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Apoptosis - annexin V-ultrastructure 

Cell surface exposure of phosphatidylserine (PS) during apoptosis 
serves recognition and removal of the dying cell by phagocytes. Loss of 
phospholipid asymmetry and PS exposure is investigated by immuno
cytochemistry and related to morphological changes. Loss of mem
brane asymmetry was determined on dexamethasone-treated rat thy
mocytes using the PS specific probe annexin V. Thymocytes incubated 
in the presence of dexamethasone were studied in time series during 
the execution of the apoptotic program. Thymocytes first start to 
expose PS at their cell surface. At this initial stage the barrier function 
of the plasma membrane remains intact. At a later stage the plasma 
membrane becomes leaky for compounds like propidium iodide and 
subsequently the cell disintegrates into apoptotic bodies. Microscopi
cal evaluation of dexamethasone-treated thymocytes showed that the 
cells with an apoptotic morphology all bound annexin V. The cells with 
a normal viable morphology lacked annexin V binding except for those 
cells that started to shed small vesicles. These vesicles were positive for 
annexin V, indicating a local disturbance of the phospholipid asym
metry. The local exposure of PS is considered to be a very early event 
of apoptosis, preceding the full sequence of morphological changes at 
the ultrastructural level. 

1) Dr. Peter M. Frederik, Electron Microscopy Unit, Department of 
Pathology, Maastricht University, P. O. Box 616, 6200 MD Maastricht/ 
The Netherlands. 

Introduction 

Apoptosis entails gene-regulated processes of cell suicide, si
lent death and removal without inflammatory response. These 
apoptotic processes are characterized by a sequence of mor
phological alterations, which are clearly distinguishable from 
necrosis [13]. At the ultrastructural level, rapid blebbing of the 
cell membrane [22] and chromatin condensation [26] can be 
observed during the first stage of apoptosis. These changes are 
often but not always accompanied by nuclear convolution, fol
lowed by nuclear pycnosis and cell shrinkage. Also a number 
of biochemical changes takes place considered to be typical for 
apoptosis. The main biochemical feature of apoptosis is DNA 
cleavage at the internucleosomal sites, by calcium-activated 
endonucleases [2, 11,32]. This results in the typical DNA lad
de ring on agarose gels, which is considered the biochemical 
hallmark of apoptosis. However, this hallmark is not always 
present, some cell types show apoptotic morphology without 
demonstrable DNA laddering [5, 21]. Other biochemical pro
cesses underlying the morphological changes of apoptosis 
include the degradation of nuclear lamins and cytoskeletal 
proteins by activated proteases [18]. During execution of 
apoptosis the cell changes its phospholipid asymmetry of the 
plasma membrane by translocating phosphatidylserine (PS) to 
the outer leaflet where it functions as a tag on the dying cell 
for recognition and removal by phagocytes [9, 10]. Contrary to 
the apoptotic cell the viable cell retains PS exclusively in the 
inner leaflet by energy-dependent processes [8, 35]. 

With the use of annexin V, a phospholipid binding protein 
with high affinity for PS [1, 25, 27], flow cytometric studies 
indicated that during apoptosis PS exposure precedes mor
phological changes as visualized by light scatter parameters 
[14, 29]. Recently it was shown in dexamethasone-treated thy
mocytes, a prototypic model of apoptosis [6, 32], that disrup
tion of mitochondrial potential marks irreversible commit-
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ment to apoptosis and precedes internucleosomal DNA cleav
age [33]. Furthermore, this model system showed that PS 
exposure occurs downstream of the mitochondrial changes [4]. 
Other phenomena like cytoplasmic vacuolization, chromatin 
condensation and oligonucleosomal DNA fragmentation also 
occur downstream of mitochondrial potential disruption [17]. 

In this study we investigated the loss of membrane phospho
lipid asymmetry in relation to morphological alterations of 
apoptotic thymocytes, using immunoelectron microscopy and 
flow cytometry. The aim of this approach was to correlate the 
(ultra)structural aspects of apoptosis to the loss of membrane 
phospholipid asymmetry in apoptotic cells. 

With the use of annexin V it was demonstrated that PS expo
sure is a general feature of apoptosis regardless of the initiat
ing stimulus and the cell type [12, 14, 19, 29]. Annexin V has 
successfully been used for ultrastructural localization of PS 
exposure on activated blood platelets [24]. Using this experi
mental approach it is possible to discriminate between local 
and general loss of phospholipid asymmetry of the plasma 
membrane. It also allows to visualize this phenomenon of 
apoptosis and to place it relative to morphological changes. 

Materials and methods 

Materials 
Dexamethasone (40 mg/ml) was purchased from Pharmachemie 
(Haarlem, The Netherlands). Recombinant annexin V was prepared as 
described before [20). Annexin V-FITC was obtained from Nexins 
Research BV (Hoeven, The Netherlands) as the APOPTES'f®-FITC 
kit. Anti-annexin V antibodies were raised against human annexin V in 
rabbits. The polyc1onal IgG fraction was affinity purified and used at 
final concentration of 7 [Lg/ml IgG. Protein A labeled with gold (10 nm) 
was purchased from Aurion (Wageningen, The Netherlands). All other 
reagents used were of analytical grade. 

Thymocytes 
Thymocytes were isolated from female inbred Lewis rats, 8-10 weeks 
of age, which were obtained from the Central Animal Facility of the 
Maastricht University. The animals were maintained under specific 
pathogen-free conditions until use and had free access to food and 
water. Single cell suspensions of thymus were prepared by pressing the 
tissue through a 100 mesh nylon gauze and rinsed with RPMI-1640 
(Gibco, Paisley, Scotland, United Kingdom). The cells were washed 
once and resuspended in culture medium (RPMI-1640 supplemented 
with 10 % fetal calf serum, 2 mM glutamine, 100 Ulml penicillin, 
100 [Lg/ml streptomycin) to a final concentration of 2.5 x 106 cells per 
m!. Cells were cultured in a humidified CO2 incubator at 37°C. 

Induction of apoptosis 
At T = 0 the cells were divided into 2 groups; In the experimental 
group 1 [.tM dexamethasone was added to the culture medium, whereas 
the control group was incubated in the culture medium only. At T = 0, 
1,2,4,6,8, 12, and 24 hours samples were taken from both groups and 
placed on ice immediately for subsequent analysis by flow cytometry 
or immunoelectron microscopy. 

Flow cytometric analysis 
The thymocytes were pelleted by centrifugation (4°C) and resus
pended into Hepes buffer (137mM NaCl, 2.68mM KCl, lOmM 
Hepes, 1.7mM MgCI2 , pH 7.4) containing 3mM calcium. Annexin V
FITC was added to a final concentration of 1 [Lglml and propidium 
iodide in a final concentration of 5 [.tglml (incubation for at least 10 min 
in the dark). Flow cytometry was performed on a FACSort (Becton 
Dickinson, San Jose, CA) equipped with an argon laser (excitation at 

488nm). The cells were run using the LYSYS II software package 
(Becton Dickinson), and 10000 events were acquired in list mode. 
From each cell forward scatter, side scatter, fluorescence channel 1 
(annexin V-FITC) and fluorescence channel 3 (propidium iodide) were 
recorded. Analysis was performed off line using the same software. 

Immunoelectron microscopy 
Annexin V and calcium were added to the thymocyte samples to give 
final concentrations of 10 [.tglml and 3 mM, respectively (incubation for 
at least 10 min). The thymocytes were prepared for ultrastructural 
investigation and localization of annexin V by jet freezing and freeze 
substitution, as described previously [24). In brief, thymocyte suspen
sions were vitrified by jetting them through a 50 [.tm platinum aperture 
disk into liquid ethane cooled to its melting point. After evaporation of 
the ethane under vacuum (at -100°C), the vitrified cell suspension was 
freeze substituted in methanol containing 0.5 % uranyl acetate. 
Freeze-substitution was started at -90°C and subsequently the samples 
were warmed to -30 °C in four steps, each step with a duration of mini
mally eight hours. At -30°C the substitution medium was replaced by 
pure methanol followed by infiltration with Lowicryl K4M. At -20°C 
the cells were finally embedded and polymerized under UV light. 

On ultrathin sections annexin V was localized by immunocytochem
istry. The sections were incubated with polyc1onal antibody against 
annexin V (7 [.tglml) followed by protein A-gold complex (diluted 1120). 
The sections were stained with neutral uranyl acetate to enhance the 
contrast. The sections were examined in a Philips CM 10 electron 
microscope (Philips, Eindhoven, The Netherlands) operating at 80 
keY. 

Results 

Annexin V-FlTe, propidium iodide flow 
cytometry 
Using annexin V-FITC and propidium iodide (PI) in 2 color 
flow cytometry, 4 subpopulations can be distinguished within 
the dexamethasone-treated thymocyte population. Double 
negative cells, annexin V single positive cells, annexin V propi
dium iodide double positive cells with normal amount of DNA 
(high PI signal) and annexin V propidium iodide double posi
tive cells with a reduced amount of DNA (decreased PI signal) 
(Fig. 1A).The double negative population consists of normal 
viable thymocytes because there is no indication of cell dam
age and loss of membrane asymmetry and integrity as probed 
by the fluorescent markers. Cells single positive for annexin V 
are considered to be the cells which have lost only (part of) 
their membrane asymmetry. Double positive cells have lost 
membrane asymmetry as well as membrane integrity as indi
cated by annexin V staining and propidium iodide uptake, 
respectively. The double positive cells can be divided into cells 
having the normal amount of DNA as indicated by high propi
dium iodide signal and cells with a decreased amount of DNA, 
as indicated by a reduced propidium iodide signal. 

Forward-, side scaHer flow cytometry 
Since morphological alterations can also be determined glob
ally by measuring the forward and side scatter by flow cytom
etry, this can be used to estimate the change in size of a 
population as defined by the fluorescent markers. The 4 differ
ent subpopulations of thymocytes as defined by annexin V and 
propidium iodide (Fig. 1A) are clearly different with respect 
to forward and side scatter profiles (Fig. 1B-E). The normal 
viable cells have the highest forward scatter, the annexin V 
single positive cells have intermediate forward scatter and 
high side scatter, the double positive cells with normal amount 
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Fig. 1. A. Dot plot of annexin V-FITC fluorescence versus propi
dium iodide (PI) fluorescence. Four subpopu1ations were made on the 
basis of annexin V-FITC binding and propidium iodide uptake of the 
thymocytes (area Rl "normal" cells, negative for both annexin V-FITC 
and propidium iodide, R2 apoptotic cells, positive for annexin V-FITC 
but negative for propidium iodide, R3 cells with an irreversibly 
damaged membrane positive for both fluorescent markers, with a nor
mal amount of DNA (high PI) and R4 apoptotic bodies, with a 
reduced amount of DNA (decreased PI signal). The thymocytes were 

of DNA have a lower forward and side scatter, whereas the 
double positive cells with reduced amount of DNA have the 
lowest forward and side scatter. 

Kinetics 
Using the 2 fluorescent markers we resolved in time the rela
tion between loss of membrane asymmetry and membrane 
integrity upon treatment of the thymocytes with dexametha
sone. 

Fig. 2A gives the kinetics of the population distribution fol
lowing dexamethasone stimulation. Twenty percent of the 
population had lost membrane phospholipid asymmetry with 
intact membrane integrity after 2 hours of incubation with 
dexamethasone. Six hours later this reached a maximum of 
52 %. The percentage of cells with lost membrane integrity 
and a normal amount of DNA starts to increase after four 
hours of dexamethasone treatment and peaks at 12 hours. The 
population of cells with lost membrane asymmetry and a 
reduced amount of DNA starts to increase after six hours of 
dexamethasone treatment and is still inclining after 24 hours. 
These cells have severely lost membrane integrity enabling the 
extrusion of DNA fragments into apoptotic bodies. After 24 
hours of dexamethasone treatment nearly all cells had 
changed the structure of their plasma membrane as indicated 
by annexin V and propidium iodide. About 40 % of thymo
cytes in the control group lost membrane asymmetry after cul
turing for 24 hours (Fig. 2B). About 20 % of the control thy
mocytes subsequently lost their membrane integrity. This is 
the result of death by neglect representing natural occurring 
apoptosis in the thymus. 
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cultured for four hours in the presence of 1 [tM dexamethasone. -
B-E. Each subpopulation (RI-R4) presented by forward vs. side scat
ter with their mean forward scatter (FSC) and side scatter (SSC) val
ues. B. Rl "normal" cell population having the highest forward scat
ter. C. R2 apoptotic cell population with the typical high side scatter. 
D. R3 irreversible damaged cell population positive for both the fluo
rescent markers with a reduced forward and side scatter. E. R4 the 
apoptotic bodies with a low forward and side scatter. 

Immunoelectron microscopy 
Using immunoelectron microscopy we determined the rela
tion between annexin V labeling and morphological altera
tions, such as chromatin condensation and blebbing. From the 
kinetics of the plasma membrane changes we chose to analyze 
thymocytes that were incubated for one, six and eight hours 
with dexamethasone. The results from the ultrastructural 
observation and immunolocalization of annexin V are pre
sented in Fig. 3. From control incubation, the majority of thy
mocytes appear structurally unchanged, as judged by the chro
matin and cytoplasm morphology (not shown). From the 
dexamethasone-treated groups most "unchanged" thymocytes 
with normal chromatin were annexin V negative (Fig. 3a), 
even after 8 hours of incubation with dexamethasone. After 
one hour of incubation with dexamethasone some cells 
showed blebbing; pinching off microvesicles from the cell 
membrane (Fig. 3b). On these cells with signs of blebbing no 
ultrastructural features of apoptosis could be detected, and no 
annexin V label was present on the cell membrane. We never 
found protrusions from the cells to be positively labeled with 
gold particles. The blebs, however, were positive for annexin 
V (Fig. 3c). On all cells with clear morphological characteris
tics of apoptosis (condensation of chromatin) annexin V label
ing was observed (Fig. 3d). Finally the cells will lose mem
brane integrity. Morphologically the cells appear with massive 
blebbing and the plasma membrane becomes separated from 
the cytoplasm (Fig. 3e). This is followed by a complete 
degradation of the cell, where the border between nucleus and 
cytoplasm becomes faint (not shown). It should be mentioned 
that all different types of cells, as shown in Fig. 3, were found 
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Fig. 2. Kinetics of the apoptotic process of thymocytes after incuba
tion with dexamethasone (A), and in control thymocytes (8). Number 
of thymocytes in each subpopulation (Fig. lA) as the percentage of 
the total cell population, at each time point. At each time point 10000 
events were acquired, the mean values of two independent experi
ments are presented. 

intermingled in each thymocyte preparation, as to be expected 
on basis of the flow cytometric data, because no sorting or 
other separation was performed. The relative amount of each 
cell population changed in time as demonstrated in Figure 2. 
It was not possible to compare the electron microscopic and 
flow cytometric changes, because the criteria for division into 
the categories are not the same for the two techniques. Some 
background label is present on the nucleus of the thymocytes 
probably due to non-specific interactions with protein A-gold 
particles. On incubations without primary antibody similar 
background label was found. 

Discussion 

Using dexamethasone-treated thymocytes as a model for 
apoptosis we were able to distinguish several stages during the 
apoptotic process on the basis of biochemical and morpholog
ical alterations of the cells. The flow cytometric data were 
used to determine the kinetics of the apoptotic process in 
order to relate the ultrastructural observations to the time 
sequence of the apoptotic process. On the basis of the two 
fluorescent probes, annexin V-FlTC and propidium iodide, 
the thymocyte population could be divided into 4 distinct 

subpopulations, as was shown for other hemopoietic cell types 
[14, 19, 29]. The subpopulation of cells which are annexin V 
positive and propidium iodide negative is considered to com
prise the apoptotic cells, which have changed membrane 
asymmetry while membrane integrity remains intact. DNA 
fragmentation proved the presence of apoptosis under the 
conditions used in the experiments (data not shown). 

Immunocytochemistry at the EM level strongly suggests 
that before the apoptotic stage with chromatin condensation 
and an overall loss of membrane asymmetry, PS exposure is 
confined to focal areas on blebs on the cell membrane. It can 
be postulated that these blebs are shed as microvesicles from 
the plasma membrane. These early (local) changes in mem
brane architecture take place well before nuclear changes and 
overall PS exposure as was reported by Martin et al. [19]. 
Recently it was shown that CD95 ligation induces PS exposure 
in Jurkat cytoplasts indicating that this part of the apoptotic 
machinery may run in the absence of a nucleus [16]. In the 
flow cytogram the small blebs attached to cells may contribute 
to a slight increase in the annexin V signal, but apparently not 
enough to identify them as a separate (intermediate) popula
tion. We showed that during the course of apoptosis loss of 
asymmetry of the plasma membrane can be divided into two 
stages. Firstly (micro )vesicles are pinched off and only the 
membranes of these vesicles have lost membrane asymmetry. 
This phenomenon of focal PS exposure is reported here for 
dexamethasone-treated thymocytes and may be part of apo
ptosis in general [9, 19]. The second stage is characterized by 
drastic morphological changes pertinent to apoptosis and a 
loss of phospholipid asymmetry over the whole plasma mem
brane, which still retains its barrier function. In Fig. 4 the dif
ferent morphological stages of apoptosis are schematically 
drawn at the background of a flow cytometer diagram. 

Martin and co-workers [19] reported on the basis of flow 
cytometric and light microscopic studies that annexin V bind
ing to cells stimulated to activate the apoptotic program 
emerged well before morphological changes took place. In 
conjunction with this study these early apoptotic cells likely 
commenced the process of blebbing with locally exposed PS. 
Ultrastructural inspection of dexamethasone-treated thymo
cytes also revealed rarely cells with a normal morphology and 
locally exposed PS. This indicates that once the Bcl-2 check
point is trespassed the dexamethasone-treated thymocyte 
enters the first stage, where membrane blebbing occurs. Early 
reduction in mitochondrial potential [33] is probably also a 
feature of this first stage. After the first stage the thymocytes 
progress very quickly to the second stage of altered morphol
ogy with an overall loss of membrane asymmetry and then 
more slowly to the third stage of lost membrane integrity. 
Recently other investigators also observed, both biochemical 
and morphological, apoptotic events well before membrane 
integrity was lost [7, 30]. The relative kinetics of these differ
ent stages likely depend on the type of cell and the stimulus of 
apoptosis. With annexin V as a discriminative parameter stud
ies will be facilitated to get further insight into the kinetics of 
the early apoptotic process and to elucidate the question 
whether the point of no return is beyond or below the early 
changes of the plasma membrane structure characterized by a 
local exposure of PS [see also 15, 16]. 

The mechanism by which PS is exposed to the outside of the 
plasma membrane is not clear at the moment. Probably all 
eukaryotic cells carry in their membranes a translocase activ
ity, that maintains an asymmetric phospholipid distribution 
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Fig. 3. Electron micrographs from thymocytes incubated with dexa
methasone, labeled with annexin V prior to vitrification. Annexin V 
was localized on ultrathin sections of the thymocytes with anti-annexin 
V and protein-A gold. a. "Normal" thymocyte. b. Membrane blebbing 
from a thymocyte, incubated with dexamethasone for one hour, with 
an otherwise "normal" morphology. No chromatin condensation or 
vacuole formation in the cytoplasm can be seen . c. MicrovesicJe blebb
ing from a thymocyte incubated with dexamethasone for one hour. No 
annexin V binding could be observed on the cell. Only annexin V bind
ing (PS exposure) on the microvesicle can be observed. d. Thymocyte 
incubated with dexamethasone for six hours. Chromatin has been con
densed and an overall annexin V labeling is present. e. Thymocyte 
incubated with dexamethasone for eight hours. The membrane has 
become separated from the cytoplasm. Bar represents 1 [lm in all mi
crographs. 
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Fig. 4. Schematic sequence of events during dexamethasone-induced 
apoptosis in rat thymocytes at the background of an annexin V, propi
dium iodide (PI) double fluorescence cytogram. The different stages 
are marked R1-R4 as in the flow cytometer diagram with in R1 the 
viable cells and the cells with early loss of membrane phospholipid 
asymmetry at the side of the blebs. R2 the apoptotic cells with an over
all loss of membrane asymmetry and drastic morphological alterations 
typical for apoptosis. R3 cells with lost membrane integrity and R4 
with the apoptotic bodies. The. indicate phosphatidylserine exposure 
on the outside of the cell membrane. The dashed lines indicate loss of 
membrane integrity. 

over the two leaflets of their membranes, by translocating PS 
and phosphatidylethanolamine to the leaflet facing the cytosol 
(for a review see [8]). As was shown for erythrocytes, inhibi
tion of this translocase is not sufficient to get PS in the outer 
leaflet of the plasma membrane [34]. This requires another 
mechanism, which is regulated by cytosolic calcium levels as 
was shown for agonist-stimulated blood platelets [31] and 
apoptotic T lymphocytes [28]. Both studies demonstrated with 
fluorescent phospholipids a translocation of phospholipids 
over the plasma membrane. Recently Basse et al. [3] 
described a 37 kDa membrane protein with a phospholipid 
translocase activity. 

Microvesicles, with a random distribution of phospholipids, 
attached to a cell, with otherwise intact membrane asymmetry, 
might be originating from the same cell or become secondarily 
attached and thus originate from an other cell which is disin
tegrating. If microvesicles with lost membrane asymmetry 
originate from a cell with more or less intact membrane asym
metry, the mechanism of loss of membrane asymmetry might 
be due to this local difference in PS exposure. The ultrastruc
tural data strongly suggest that blebbing is accompanied by 
local exposure of PS on the blebs that are formed. A similar 
conclusion has been drawn in the study of platelet activation 
[24]. During activation, blood platelets shed membrane vesi
cles [23), and we observed also microvesicles with lost mem
brane asymmetry trapped in the open canalicular system of 
platelets with otherwise intact membrane asymmetry. From 
their location it is very unlikely that these microvesicles origi
nate from other platelets [24], and we postulate that the PS 
exposure is initially restricted to the shedded vesicles. 

Further evidence of focal PS exposure can be found from 
the ratio of total phospholipids between the in- and outside of 

the plasma membrane. In most cells the amount of phospho
lipids in the inner leaflet of the bilayer equals the amount in 
the outer leaflet of the bilayer, although the various phospho
lipid species are asymmetrically distributed over inner and 
outer leaflet. However, microblebs on the plasma membrane 
with a diameter of 100-200nm have 10-2.5 % (respectively) 
more phospholipids in the outer membrane leaflet than in the 
inner one. The formation of (micro )vesicles requires a local 
increase of the lipid surface in the outer bilayer leaflet to 
induce the curvature needed to form the microvesicle. Appar
ently this net lipid transfer to the outer leaflet is accompanied 
by PS exposure as was demonstrated on the sections. This is 
probably a very fast process because we never found protru
sions still attached to the cell positively labeled for annexin V. 

In conclusion, morphological evidence is presented that the 
formation of blebs with lost membrane asymmetry is a very 
early sign from cells who are predestined to undergo the full 
sequence of apoptosis. The formation of blebs is an early 
apoptotic event that is locally expressed on the plasma mem
brane and this event can be detected by immunocytochemistry 
at the ultrastructural level. This is a new and powerful tech
nique to demonstrate early plasma membrane alterations with 
annexin V binding as a discriminative parameter. 
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