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In vivo, apoptotic cells are swiftly recognized by
phagocytes, presumably because of changes on their
surface. This article describes surface changes in rat
cortical thymocytes undergoing apoptosis induced by
glucocorticoid treatment in vitro. Homogeneous popu-
lations of thymocytes early in apoptosis were prepared
by isopyknic centrifugation. These cells were compared
with purified nonapoptotic cells in terms of several
surface characteristics, including binding to macro-
phages, surface ultrastructure, microelectrophoretic
mobility (a measure of surface charge density), and
ability to bind four lectins and four monoclonal anti-
bodies to thymocyte antigens. Apoptotic cells bound to
macrophages more avidly than did nonapoptotic cells
by a process not dependent upon serum factors. Their
surfaces lost microvilli and became "blistered," appar-
ently through fusion of vesicles of endoplasmic reticu-
lum with the plasma membrane. The surface charge

APOPTOSIS is a process whereby nucleated cells are
deleted from living tissues."'2 It occurs as the "pro-
grammed death" of cells in developing tissues, in nor-
mal tissue turnover, in hormone-induced atrophy, in
metamorphosis, and in the growth and regression of
tumors. Ultrastructural studies suggest that in tissues,
the dying cells are recognized and phagocytosed by
their neighbors soon after initiation of apoptosis,2'3
which appears to be an abrupt process.4 In tissues
with exceptionally high rates of cell turnover, phago-
cytes filled with apoptotic cells are conspicuous his-
tologic features (for example, the "tingible body"
macrophages of reactive lymphoid tissue'); but even
where turnover is slower, recognition and phagocy-
tosis of apoptotic cells may play a role in tissue or-
ganization. The process is capable of removing poten-
tially toxic cellular materials from the intercellular
space and facilitates the recycling of certain molecules
in the tissue. Little is known, however, of the mech-
anisms whereby apoptotic cells are recognized. Al-
though it is reasonable to suppose that alterations
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density of apoptotic cells was less than that of non-
apoptotic cells. Surface antigens and lectin-binding
sites were less abundant on apoptotic than on normal
cells, in proportion to the general reduction in cell size
observed in apoptosis. Differences between apoptotic
and normal cells were not detected, however, in the
relative quantities of exposed galactose, N-acetyl
galactosamine, N-acetyl glucosamine, N-acetyl neu-
raminic acid, or of several surface antigens, including
the major sialoglycoproteins of the thymocyte mem-
brane. It appears that although several changes occur in
the surface of apoptotic cells, many cell membrane
structures remain intact. The changes responsible for
the recognition of apoptotic cells by phagocytes are
more subtle than those detectable by the binding of
lectin and antibody probes, but preliminary data sug-
gest that a lectin-sugar interaction is involved. (Am J
Pathol 1984, 115:426-436)

occur on the surface of apoptotic cells which permit
phagocyte binding, this has not been demonstrated
hitherto. To our knowledge, the aging erythrocyte is
the only dying cell whose recognition by macrophages
has been systematically studied.6 Evidence suggests
that surface changes, together with serum factors,
including complement7 and antibody,8 may play roles
in erythrocyte phagocytosis, but the erythrocyte is
atypical in many ways and may provide a misleading
model for the recognition of apoptotic nucleated
cells. In this article, the surface of apoptotic rat thy-
mocytes is evaluated by several criteria. Thymocytes
are particularly suited to studies on apoptosis, be-
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cause the process can be induced by a short exposure
to glucocorticoid hormones in vitro; further, apop-
totic cells can be procured in nearly homogeneous
suspensions4 and compared with homogeneous popu-
lations of morphologically normal cells. We demon-
strate that there are surface changes in thymocytes
undergoing apoptosis which are capable of affording
recognition signals to macrophages; we show that
these changes are highly selective, because several
marker molecules present on the normal thymocyte
surface are apparently unchanged; and we present a
hypothesis for the means whereby these surface
changes arise, based upon ultrastructural and bio-
physical features.

Materials and Methods

Thymocyte Suspensions

Using methods described in detail elsewhere,9
thymus glands from suckling Sprague-Dawley rats
were chopped in Eagle's minimal essential medium
(MEM) supplemented with 10% heat-inactivated
newborn calf serum to provide suspensions of cor-
tical thymocytes. The cell suspensions were incubated
with or without glucocorticoid (10- M methylpred-
nisolone or 10- M dexamethasone) for 4-6 hours and
then subjected to isopyknic centrifugation on step or
continuous Percoll gradients for separation of the
high-density apoptotic cells from morphologically
normal cells with low density as previously described.4
Percoll was washed from the cells prior to further
study, by dilution in MEM and centrifugation (200g
for 10 minutes at 4 C).

Binding Assays

Monolayers of peritoneal macrophages were pre-
pared from 1-2-month-old outbred Schofield mice as
previously described.10 Suspensions of 106 peritoneal
cells in 1 ml MEM, supplemented with 25 mM mor-
pholinopropane sulfonic acid (MOPS) pH 7.4, 5 IU
heparin, and 5% heat-inactivated pooled rat serum,
were placed in siliconized glass tubes, each containing
a nonsiliconized flying coverslip. After 18 hours of
incubation at 37 C in a humidified atmosphere of 5%
CO2 in air, to permit cell attachment, the monolayers
were washed twice in MEM buffered with 25 mM
MOPS, pH 7.4 (MEM-MOPS), and incubated for a
further hour in this medium alone, in an attempt to
remove heparin and serum prior to the phagocytosis
assay. For the assay, the overlying medium was re-
placed by I ml MEM-MOPS containing 2 x 106

thymocytes. In experiments designed for study of the
influence of serum factors on phagocytosis, 5% nor-
mal or heat-inactivated rat serum was added at this
stage. All tubes were then reincubated without agita-
tion for 100 minutes at 37 C. The coverslips were
washed twice in MEM-MOPS, fixed in 95% meth-
anol, and stained by the Giemsa method. On each
coverslip, 500 macrophages were counted. Thymocyte
nuclei, which were readily recognizable on the basis
of their size, were scored as bound if their profile
transected the outline of the macrophage. In this
assay no distinction was made between ingestion and
binding, although it was clear morphologically that
only a proportion of the bound cells lay within
phagosomes. Macrophages were scored as positive if
they had bound 1 or more thymocytes. Certain mono-
layers in all experiments received no additional cells
or 5 x 10' ox erythrocytes, which were coated with
either rabbit IgG or human complement.1' Only if
they ingested one or more erythrocytes were macro-
phages scored as positive in these control coverslips
which were intended to confirm the phagocytic poten-
tial of the macrophages but exclude the possibility
that they had been "activated" to ingest particles
nonspecifically. 12

In a small series of experiments with macrophage
monolayers this protocol was modified to test the
effect of monosaccharides on the macrophage-thy-
mocyte binding. After preparation of the monolayers
by overnight incubation as before, they were washed
twice in complete Dulbecco's phosphate-buffered
saline (containing 1 mM Ca and 0.5 mM Mg) (DPBS)
and incubated in this medium for a further 60 min-
utes at 37 C. Thereafter, the temperature was lowered
to 4 C, and the medium was replaced with fresh
DPBS, with or without supplementation with 20 mM
N-acetyl D-glucosamine or D-mannose. After a fur-
ther 15 minutes, the medium was replaced with a
suspension of apoptotic thymocytes, prepared as
before, but in DPBS supplemented with the same
monosaccharides. The monolayers were prepared for
scoring as before after 120 minutes' incubation at 4 C.

In a further series of experiments thymocyte-mac-
rophage binding was assessed in suspension. In coni-
cal centrifuge tubes 2 x 106 peritoneal cells were
mixed with 10' thymocytes in a total of 200 ;d MEM-
MOPS. The suspensions were centrifuged at 45g for
10 minutes at 4 C; 100 yd of the supernatant was re-
moved, and the pellet was gently resuspended by
tapping. After incubation at 4 C for a further 40
minutes, the cell suspension was assessed for the per-
centage of rosetting macrophages, by fluorescence
microscopy of wet preparations stained with acridine
orange. A rosette was defined as a macrophage with
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Figure 1 - Density profiles of apoptotic thymocytes incubated at 37
C. The curves show the cell numbers in consecutive fractions of 50-
100% continuous Percoll gradients, loaded with apoptotic thymo-
cytes originally obtained from the 80-100% interface of a discontin-
uous Percoll gradient following 4-hour exposure to 10-5 M MP in vitro.
Cells were applied to the continuous gradient after 0-hour (0), 2-hour
(0) and 4-hour (A) incubations in culture medium at 37 C. Also shown
are the refractive index profiles of the three gradients.

3 or more attached thymocytes. Two hundred macro-
phages were counted from each tube.

Cell Microelectrophoresis

Following the method of Van Oss et al,13 thymo-
cytes were washed in low ionic strength buffer (11 mM
Na2PO4, 0.36 mM citric acid, and 270 mM glucose)
and resuspended in the same buffer. They were elec-
trophoresed in 75-mm capillary tubes (MSE Ltd.)
coated with 2.5 Wo agarose (Miles Laboratories Ltd.)
in a field of 10 V/cm. The distance traveled in 30 sec-
onds was measured with the use of an eyepiece
graticule and phase-contrast optics, the polarity was
reversed, and the distance traveled in 30 seconds in
the opposite direction was also measured. The mean
of these two observations was taken for 30 cells in
each experiment.

Neuraminidase Digestion

Thymocytes were washed twice in phosphate-
buffered saline, pH 7.2 (PBS, Oxoid Ltd.), resus-

pended in PBS containing 2 units/ml of neuramini-
dase (Type VI, Sigma Chemical Co.) and incubated
for 1 hour at 37 C.14 Control cells were incubated in
PBS without enzyme.

Binding of Fluoresceinated Lectins

Thymocytes were washed twice either in PBS or
(for Limuluspolyphemus binding) in 0.05 M Tris, pH
7.5, 0.01 M CaCl2, 0.15 M NaCl, and resuspended
with various lectins conjugated to fluorescein isothio-
cyanate (FITC) (Tissue Culture Services Ltd.) to give
106 cells and 100 ,ug lectin/ml. Incubation was for 30
minutes at room temperature. Inhibitory sugars,
when present, were at a final concentration of 0.2 M.
The cells were washed three times after incubation
and analyzed in a Beckton-Dickinson FACS IV cell
sorter. A plot was obtained of the distribution of total
fluorescence per thymocyte after lectin binding both
in the absence and in the presence of the sugar for
which the lectin was specific. The modal value of
fluorescence for each population was chosen as a
single index allowing comparison between popu-
lations.
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Figure 2-Thymocyte binding to macrophage monolayers at 37 C. The
percentage of macrophages (±+ 1 SE) binding of the applied cells is
shown. Thymocytes were harvested from discontinuous Percoll gra-
dients after 6 hours of treatment with 10-7 M dexamethasone. The
hatched bars show binding of apoptotic thymocytes; the stippled bar
indicates morphologically normal, steroid-treated thymocytes, and
the open bars represent untreated thymocytes. In the absence of
serum during incubation with the macrophages, the binding of mor-
phologically normal cells was indistinguishable from background
levels where no thymocytes were applied to the monolayers ("NO
THYMOCYTES'). The results of incubation in the presence of 5%
pooled rat serum, with and without heat inactivation (56 C for 40
minutes) are also shown. Over 80% of the macrophages in these
monolayers were able to ingest ox red cells opsonised with IgG (EA
[IgG]), but less than 20% ingested red cells opsonised with comple-
ment (EAC).

90,

A', \1 1\

AJP * June 1984

T
.LN

lU

tt,
C.
x

a!

T
I -i--1--\

-l"\



Vol. 11; * No. 3

Table 1 -Thymocyte Binding to Macrophages in
Suspension at 4 C

Thymocytes No. of Rosetting macrophages

Density Dex experiments (mean %'/ + 1 SE)

low
low
high

+
18
21
24

19.8 + 2.8
18.1 + 1.9t
45.0 ± 3.4t

* In this experiment steroid treatment was with 10-7 M dexametha-
sone for 6 hours.

t P < 0.001 (Student t test).

Binding of Monoclonal Antibodies

Culture supernatants from hybridomas producing
monoclonal antibodies against a variety of rat leuko-
cyte surface markers were kindly supplied by Dr.
A. F. Williams (MRC Cellular Immunology Unit,
Oxford). Rat thymocytes were prepared as for lectin
binding, but 3 x 106 cells were incubated in culture
supernatant for 30 minutes, washed twice by centrif-
ugation in PBS, and then incubated with a FITC-
conjugated goat anti-mouse immunoglobulin serum
(Mercia-Brocades, Ltd.) at 1:5 dilution for half an
hour. Negative controls were incubated in goat anti-
mouse immunoglobulin alone. The cells were then
washed twice in PBS, fixed in 107o formaldehyde in
PBS for 30 minutes, and examined by flow micro-
fluorimetry as above.

Sizing of Thymocytes

Rat thymocytes were sized on a Coulter Counter
Model ZBI using a size distribution analyzer P128
with a 100-p aperture, aperture current of 1/4, and
an amplification of 2. Thymocytes were diluted in
Isoton II (Coulter Electronics Ltd.), and 10,000 cells
were analyzed. Calibration of the system was per-
formed with latex beads of known size.

Ultrastructural Methods

Lectin binding was visualized by electron micros-
copy using colloidal gold. Thymocytes were prefixed
in 1%o glutaraldehyde in 0.075 M sodium cacodylate
buffer and stained with gold-conjugated lectins. Col-
loidal gold was prepared and conjugated to wheat-
germ agglutinin (Calbiochem Ltd.)'5 or Ricinus
communis agglutinin I (Sigma).'6 For visualization of
colloidal iron binding, similarly fixed cells were
washed twice in 307o glacial acetic acid and stained for
2 hours in 107o colloidal iron (BDH Ltd.) in 3%o acetic
acid."' Excess stain was washed out in the acetic acid
solution, and the cells were processed for transmis-
sion electron microscopy. Ultrastructural localization
of acid phosphatase was studied by a modified
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Gomori method,"8 using cells fixed for 10 minutes in
207o glutaraldehyde and incubated in a combination
of a- and ,B-glycerophosphate (each at 1 mg/ml) and
lead citrate (1 mg/ml) in 7.517o sucrose, 50 mM
sodium acetate buffer, at the optimum pH of 5.5.
Incubation was for 30 minutes at 37 C with shaking.
Thereafter, the cells were washed in substrate-free
7.5%0o sucrose, 50 mM acetate buffer, and postfixed in
107o osmium tetroxide and 0.1 M sodium cacodylate
buffer, pH 7.4, prior to processing for microscopy.
Thin sections were viewed in a JEOL 100S transmis-
sion electron microscope.

Results

Selection of Apoptotic Cells by Isopyknic
Centnfugation
The apoptotic cells in this study were separated

from their morphologically normal neighbors on the
basis of increased density. We showed previously4 that
the buoyant density of glucocorticoid-treated thymo-
cytes rises in a single abrupt step, coincident with the
appearance of the morphologic features of apoptosis,
at the earliest around 1 hour after commencing
exposure to steroid. In the present experiments apop-
totic cells were shown to lose buoyant density pro-
gressively and rapidly on further incubation (Figure
1). Data from this figure showed that the proportion
of cells with density in excess of 1.086 g/ml decayed
exponentially over 4 hours of incubation, with a half-
life of 1.6 hour. This implies that the majority of
apoptotic cells, harvested on the basis of density
>1.086 after 4-6 hours of incubation with steroid, had
entered the phase of increased density less than 3
hours previously.

Preferential Binding of Apoptotic
Cells to Macrophages

On incubation with mouse peritoneal macro-
phages, apoptotic cells were bound more readily than

Table 2-Inhibition of Binding of Apoptotic Thymocytes
to Macrophages by Monosaccharides

Monosaccharide Macrophages binding thymocytes
(20 mM) (mean % + 1 SE)

Nil
o-mannose
N-acetyl-D-g lucosamine

15.9 ± 3.0
17.4 ± 1.6
4.4 ± 1.3

The values given are the means of three experiments. Binding of
apoptotic cells in the presence and absence of N-acetyl-D-glucosa-
mine differs at the significance level P = 0.05 (one-tailed Mann-Whit-
ney U test). The differences in absolute levels of binding in the
absence of monosaccharide in this experiment, compared with Figure
2, are probably attributable to the different incubation conditions.
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thymocytes of normal density and morphology (Fig-
ure 2). It is difficult to assign a simple numeric value
to the increase in affinity of macrophages for apop-
totic cells. Under the conditions of assay about 30Gb
of macrophages bound to apoptotic thymocytes in
the absence of serum, whereas 15% bound to mor-
phologically normal cells, whether or not these had
been exposed to steroid. However, macrophage
monolayers incubated in the complete absence of
thymocytes also contained about 15Wo cells with at-
tached or intracytoplasmic chromatin particles-pre-
sumably the remains of cells originally present in the
peritoneal washings but dying during overnight in-
cubation of the monolayers. Hence, there is no evi-
dence that, in the absence of serum, morphologically
normal thymocytes were bound by macrophages at
all. In the presence of serum, binding of both apop-
totic and normal cells was increased, but in mono-
layers exposed to apoptotic cells 2-4 times more
macrophages bound thymocytes than in those ex-
posed to normal cells. This effect of serum was not
due to complement, because it was heat-stable (Fig-
ure 2).

In these experiments the macrophages were shown
to be in a "nonactivated" state, as revealed by their
inability to ingest complement-coated erythrocytes in
parallel cultures,"2 although, as expected of cells bear-
ing C3 receptors, more than 90% rosetted with these
particles. Phagocytic potential was confirmed by the
ability of more than 80% of macrophages to ingest
IgG-coated erythrocytes. Additional experiments
showed that macrophages were not "activated" to in-
gest complement-coated erythrocytes by incubation
in medium conditioned by apoptotic thymocytes.
The increased binding of apoptotic cells by macro-

phage monolayers was shown not to be attributable
merely to more rapid sedimentation of the apoptotic
cells onto the monolayers. The rate of sedimentation
of apoptotic cells through culture medium was mea-
sured directly and did not differ significantly from the
rate of sedimentation of morphologically normal
cells. Further, when thymocytes were mixed with peri-
toneal macrophages in suspension at 4 C and co-
sedimented by centrifugation, more macrophages
formed thymocyte rosettes when the thymocytes were

Figure 3-Scanning electron microscopy of thymocytes. Control, un-
treated cells (A) have microvillous surfaces, whereas the surfaces of
apoptotic, high-density cells lack microvilli but show occasional irreg-
ular cytoplasmic blebs (B) or extensive pitting (C). (A and B, x 13,600;
C, x8000)
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Figure 4-Acid phosphatase histochemistry of thymocytes. In morphologically normal cells (A) the reaction product is located predominantly
in the Golgi complex and endoplasmic reticulum (ER) membranes. Some product is also seen within oval organelles of uncertain identity,
but the cell surface is unstained. In apoptotic cells, reaction product is seen within cytoplasmic vesicles, which appear to be dilated portions
of Golgi complexes or ER (B, arrow). In some apoptotic cells the product is found lining surface pits (C, broad arrows). (Unstained sections,
x 20,000)

apoptotic than when they were morphologically nor-
mal (Table 1).

Finally, the specificity of macrophage binding to
apoptotic cells was further tested by examining its
reversibility in the presence of various monosaccha-
rides. Whereas D-mannose did not inhibit the binding
of apoptotic cells at 4 C, binding was inhibited by N-
acetyl D-glucosamine (Table 2).

Morphologic Changes on the Surface of
Apoptotic Cells

By scanning electron microscopy apoptotic cells were
shown to have lost the microvilli characteristic of nor-
mal cortical thymocytes (Figures 3A and B). Small ir-
regular blebs of cytoplasm projected from the surface
of the apoptotic cells, perhaps corresponding to the
budding fragments of cytoplasm observed with trans-
mission electron microscopy. Some cells also showed
a deeply pitted surface (Figure 3C). Acid phosphatase
histochemistry applied to transmission electron-
microscopic sections showed that the reaction prod-
uct was confined to endoplasmic reticulum and Golgi

profiles in normal cells, but in apoptotic cells it lined
dilated cytoplasmic vesicles and also appeared on in-
dented portions of the surface membrane (Figure 4).
This suggested that the pits observed in scanning elec-
tron microscopy represented accelerated fusion with
the surface membrane of membranes from endoplas-
mic reticulum.

Surface Charge of Apoptotic Cells

Cell microelectrophoresis demonstrated reduced
migration of apoptotic cells relative to cells of normal
density and morphology (Table 3). Migration was
greatly reduced by previous treatment of the cells with
neuraminidase, confirming that most of the migration
was attributable to negative charge conferred by ter-
minal N-acetyl neuraminic acid (NANA) groups on
the cell membrane. Neuraminidase treatment abol-
ished the difference in electrophoretic mobility be-
tween apoptotic and morphologically normal cells.
The distribution of charged groups on the cell sur-

face was studied by electron microscopy after ex-
posure to colloidal iron. Apoptotic cells and mor-

Vol. 115 - No. 3,
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Table 3- Thymocyte Electrophoretic Mobilities

Cell density

Low

High

Low

High

Neuraminidase
digestion

+

+

Mean mobility
(j volt-, cm

sec-')
1.18

(1 .14-1 .2l)*
1.05

(1.03-1.06)
0.46

(0.44-0.48)
0.49

(0.48-0.51)
Each mobility value is the mean of the medians of two experiments

in each of which 30 cell mobilities were assessed. The mobilities for
low- and high-density cells, untreated by neuraminidase, differ sig-
nificantly (P < 0.0005; Wilcoxon rank sum test). The reduction in mo-
bility of both high- and low-density cells, after neuraminidase
treatment, is also significant (P < 0.0005). In these experiments both
low- and high-density cells had been exposed to methylprednisolone
10-5 M for 4 hours.

* Range.

phologically normal cells bound colloidal iron over
their entire surfaces (Figures 5A-C). No apoptotic
cells were observed which failed to bind colloidal
iron, nor was there evidence of defective binding to
patches of membrane of apoptotic or normal cells. In
confirmation that the bound iron related to the pres-
ence of terminal NANA residues, prior treatment
with neuraminidase abolished binding in both apop-

totic and morphologically normal cells (Figure 5D).

Binding of Lectins and Monoclonal Antibodies
to Apoptotic Cells

We were unable to detect differences in the patterns
of binding of gold-labeled Ricinus communis agglu-
tinin (RCA I) or wheatgerm agglutinin (WGA) to the
surface of apoptotic and morphologically normal
cells. In particular, no alterations were observed in the
plasma membrane related to the surface blisters in
apoptotic cells (Figure 6). Lectin binding was strongly
inhibited by coincubation with galactose (for RCA I)
or N-acetyl-glucosamine (for WGA).

In an attempt to demonstrate quantitative differ-
ences in cell surface sugars, we analyzed cells which
had been exposed to FITC-conjugated lectins by flow
microfluorimetry. This showed that the modal
fluorescence following binding of each of the four
lectins tested (RCA I, WGA, LPA, and PNA) was ap-
proximately 50Wo less in apoptotic than in morpho-
logically normal cells (Figure 7). Specificity of bind-
ing was established by inhibition in the presence of
the appropriate monosaccharides or-in the case of
LPA and WGA-by prior digestion of the cells with
neuraminidase. In common with other workers,"9 we

found incubation with NANA itself unsuitable for
inhibition of binding of these lectins. NANA ap-
peared to bind directly to some of the cells, and coin-
cubation with NANA actually increased the binding
of WGA and LPA to apoptotic cells.

Seven monoclonal antibodies to rat leukocyte
antigens were applied to the cells and traced with
FITC-conjugated second antibody. Background flu-
orescence only, similar to that obtained with second
antibody alone, was observed with ox-6 and ox-12.
This was expected, because these antibodies are spe-
cific for Ta antigen and the Fab fragment of immuno-
globulins, respectively-epitopes absent from thymo-
cytes. Ox-18, an antibody specific for an epitope on
mature, but not immature, thymocytes, also gave
background fluorescence only. Both apoptotic and
morphologically normal thymocytes bound ox-8 and
w3/25 (against immature thymocytes), w3/13 (against
thymocyte surface glycoprotein), and ox-I (against
leukocyte common antigen). In each instance, the
modal fluorescence intensity of apoptotic cells was
about half that of the morphologically normal cells,
whether or not these had been exposed to steroid
(Figure 7).
The observation that the fluorescence of apoptotic

cells was less than that of morphologically normal
cells, after binding several different probes, suggested
that the apoptotic cell surface contained binding sites
of the same type as those on normal cells but in re-
duced numbers. The simplest explanation for this is
reduction in the total membrane surface area in apop-
tosis, and this was confirmed by Coulter Counter
analysis. The average volume of apoptotic cells was
2.48 x 10-7 pl, whereas that of normal was 5.56 x
10-7 Ml. For perfectly spherical cells this would repre-
sent a reduction in surface area to 58Wo of its initial
value. This corresponds closely to the reduction in
fluorescence intensity observed with both monoclonal
antibodies and lectins (mean, 500o).

Discussion

Earlier studies on the recognition and phagocytosis
of effete cells have been based on heterogeneous cell
systems such as aging or damaged erythrocytes,6'20
have been restricted to a small number of surface
characteristics,21 have investigated recognition pro-
cesses dependent upon serum factors,68 or have
focused entirely on the process of phagocytosis rather
than the essential, preceding phase of recognition.22
In this work, we have studied the surface of homoge-
neous populations of cells, proven to be at an early
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Figure 5-Colloidal iron binding by thymocytes. The electron-dense layer is continuous around untreated thymocytes (A), treated thymocytes
of normal density (B), and treated, apoptotic cells (C). Prior neuraminidase treatment prevented iron binding completely (D). Similar results
with neuraminidase were obtained with nonapoptotic cells. (Uranyl acetate and lead citrate, A, x 13,400; B, x 18,000; C, x 20,000; D, x 22,000)

phase in the process of apoptosis, following a defined
hormonal stimulus. This model system is further vali-
dated by direct demonstration that macrophages bind
selectively to apoptotic thymocytes, without prior
"activation," by a process operative at 4 C and in the
absence of serum factors.
Although the differences in binding of apoptotic

and normal cells are highly significant statistically, it
may be argued that they are insufficiently large to ac-
count for the efficient phagocytosis of apoptotic cells
in vivo. The data presented here, however, establish
the point that these experiments were designed to test:
surfaces of cells undergoing apoptosis are altered
within a few hours in such a way as to convey recogni-

tion signals to other cells. Clearly there are many
differences between the conditions of our assay and
those pertaining in vivo. Cell contacts are unlikely to
be as continuous; in the rosette assay the temperature
was 4 C; we do not know whether all peritoneal mac-
rophages are able to recognize apoptotic cells; and the
binding assays described refer to a heterologous cell
system. In a smaller series of experiments, we ob-
served selective binding of apoptotic rat thymocytes
by rat macrophages, but it proved more difficult to
obtain the rat macrophages in a "nonactivated" state.
We report in more detail elsewhere on the selective
binding of mouse apoptotic thymocytes by mouse
macrophages.23 In all these systems binding was ob-

Vol. 115 * No. 3
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Figure 6 -Gold-conjugated lectin binding by thymocytes. Cells of low density and normal morphology bind RCA (A) and WGA (D) over most
of their surface, although some "bare" patches are observed with WGA. (Occasional cells in the same preparations showed no WGA binding.)
Apoptotic cells show indistinguishable binding patterns, both for RCA (B) and WGA (E). Binding to RCA is almost completely inhibited
by coincubation with 200 mM galactose (C), and binding to WGA is similarly inhibited by N-acetyl-glucosamine (F). In this figure the morphologi-
cally normal cells were steroid-treated. Exactly analogous results were obtained with untreated cells. (Uranyl acetate and lead citrate, A,
D, and E, x 18,000; B and C, x 14,000; F, x 26,000)
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served to proceed to phagocytosis in the appropriate
conditions (eg, incubation at 37 C), but the kinetics
of phagocytosis will be the subject of a separate
study.
The surface of apoptotic thymocytes lacks micro-

villi and is reduced in area, perhaps by the process of
shedding multiple membrane-bounded subcellular
fragments. It also becomes pitted, probably through
fusion of cytoplasmic vesicles with the plasma mem-
brane. Some of these features have also been noted in
other cell types in which apoptosis is induced by glu-
cocorticoids24 and in thymocytes undergoing apop-
tosis following stimuli other than glucocorticoid
treatment.25 It is thus probable that they reflect basic
mechanisms in the process of apoptosis.

Coincident with these gross morphologic changes,
the surface charge density-revealed here indirectly
by cell electrophoretic mobility26 -was reduced in
apoptotic cells. Partial desialylation may be respon-
sible for this reduction, since the mobility of apop-
totic and morphologically normal cells became
identical following neuraminidase treatment. A
deficiency in terminal NANA residues might be ex-
pected in the glycans of endoplasmic reticulum
prematurely exposed on the cell surface by the blister-
ing process we have observed in apoptosis, since
terminal residues are inserted last in the process of
membrane maturation.27 Alternatively, desialylation
of the membrane might be achieved by selective
removal of terminal residues from otherwise normal
sialylated glycan chains, or by removal of entire
sialoglycoprotein molecules from the membrane, as
appears to occur in aging erythrocytes.2829 Incom-
plete synthesis or terminal desialylation of glycan
chains would alter the pattern of exposed sugar resi-
dues on the cell surface and, perhaps, afford a recog-
nition signal to endogenous lectins on phagocytic
cells. Even complete removal of surface glycoproteins
might have the same effect, through "unmasking"
glycoproteins previously deeper in the membrane. En-
dogenous lectins capable of recognizing desialylated
glycoproteins both in solution30 and on cell sur-
faces31-33 have been identified in a number of cell
types, including macrophages. That macrophage
recognition of apoptotic cells is indeed mediated
by this type of process is suggested by the inhibition
of binding by N-acetyl glucosamine but not by
D-mannose.

Using FITC-conjugated lectins with specificities
both for sialic acid residues and sugars normally deep
within the glycan chains, however, we have been un-
able to detect alterations in the exposed sugars on
apoptotic cells. This was true even adjacent to sites
where Golgi and endoplasmic reticulum membrane
appeared to be fusing with the plasma membrane, al-
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Figure 7-Fluorescence intensities of thymocytes after binding to
lectins and monoclonal antibodies. The histogram shows modal
fluorescence intensities (mean + SE), for apoptotic cells (hatched
bars) and low-density, steroid-treated cells (open bars), expressed as
percentages of the modal intensity of the untreated cells in the same
experiment. Fluorescence intensities of all cell types on binding to
RCA was reduced to <8% by coincubation with 200 mM galactose;
similarly, PNA binding was reduced to <30% by N-acetyl galactosa-
mine and to <4% by galactose; LPA binding was reduced to <6%
by prior neuraminidase treatment; and WGA binding was reduced to
approximately 30% by coincubation with N-acetyl glucosamine and
to approximately 70% by neuraminidase.

though similar methods have proved capable of iden-
tifying focal alterations in membrane structures in
other situations.34 We were also unable to demon-
strate selective quantitative changes in the W3/13
antigen, a heavily sialylated glycoprotein considered
to be of major importance in the determination of
cell surface charge density.35 It appears that the
majority of the molecules detected by our 8 probes
are conserved in apoptosis. These negative results
show that, despite the florid morphologic changes on
the surface of the apoptotic cell, many major molecu-
lar determinants remain intact. The changes which
permit recognition of apoptotic cells by macrophages
appear to be selective and involve a minority of
molecular species. Detailed description of these
changes, in the isologous mouse system, is the subject
of a further communication.
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