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ABSTRACT: Cholesterol is predicted to associate more strongly with the outer than the inner leaflet of
plasma membrane bilayers based on the relative in vitro affinities of their phospholipids. Complex formation
with the high-affinity species (especially saturated sphingomyelins) is said to reduce the chemical activity
(escape potential or fugacity) of the sterol. We therefore tested the hypothesis that scrambling the sidedness
of plasma membrane phospholipids of intact cells will increase the chemical activity of outer surface
cholesterol. Upon activating the plasma membrane scramblase in intact human red cells by introducing
ionomycin to raise cytoplasmic Ca++, phosphatidylserine became exposed and, concomitantly, the chemical
activity of exofacial cholesterol was increased. (This was gauged by its susceptibility to cholesterol oxidase
and its rate of transfer to cyclodextrin.) Similar behavior was observed in human fibroblasts. Two other
treatments known to activate cell surface cholesterol (namely, exposure to glutaraldehyde and to low-
ionic-strength buffer) also brought phosphatidylserine to the cell surface but by a Ca++-independent
mechanism. Given that phospholipid scrambling is important in blood coagulation and apoptosis, the
concomitant activation of cell surface cholesterol could contribute to these and other pathophysiological
signaling processes.

It has been observed that increasing the cholesterol in the
mammalian PM1 beyond the physiological level evokes a
sharp rise in its susceptibility to attack by CO and in its
transfer both to extracellular cyclodextrin and the endoplas-
mic reticulum (1, 2). These findings have been explained
by the following hypothesis (2, 3): Cholesterol forms
complexes of varied strength and stoichiometry with different
bilayer PLs. The complexed sterol has a lower chemical
activity (escape potential or fugacity) than uncomplexed
(free) cholesterol; for example, that added in excess of the
binding capacity of the PL. It is the high chemical activity
of the uncomplexed sterol that accounts for its increased
interaction with CO and cyclodextrin. Physiologically, the
high fugacity of excess cholesterol provides a homeostatic
mechanism that keeps the PM sterol level near the capacity
of its PL partners,∼0.8 mol per mol phospholipid (4). [Note
that the concept ofcholesterol chemical actiVity of interest
here differs distinctly from that ofactiVe cholesterol, which
refers to the attributes of biologically functional sterols (5).]

Cholesterol equilibrates rapidly between the two leaflets
of the PM bilayer; however, its transbilayer distribution is
debated (6). The transverse distribution of the PM PLs is
asymmetrical, with a preponderance of PC and SM in the
exofacial leaflet and anionic PL, mostly PE and PS, in the
cytoplasmic leaflet (7). Furthermore, the chains of PC and
SM tend to be more saturated than those of PE and PS,
suggesting that the outer and inner leaflets of the PM bilayer
have different physicochemical characteristics (8-10). In
particular, evidence from model systems suggests that the
exofacial PLs might interact more strongly with sterols than
the endofacial species (11, 12). According to the hypothesis
outlined above (2, 3), the activity of cholesterol in the inner
leaflet might then be higher than that in the outer leaflet.

The activity of membrane cholesterol is modulated by
various intercalators, such as octanol, diglycerides, ceramides,
and lysophosphatidylcholine (13). However, the implication
that its chemical activity in biological membranes is affected
by neighboring PLs is in need of substantiation. Given the
aforementioned evidence of significant asymmetry in the PM
bilayer, we reasoned that randomizing the PL distribution
between the two leaflets should increase the activity of
cholesterol at the cell surface, as reflected by a rise in sterol
reactivity to CO and cyclodextrin. Two early observations
gave indirect support for this premise. First, cholesterol is a
far better substrate for CO in artificial vesicles composed of
PL of the endofacial type than of the exofacial type (14).
Second, the susceptibility of red cell surface cholesterol to
CO is increased greatly in disrupted membranes (15). It was
suggested in that study that translocated inner-surface PLs
could create a more favorable environment for the action of
CO on the cholesterol in the outer leaflet of the ghosts.
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To test this hypothesis in a biological context, we have
now examined the effect of relaxing the PL asymmetry of
the plasma membrane bilayer on the activity of surface
cholesterol in human red cells and fibroblasts. We used the
ionophore ionomycin to raise the level of cytoplasmic Ca++.
Intracellular Ca++ serves to activate PM scramblase, which
then randomizes the PLs between the leaflets (16). We
observed that this simple treatment caused a rapid increase
in the apparent activity of PM cholesterol, thus confirming
our hypothesis. We then asked whether phospholipid scram-
bling might also be the mechanism for the observed
potentiation of CO attack by glutaraldehyde and by prein-
cubation of cells in low-ionic-strength iso-osmotic buffer (15,
17, 18). This hypothesis was also confirmed.

EXPERIMENTAL PROCEDURES

Materials. Human red blood cells were obtained from
normal volunteers and washed three times with 10 volumes
of HBS or PBS. Human foreskin fibroblasts were cultured
as described (4). 1R,2R-[3H]Cholesterol was from Amersham
Biosciences. Ionomycin, TNBS, DIDS, CO (Streptomyces
sp.), and MBCD were all from Sigma. Amplex Red was from
Molecular Probes. FITC-annexin V was obtained from BD
Biosciences. Agents were delivered in buffer or in ethanol,
the final concentration of which was alwayse2%.

Methods. Transfer of [3H]cholesterol from red cells to
MBCD-cholesterol complexes was carried out as described
(13). To gauge the action of CO, untreated and treated red
cells were washed, lysed in 5 mM NaPi (pH 8), the ghosts
washed twice in the lysis buffer, and the oxidation of
cholesterol determined as the disappearance of input cho-
lesterol using Amplex Red. In experiments using glutaral-
dehyde-fixed cells, cholesterol oxidation was determined as
the appearance of the product, cholest-4-en-3-one (choles-
tenone), using HPLC. The amount of ionomycin and CO
was optimized for the various experiments. FITC-Annexin
V binding was determined by flow cytometry according to
the specifications of BD Biosciences.

RESULTS

ActiVation of PM Cholesterol by Cytoplasmic Calcium.
Human red cells are normally not susceptible to CO;
however, oxidation can be elicited by a variety of nondis-
ruptive perturbations (15). Conceivably, those treatments
could act by bringing endofacial lipids to the outer surface.
We examined this possibility by promoting the mixing of
the PLs across the bilayer. This was done by activating
membrane scramblase with elevated intracellular Ca++ (16).
As seen in Figure 1, as little as 0.02µM of the ionophore,
ionomycin, substantially increased the oxidation of choles-
terol in intact red cells from its near-zero baseline. Complete
oxidation was achieved with 0.05µM ionomycin in the
presence of 1 mM CaCl2. In this and all other cases, 1 mM
EGTA abolished the effect of ionomycin (not shown). The
effect of treating the cells with ionomycin plus Ca++, as
judged by the induced oxidation of PM cholesterol by CO,
began immediately, had a half-time of∼4 min, and was
complete within 15 min (Figure 2). The rapidity of this effect
is consistent with the kinetics of PL translocation by activated
scramblases rather than a more complex intracellular process
(16). (We frequently observed partial and variable hemolysis

of the red cells late in CO time courses but only as a
consequence of cholesterol oxidation. This effect does not
change the interpretation of the data.)

To examine whether the action of ionomycin was in fact
related to lipid scrambling and not to its simple intercalation
into the membrane, we tested the effect of A23187, a
chemically unrelated Ca++ ionophore, and two monovalent
ionophores, monensin and nigericin. While A23187 gave the
same Ca++-dependent result as ionomycin, the mono-
valent ionophores had no effect with or without Ca++ (not
shown).

Another indicator of membrane cholesterol activity is its
rate of transfer to an aqueous acceptor, MBCD (2, 13, 19).
We therefore tested the effects of increased cytoplasmic Ca++

on this process. Red cells were pre-equilibrated with an
MBCD-cholesterol exchange partner so that the movement
of subsequently introduced [3H]cholesterol from the cells to
the acceptor could be followed without mass transfer. Figure

FIGURE 1: Effect of ionomycin on the oxidation of red cell
cholesterol by cholesterol oxidase. Aliquots of washed and pelleted
cells (5µL bearing∼4.8 µg cholesterol) were preincubated for 5
min at 37 °C in 0.1 mL (final) HBS containing 1 mM CaCl2.
Ionomycin was added and the cells were incubated for 5 min at 37
°C. Cholesterol oxidase (0.2 IU) was added, and the mixtures were
incubated for 30 min at 37°C. The cells were washed and their
residual cholesterol determined by Amplex Red analysis of their
ghost membranes. Note that in this experiment lipid scrambling
was not inhibited and presumably continued throughout the 30-
min oxidation step.

FIGURE 2: Kinetics of activation of red cell cholesterol by PL
scrambling. Aliquots of washed and pelleted cells (5µL bearing
∼4.8 µg cholesterol) were preincubated for 5 min at 37°C in 0.1
mL (final) HBS containing 1 mM CaCl2. Ionomycin was added to
1 µM and the cells incubated at 37°C for the times indicated. The
cells were washed in HBS containing 1 mM EGTA to arrest
scrambling and then incubated 100µL HBS with 0.2 IU cholesterol
oxidase at 37°C for 30 min. The cells were washed and their
residual cholesterol determined by Amplex Red analysis of their
ghost membranes. (The first time point, taken at 10 s, verifies that
EGTA instantaneously inhibited the ionomycin effect.) The data
were fit to a first-order function with a half-time of 2.7 min.
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3 shows that ionomycin stimulated the rate of [3H]cholesterol
transfer 1.9-fold; in two other experiments, the stimulation
was 1.9- and 2.1-fold. The presence of 1 mM EGTA
abolished the acceleration of sterol transfer by ionomycin
(not shown).

Phospholipid Scrambling by Cytoplasmic Ca++. We used
annexin V, a high-affinity ligand for PS, to verify that the
ionomycin-Ca++ treatment was in fact stimulating PL
scrambling (16). We observed that preincubation with 1µM
ionomycin plus 1 mM CaCl2 as described above caused more
than half of the cells to bind FITC-annexin V strongly (Figure
4A). In the absence of Ca++, the fraction of ionomycin-
treated cells stained by annexin V was less than 1.5%.

Blocking Cholesterol ActiVation with Inhibitors of Scram-
blase. We tested whether cytoplasmic Ca++ was activating
PM cholesterol through PL scrambling or by some other
mechanism. For this purpose, we tested the effect of two
scramblase inhibitors, TNBS and DIDS, on the activation
of red blood cell surface cholesterol (20). Both agents are
membrane-impermeable so that their action here could be
assumed to be directed at the outer leaflet of the membrane.
Using a concentration range previously found to inhibit
scramblase (20), we found that both agents substantially
reduced the ability of ionomycin plus Ca++ to evoke CO
attack on PM cholesterol (Figure 5).

Phospholipid Scrambling by Glutaraldehyde. We tested
the hypothesis that the enhanced susceptibility of PM
cholesterol in cells fixed with glutaraldehyde was mediated
by the randomization of the transverse distribution of bilayer
phospholipids. First, we verified the stimulatory effect of
glutaraldehyde on the action of CO on red cells (Figure 6).
(Control experiments showed that the removal of ambient
Ca++ with 1 mM EGTA did not block the stimulation of
cholesterol oxidation by glutaraldehyde.) Then, we showed

FIGURE 3: Effect of scrambling on the rate of transfer of cholesterol
from red cells to cyclodextrin. As described previously (13), pelleted
cells (160µL) were brought to 16 mL in HBS containing 14.4 mg
MBCD plus 1.6 mg cholesterol and pre-equilibrated for 10 min at
room temperature. The cells and supernatant were separated by
centrifugation, and both fractions were saved. The cells were pulse
labeled with [3H]cholesterol and washed. Two 60µL aliquots of
packed cell were then incubated for 15 min at 37°C in 6 mL HBS
containing 1 mM CaCl2 plus either the solvent alone (0.2% ethanol)
or 1 µM ionomycin. The cells were pelleted and resuspended to 6
mL in the cyclodextrin-cholesterol mixture with which they had
been previously equilibrated. The transfer of label to the supernatant
at 10 °C was followed by periodically pelleting the cells; the
supernatants were counted and compared to the unspun input. The
data were fit to a first-order expression with 100% transfer as the
final (plateau) value. (O) Minus ionomycin; half time) 14 min.
(4) plus ionomycin; half time) 7.5 min.

FIGURE 4: Annexin V binding to red cells. Panel A: Red cells
were washed in HBS, suspended to 0.2µL/mL (∼2 × 106 cells/
mL) in HBS containing 0 or 1 mM EGTA, 0 or 1 mM CaCl2, and
0 or 1µM ionomycin and incubated for 30 min at 37°C. The cells
then were washed and analyzed for the binding of FITC-annexin
V. Panel B: As in panel A, except that 0 or 1% w/v glutaraldehyde
was the agent and the 30-min incubation was performed at 0 or 37
°C. Panel C: Red cells were washed and 3 aliquots suspended to
0.2µL/mL (∼2 × 106 cells/mL) in 310 mM sucrose-5 mM histidine
(pH 7.5). (This iso-osmotic buffer does not lyse the cells or cause
the leakage of hemoglobin.) The suspensions were incubated at 37
°C for the times indicated prior to chilling, washing, and analysis.
[Note that the full scale for panels A and B is 100% and for panel
C is 16%.]

FIGURE 5: Effect of scramblase inhibitors on ionomycin-Ca++

promoted oxidation of red cell cholesterol. Washed cells (80µL)
were incubated for 30 min at 37°C in 0.72 mL PBS, 25µM DIDS,
or 1.5 mM TNBS, all containing 0.1 mM EGTA. The cells were
washed and 56µL aliquots (bearing∼54 µg cholesterol) incubated
at 37 °C in 0.96 mL PBS containing 4µM ionomycin plus 0.1
mM CaCl2. The reaction was stopped after 7 min by the addition
of EGTA to 1 mM and the mixtures incubated with 0.2 IU
cholesterol oxidase at 37°C for 30 min. The cells were washed
and their residual cholesterol determined by Amplex Red analysis
of their ghost membranes.

FIGURE 6: Effect of glutaraldehyde on the oxidation of red cell
cholesterol by cholesterol oxidase. Washed cells (7µL) were
incubated for 10 min on ice in 100µL chilled PBS containing
0-1% w/v glutaraldehyde. The cells were washed free of glut-
araldehyde and incubated for 30 min at 37°C in 0.1 mL PBS
containing 0.3 IU cholesterol oxidase. The cells were washed and
oxidation of their cholesterol determined by HPLC.
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that glutaraldehyde stimulated the exchange-transfer of [3H]-
cholesterol from red cells to the acceptor, MBCD-cholesterol,
a second indicator of enhanced cholesterol fugacity (Figure
7). The stimulation was nearly 3-fold in these experiments.
Finally, we demonstrated that treatment with glutaraldehyde
greatly increased the appearance of phosphatidylserine at the
surface of intact red cells in a Ca++-independent fashion
(Figure 4B).

Phospholipid Scrambling by Exposure to Low Ionic
Strength. Because lengthy preincubation of intact red cells
in iso-osmotic, low-ionic-strength buffer induces a lagged
(accelerating) development of susceptibility to cholesterol
oxidation (15), we examined whether this pretreatment
likewise acted by scrambling PM PLs. In support of this
hypothesis, we found that incubation in low-ionic-strength
buffer evoked the appearance of PS at the surface of the red
cells in the absence of Ca++ (Figure 4C).

ActiVation of Fibroblast PM Cholesterol by Cytoplasmic
Calcium.We confirmed our observations on red cells using
cultured human fibroblasts. As shown in Figure 8, the
susceptibility of fibroblast surface cholesterol to CO was

increased greatly by ionomycin in a Ca++-dependent fashion,
just as in red cells.

DISCUSSION

The principal finding of this study is that three kinds of
perturbations that induce the redistribution of PM PLs across
the bilayer also cause an increase in the chemical activity
(escape potential) of the cholesterol at the outer surface. The
first of these perturbants is ionomycin. It seems very likely
that the action of the ionomycin was mediated by PL
scrambling (see Figure 4A). First, ionomycin plus Ca++

caused the appearance of PS at the exofacial surface. The
specific binding of annexin V to this inner-leaflet PL at the
outer surface of intact cells is a well-established indicator
of the redistribution of PM PLs and signifies the randomiza-
tion of PL across the bilayer (16). Second, its effect was
Ca++-dependent. Third, Ca++ had no effect without iono-
mycin; thus, Ca++ acts within the intracellular space,
consistent with a scramblase effect (16). Fourth, two inhibi-
tors of that transport protein (20) substantially block the effect
of introducing Ca++ into the cytoplasm (Figure 5). Fifth,
another Ca++ ionophore, A23187, acted just like ionomycin;
in contrast, nigericin and monensin, monovalent ionophores
of a similar chemical form, had no effect on the accessibility
of cholesterol to CO either in the presence or the absence of
Ca++.

Sixth, the other two perturbants, glutaraldehyde and low-
ionic-strength buffers, also caused PS redistribution (Figure
4B and C). These data strongly suggest that PL scrambling
was necessary and sufficient to activate cell surface choles-
terol in these experiments but that scramblase and its
activators were not. That the ability of glutaraldehyde to
promote the susceptibility of PM cholesterol to CO (Figure
6) involves an increase in the activity of the sterol is
confirmed by its ability to also stimulate the transfer of the
membrane sterol to cyclodextrin (Figure 7). Unlike the first
two perturbants, however, preincubation in low-ionic-strength
buffer (90 min at 37°C) did not appreciably enhance the
rate of transfer of [3H]cholesterol to cyclodextrin (not shown).
This negative result is consistent with the modest effect this
treatment had on bilayer PL scrambling compared to iono-
mycin-Ca++ and to glutaraldehyde (Figures 1 and 4).
Presumably, exposure to low ionic strength increased the
activity of surface cholesterol enough to be detected by the
very-sensitive CO susceptibility test but not by the less-
sensitive [3H]cholesterol transfer assay. Although the mo-
lecular basis for the activation of exofacial PM cholesterol
by cytoplasmic Ca++, glutaraldehyde, and exposure to low
ionic strength needs further elucidation, it is nevertheless
parsimonious to suppose that their shared ability to bring
PS to the outer leaflet is not a coincidence but, rather,
mechanistic.

Free bilayer cholesterol molecules, like other lipids, have
at least three kinds of activity. One is the potential to diffuse
and distribute laterally in plane. The second is the potential
to diffuse and distribute across the midplane (flip-flop). The
third is the propensity of bilayer lipid molecules to transiently
project into the aqueous phase, driven by thermal motion.
The lateral and transverse distributions of cholesterol are
apparently each in rapid diffusional equilibrium, while the
tendencies of the sterol population at each leaflet to project
into the neighboring aqueous space do not come to

FIGURE 7: Effect of glutaraldehyde on the rate of transfer of
cholesterol from red cells to cyclodextrin. The protocol was exactly
as described in the legend to Figure 3 except that one of two aliquots
of labeled red cells was incubated for 10 min on ice with 1% w/v
glutaraldehyde and washed before being transferred back to the
cyclodextrin-cholesterol mixture with which the cells had been
previously equilibrated. The exit of label to the supernatant was
then followed at 10°C. The data were fit to first-order expressions.
Half times of transfer were 24.6 min for the control (O) and 8.7
min for the glutaraldehyde-treated cells (4) .

FIGURE 8: Dependence of oxidation of fibroblast cholesterol on
Ca++ and ionomycin. Cultured fibroblasts were dissociated from
their flasks (3), washed, and resuspended in HBS. Aliquots
(containing∼2 µg cholesterol) were suspended in a final volume
of 500µL containing 0 or 1 mM CaCl2, 0 or 1 mM EGTA, and 0
or 1 µM ionomycin. The mixtures were incubated for 10 min at 37
°C, 2 IU cholesterol oxidase was added and the incubation continued
for 20 min at 37 °C. The oxidation of cholesterol was then
determined by HPLC.
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equilibrium but rather remain different from one another.
The transfer of membrane cholesterol to aqueous acceptors
such as cyclodextrin appears to depend on this bobbing
motion (6). In particular, it is during these transient projec-
tions that sterol molecules are captured by collision with the
acceptors. Fruitful encounters with CO would presumably
require (and therefore report on) the same fleeting exposure
(2, 13). We therefore assume that the form of cholesterol
activity measured by both CO assays and the transfer to
MBCD is its bobbing frequency. This basic molecular
mechanism is also presumably required for the passive
transfer of sterols to physiologic acceptors, including lipid
binding proteins or lipoproteins in both the cytoplasm and
the extracellular space (21).

The chemical activity of membrane cholesterol is influ-
enced strongly by its lipid environment (3, 13). A natural
constraint would be that impose by the association of the
sterol with PLs (19, 22). If so, the activity of free cholesterols
that not bound by PL partnersswill greatly surpass that of
sterol molecules in complexes, leading to their increased
interactions with exogenous probes. This is why both
cholesterol oxidation and transfer to cyclodextrin increase
sharply when the abundance of the sterol exceeds a sto-
ichiometric equivalence with PL ligands and when the sterol
is displaced from PL complexes by amphipaths (1-3, 13).

As discussed in the introduction, data from model lipid
systems support the prediction that stronger sterol complexes
exist in the outer than the inner leaflet because of the
asymmetric distribution of PM PLs. In that case, exofacial
cholesterol should have a lower bobbing frequency or
fugacity than that at the cytoplasmic surface. Consistent with
this hypothesis is the demonstration in synthetic vesicles that
PLs characteristic of the endofacial leaflet of PMs foster CO
attack while the exofacial species inhibit it (14). Furthermore,
the introduction of lysophosphatidylcholine (a membrane-
intercalating PC analog with affinity for cholesterol) inhibits
the action of CO on membrane cholesterol, whereas lyso-
phosphatidylethanolamine and lysophosphatidylserine do not
(15). It has been demonstrated that PLs characteristic of the
inner leaflet have far less ability to associate with cholesterol
in segregated domains (rafts) than the PL identified with the
outer leaflet (11). Because such phase separation appears to
be driven by complexation of the sterol with favorable PL
species (19), these findings provide further evidence for
differential interactions of cholesterol with the PLs in the
two bilayer leaflets, hence, asymmetrical sterol fugacity. The
implication of our findings that cholesterol is not strongly
associated with the PL in the inner leaflet also bears on the
question of domain (raft) formation at the cytoplasmic surface
(11).

Thus, our results give strong support to the premise that
the chemical activity of the cell surface sterol reflects its
lipid environment. Our findings also greatly strengthen the
supposition that, because of the compositional asymmetry
of the PM bilayer, the cholesterol in the exofacial leaflet is
more strongly (completely) associated or complexed with
the PL than that at the inner leaflet. There is, however, an
alternative explanation for our data. Briefly, the low activity
of cholesterol in membranes rich in PC and SM has been
attributed to the ability of their large head groups to shelter
the sterols from contact with water (23). Sterols in molar
excess of the vicinal PLs, or sterols among PLs with small

head groups, would not enjoy such protection and would
have a higher activity. Although both this “umbrella” model
and that based on varied weak chemical complexes among
sterols and PLs (19, 22) are compatible with our results, the
latter provides a more satisfying formulation. In either case,
relaxing the asymmetry between the two bilayer leaflets
would be expected to decrease the sequestration of exofacial
cholesterol by PL molecules and cause a corresponding
increase in its activity. This is our finding.

It is conceivable that scrambling activates cell surface
cholesterol by increasing its abundance relative to the
phospholipids in the outer leaflet. For example, there could
be unequal exchange of PL across the scrambled bilayer.
But even tiny alterations in the relative areas of the two lipid
leaflets should change the shape of the red cells by a bilayer
couple mechanism (24). The fact that the biconcave disk
shape was unaffected by the treatment of red cells with
ionomycin plus Ca++ makes it more likely that the observed
increase in the activity of their cholesterol reflects its new,
low-affinity PL environment.

The activity of PM cholesterol is important in cholesterol
homeostasis in nucleated cells. It has been suggested that
the fugacity of the fraction of PM sterol in excess of the
physiological threshold set by the capacity of the PLs quickly
drives the sterol to the cell interior (1, 2, 25). There, it
continually sets and resets the sterol level in the ER which,
in turn, helps to govern the activity of manifold regulatory
pathways in the ER. In particular, transient increments in
ER cholesterol can rapidly reduce cell cholesterol levels
through interaction with at least two cholesterol-regulated
systems. These are the esterification of cholesterol via acyl-
cholesterol acyltransferase and the proteolysis of hydroxym-
ethylglutaryl-CoA reductase, leading to a prompt decrease
in the rate of cholesterol biosynthesis (2). In addition, the
expression of multiple genes for sterol accretion is adjusted
by an ER sterol-sensing protein system (21, 26).

The scrambling of PM PLs in response to elevated
cytoplasmic Ca++ might also increase the content of PC and
SM in the cytoplasmic leaflet of the PM and thereby reduce
the activity of endofacial PM cholesterol. This could lower
the level of ER cholesterol in equilibrium with the PM (3).
We were unable to test this hypothesis because of the
deterioration of fibroblasts treated with ionomycin plus
CaCl2. Furthermore, high cytoplasmic Ca++ could evoke so
many varied responses that any particular outcome from such
experiments would not carry much weight. Along these lines,
it has been shown that excess cholesterol loading in mac-
rophages promotes the release of ER Ca++ to the cytosol,
thereby stimulating their apoptosis (27). Because elevated
cytosolic Ca++ promotes PM PL scrambling, it should reduce
the activity of cholesterol in the cytoplasmic leaflet of the
PM. If this were to lead to reduced ER cholesterol, then PM
lipid scrambling might counter or buffer the release of ER
Ca++ and, therefore, mitigate apoptosis.

Among the functions of the asymmetrical distribution of
lipids in the PM bilayer is the information it conveys
regarding the state of the cell. In particular, the scrambling
of that asymmetry (in response to elevated cytoplasmic Ca++,
for example) serves as a powerful signal for blood coagula-
tion and apoptosis (16). It will be important to learn if the
concomitant increase in cholesterol chemical activity at the
surface of the scrambled PM contributes to these and/or other
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pathophysiological processes. As one example, it has been
reported recently that cholesterol itself may increase phos-
pholipid randomization by scramblase (28), which, our data
would suggest, could create a positive feedback loop of
scramblase activation.
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