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The influence of cellular ATP levels on dimyristoylphosphatidylcholine-induced
release of vesicles from human erythrocytes
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Release of membrane vesicles from human erythrocytes was induced by modulation of red cell ATP levels, by
incubation of erythrocytes with sonicated dimyristoylphosphatidylcholine (DMPC) suspensions, or by a
sequential combination of both procedures. When red blood cell ATP levels were decreased prior to
incubation with DMPC, the lag-time between addition of the lipid and beginning of vesiculation was reduced.
Furthermore, the rate of vesicle release itself was accelerated. Experiments carried out with a rapid ATP
depletion technique showed that the onset of vesiculation and the release were most evidently accelerated in
those cases where echinocytes had been formed prior to the addition of DMPC. The results suggest that red
blood cells with reduced cellular ATP levels or an altered cell shape are more susceptible to a further
perturbation of the membrane by addition of exogenous DMPC.

Introduction

Shape changes of erythrocytes can be observed
under a variety of conditions and have been re-
lated to changes in the structural properties of
individual protein components of the membrane
skeleton [1-5]. Likewise, membrane-penetrating
agents such as lysophospholipids and amphipathic
drugs have been shown to induce erythrocyte shape
changes by triggering a perturbation of the lipid
bilayer balance [6]. Either stomatocytes or
echinocytes can be formed [7].

Echinocytes can release membrane vesicles as a
consequence of prolonged incubation in glucose-
free medium with concomitant ATP depletion [8],
or by increasing the intracellular calcium levels [9].
On the other hand, incubation of red cells with
sonicated suspensions of dimyristoylphosphati-
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dylcholine (DMPC) or dilauroylphosphatidylcho-
line results in vesicle release without ATP deple-
tion of the cells [10,11]. Vesicle release has also
been observed as a consequence of repeated de-
oxygenation and reoxygenation of sickle cells [12}.

While the phospholipid composition of erythro-
cytes and vesicles appears to be comparable, clear
differences are observed with regard to their re-
spective protein composition. Integral membrane
proteins, such as acetylcholinesterase, band 3 pro-
tein and glycophorin are present in vesicles but
only traces of cytoskeletal components can be
discovered [8,9,12,13). This strongly indicates that
interactions within the membrane and the mem-
brane skeleton [2,14] have to be changed or
abolished prior to vesicle release.

The mechanisms by which red cells can be
stimulated to release vesicles are still obscure. Both
ATP depletion of erythrocytes or incubation of
cells with sonicated suspensions of DMPC first
results in formation of echinocytes and then in
release of vesicles. Under conditions of metabolic
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starvation, more than 20 h of incubation time are
required to achieve ATP depletion and initiate
vesicle release [8]. On the other hand, physiological
ATP levels are maintained and only 4 h are re-
quired for vesicle release in the presence of DMPC
[10]. These observations suggest that various mech-
anisms are effective in triggering a release of
vesicles from red blood cells.

To obtain further information on the processes
involved in vesiculation, combined incubation pro-
cedures were applied. Cell ATP levels were mod-
ulated by various preincubation protocols prior to
addition of DMPC and the velocity of DMPC-in-
duced vesiculation was analyzed in cells at differ-
ent stages of metabolic depletion. The results show
that factors known to influence the integrity of the
membrane skeleton strongly affect the lag-phase
between addition of DMPC and initiation of ves-
icle release, as well as the rate of vesicle release
itself.

Materials and Methods

Materials

Fresh human blood samples from healthy adult
donors were obtained from the Central Blood Bank
of the Swiss Red Cross. Erythrocytes were sep-
arated from plasma by centrifugation at 3000 rpm
for 15 min at 4°C and washed three times with 10
mM Tris-HC] (pH 7.4) containing 144 mM NaClL
Penicillin was purchased from novo Industri
(Copenhagen, Denmark) and streptomycin sulfate
was obtained from Grogg Pharmaceutical prod-
ucts (Berne, Switzerland). ATP standards and
ATP-monitoring reagent were obtained from LKB
Wallac (Turku, Finland). All other reagents were
standard commercial products obtained either from
Fluka AG (Buchs, Switzerland) or from Merck
(Darmstadt, F.R.G.) and were of the highest pur-
ity available.

Methods

Acetylcholinesterase activity was determined
according to Ellman et al. [15]. The ATP content
of red cell suspensions was measured using the
bioluminescence assay reagent from LKB Wallac
as follows: The red cell suspension was adjusted to

a hematocrit of approx. 4% and protein was pre-
cipitated with an equal volume of a chilled solu-
tion containing 10% (w/v) trichloroacetic acid and
4 mM EDTA. The mixture was kept on ice for 10
min and then centrifuged for 5 min at 8000 rpm
with a Hettich microliter centrifuge at 4°C. An
aliquot of the supernatant was diluted 5000-fold
with 100 mM Tris-acetate buffer (pH 7.75) con-
taining 2 mM EDTA. 200 ul of this solution were
mixed with 40 pl ATP-monitoring reagent and
bioluminescence was immediately measured in an
Packard Tri-Carb 3320 liquid scintillation counter
in the off-coincidence mode. ATP solutions in the
concentration range from 2.5-10" " t0 2.5-107°
M were used to record a calibration curve.
DMPC-induced release of vesicles was carried
out according to Ott et al. [10]. At appropriate
times, the incubation mixture (or an aliquot) was
chilled on ice for 5 min to stop the vesiculation
process [10] and erythrocytes were removed by
centrifugation at 3000 rpm for 10 min at room
temperature. Alternatively, vesicles were obtained
by ATP depletion of erythrocytes as described by
Lutz et al. [8]. To modulate the red cell ATP levels
prior to the addition of DMPC, washed erythro-
cytes (1 vol.) were preincubated at 37°C for 2, 4
and 22 h, respectively, with 4 vol. of a 10 mM
Tris-HCl buffer (pH 7.4) containing 144 mM NacCl,
and supplemented with 0.2 mg/ml streptomycin
and 0.12 mg/ml penicillin to avoid bacterial
growth. 5 vol. of a sonicated DMPC suspension
were then added (0.5 mg/ml, final concentration)
and the incubation was continued at 30°C. In
control experiments, preincubation was carried out
in buffer supplemented with 0.54 mM adenine,
12.7 mM inosine and 2 g/1 glucose to maintain
constant levels of red blood cell ATP [8]. Rapid
ATP depletion of red blood cells was performed
by addition of 6 mmol/1 of iodoacetamide to the
glucose-containing incubation buffer as described
by Ferrell and Huestis [16]. The DMPC suspen-
sion was added after 2.5 or 5 h, respectively. Shape
change of erythrocytes was followed by light mi-
croscopy using the Zeiss Nomarsky optic
equipment. In all experiments, vesicle release was
monitored by measuring acetylcholinesterase activ-
ity in the supernatant as previously described

[8,10].
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Fig. 1. Vesicle release as a function of incuba-

tion time and red cell ATP levels. Cells were
incubated in a medium without glucose. ATP
levels and vesicle release were measured.
Circles represent acetylcholinesterase (AChE)
activity in the supernatant obtained after re-
moval of red cells by centrifugation. Enzyme
activity was taken as a measure for vesicle
release. Triangles represent the ATP levels of
red blood cell suspensions. The arrows indi-
cate the time of the addition of DMPC to the
incubation medium. (A) Release curve ob-
tained without preincubation; (B) release
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Results

Incubation of red blood cells in glucose-free
medium for more than 22 h resulted in ATP
depletion and spontaneous vesicle release. In
accord with previous reports [8], the release rate
was very slow and acetylcholinesterase activity
recovered in the supernatant reached 40-70% of
the total amount only after 50 h (results not
shown).

Red cells incubated with sonicated DMPC sus-
pensions released vesicles after a lag period of
approx. 60-90 min (Fig. 1, curve A). No signifi-
cant hemolysis was observed and the ATP level of
the cells was unchanged [10]. Approx. 70% of the
total acetylcholinesterase activity was recovered in
the supernatant within 4 h after initiation of vesi-
culation.

curve obtained after 2 h preincubation time;
(C) release curve obtained after 4 h pre-
incubation time.

When cells were preincubated in glucose-free
medium for 2 and 4 h, ATP levels were moderately
decreased to 80-90% of the initial values, and the
lag-period for vesiculation after addition of DMPC
was slightly shortened to about 40 min (Fig. 1,
curves B and C). The release rate was also accel-
erated so that acetylcholinesterase activity in the
supernatant reached 70% of the total amount in
less than 2.5 h.

Similar results were obtained when erythrocytes
were preincubated for 22 h in a medium supple-
mented with adenine, inosine and glucose (Fig. 2).
Microscopic examination of these cells revealed
that more than 90% of the cells were discocytes
before DMPC was added.

On the other hand, after almost complete ATP
depletion of red blood cells by preincubation for
22 h in a medium without glucose, all cells were
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Fig. 2. Vesicle release as a function of incuba-
tion time and red cell ATP levels. Closed
symbols represent experiments carried out in
a medium without glucose and open symbols
represent experiments performed in a medium
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supplemented with adenine, inosine and glu-
cose. Other experimental details are as de-
tailed in the legend to Fig. 1. AChE,
acetylcholinesterase.
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Fig. 3. Vesicle release after rapid ATP deple-
tion of red blood cells. The symbols are as

INCUBATION TIME, hours

echinocytic. Under these conditions, vesicle release
started immediately upon addition of DMPC (Fig.
2) and acetylcholinesterase activity recovered in
the supernatant was 70% of the total amount after
about 1.5 h.

Addition of iodoacetamide to red blood cell
suspensions resulted in rapid depletion of ATP
(Fig. 3). After 2.5 h of preincubation, when ATP
levels were less than 2% of the initial values, over
70% of the cells were still discocytic, in accord
with a previous report [17]. Vesicle release started
shortly after the addition of DMPC and acetyl-
cholinesterase activity in the supernatant reached
70% within 2 h (Fig. 3). After 5 h of preincubation
under the same conditions, all cells were trans-
formed to echinocytes [17]. Release of vesicles
started immediately after adding DMPC and the
release rate was accelerated to such an extent that
acetylcholinesterase activity in the supernatant
reached 70% of the total amount in less than 1 h.
In all of these experiments, hemolysis never ex-
ceeded 8%.

Discussion

Although some controversy exists in the litera-
ture concerning the influence of ATP on the red
cell membrane and its cytoskeletal network
[4,5,18,19], several effects of ATP depletion have
been described. Besides a dephosphorylation of
spectrin [18], metabolic depletion also results in a
decreased protection against the oxidative damage
that promotes cross-linking of spectrin {20] and

indicated in Fig. 1. (A) Release curve ob-
tained after 2 h preincubation time; (B) re-
lease curve obtained after 5 h preincubation
time. AChE, acetylcholinesterase.

possibly a change in membrane lipid asymmetry
[21,22). Furthermore, red cell shape recovery
mechanisms appear to be energy dependent [23]
and metabolic depletion has been shown to pro-
mote cell shape changes [17]. Kamada et al. [24]
recently reported that the membrane-lipid phase
was influenced by protein-lipid interactions which
depended on the metabolic state of the cells and
that a decrease of ATP levels was responsible for
an increased membrane fluidity. Likewise, it was
reported that diacylglycerol, a fusogenic lipid com-
ponent, was formed in ATP-depleted red cells [25]
and promoted to some extent membrane vesicula-
tion processes which clearly involve local mem-
brane fusion events.

The present study shows that after various pre-
incubation protocols that induce echinocyte for-
mation or reduce cellular ATP levels, erythrocytes
release vesicles much sooner after the addition of
DMPC than do discocytes with normal ATP levels
(Figs. 1-3). In addition, the rate of vesicle release
is accelerated. Apparently, alterations that occur
in metabolically depleted red cells make their
membranes more susceptible to a further perturba-
tion by addition of exogenous DMPC.

At this point, a key question is whether it is the
loss of ATP or the shape change (or both) which is
responsible for the facilitated release of vesicles.
Earlier work by Feo and Mohandas [17] has shown
that after 2.5 h of fast ATP depletion, erythrocytes
with no cellular ATP are obtained that still
maintain their discocytic shape. Addition of
DMPC to these cells results in rapid vesicle release



that is completed in approx. 2 h when 70% of the
acetylcholinesterase activity are recovered in the
supernatant (Fig. 3). On the other hand, after 5 h
of preincubation with iodoacetamide, a complete
transformation from discocytes to echinocytes
takes place and the vesicle release is completed in
less than 1 h after addition of DMPC. At that
time, again 70% of the acetylcholinesterase activity
are found in the vesicle fraction. These observa-
tions strongly suggest that it is the number of
echinocytes rather than the cellular ATP level
which determines the rate of vesicle release after
addition of DMPC. The release pattern obtained
after slow ATP depletion (Fig. 2) further supports
this interpretation.

On the other hand, cellular ATP levels may still
have a more direct influence on vesicle release. As
mentioned above, shape recovery mechanisms of
red cells have been shown to be energy dependent
[23]. The present study shows that cells with re-
duced ATP levels but still a discoid shape, release
vesicles more rapidly under the influence of DMPC
(Fig. 1). Obviously, these cells respond more sensi-
tively towards the crenating action of DMPC than
do cells with normal ATP levels.

The results may also give a clue to the mecha-
nism by which DMPC induces vesicle release. It
has to be assumed that in a first step, incorpora-
tion of exogenous lipid into erythrocytes alters the
phospholipid fraction of the cell membrane [26].
This in turn modifies interactions between the
intrinsic domain and the membrane skeleton with
a concomitant cell shape change. Such modifica-
tions have to be considered as a prerequisite for
vesicle release. In erythrocytes with modified ATP
levels, DMPC-induced vesicle release is facilitated.
Hence, the interactions between skeleton and in-
trinsic domain must be changed in these cells. In
sickle cells where spectrin-free vesicles are released
as a consequence of repeated cycles of deoxygena-
tion-reoxygenation, these interactions are believed
to be disrupted mechanically by the polymerizing
hemoglobin [12].

In conclusion, preincubation procedures that
result in ATP depletion or echinocytosis of red
blood cells strongly facilitate DMPC-induced re-
lease of vesicles. It has to be mentioned, however,
that in the present study echinocytes are formed
only after prolonged preincubation periods. Such
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treatment may also affect the protein components
of the membrane. Therefore, further studies are
underway to characterize the behavior of integral
and peripheral membrane proteins during prein-
cubation and subsequent DMPC-induced vesicula-
tion.
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