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ABSTRACT The atomic force microscope (AFM) and the transmission electron microscope (TEM) have been used to study
the morphology of isolated mouse thymocyte microdomains and Thy-1 antigen distribution at the surface of these structures.
AFM images were recorded in air in the contact mode on membrane vesicles deposited on previously heated tissue cuiture
plastic sheets and indirectly immunolabeled for Thy-1 expression with colloidal gold-conjugated secondary antibodies. AFM
images of untreated plastic plates showed a very characteristic network of streaks 20-200 nm wide. Heating the plastic
removed the streaks and provided flat surfaces (r.m.s. 1 nm). This substrate allowed strong adsorption and homogeneous
spreading of the vesicles and easy manipulations during immunolabeling experiments. Vesicles flattened on the substrate
without losing their morphology. The 10-nm membrane-bound gold beads were reproducibly imaged without degradation by
repeated tip scanning. The observed microdomains had a mean diameter of 184 = 76 nm, and 65% of them were specifically
labeled. Images obtained with the TEM on the same vesicles, deposited on carbon-coated grids and negatively stained,
confirmed the AFM observations. The size distribution of the microdomains was quite similar, but the number of beads per
vesicle was significantly higher, and 76% of the vesicles were labeled. The difference may be explained 1) by removal of
beads from the vesicles in the additional washing step with water, which was necessary for the AFM; 2) by tip-sample

convolution; and 3) by statistical fluctuations.

INTRODUCTION

Adhesion and activation processes are governed by a wide
range of molecular interactions that induce specific signals.
The immunoglobulin superfamily (Hood et al., 1985) con-
tains a large number of cellular membrane glycoproteins
involved in specific recognition processes, cellular adhe-
sion, or antigen presentation. Structural data on their tridi-
mensional organization within cell membranes, either alone
or as specific complexes, are key to current biology. Thy-1
is a heavily glycosylated (30%) protein composed of one
immunoglobulin-like domain (Campbell et al., 1979) and is
mainly expressed in thymus and neural tissues in rodents.
The exact function of the Thy-1 molecule is not entirely
clear, but Thy-1 is associated with other signal transduction
molecules at the T-cell membrane (Stefanova et al., 1991)
inside specialized membrane structures called microdo-
mains. These structures are enriched in glycosphingolipids,
cholesterol, and proteins containing a glycosylphosphatidyl
inositol tail and can be biochemically isolated (Brown and
Rose, 1992) as membrane vesicles.

The atomic force microscope (Binnig et al., 1986) be-
longs to the scanning probe microscope family. Its principle
is based on the deformation of a cantilever scanning a
sample, thus providing real-space information on its surface
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topography with high resolution. In biology (for reviews see
Shao and Yang, 1995, and Shaper and Jovin, 1996), many
results have been reported, including images of living cells
(Henderson et al., 1992; Le Grimellec et al., 1994; Haydon
et al., 1996), chromosomes (Rasch et al., 1993), or smaller
structures such as lipids (Muscatello et al., 1996), DNA
(Bezanilla et al., 1994; Mou et al., 1995a; Wyman et al.,
1995; Hansma et al., 1996), or proteins, either isolated
(Yang et al., 1994; Thimonier et al., 1995) or within bidi-
mensional crystals (Hoh et al., 1993; Mou et al., 1995b;
Miiller et al., 1995). Direct observation of membrane pro-
teins in their natural environment remains a challenge be-
cause topographical identification among a wide range of
molecules is almost impossible, but AFM imaging com-
bined with immunogold labeling allows the detection of
cellular surface proteins with high specificity (Putman et al.,
1993; Miiller et al., 1996).

Therefore, to understand the distribution of Thy-1 in
microdomains at the surface of mouse thymocytes, we per-
formed an immunogold labeling study of membrane vesi-
cles isolated from these cells, using the AFM and the TEM,
and evaluated the respective advantages of these techniques
in this context.

MATERIALS AND METHODS
Microdomain isolation and substrate preparation

Thymocytes (5 X 10® to 1 X 10°) were freshly isolated (Kruisbeek, 1994)
from the thymus of 4-6-week-old NMRI mice (purchased from the Centre
d’Elevage R. Janvier and maintained in the animal care facility at the
CIML). Analysis by flow cytometry showed that more than 95% of the
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cells were viable Thy-1-positive leukocytes. They were resuspended in 1
ml of buffer (25 mM Tris, pH 8, 150 mM NaCl, 5 mM EDTA) supple-
mented with a mixture of protease inhibitors (leupeptin 1 ug/ml, pepstatin
1 pg/ml, chymostatin 2 pg/ml) at 4°C. Cells were broken by gentle
sonication at 4°C (five 5-s bursts; Vibracell, Bioblock Scientific). After
centrifugation in a microfuge at 3000 rpm at 4°C for 10 min, the post-
nuclear supernatant was collected and then incubated with Brij 58 at a final
concentration of 1%, for 1 h at 4°C. The lysate was then adjusted to 1.33
M sucrose by the addition of 2 ml of 2 M sucrose prepared in lysis buffer
and placed at the bottom of an ultracentrifuge tube. A step sucrose gradient
(0.2 M to 0.9 M) made up in lysis buffer without detergent was formed
above this and centrifuged at 38,000 rpm for 15 h in an SW41 rotor
(Beckman Instrument) at 4°C. Fractions (1 ml each) were harvested from
the top. Glycosphingolipid microdomains migrate mainly in the low-
density fractions 2, 3, and 4 (unpublished data), which were pooled before
labeling experiments.

Modified plastic substrates for AFM were prepared by placing the
external face of a Multiwell tissue culture plate (Falcon 3047; Becton
Dickinson) over the flame of a Bunsen burner for § s.

Atomic force microscopy

AFM imaging was performed in air in the contact mode with a laboratory-
built microscope (Perrot et al., 1994) using commercially available silicon
nitride triangular microlevers (Park Scientific Instruments, Sunnyvale, CA)
with an integrated pyramidal tip and a typical spring constant of 0.05 N/m.

Iimmunogold labeling procedures

For AFM observations, the heat-modified plastic plates were submitted to
glow discharge (10 min) in an Edwards apparatus. Then, freshly isolated
membrane vesicles were deposited on the plastic, left for 30 min at 4°C,
and further incubated for 1 h at 4°C with phosphate-buffered saline (PBS)
containing 0.1% bovine serum albumin (BSA). For immunolabeling, the
samples were incubated for 30 min at 4°C with a rat monoclonal IgG.,,, ,
anti-Thy-1 antibody (H194-92; Naquet et al., 1989) purified from ascites
fluid and diluted to 15 pg/ml in PBS/0.1% BSA. Negative control was
made with an irrelevant rat antibody (RB6-8CS5; 1gG.,, ,) at the same
dilution. After they were washed in PBS, vesicles were incubated for 30
min at 4°C with 10-nm colloidal gold-labeled goat anti-rat IgG antibody
(Biocell Research Laboratories, Cardiff, Wales) diluted to 1:20 in PBS/
0.1% BSA. After they were washed in PBS, the samples were finally rinsed
with distilled water and dried at room temperature.

For TEM studies, membrane vesicles were deposited for 3 min at 4°C
on glow-discharged carbon-coated grids (Baltec, Balzers, Liechtenstein).
Immunolabeling was performed using the same protocol as for AFM
samples, except that incubation times with BSA and antibodies were

FIGURE 1 Atomic force micros-
copy images in air of tissue culture
plates. (@) The surface of untreated
plastic exhibits individual randomly
oriented polystyrene streaks. (b)
These characteristic structures are
completely removed after heating the
plate to provide a substrate present- 1000
ing flat undulations. Images were dis-
played as top views after mean plane
subtraction, and topography was
coded with a 256 grey scale, from
black (bottom) to white (top), corre-
sponding to 2 nm and 5 nm full scale,
respectively.
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reduced to 15 min, which gave the best labeling results. Final washing with
distilled water was not carried out. Instead, the samples were stained for 1
min with uranyl acetate diluted to 1% in distilled water, and electron
microscopy observations were performed with a Zeiss EM 912 microscope
(Oberkochen, Germany).

RESULTS
Plastic substrate characterization

Untreated plastic tissue culture sheets (Fig. 1 a) presented
typical features that consisted of a network of randomly
oriented streaks. The lateral dimension of the structures
(measured at half-height) was 75.5 * 34.6 nm, and their
height was 8.2 nm * 3.8 nm. After heating, these features
disappeared (Fig. 1 b) and gave way to a surface topography
characterized by long-range undulations and reduced rough-
ness (r.m.s. 1 nm). On a smaller scale on the order of
microns, the r.m.s. value falls to 0.5 nm.

AFM observation of uniabeled microdomains

AFM images of membrane vesicles (Fig. 2) showed flat
structures that kept their circular shape after deposition on
the substrate. The larger vesicles appeared to have lost their
central part, and only their contours remained visible, with
a mean thickness of 3.5 * 1.5 nm, which is smaller than the
expected value for a biological membrane containing pro-
teins. This difference was attributed to both dehydration and
tip compression. Higher resolution AFM images of the top
of intact vesicles (data not shown) did not give any infor-
mation about a particular structural arrangement of the
proteins in the membrane.

AFM and TEM studies of immunolabeled
Thy-1 microdomains

After immunolabeling, vesicles remained visible, and indi-
vidual membrane-bound gold beads were reproducibly im-
aged with the AFM. Gold bead sizes were measured in
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FIGURE 2 Atomic force micros-

copy images of air-dried mouse thy- 2000

mocyte membrane vesicles. Freshly

prepared membrane vesicles were de-

posited on a modified plastic sub-

strate, left for 30 min at 4°C, washed

with phosphate saline buffer, and then

again with distilled water. Vesicles 1600

flatten on the support and retain their

circular shape. Most of the structures

seem to have lost their central part,

and only their contours remain visi-

ble. Images displayed in a and b cor-

respond to close-up views of two dif-

ferent regions of the observed sample.
0 1000

different experiments with different tips (Fig. 3 and 4).
Mean values of their height and lateral width measured at
half-height, 8.9 nm = 1.4 nm and 29 nm * 8 nm, respec-
tively, were in good agreement with the 9.9-nm diameter
given by the manufacturer. The increased lateral size of the
beads was attributed both to the presence of the bound
antibodies, which are not detected in TEM images, and to
the broadening effect due to the well-known tip-sample
convolution observed in scanning probe microscopy exper-
iments (Barbet et al., 1993; Keller and Franke, 1993; Xu and
Armsdorf, 1994). Thus, bead imaging afforded an internal
control of resolution during scanning (Vesenka et al., 1993).

In the AFM immunolabeling experiments, the labeled
vesicles represented 65% of the total population, with a
mean diameter of 184 * 76 nm. The vesicles that did not
bind the gold beads had a diameter of 158 * 26 nm. TEM
experiments (Fig. 5) showed that 76% of the vesicles were
labeled, with a mean diameter of 149 * 62 nm. Unlabeled
vesicles were also characterized by lower dimensions
(117 = 34 nm). Smaller vesicles bound a lower number of
gold beads. To further study the relationship between size
and labeling, we arbitrarily defined three size classes and
determined the mean number of membrane-bound gold

1000

FIGURE 3 AFM images (a and b)
of immunogold-labeled membrane
vesicles adsorbed on a heated plastic
substrate. Labeling was performed
with a primary rat anti-Thy-1 anti-
body and colloidal gold-conjugated
secondary antibodies (see Materials
and Methods). Individual 10-nm
membrane-bound gold beads are
mainly observed in the periphery of
the structures.
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beads for each class (Table 1). AFM data showed that the
most represented subpopulation of labeled vesicles (72%)
corresponded to the 150-300-nm class, whereas for unla-
beled vesicles, the 0—-150-nm class (50%) was the most
represented. From TEM observation we again deduced that
the majority of labeled (86%) and unlabeled (30%) mem-
branes are found in the 150-300-nm and 0-150-nm classes,
respectively.

Table 1 also shows that the mean number of beads per
labeled vesicle found in AFM experiments is low. This
mean number, calculated over the whole population of
vesicles, is less than 2. Thus, according to the Poisson
distribution, statistical fluctuations can account for at least
12% of unlabeled vesicles. By contrast, in TEM experi-
ments, the mean number of beads per vesicle is larger, and
statistical fluctuations are bound to be much lower (0.3%).
This reconciles the two figures for the proportion of labeled
vesicles: 76% for TEM and 65% plus ~12% of apparently
unlabeled vesicles for AFM.

In a series of AFM and TEM control experiments, per-
formed with irrelevant primary antibody (data not shown),
less than 6% of the vesicles were labeled. Otherwise the size
and morphology of the vesicles were quite comparable.

1000 nm 0 1000 nm
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FIGURE 4 Higher magnification AFM image of an individual gold-labeled vesicle. (@) Two-dimensional representation and (b) cross-section analysis
corresponding to the line A—B drawn in a. Vertical dimensions of the membrane-bound gold beads localized on the left and right sides of the vesicle are
10.5 nm and 9.8 nm, respectively, and the membrane thickness measured between level 1 (bare substrate) and level 2 (top of the membrane) is 3 nm. (c)
Pseudo-three-dimensional representation of the same vesicle corresponding to a, with a 20° rotation in the plane and a 45° tilt.

DISCUSSION

To improve specific adsorption and homogeneous distribu-
tion of biological samples on the usual scanning probe
microscopy substrates (graphite, silicon, glass, mica, or
gold), chemical modifications of the substrate and the sam-
ples to be analyzed have been tested (Ill et al., 1993;
Karrasch et al., 1993; Mazeran et al., 1995; Rekesh et al.,

FIGURE 5 Transmission electron micrograph of immunogoid-labeled
thymocyte membrane vesicles. Freshly prepared microdomains were de-
posited on glow discharge carbon grids, labeled according to the protocol
described in Materials and Methods and negatively stained with uranyl
acetate. Colloidal gold markers are localized both around and on top of the
vesicles. The scale bar represents 120 nm.

1996; Wagner et al., 1996). In the case of either natural or
synthetic membrane structures, AFM observations did not
necessarily require such modifications. However, based on
our personal experience, the poor reproducibility of the
results obtained with graphite or mica led us to look for
another substrate. We tested common tissue culture plastic
plates and found that spreading and adhesion of the biolog-
ical membranes were homogeneous and strong enough to
allow reproducible AFM imaging. Moreover, labeling ex-
periments performed directly in the wells were easier. Im-
aging of membrane vesicles deposited on untreated plastic
plates was possible (data not shown). However, streaks
were present on the untreated substrate, which may be
confusing for imaging. We assumed that they were made
during the molding step of the plate. After heating, the
polystyrene streaks disappeared. The local 0.5 r.m.s. rough-
ness observed, although quite high as compared to mica
(0.06 nm) or silicon (0.15 nm), is not a problem for vesicle
observation. Even if this method remains empirical, inas-
much as we did not control the temperature to which the
plastic was heated, we have been able to easily prepare
useful AFM substrates with high reproducibility. So we
decided to use them to avoid the membrane deformations
caused by the underlying structures.

TABLE 1 Comparative AFM and TEM distributions of
specific gold labeling

Vesicle Observed Labeled
diameter vesicles vesicles

Labeled Mean number
vesicles  of bound gold

Technique (nm) (%) (% of total) (% of class) beads*

AFM 0-150 40 20 50 1.6
150-300 54 39 72 25
>300 6 6 100 7.1
Overall 100 65 65 2.6

TEM 0-150 67 47 70 3.7
150-300 30 26 86 10.7
>300 3 3 100 22.5
Overall 100 76 76 6.7

*Calculated over all labeled vesicles.
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To understand the potential role of membrane glyco-
sphingolipid domains in signal transduction mechanisms
and the biological development of mouse thymocytes, a
precise morphological characterization of thymocyte-iso-
lated microdomains and Thy-1 distribution analysis on their
surface is necessary. Because direct AFM visualization of
Thy-1 molecules on the surface of these structures was not
possible, we used indirect immunogold labeling of this
antigen. The proportion of specifically labeled membrane
vesicles and labeling efficiency analyzed for each size class
of microdomains in AFM images are lower than the values
obtained from TEM observations. This difference may be
explained 1) by the fact that only clearly individualized
beads were counted with the AFM, larger structures being
counted only once, although they may correspond to aggre-
gates of a few beads masked by tip-sample convolution; and
2) by the loss of material in the inner part of some vesicles
during the AFM sample preparation. The hypothesis that
beads were swept away by the scanning tip was excluded
because there was no trace of tip jumps or strikes in the
images (Barbet et al., 1993), and the images appeared un-
changed on repeated scanning. To avoid formation of salt
crystals after drying, AFM samples were finally rinsed with
distilled water, which we suspect partly destroys or removes
some membrane material. There is a possibility that low
osmolarity had swollen and transformed the central part of
the vesicles in fragments. This effect can also explain the
apparently higher background of beads apparently located
outside vesicles in the AFM images (Figs. 3, 4, and 5). If
this was the case, to improve quantitative labeling, AFM
observations should be performed directly under physiolog-
ical buffer, just after immunolabeling (Miiller et al., 1996).
As a result of these effects, the mean number of gold beads
per labeled vesicles in AFM images is low, and statistical
fluctuations can account for ~12% of unlabeled Thy-1-
positive vesicles. Thus, when this correction factor is used
for AFM measurements, both TEM and AFM demonstrate
the presence of ~25% of Thy-1-negative vesicles. The
origin of this population of vesicles is not clear. Studies are
in progress to determine whether these vesicles are contam-
inant in the preparation, originating from other cells or other
cell membrane compartments, Thy-1-negative microdo-
mains, or both. In any case, the number of Thy-1-negative
cells in the original cell population is too small to explain
this observation by itself.

CONCLUSION

Atomic force microscopy was applied to characterize Thy-
l-containing plasma membrane microdomains purified
from mouse thymocytes by using Thy-1-specific immuno-
labeling. The use of modified common tissue culture plastic
plates as an AFM substrate allowed reproducible imaging of
specific membrane-bound colloidal gold labels, and statis-
tical analysis showed that Thy-1 is localized in morpholog-
ically well-defined structures. TEM afforded comparable
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results concerning the size distribution of the membrane
vesicles, and both techniques demonstrated that the sucrose
gradient purification technique affords a reasonably homo-
geneous population of vesicles, of which 75% are Thy-1-
positive.

We expect that further studies directly performed on
immunogold-labeled thymocytes instead of membrane
preparations (either in air or in liquid) will afford an unam-
biguous answer concerning the natural distribution of Thy-1
on the surface of these cells.
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