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Summary

When human platelets are stimulated with collagen or then removed selectively from the outer monolayer by
thrombin, the asymmetric distribution of membrane lipids  treatment of the platelets with bovine serum albumin
is disrupted as phosphatidylserine and (BSA). During the subsequent incubation of BSA-treated
phosphatidylethanolamine translocate from the inner platelets, C-3 moved spontaneously into the outer from the
monolayer to the outer monolayer. Coincident with the inner monolayer. This translocation had an apparent half-
stimulus-dependent  rearrangement of membrane time of approximately 25min and was unaltered by the
phospholipids is a rapid redistribution of cholesterol from  presence of collagen. These results suggest that collagen
the outer to the inner membrane monolayer. This treatment of platelets selectively facilitates the inward
redistribution of cholesterol was observed when the movement of the sterol. We have hypothesized that
stimulus was collagen or ADP. The data presented here cholesterol translocation may be thermodynamically

show that epinephrine stimulation does not promote
cholesterol translocation but does potentiate collagen-
promoted movement of cholesterol. To investigate the
process of cholesterol translocation, experiments were
performed to determine whether collagen stimulated
reverse cholesterol movement; i.e. from the inner to the
outer monolayer. For this study, the fluorescent sterol
cholestatrienol (C-3) was incorporated into platelet
membranes by exchange from cholesterol-containing
phosphatidylcholine small unilamellar vesicles. C-3 was

driven as a result of an unfavorable entropy, resulting in
cholesterol translocation out of an environment becoming
enriched in phosphatidylethanolamine. The unidirectional
nature of collagen-promoted cholesterol movement from
the phosphatidylethanolamine-rich outer monolayer is
consistent with this interpretation.

Key words: membrane lipid, translocation, cholesterol, platelet,
human, collagen, epinephrine.

Introduction

The phospholipids of plasma membranes are distributed The other major lipid constituent of cell membranes is
asymmetrically: the choline-containing lipids cholesterol. Like phospholipids, cholesterol also appears to be
phosphatidylcholine and sphingomyelin constitute the majoritglistributed asymmetrically within those plasma membranes
of lipids in the outer monolayer, while ethanolamine and serinthat have been investigated (Devaux, 1991; Schroeder et al.,
phospholipids are found predominantly in the inner monolayet996; Dawidowicz, 1987). The non-uniform distribution of
(Op Den Kamp, 1979). This asymmetric distribution ofcholesterol is manifest as transbilayer cholesterol domains and
phospholipids is maintained principally by the actions of aras lateral cholesterol domains (Schroeder et al., 1996). The
ATP-dependent translocase that transfers phosphatidylserine ateterminants of the non-uniform distribution of cholesterol and
phosphatidylethanolamine from the outer monolayer to the innéne physiological role subserved by the cholesterol domains are
monolayer (Devaux, 1991). Some cells, such as platelets andresolved, although the strong possibility exists that such
erythrocytes (Zwaal and Schroit, 1997), have cellular processeholesterol domains are intimately involved with processes
that disrupt the asymmetric distribution of membrane lipidssuch as cholesterol trafficking and the cellular actions of
either by causing the selective exposure of phosphatidylserine oholesterol (Schroeder et al., 1996).
the outer monolayer (Sune et al.,, 1987) or by effecting a A compelling body of literature exists documenting the
scrambling of all membrane lipids (Williamson et al., 1995). Theexistence of phospholipid and cholesterol domains in
exposure of phosphatidylserine is required for catalysis dfiological membranes (Devaux, 1991; Dawidowicz, 1987;
coagulation reactions (Bevers et al., 1982) and mediaté&chroeder et al., 1996). The physiological role subserved by
recognition and uptake by phagocytes (Fadok et al., 1992). lipid domains in platelets is of considerable interest for at least
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two reasons. First, phospholipids in platelet plasma membranes Materials and methods
undergo a rapid and dramatic reorganization in response to Platelet isolation and additional assays

strong stimuli for aggregation. The mechanisms underlying pjatelets were isolated from platelet-rich plasma obtained
phospholipid movement have been investigated, and tWQ,m the American Red Cross. The red blood cells were
enzymatic activities have been identified: an ATP-dependent\oyeqd from the platelet-rich plasma by centrifugation at
translocase, which transfers amine-containing phospholipidssy rays min!.  and  the platelets were collected by
from the outer to the inner membrane monolayer (Devauwtenrifygation at 2500 revs mikfor 20 min. The platelets were
1991), and a Cé-dependent scramblase (Comfurius et al-resuspended in a buffer containing NaCl (145 mmipl KCI
1996; Zhou et al.,, 1997), which disrupts the asymmetn?SmmO”_l), MgSQ; (1 mmol 1) and Hepes (10 mmotl), at
arrangement of phospholipids in platelets and erythrocyteﬁH 7.4, designated as platelet buffer. The platelet suspension

upon cell stimulation. A phospholipid scramblase has beef ;s fitered on a column of 40 ml of Sepharose 4B (Pharmacia)

isolated.from erythrocytes (Basse et al., 1996)_ and platelets ;o move remaining plasma (Carvalho et al., 1974). The eluted
(Comfurius et al., 1996) and found to mediate &£*Ca

L . = platelets were centrifuged at 750revsThito remove any
dependent bi-directional movement of phospholipids WheRagiqyal erythrocytes and suspended in platelet buffer. A

constituted into phospholipid vesicles (Comfurius et al., 1996)Sample of the platelet suspension was removed for assay of

The enzymatic activity is associated with a 37kDa integralgjesterol (Allain et al., 1974) and phospholipid-phosphate
membrane protein; its cDNA cloning and deduced Str”Ctur?Bartlett 1959).

have been reported (Zhou et al.,, 1997), and its stable

transfection into Raji cells normally expressing very low levels Incorporation of fluorescent probes
of the scramblase increased the exposure of phosphatidylserineThese studies used cholestatrienol (C-3), which is
on the outer membrane monolayer (Zhao et al., 1998). structurally similar to cholesterol (Fig. 1) and which mimics

Cholesterol exerts a profound influence upon platelegholesterol behavior in cell membranes (Schroeder and
function. Platelets that are enriched with the sterol ar@lemecz, 1990; Yeagle, 1989a,b). This sterol is efficiently
dramatically more responsive to stimuli of aggregation thamcorporated into cell membranes and into unilamellar vesicles
are platelets containing lower levels of cholesterol (Carvalh@nd yields similar bilayer distribution and exchange rates to
et al., 1974; Opper et al., 1995; Heemskerk et al., 1993h0se obtained from experiments usingH]Eholesterol
Schimmel et al., 1997). This action of cholesterol hagyeagle, 1989a,b). C-3 (generously supplied by Dr Philip
important physiological consequences in terms of the role ofeagle) was incorporated into platelet membranes using small
cholesterol in the pathogenesis of arteriosclerosis (Carvalhgnilamellar vesicles prepared from phosphatidylcholine (egg)
et al., 1974). Despite the key role played by cholesterol as@vanti Polar Lipids), cholesterol and C-3. The lipids
determinant of platelet function, few studies of membrangvere dissolved in acetonitrile, dried under nitrogen,
cholesterol domains have employed platelets. We havgophilized to remove trace amounts of solvent, dispersed in
investigated the membrane distribution of cholesterol irpjatelet buffer and sonicated to clarity. Large and multilamellar
human platelets using the fluorescent cholesterol analoggsicles were removed by centrifugation at 45000 revsimin
NBD-cholesterol and  AS79(ltholestatrienB-ol  for 30min (Barenholtz et al., 1977). The cholesterol
(cholestatrienol; C-3) (Boesze-Battaglia et al., 1996). Ougoncentration of these exchange vesicles was
data showed that C-3 incorporates into platelet membrangs40 mol cholesterol mot phospholipid, a value selected so as
with a half-time {1/2) of 39 min, with approximately 65% of not to enrich or deplete the platelet membrane of endogenous
the probe partitioning into the outer monolayer. Uponcholesterol. The C-3 concentration of the small unilamellar
stimulation of platelets with collagen or ADP, cholesterolyesicles did not exceed 2 mol %, relative to phospholipids. C-
translocated out of the outer monolayer into the inneB exchange vesicles were incubated with platelets for up to 3h
monolayer. This translocation was closely associated with thg 37°C (House et al., 1989). Following incubation, the
exposure of phosphatidylethanolamine on the outeplatelets were recovered by centrifugation at 2500 revsimin

monolayer. We proposed that cholesterol translocation wagr 15min, resuspended in platelet buffer and centrifuged a
governed by thermodynamic considerations. The preseRkcond time.

experiments were undertaken to study the directionality of

basal and collagen-stimulated cholesterol translocation

between the monolayers of the platelet membrane by

measuring the reverse movement of cholesterol; i.e. out of the

inner monolayer into a cholesterol-poor outer monolayer.

Evidence is presented supporting the view that stimulus-

dependent cholesterol translocation is unidirectional, an
observation consistent with that of phosphatidylserineHO
movement (Zwaal and Schroit, 1997). We also report that  Cholesterol
epinephrine, a less potent platelet activator, does not promote

the redistribution of cholesterol Fig. 1. Structural representation of cholesterol and cholestatrienol.

HO
Cholestatrienol
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Fluorescence measurements 60

All fluorescence measurements were performed on a Perkin
Elmer LS5B spectrofluorometer. Prior to the start of each
experiment, CaGlwas added to the platelet suspension to a
final concentration of 0.10 mmof} and the platelets were
transferred to cuvettes placed in a water-jacketed turret at 37 °
or at 25°C. C-3 fluorescence was measured at 390 nm wit
excitation at 324nm. To determine the intramembrane
distribution of C-3, its fluorescence was quenched with 2,4,6-
trinitrobenzenesulfonic acid (TNBS). The initial fluorescence
of the platelet suspension (designatedraswas recorded;
various concentrations of TNBS (10+4&@0ll™1) were then
added until the fluorescence had decreased to a constant value
Triton X-100 was then added, causing a further decrease in
fluorescence such that essentially all of the remaining
fluorescence associated with C-3 was quenched. TNBS-
guenchable C-3 fluorescence was calculated as a percentage of
total fluorescenceFp) and taken to represent that portion of 10 Il '2 é 4'1 EIB 5
the probe residing in the outer monolayer (Mcintyre and . _ ) .

Sleight, 1991). The fluorescence intensities were corrected for Time of incubation (min)

the background fluorescence measured on unlabeled plateleFig. 2. Effects of collagen and epinephrine, singly and in

which did not change during the course of the experiments, aicombination, on the accessibility of cholestatrienol to quenching
for fluorescence associated with the added TNBS. c-With 2,4.6-trinitrobenzenesulfonic acid (TNBS). Platelets were

fluorescence was quenched by energy transfer and confirmloaqed with ch(_)Ies_tatrieno_I by incubatiqn with small unilamellar

as a shift in fluorescence intensity (Schroeder et al., 1979). VeSicles: Following incubation, cholestatrienol-loaded platelets were

In some experiments, C-3 that had been incorporated in"(r::)ugfﬁghwitgu;%_n; lcoﬁgg:ge:ng)igvrggl%_?“erg?r:éphiﬁ:g?)h;ge
platelet membranes was removed by sequestration onto boviye times given on the abcissa. The amount of cholestatrienol in the
serum albumin. Platelets were incubated with defatted bovirouter monolayer is determined as the decrease in cell-associated

serum albumin (2% wi/v) at 37 °C for 5min. The platelets wer¢juorescence after quenching with TNBS and is calculated as
recovered by centrifugation, resuspended in platelet buffer ardescribed in Materials and methods. Each value is the mean and
centrifuged a second time. Following treatment with bovinestandard error of four separate experiments, each performed on a
serum albumin, fluorescence attributed to C-3 decreased ldifferent platelet preparation.

approximately 50 %, and the percentage of platelet fluorescen

guenched with TNBS decreased from 50% to 14% (Table 1,

Coincident with the reduction in total C-3 fluorescence inthe percentage of C-3 accessible to TNBS decreased
platelets and the percentage of platelet fluorescence quenchedsighificantly £<0.05) to less than 40 %, a result interpreted to
TNBS, there occurred a decrease of slightly more than 40% figflect movement of cholesterol out of the outer monolayer
total platelet cholesterol content. These observations suggest th@pesze-Battaglia et al., 1996; Mcintyre and Sleight, 1991).
incubation with BSA selectively removes only that portion of This finding indicates that epinephrine, unlike collagen, does
the fluorescent probe and sterol that are distributed in the out@@t cause a redistribution of membrane cholesterol.

monolayer of the platelet membrane. When epinephrine and collagen were present
simultaneously, however, the percentage of the probe

guenched by TNBS decreased to values significaR#9.05)
Results lower than that observed when collagen was present alone.
We have reported previously (Boesze-Battaglia et al., 1996)his finding suggests that, while epinephrine by itself is
a rapid redistribution of cholesterol from the outer leaflet of thevithout influence upon the intramembrane distribution of
platelet plasma membrane into the inner leaflet followingcholesterol, it did enhance the collagen-dependent movement
stimulation of the cells with collagen or ADP. The experimenbf the sterol out of the outer monolayer. This finding is
presented in Fig. 2 sought to determine whether epinephrireonsistent with other reported actions of epinephrine on
would also promote an intramembrane redistribution oplatelets to potentiate responses elicited by agonists more
cholesterol. In this study, between 47% and 54% of th@otent than epinephrine while not directly stimulating
fluorescence of C-3 was quenched by the addition of TNBSggregation (Lanza et al., 1988).
suggesting that approximately 50 % of the C-3 was present in The data shown in Fig. 2 confirm our previous finding
the outer monolayer. Exposure of platelets to epinephrinéBoesze-Battaglia et al., 1996) that collagen promotes a
(Loumol 1) did not affect the accessibility of the probe toredistribution of cholesterol from the outer monolayer into the
TNBS. In contrast, when platelets were exposed to collagemner monolayer. We proposed that cholesterol movement

50
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Table 1.Platelet cholesterol and cholestatrienol fluorescence following treatment with bovine serum albumin

Platelet
[cholesterol] Fluorescence
Treatment (mol mott P) Total fluorescence after TNBS Percentage quenched
None 0.30£0.04 72.9+£10.9 34.5+12.1 52.1+3.8
Bovine serum albumin 0.14+0.02 37.6x7.5 32.5+8.1 13.5+5.1

Platelets were loaded with cholestatrienol by incubation with small unilamellar vesicles as described in Materials androl&itaalg.
incubation, cholestatrienol-loaded platelets were incubated with platelet buffer or with platelet buffer containing 2 %ehawirebsimin
(w/v) for 5min at 37 °C. Platelets were recovered by centrifugation and washed once with platelet buffer. Fluorescencaledhbetarer
and after addition of trinitrobenzenesulfonic acid (TNBS) and is expressed in arbitrary units. Cholesterol was assayedakyzmaati
expressed with respect to the platelet phospholipid phosphate concentration. The data presented above are the fluorest@loseinglue
subtraction of the value obtained from unloaded platelets (83 in control cells and 86 in cells treated with bovine semim albumi

Each value is the meansi.m. of six separate experiments, each performed on a different platelet preparation.

within platelet membranes is mediated by the relative contehe stimulation of phosphatidylethanolamine movement into
of phosphatidylethanolamine in the membrane monolaydhe outer leaflet following collagen exposure.
(Boesze-Battaglia et al., 1996). To investigate this proposal The absence of collagen stimulation of reverse C-3
further, we investigated whether the exposure of platelets tmovement was consistent with our suggestion (Boesze-
collagen would promote a directional movement of cholesterol

from the inner to the outer monolayer; i.e. in the opposite ,  gg
direction. To detect reverse cholesterol translocation from the 2

inner to the outer monolayer, platelets were labeled with C-3 § 804
as described above and then incubated with fatty-acid-freeg
bovine serum albumin to remove the fluorescent sterol from 2  70-
the outer monolayer (see Table 1). When albumin-treated ®?
platelets were reincubated, the percentage of TNBS- © _ 60-
quenchable fluorescence gradually increased from less thang
10% to more than 50% after 30 min of incubation (Fig. 3). %
Over the same period, the total platelet fluorescence did not2
change: the C-3 fluorescence calculated to be present in thég
inner monolayer decreased progressively during the @
incubation. These observations are consistent a redistribution®
of the sterol from an inner monolayer to an outer monolayer, = 204
secondary to the removal of sterol from the outer monolayer. g

50+

40+

(arbitrary units)

30+

We next sought to determine whether collagen altered the £ 104
movement of C-3 from the inner to the outer monolayer. This = t
question was posed in view of our finding that cholesterol 0 I : : : ] | ]
redistribution out of the outer monolayer was promoted by 0 15 30 45 60 75 90
collagen. If collagen-stimulated cholesterol movement was Time of incubation (min)

based purely on mass action, then we WOUId expect to find tlﬁg. 3. Movement of cholestatrienol from the inner monolayer into
reverse movement of the sterol to be stimulated by collagen e outer monolayer. Platelets were loaded with cholestatrienol by
well. The data in Fig. 4 show this not to be the case. Fig. incubation with small unilamellar vesicles. Following incubation,
depicts the results of an experiment in which C-3-labelecholestatrienol-loaded platelets were incubated with platelet buffer
platelets were incubated with BSA to sequester outercontaining 2% bovine serum albumin (w/v) for 5min at 37°C.
monolayer C-3 and then reincubated in the absence or preseiPlatelets were recovered by centrifugation, washed once with platelet
of collagen. The presence of collagen did not accelerate tfbuffer and reincubated at 37 °C for the times given on the abscissa.
reintroduction of C-3 into the outer monolayer. To theFluorescence was recorded before and after addition of 2,4,6-
contrary, collagen tended to retard the redistribution of C_:_trlnltrobenzenesulfonlc acid (TNBS). The amount of cholestatrienol

into the outer monolayer during the first 7.5 min of incubation" the_ outer monolayer is determlr_led as the decrea_se in_cell
This may reflect, on the basis of previous data (BoeszeaSSOCIatEd fluorescence after quenching with TNBS and is expressed

B i L 1996) th iulati b I £ th either as the corrected fluorescence vall dr as a percentage of
attaglia et al, 6), the stimulation by collagen of thea piatelet fluorescenc®]. The amount of cholestatrienol in the
movement of any residual outer-monolayer cholesterol into thinner monolayer W) is calculated from the fluorescence remaining

inner monolayer, thereby resulting in an apparent ‘lag’ timeafter quenching with TNBS. Each value (in arbitrary units) is the
associated with reverse cholesterol movement. Coincidentallmean and standard error of four separate experiments, each

the slowing of reverse cholesterol movement may result frorperformed on a different platelet preparation.
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Fig. 4. Collagen does not stimulate cholestatrienol movement fror,zigl 5. Effect of collagen on the uptake of cholestatrienol into
the inner to the outer monolayer of platelet membranes. Platelets Weplatelet membranes at 25°C and at 37°C. Cholestatrienol
loaded with cholestatrienol by incubation with small U“"ame”arincorporation from small unilamellar vesicles into platelet
vesicles. Following incubation, cholestatrienol-loaded platelets wermembranes was measured at 25¥C4) or at 37°C A, W) in the
incubated with platelet buffer containing 2% (w/v) bovine serumgpcance A, ®) or in the presencel, ¥) of collagen. Each
albumin for Smin at 37°C. Platelets were recovered byfyorescence value was corrected for the intrinsic fluorescence
centrifugation, washed once with platelet buffer and reincubated agsociated with a platelet suspension not loaded with cholestatrienol.
37°C for the times given on the abscissa in the abs@Pe(  The data are expressed as the total fluorescence associated with the

-1 . X
presence M) of 10pgmi™ collagen. Fluorescence was recordedinner platelet monolayer and are taken to represent the residual value
before and after addition of 2,4,6-trinitrobenzenesulfonic aC"foIIowing quenching with  2,4,6-trinitrobenzenesulfonic  acid

(TNBS). The amount of cholestatrienol in the outer monolayer if(TNBS). Collagen was present at a final concentration giytiL.
determined as the decrease in cell-associated fluorescence aggch value shown is the mean and standard error of three

qguenching with TNBS and is calculated as described in Materials Alexperiments, each performed on a different platelet preparation.
methods. Each value is the mean and standard error of four separ

experiments, each performed on a different platelet preparatio

*Significantly different from control valud*0.05). Fig. 6 shows a kinetic analysis of C-3 reincorporation into

the outer monolayer using the data shown previously in Fig. 3.
Battaglia et al., 1996) that the process of stimulus-dependefihe t1> of this process was estimated to be approximately
sterol redistribution was unidirectional because of the&5min from a plot of logFt/Fo), whereFis the fluorescence
concomitant translocation of phosphatidylethanolamine int@t timet andFg is the fluorescence at time zewgrsustime
the outer monolayer. To obtain additional evidence for thisnd the rate was estimated to be 0.028 fluorescence units min
possibility, the incorporation of C-3 into the inner membranelhe kinetics of reverse cholesterol movement are similar to
monolayer was measured at two different temperatures. Thkose for uptake of C-3 into platelet membranes and for the
data shown in Fig. 5 show incorporation of C-3 into the inneselective incorporation of probe into the inner monolayer
monolayer of platelet membranes at 37 °C and 25°C. At botfFig. 5).
temperatures, the presence of collagen increased the
incorporation of probe into the inner monolayer. Although
substantially less probe was incorporated at 25°C than at Discussion
37°C, the percentage of incorporated probe that was not While considerable effort has been spent on defining and
accessible to TNBS quenching and can, therefore, be dedudeeéntifying the functional role of a unidirectional translocation
to reside in the inner monolayer was nearly identical (at 37 °f phosphatidylserine, very few experimental data are available
55 % accessible to TNBS; at 25°C, 51 % accessible to TNBS)escribing a functional consequence for the intramembrane
at the two temperatures. In addition, the calculated ratesdjstribution of a potent platelet modifier cholesterol. Previous
measured over the entire incubation period, for C-3 uptake inwtudies from this laboratory have utilized the fluorescent probe
the inner monolayer at the two incubation temperatures wer@-3 to investigate the intramembrane distribution of
remarkably similar (0.045 fluorescence unitsthist 25 °C and  cholesterol in human platelets. We reported a rapid stimulus-
0.050 fluorescence units miat 37 °C). dependent redistribution of cholesterol from the outer to the
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20 al., 1996). We have previously shown that the movement of C-
3 is kinetically similar to the movement of cholesterol in
platelets and occurs on the time scale of minutes as described
previously for brush-border membrane (el Yandouzi and Le
Grimellec, 1992). When collagen was added, however, the
apparent movement of cholesterol out of the inner monolayer
and into the outer monolayer was not stimulated; instead,
collagen appeared to retard slightly the reintroduction of
cholesterol probe into the outer monolayer. Thus, the ability of
collagen to promote cholesterol redistribution within the
platelet plasma membrane appears to be restricted to promoting

1.5+

1.0+

-0.54 the movement of cholesterol out of the outer membrane
monolayer.

-1.0 The cellular-biochemical factors that govern the
intramembrane distribution of cholesterol in platelet

-1.54 membranes have not been rigorously established. As is the case
with phospholipids, cholesterol is distributed non-uniformly

2.0 , : ‘ . : : within cell membranes (Schroeder et al., 1996; Dawidowicz,

0 5 10 15 20 25 30 35 1987). Transhilayer cholesterol domains may be determined by
alterations in the rates of sterol translocation across the
membrane or by alterations in the equilibrium values of

Eholesterol distribution (Schroeder et al., 1996). Platelets may
following incubation with bovine serum albumin (BSA). Platelets%e .unl'que in that the membrane c.:holes.terol .|n these cells
were loaded with cholestatrienol by incubation with smayl"edistributes as a consequence of stimulation with aggregatory

unilamellar vesicles. Following incubation, cholestatrienol-loadec?9€NtS (Boesze-Battaglia et al., 1996). The mechanisms
platelets were incubated with platelet buffer containing 2% (wivunderlying this stimulus-dependent cholesterol redistribution
BSA for 5min at 37 °C. Platelets were recovered by centrifugationhave not been established, although one possibility is that a
washed once with platelet buffer and reincubated at 37°C for thenembrane protein, similar to the acyl transferases (Devaux,
times given on the abscissa. Fluorescence was recorded before d@B1) or the phospholipid scramblase (Comfurius et al., 1996),
after addition of 2,4,6-trinitrobenzenesulfonic acid (TNBS) andmediates this response. Indeed, two cytosolic cholesterol-
correctegl for the intrinsi_c fluorescen_ce associated with a platelgfinding proteins have been identified which affect sterol
suspension n_ot loaded with cholt_estatrlenol. The data are given as fjgnsfer among intracellular and plasma membranes
natural logarithm (log of the ratio of each corrected fluorescence goprgeder et al., 1993; Frolov et al., 1996). These proteins
value at thg |nd|cqted 'nCUb‘f’u'on umes to.the fluorescence at U"ave not yet been identified in platelets, and their possible role
zero. The line designated with the filled circl®) (represents the . LT .

Jn redistributions of cholesterol within cell membranes has yet

fluorescence remaining after quenching with TNBS (inne . . . . .
monolayer); the line designated with the filled squalisr¢presents (O be investigated. However, the transfection of fibroblasts with

the fluorescence quenched with TNBS (outer monolayer). The slop&PNA coding for one of the sterol-binding proteins was found
of the calculated lines are used to derive half-timag) (of O lower the inner membrane monolayer content of cholesterol

cholestatrienol movement of 27.4 out of the inner monolayer anWoodford et al., 1993).
24.2min into the outer monolayer. We proposed that cholesterol movement within platelet
membranes is mediated by the relative content of
phosphatidylethanolamine in the membrane monolayers
inner monolayer (Boesze-Battaglia et al., 1996). In the prese(Boesze-Battaglia et al., 1996). In this model, the presence of
study, we sought to determine the directionality of cholestergdhosphatidylethanolamine in  membranes creates a
translocation and whether cholesterol translocation in ththermodynamically unfavorable environment for cholesterol,
opposite direction (i.e. from the inner monolayer to the outecausing the sterol to partition into a more favorable
monolayer) was stimulus-dependent. In our translocatioenvironment (Backer and Dawidowicz, 1981; House
assays, the platelet outer membrane was depleted of cholesterblal., 1989; Yeagle, 1987). In the absence of stimulation,
and the fluorescent probe C-3 by incubation with defattedholesterol is localized in the phosphatidylethanolamine-
albumin. Upon reincubation, a portion of the C-3 fluorescencpoor outer membrane monolayer. Upon stimulation,
became increasingly susceptible to quenching with TNBSphosphatidylethanolamine translocates from the inner to the
This finding is interpreted as the spontaneous translocation ofiter membrane monolayer, creating a thermodynamically
C-3 and cholesterol from the inner into the outer monolayerunfavorable environment for cholesterol. This hypothesis is
This interpretation is supported by the similarity between theonsistent with our finding in the present study that reverse
kinetics of movement of this sterol and the kinetics of uptakeholesterol movement is significantly retarded by collagen
of C-3 into platelet membranes (Fig. 5 and Boesze-Battaglia €Fig. 4), and this observation is most readily explained by the

Time of incubation (min)

Fig. 6. Kinetic analysis of cholestatrienol movement into the oute
monolayer from the inner monolayer of platelet membrane
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concomitant stimulation by collagen of sterol translocatiorFurthermore, platelets enriched with cholesterol by incubation
from the outer into the inner monolayer (Boesze-Battaglia ewith cholesterol-containing small unilamellar vesicles are
al., 1996). We also report a similar action of collagen at 25 °@ore sensitive to aggregatory stimuli (Shattil et al., 1975;
and 37 °C promoting the incorporation of C-3 into the inneHeemskerk et al., 1995; Opper et al., 1995; Schimmel et al.,
monolayer of platelet membranes (Fig. 5). 1997). The intramembrane distribution of cholesterol in

These findings are both consistent with the proposed role pfatelets has not been investigated, and the possibility that the
phosphatidylethanolamine exerting an influence on cholestereffects of cholesterol are exerted by specific cholesterol
distribution since the outer monolayer is becoming enrichedomains is an attractive hypothesis. Cholesterol translocation
with this phospholipid as a result of collagen stimulation. Théas been detected following platelet stimulation with collagen,
absence of collagen stimulation of reverse cholesterdADP or thrombin but not, as shown in the present study, with
movement (i.e. from inner to outer monolayer) and the findingpinephrine. The absence of epinephrine stimulation of
that lowering the incubation temperature to 25°C does natholesterol translocation is not surprising since epinephrine is
selectively block the accumulation of C-3 into the inner plateled weaker stimulator of platelets. Epinephrine does appear to
membrane are consistent with the our hypothesis (Boeszenhance the ability of collagen to promote cholesterol
Battaglia et al., 1996) that cholesterol distribution in thetranslocation, and other platelet functions also appear to be
membrane is dependent upon neighboring phospholipidpotentiated by epinephrine (Lanza et al., 1988). Interestingly,
Phosphatidylethanolamine has also been suggested to plagginephrine-induced platelet aggregation is also enhanced by
role in determining the distribution of cholesterol between thénypercholesterolemia (Carvalho et al., 1974).
disc and plasma membranes in photoreceptor rod cells. In rod
cells, the internal disc membranes contain substantially less The work reported herein was supported by a grant in aid
cholesterol than does the plasma membrane (Boesze-Battagliam the American Heart Association, New Jersey affiliate.
and Albert, 1989). This is thought to result from the enrichmenThe authors are grateful to Dr Phillip Yeagle for the generous
of disc membranes with phosphatidylethanolamine, whiclupply of cholestatrienol used in this study. The authors also
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