogeneous as a 
discoid shape with 3 ttm in diameter and 0.5 /~m in 
height, then the ratio was about 3.103 for the agent 
concentration in platelet to that remained in aqueous 
phase. Therefore, the partition coefficient of gano- 
dermic acid S in platelet membrane should be several 
hundred folds of 3-103 . 

Aggregation of gel-filtered platelet induced by ganodermic 
acid S 

Platelets appeared to aggregate in ganodermic acid S 
of above 20 /LM (Table I). Above the threshold con- 
centration, a shape-change period appeared prior to the 
aggregation. The extent of platelet aggregation was in a 



154 

" l *  . . . . . . . . . . . . . . . . . . . .  ~ ,  ,oo 

70 |o  

I /11++ 

F , ' o  ,', ~'+ ;o ,'d 

3 |  . . . . . . . . . . . . .  I . . . . . . . . . . . . . . . . . . .  

20 ; i ; -- -" e ." 2S ,L 

° I IO , a - . . 12.5 
-2: 

: ~. e _- ~. ; e.25 i 

, - 7 e ' l  ' .'+ 
to 20 3o 4 |  ~0 I I  ~ c..~: . . . . . . . . .  

Time (min I ~ +..~_ ~ . 

Fig. 1. (A) Time-course of the uptake of  ganodermic acid S (GAS) by gel-filtered platelcts. Prewarmed platelets (3-10 s cells/ml) were incubated 
with various concentrations of ganedermic acid S. The values of ganodermic acid S ( in pM)  are indicated in the figure. Quantification of 
ganoderw, ic acid S was detailed in the Experimental procedures. Sofid lines represent the data obtained from the first supernatant after a 
centrifugation at 13500×g for 1 min. Dashed lines represent the data obtained from the second supernatant after a two-step centrifugation at 
150000× g for I h. The inset shows a plot of the uptake at the first min vs. the concentration of ganodermic acid S. Data points were taken from 
an average of at least six separate experiments. (B) Electron micrograph of a negative staining pellet obtained from a two-step centrifugation of 
platelets at I00 /xM ganodermic acid S for 1 mln (×45000). Arrow and arrow head indicate the vesicles (0,05-0.2 pm in diameter) a n d  t h e  

aggregates of membrane fragments, respectively. Details of the experiment were given in Experimental procedures, 

linear relationship to the concentrat ion of ganodermic 
acid S. At 75 ~M, platelets aggregated in a similar 
profile as that  under  the stimulation of  tbrombin.  The 
aggregation was inhibited in the presence of  2.5 mM 
EDTA, but  not in 10 /~M indomethacin. It indicates 
that  platelet activation by ganodermic acid S did not  
require the thromboxane pathway.  

Several biochemical events of platelets activation by  
ganodermie acid S were further  investigated by  com- 
parison with those of thrombin stimulation (Fig. 2). The 
results showed that  platelets in various concentrat ions 
of ganodermic acid S appeared to have a concentra-  
t ion-dependent increase in the level of: (1) [Ca2+]i, (2) 
phosphorylat ion of 47K and 20K proteins, and (3) 
s e r o t o n i n  re lease .  T h e s e  i n d i c a t e  t h a t  t he  
concentrat ion-dependent  aggregation was due to plate- 
let populat ion heterogeneity. Also, it implies that  the 
incorporation of ganodermic acid S into platelet mem- 
brane might activate the turnover of phosphoinositides. 

Effect on the metabolism of phosphoinositides by gano- 
dermic acid S 

The concentrat ion effect of ganodermic acid S on the 
turnover of phosphoinositides was investigated by  corn- 

par ison with the turnover under  th rombin  stimulation. 
Upon  the addit ion of  ganodermic  acid S, the initial 
2-rain time-course was followed in the change  of  radio-  
activity of  each kind of  phosphoinosi t ide and  that  of  
PA (Fig. 3). Under  thrombin  stimulation, the time- 
course profiles showed: (1) a gradual  decrease in [32p]PI 
(Fig. 3A); (2) a gradual  increase in [32p]PIP up  to 1 rain 
(Fig. 3B); (3) an  initial decrease in [32p]PIP 2 with an  
increase in the level af ter  a 10-s incubat ion (Fig. 3C); 
and  (4) a continuous increase in [32P]PA (Fig. 3D). 
Interestingly, the time-course profiles of  platelets in 
ganodermic  acid S appeared  to be different f rom those 
of control.  In addition, the time-course pat terns  of 
platelets at  below the aggregat ion threshold were differ- 
ent f rom those found at  above the threshold. Specifi- 
cally, (1) in the change of [32p]PI (Fig. 3A), platelets at  
various concentrat ions of ganodermic  acid S all showed 
an initial increase in the level with a decrease at  a 
prolonged incubation. The rate of  decrease was depen- 
dent on the agent concentrat ion.  Interestingly, the de- 
creasing rate of [3zp]PI for platelets at  100 t+M was 
slower than those found at  25 and  50/~M. (2) In the 
change of [32p]P1P (Fig. 3B), platelets at below the 
threshold showed an increase in [32p]PIP up to 20 s, 



TABLE I 

Aggregation of human platelets at various concentrations of ganodermic 
acid S 

Data (mean+ S.D.) were taken from at least six experiments, n.d.. not 
detectable. Control stands for the aggregation under stimulation of 
0.l unit/ml of bovine thrombin. 

Ga~odermic Shape-change Initial aggrega- % of cell 
acid S period a tion rate b aggregation ¢ 
(~M) (s) (%/min) 

Control 4.8 + 0.2 76.3 + 7.4 94.2 5:7.9 
6.25 n.d. n.d. 0 

12.5 n.d. n.d. 0 
25 26.7 5:3.2 13.2 + 0.5 1 l.l 5:0.4 
50 21.3 5:3.5 70.5 + 2.3 56.3 + 1.5 

100 14.4 4- 2.7 98.0 4- 4.4 96.0 5:3.0 
100+ EDTA a 14.0:1:2.5 17.25:0.5 20.5"t:1.1 
100+ indo- 

methacin d 22.4 5:3.6 95.7 + 4.5 97.8 5:4.1 

• The shape change period represents the time between addition of 
the agent and appearance of the minimum transmission observed in 
all aggrecorder. 

i, The initial aggregation rate (%/rain) was calculated from the initial 
slope of aggregation curve, and represented the percentage of 
platelet aggregation per rain. 

e The % of cell aggregation was taken from the cell aggregation in l0 
min. 

a The gel4iltered platelets were preincubated with either 2.5 mM 
EDTA or 10 pM indomethacin for 5 min, then were added with I00 
pM ganodennic acid S. 

and then a gradual  decrease appeared .  However ,  at 
above  the threshold, an  initial increase of  [32p]PIP 
appeared  up  to 10 s with the appea rance  o f  a drast ic 
decrease  in [32p]PIP. Then,  ano ther  increase of  [32p]PIP 
showed up at  20 s and  40 s for platelets at  25 .aM and  
50 /xM ganodermic  acid S, respectively. Surprisingly, the 
resynthesis  of  [32p]PIP did not  occur  to platelets at  100 
.aM in which  [32P]PIP leveled off  at  40 s. (3) in the  
change  of  [32p]PIP 2 (Fig. 3C), platelets below the 
threshold showed an  increase in the level with a gradual  
decrease  af ter  10 s. On  the  contrary ,  the cells at  25 and  
50 laM showed an  immedia te  decrease in [32P]PIP 2 till 
20 s and  40 s, respectively. Af te r  then, an  increase in 
[32p]PIP 2 occurred.  Again,  the resynthesis of  [32pIPIP 2 
did n to  occur  to platelets at  100 .aM. (4) Platelets at 
be low the threshold showed no significant change  in 
[3zp]PA (Fig. 3D). However ,  above  the threshold, the 
cells showed several-fold increase in [32p]PA. Interest-  
ingly, at the first 10 s, the rate  of  increase in [3ZP]PA 
was  slower than  that  increase observed under  th rombin  
st imulation.  Af ter  10 s incubat ion,  the rate of  increase 
in [32p]PA was  faster than  that  in thrombin .  Af ter  2 
rain incubation,  the level o f  [32p]PA in platelets at  25 
/~M was  half  of  that  in the cells at 5 0 / t M .  However ,  the 
level of  [32p]PA in platelets at  100 .aM appeared  to be  
60% of  that  at  50 .aM. 
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Fig. 2. Concentration effect of ganodermic acid S on gel-filtered 
platelets in the changes of [Ca" * I, (O); phosphorylation of protein 
20K (~x) and 47K {,7); serc, tonin release (ra) and aggregation (o). 
Either gel-filtered or J2P-labeled platelets (3-10 s cells/ml) were in- 
cubated with various concentrations of ganodermic acid S for I rain. 
Details of ~he experiments were given in Experimental procedures. 
100% of protein phosphorylation, serotonin release, and cell aggrega- 
tion were the values obtained from the control experiments under 
thrombin stimulation. The star (*) in the center of the figure repre- 
sents the [Ca -'+ l, increase in the control experiment. The data points 

were taken from an average of at least six separate experiments. 

In summary ,  these results indicate that  ganodermic  
acid S immedia te ly  caused an increase in the level of  
each kind of  phospholnosit ide,  and  then the act ivat ion 
of  P lP  2 hydrolysis followed. This  kind of  effect by 
ganodermic  acid S was a concent ra t ion-dependent  phe-  
nomenon.  

Morphological changes of  platelet in ganodermic acid S 
Since platelets were  saturable  with ganodermic  acid S 

in 1 nfin, scanning EM was employed  to observe the 
morphological  changes of  platelets incubated for 1 rain 
at var ious concentra t ions  of  the agent  (Fig. 4). For  each 
concentrat ion,  platelets appeared  to show the same 
morphological  change between the incubat ions of  the 
cells at  3 7 ° C  for 30 and 60 rnin. Platelets below the 
aggregat ion threshold changed  the morphology  to 
spiculate discoid shape  even though an  aggrecorder  did 
not  detect  the change (Fig. 4B and  C). The  width o f  a 
f i lopodium was about  70 nm. Above  the threshold, 
platelet ei ther changed  the morphology  to spiculate 
discoid shape or  rounded  up to spiculate irregular  fo rm 
(Figs. 4 D  and  4E). The  lat ter  form appeared  to be  more  
in the populat ion when the cells were incubated at  a 
higher concentrat ion of  ganodermic  acid S (Figs. 4D,  
4E and 5). In addit ion,  in a higher  concentra t ion of  
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Fig. 3. Time-courses of the effect of ganodermic acid S on 32p-labeled platelets in the changes of [3ZP]Pl (A), [32p]PlP (D), [32plPlP 2 (C), and 
|32P]PA (D). 3zp-labeled platelets were incubated at 37°C for 1 h, and then added with various concentrations of ganodermic acid S. Experiments 
were detailed in Experimental procedures. The concentrations of ganodermlc acid S (in pM) are indicated in the figures. Solid triangles (A) 
represent the changes in each kind of [32p]phospholipid at below the aggregation threshold COncentration of ganodermic acid S. Open triangles (4) 
represent that cl',anges at above the aggregation threshold concentation of ganodermic acid S. Open circles (0) represent the changes under 

thromhin stimulation. The data points were taken from an average of at least six separate experiments. 

ganodermic acid S, each deformed cell appeared to have 
a higher number of filopodia, which were longer in 
length (Figs. 4D and 4El. 

The sequentially morphological change of platelets at 
109/ tM ganodermic acid S was further compared with 
t~at change in thrombin (Fig. 5). Upon the addition of 
ganodermic acid S for 10 s, platelets deformed to a 
mixed population of spiculate discoid; spiculate irregu- 
lar form; and the spiculate discoid with small blebs on 

the c¢11 surface (Fig. hA). In the maximum shape-change 
stage, i.e. at 20 s incubation, the cells changed the 
morphology to irregular forms with enlarged blebs plus 
an increased number of filopodia per cell (Fig. 5C). At 
the onset of aggregation (30 s incubation), the cells all 
rounded up to spiculat¢ irregular form in which the 
number of filopodia were higher than that found at 20 s 
incubation (Fig. 5El. Also, vesicles (200 nm in diameter) 
apepared at this stage. The length of each filopodium 
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Fig. 4. Scanning electron micrographs of gel-filtered platelets in various concentrations of ganodermic acid S (×9000). Get-filtered platelets were 
preincubated at 37°C for 60 rain (A), and then incubated for I rain with ganodermie acid S of 6.25 ,~M (B). 12.5 t~M (C), 25 p.M (D). and 50 p.M 
(E). The abbreviation in parenthesis indicates the cell in spiculate irregular form (SIF). Details of experiments are given in Experimental 

procedures. 

became longer at 1 rain (Fig. 5G). In the control experi- 
ment  of thrombin stimulation, the whole cell populat ion 
changed to irregular form with protrusion of  pseudo- 
pods  (width > 200 nm) (Fig. 5B). The cells at tached to 
each other through pseudopods and  then clamped to- 
gether (Figs. 5D, 5F, 5H). In this case, the cell surface 
showed no filopodium. Hence, the formation of filo- 

podia was a characteristic phenomenon induced by 
ganodermic acid S. 

Discussion 

The study demonstrates that  ganodermic  acid S in- 
corporates rapidly into platelet membrane  resulting in 
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Fig. 5. Scanning electron mlcrographs of the sequentially morphological changes of gel-filtered platelets in 100 tiM ganodermic acid S and bovine 
thrombin (×9000). The prewarmed platelets were incubated with either 100 #M ganodermic acid S for 10 s (A); 20 s (C); 30 s (E)', and I mln (G), 
or thrombin (0.1 unit/ml) for 10 s (B); 20 s (D); 30 s (F); and 1 rain (H). In the figure, a filopodium had a width of 70 nm, while a pseudopod had 
a width > 200 nm. The arrow in E indicates a vesicle (0.2 ~M in diameter). The abbreviations in parentheses indicate the spiculate discoid ccll 

(SD). spiculate irregular form (SIF), and spiculate disc with blebs (SDB). Details of experiments are given in Experimental procedures. 



the membrane spiculation and vesiculation (Figs. 1 B, 4, 
and 5). The agent exerts a biphasic concentration effect 
on platelet aggregation (Table I, Fit'. 2). It causes the 
activation of PIP z hydrolysis (Fig 7'). 

The study indicates that ganodermic acid S is a 
membrare-acting agent, since: (1) the uptake by platelet 
is saturable in 1 min (Fig. 1A); (2) the agent is highly 
soluble in platelet membrane with a partition coefficient 
of about 10s; and (3) it causes pla~.elet membrane 
spieulation and vesiculation (Figs. lB. 4, 5). This kind 
of change in membrane morphology also occurs to 
platelets in anionic detergents dodecylsulfate and 
deoxycholate [22]. According to the e~planation of the 
bilayer couple hypothesis, the spiculation of platelet 
membrane ma~/ mean that the distribution of gano- 
dermic acid S in membrane bilayer is more in the outer 
leaflet than in the inner one [21,221. Although gano- 
dermic acid S is an anionic amphiphile with a com- 
plicated ring structure resembling that of deoxycho!ate 
[32], it appears that platelets only aggregate in response 
to ganodermic acid S but not to deoxycholate [22]. 
Hence, ganodermie acid S may exert some effect on 
platelet membrane proteins. 

The study by an aggregometer shows that platelet 
aggregation occurs in ganodermic acid S at the con- 
centration highe~ than 20 `aM (Table 1). Below the 
threshold, platelets :to not show the shape change de- 
teated under an aggrecorder (Table 1). However, scan- 
ning EM reveals that platelets change the morphology 
to spiculate discoid shape (Figs. 4B and 4C). Therefore, 
the measurement ~f turbidimetrie shape change of 
platelets by ~n aggrt:corder is not sensitive enough to 
detect the format;on cf filopodia on platelet cell surface. 
This confirms a p, re',ious suggestion by Milton and 
Frojmovic [33]. Above the threshold, the agent can 
activate PIP e hydrolysis, which results in an increase in 
the level of: (1) [Ca2+]i, (2) protein phosphorylation, 
and (3) serotonin release (Fig. 2). In this study, the 
result of serot0nin release may represent its secretion 
from dense granule. Since EDTA can inhibit the aggre- 
gation induced by ganodermic acid S, it means that the 
release of Ca 2+ from dense granule occurs under the 
effect of ganodermic acid S. In addition, the effect of 
agent on the metabolism of phospboinositides was 
studied by using 3zP-labeled platelets ~hieh were prein- 
cubated at 37"C for 60 rain. In this condition, the 
control experiment of thrombin stimulation shows the 
comparable results as those reported from Tysnes et al. 
[g]. Hence, the changes in the radioactivities of 
pbosphoinositides and PA may represent their changes 
in quantity during the 2-min study of phosphoinositide 
turnover. The study indicates that the incorporation of 
ganodermic acid S into platelet membrane may exert 
three kinds of effect on the interconversion of phospho- 
inositides. Firstly, the infiltration of ganodermie acid S 
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into platelet membrane immediately causes an elevation 
of [s"P]PI from the other PI pool before the activation 
of PIP~ hydrolysis occurs, since platelets in ganodermic 
acid S show an initial elevation of each kind of 
[sZPlphosphoinositide (Fig. 3). This effect is also ob- 
served in platelets b,~low the aggregation threshold. 
Although plat~,,,:ts below the threshold show the de- 
creases in [~2P]PI, [~ZPIPIP and [32p]p1p 2. the cells do 
not show eithe r the resynthesis of [~'-P]PIP z and [s--PIPIP 
or the change of [~2PIPA, [Ca2+],, and protein 
phosphorylatit, n. In this situation, the agent may not 
turn on the ohosphoinositide interconversion to pro- 
duce a concentra~.ion of both inositol 1,4,5-trisphos- 
phate (!F~) and diacyl~lyt, crol high enough to cause 
platelet aggregation. Secondly, the phosphoinositide in- 
terconversion is turned on in the condition of platelets 
at eith~,r 25 or 50 p.M ganodermic acid S, since the cells 
all show: (1) the resynthesis of both [:-'PIPIP, and 
[szPIPIP; and (2) the elevation in [S-'P]PA, [Ca-" "i, and 
protein phosphorylanon. Thirdly, the inturconversion of 
phosphoinositides may be partially blo:ked for platelets 
at a higher concentration as 100 #M banodermic acid S, 
since in this case, the cells show: (1) no resynthesis of 
both [s2P]Pl~ and [32p]PlP oecur~,;d, and (2) the levels 
of both [32P]PA accumulation and the [S-'P]P! decrease 
are less than those happened in platelets at 50 p.M. 
Therefore, the infiltration of various concentrations of 
ganodermic acid S into platelet membrane results in 
differential effect on the metabolism of i.,hosphoinosi- 
tides. 

The study by scanning EM reveals that lalatelets 
below the aggregation threshold change the morphology 
to spiculate disc with no change in [Ca2~]. (Figs. 2, 4B, 
4C). Hence, the formation of filopodia in ganodermic 
acid S may be a direct effect by the agent. Above the 
threshold, the cells round up to spiculate irregular form 
(Figs. 4D, 4E and 5). This kind of change in cell volume 
is due to the elevalion of [Ca2+]~, which resulting in the 
reorganization of cytoskeleton (Fig. 2) [34-411. This is 
further supported by the study of sequentially morpho- 
logical change of platelets at 100/.tM ganodermic acid 
S. The study is comparable to the time-course studies of 
plate!at aggregation and phosphoinositide interconver- 
sion (Figs. 3 and 5)- The comparison shows that the 
incorporation of ganodermie acid S into platelet mem- 
brane instantly activates the hydrolysis of PIP:, since 
after a prolonged 30-s incubation the cell morphology 
changes to the spiculate irregular form accompanied by 
cell aggregation. At prolonged 1 rain incubation, the 
elongation of filopodia is due to the incorporation of 
more ganodermic acid S into the outer leaflet of platelet 
membrane. Hence, the membrane spieulation caused by 
ganodermic acid S is a separate phenomenon from 
platelet aggregatiol; in response to ganodermic acid S. 

In summary, the study shows that the insertion of 
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ganodermic acid S intc~ pla~elets affects not only the 
platelet membrane morphology but also the metabolic  
pool of  phosphoinosi t ides in the plasma membrane.  
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