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Large (L) activated platelets exhibit greater aggregability and express more activated glycoprotein I1b-
Il1a (GPlIb-1118) per cell and per unit surface area than small (S) activated platelets. We studied the binding
of CD61 monoclonal antibody to GPI1b-111aon resting platel ets and devel oped anew method for determining
platelet surface area by flow cytometry. Using this method, we found that resting L platelets contain two
times more GPIlb-111a per cell than S platelets but the same amount of GPlIb-Illa per unit surface area.
The data suggest that the greater aggregability of L plateletsis likely to be due to increased activation and/
or expression of GPlIb-Illarather than to elevated density of unactivated GPIIb-I1la on resting L platelets.
© 1996 Academic Press, Inc.

Platelet aggregation plays a key role in haemostasis and thrombosis. This fundamenta
reaction is mediated by the binding of fibrinogen to the trans-membrane «l1b33 integrin, the
platelet GPIlb-1l1a complex (1-5). GPlIb-I1la complexes do not bind fibrinogen on resting
platelets. Activation of platelets by various agonists, regardiess of the initiating stimulus,
induces a common event - conformational changes resulting in the conversion of unactivated
GPllb-1llainto activated GPI1b-I111a complexes which serve as fibrinogen receptors (1-5). The
binding of fibrinogen to these receptors on adjoining platelets results in the cross-linking of
platelets into an aggregate (6).

Human platelets are markedly heterogeneous in size and manifest size-dependent functional
heterogeneity. L platelets are more sensitive to aggregating agents, more rapidly recruited into
aggregates in vitro (7-9) and more effective in arresting bleeding than S ones (7,10). Using
flow cytometry and FITC-PAC1, a monoclona antibody specific for activated GPllb-11la,
Frojmovic et al. demonstrated that after stimulation, L platelets contain 3-4 times more activated
GPlIb-1l1a per cell than S platelets (11). In addition, L platelets expressed 2-3 times more
activated GPllb-1ll1a per unit SA than S platelets, as determined by direct microscopic SA
measurements of L and S platelets isolated by a cell sorter (11). Flow cytometric analysis of
resting platelets showed that L platelets contained more unactivated GPIIb-111a per cell than
S platelets (12-15). However, there are no data on the densities of GPIIb-111a on the platelet
surface in these subpopulations since SA of S and L platelets have not been determined.

Here we study the distribution of GPlIb-llla on resting S, M and L platelets using FITC-
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Abbreviations: GPIIb-Il1a: glycoprotein I1b-111a; PRP: platelet-rich plasma; S, M, L, T: small, medium, large, total
platelets, respectively; FS: forward scatter; SS: side scatter; FITC: fluorescein isothiocyanate; FL: fluorescence of
platelet-bound FITC-antibody; SA, V: surface area and volume of platelets, respectively; D: density of GPIIb-1l1la on
the platelet surface (amount of GPIIb-Il1a per unit SA).
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CD61 monoclonal antibody and flow cytometry. To assay the amount of GPIlb-Il1a per unit
SA, we developed a method for determining platelet SA from flow cytometric data. Using
this approach, we demonstrated that although the amount of GPIlb-1l1a per resting cell was
approximately twofold greater on L than on S platelets, the amount of GPIIb-l11a per unit SA
was the same. These results indicate that the increased density of fibrinogen receptor and the
enhanced aggregability of activated L platelets is unlikely to be due to the greater density of
GPllb-llla on resting L platelets.

METHODS

Monoclonal antibody. To detect the GPIIb-111a complex on platelets, we used FITC-CD61 (clone BL-E6, FITC:pro-
tein = 5), an IgG1 mouse antihuman monoclona antibody that binds to the GPIlla (43) subunit of the complex
(Caltag, CA). Although CD61 also binds to the 83 subunit of the aVV 43 vitronectin receptor, this interaction should
not prevent identification of GPIIb-I1la since human platelets contain very small amounts of oV 33 receptor (50-100
aV 33 copies vs 45,000 GPIlb-Illa copies per cell) (16). Mouse FITC-1gG1 (Caltag) was used as isotype control.
Ca?*-free HEPES-Tyrode buffer (137 mM NaCl, 2.7 mM KClI, 3.3 mM NaH,PO,, 12 mM NaHCOs;, 2 mM MgCl,,
55 mM dextrose, 10 mg/ml bovine serum abumin (Fraction V), 20 mM HEPES, pH 7.4) was freshly prepared,
filtered through a 0.22 um filter and used for the dilution of CD61 and 1gGL1.

Preparation of platelet-rich plasma. Venous blood was obtained from healthy donors who had taken no medications
for at least two weeks. To minimize platelet activation during blood collection, we used a 19-gauge butterfly needle
with a light tourniquet and discarded the first 2 ml of blood. Blood was collected into 1/9th volume of 3.8% sodium
citrate and PRP was obtained by centrifugation at 160g for 8 min. 15 PRP samples were analysed.

Incubation of platelets with CD61 antibody. Immediately after isolation, 5 ul aliquots of PRP (1-1.5x10° platelets)
were added to 10Xx75 mm polystyrene tubes containing 40 ul of HEPES-Tyrode buffer and 5 ul of a saturating
concentration (20 pg/ml) of FITC-CD61 or FITC-IgG1. The mixtures were incubated at room temperature for 30-40
min without stirring, diluted with 450 ul of HEPES-Tyrode buffer and analysed on a flow cytometer without any
washing steps.

Flow cytometry. The samples were analysed on an EPICS Profile Il flow cytometer (Coulter Corp., Hialeah, FL)
equipped with a 14 mW argon ion laser, wavelength of 488 nm. A neutral density filter was placed in front of the
FS detector. Fluorescein (green) FL and SS were detected using 530 nm and 488 nm band pass filters. All signals
were amplified by using a three decade logarithmic amplifier and were displayed on a 256-channel scale. 20,000-
25,000 events were analysed for each PRP sample.

Determination of SA and D from flow cytometric data. For any platelet population consisting of large numbers of
cells, the mean density of GPIlb-111a on the platelet surface (D, um~2) can be expressed as:

Dh = FLW/SAR, (1

where FL, is the mean GPIIb-Illa-associated fluorescence measured by flow cytometry in arbitrary units at saturating
concentrations of FITC-CD61 in the incubation mixture, and SAS, is the mean platelet surface area (um?).

To determine Dy, values for S, M, L and T platelets, FL,, and SA:, values for these platelet populations have to be
estimated. FL,, values for S, M, L and T platelets may be obtained from the respective FL histograms.

For SAf, calculations, we used FS as an index of platelet size. Holme et al. (17) showed that the log of the mean
resistive platelet volume, as measured by the Coulter Counter, and the log of the mean FS, as measured by flow
cytometry, are related by the linear regression:

l0giVi = loga + £ 100:10FSn [24]
Thus, the mean platelet volume (V, um®) is a power function of platelet FS,, (arbitrary units):
V3, = oFS, [2b]

where the constant « is the mean volume of particles (um®) with the minimal FS (FS,, = 1), and the constant 3 is
the degree of the power function, independent of platelet FS,, (size), over awide range of FS,, (ratio of maximal FS,,
to minimal FS,, = 4.5). The regression, defined by Eq. 2a, was obtained for T platelets from normal donors and from
patients with thrombocytopenia, thus covering a wide range of size distribution (17).

Since the shape of unactivated platelets is independent of their size (9, 11, 18), the equation
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FIG. 1. Flow cytometric analysis of anti-GPIlb-llla FITC-CD61 antibody binding to resting total platelets. 5 ul
of human PRP were incubated with a saturating concentration (13 nM) of FITC-CD61, diluted and analysed on a
flow cytometer (see Methods). (A) Detection of T platelets from two-parameter SS versus FS dot plot. Platelets were
gated by the platelet specific contour plot. A lower FS threshold was set to separate platelets from cell debris and
electronic noise. 10,000-15,000 events were accumulated within the gated area. (B) One-parameter FL histogram of
T platelets gated from (A). FL profile has a log normal distribution. (C) FL versus FS dot plot gated from (A). The
plot shows a direct relationship between log GPIlb-111a-bound fluorescence and logFS (size) for T platelets.

SAR = k(Vi)** (3]

is correct for any platelet size. Here SA, is the mean platelet SA (um?), and K is the size-independent platelet shape
constant.
Then, the relation between surface area and forward scatter of platelets is

SA,, = FS, [4]

where SA,, = SA%/ka®® is the mean platelet SA in arbitrary units; the constant ka?® is the particle SA (um?) with
FS., = 1; the constant b = 2/3 does not depend on FS,, of platelets.
Combining Egs. 1 and 4, we obtain

Dm = FL./FS (54]

where D,,, = D3ka?® is the mean density of GPIIb-l1la on platelet surface in arbitrary units.
By writing Eq. 5a as

10g:0FL 1 = 10g30Dr, + blogioFS, [5b]

we obtain the linear regression with the Y -intercept log,(D,, and the slope b.
Thus, by determining the slope b from the linear regression Eq. 5b for the S + M + L population, the values SA,,
and D,,, for S, M, L and T platelets can then be calculated from Egs. 4 and 5a, respectively.

RESULTS

To determine GPIIb-I11aon the surface of resting platel ets, we used FITC-CD61 monoclonal
antibody that binds to the GPIlla subunit of the complex. Platelets in PRP were identified and
gated from specific SSvs FSdot plots (Fig. 1A). Platelet-bound FL has alog normal distribution
(Fig. 1B) specific for platelets (15, 17). The population of T platelets, gated from SS-FS plot,
contains 93.5 + 2.9% of CD61 positive cells (Fig. 1B) which is significantly greater than the
percent of positive cells gated from one-parameter FS histograms (83.5 = 6.3%, n=15, P <
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FIG. 2. (A) Analytical separation of FS histogram for T platelets into S, M, L subpopulations. The FS histogram
for T platelets was gated from Fig. 1A. S, M, L subpopulations were gated to obtain approximately 20% of forward
scattering particles in each subpopulation. (B) FL histograms for S, M, L platelets gated from (A). The maximal
binding of FITC-CD61 was observed for all groups of platelets at 13 nM CD61. The arrow indicates the FL peak for
T platelets.

0.001). We used two-parameter SS-FS gating in this study to obtain the higher percent of
positive cells.

Fig. 1C shows the size-dependent distribution of GPIIb-I11a-bound fluorescence for resting
T platelets. As reported (13-15), we observed a direct relationship between logFL and logFS.
These data indicate that the amount of GPlIb-Illa per resting cell increases with increasing
platelet size.

To quantify the GPIIb-I11aon platelets of different sizes, we analytically separated T platel ets
into S, M and L subpopulations. The gates for S, M, L platelets were set on the FS histogram
of T platelets, to represent approximately 20% of the particles in each subpopulation (Fig.
2A). These gates were used to create FL histograms for S, M, L platelets (Fig. 2B). Mean FS
and FL values (FS,,, FL,,) for S, M, L, T platelets were obtained from FS and FL histograms
(Fig. 2) for each PRP, and means of the means (FSs, FL ) were calculated for 15 PRP samples.
Table 1 shows that both FSs and FL 5, are significantly greater for L platelets than for M and
S platelets (P < 0.001).

To determine the platel et surface area and density of GPI1b-111a on the surface of unacti-
vated, different-sized platelets, we plotted 10g,0FL, VS l0g:oFS,, data for S, M, L platelets
from 15 PRP samples in accordance with Eq. 5b (Fig. 3) and analysed individual linear
regressions for each subpopulation with the same size-independent b slope (see Methods).
The significance of the difference between log,oDy, values for S, M, L platelets was tested
using a one-way ANACOVA model for logioFL, with l0ogioFS,, as a covariate (19). The
analysis demonstrated that the log,,D+, values for all three groups of platelets did not differ
significantly (P..sm < 0.17).

Therefore, the relationship between log;oFL ,, and l0og,oFS,, values for S, M, L platelets was
analysed in accordance with the common linear regression. Fig. 3 shows a strong positive
correlation (R = 0.96, P < 0.001) between log,oFL, and log;oFS,, for S + M + L platelets
with the regression line:

where b = 0.47 is the size-independent slope of the regression line, and D, = 33.1 (I0g10Dn,
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FIG. 3. Relationship between mean GPlIb-1l1a-associated fluorescence (log scale) and mean forward scatter (log
scale) for S, M, L resting platelets. 15 PRP samples were incubated with FITC-CD61 and studied by flow cytometry.
10,000-15,000 events were accumulated within platelet gate for each sample. T platelets were divided into S, M, L
subpopulations and FS and FL profiles analysed (see Fig. 2). Each of 45 points was plotted using FS,, and FL,, values
(arbitrary units) for 2,000-3,000 cells. The linear regression, represented by the solid line log,oFL,, = 1.52 +
0.4710g,0FS,, with R = 0.96, was calculated using the regression procedure of SPSS 6.0 (19). For one PRP sample,
T platelets were divided into 7 subpopulations (asterisks), each containing ~10% of platelets interspaced by ~5% of
platelets. The data fit the linear regression log,oFL,, = 1.50 + 0.50l00,0FS,, with R = 0.99.

= 1.52) isthe density of GPIlb-lllafor the S + M + L population, which contains about 60%
of T platelets (Fig. 2A).

SA,, and D, values for S, M, L platelets were calculated for each PRP in compliance with
Egs. 4 and 5a using FL,, and FS,, values obtained from FL and FS histograms (Fig. 2) and
the regression coefficient b = 0.47 (Fig. 3, Eq. 5¢). Table 1 shows SA and Dy, values, means
of the means for 15 PRP samples. The SA;, value for L platelets was 1.86 + 0.12 times greater
than that for S platelets and 1.39 = 0.05 times greater than that for M platelets. The Dy, values
for S, M, L platelets did not differ significantly.

Since the data presented above was obtained by arbitrary division of T platelets into three
S, M, L fractions, each containing ~20% of platelets, we also tested a different way of
separating into size-dependent fractions. Seven subpopulations of different platelet size, each
consisting of about 10% of platelets, were gated from their FS intensities (as in Fig. 2) and
data analysed in accordance with Eqg. 5b. The log,oFL,, versus log.oFS,, plot fits the linear
regression with a high correlation: R = 0.99 (Fig. 3, asterisks). D,,, values for these indepen-
dently sized fractions also did not differ significantly: 32.1, 31.6, 31.3, 30.0, 30.4, 30.4, 32.4
(for fractions of increasing platelet size, respectively); mean = SD = 31.2 = 1.0 (3.2%).

DISCUSSION

Frojmovic et al. demonstrated that L platelets expressed 3-4 times more activated GPI1b-
Illa per cell and 2-3 times more activated GPIIb-llla per unit SA than S platelets when
maximally stimulated with ADP or phorbol myristate acetate (11). To determine the mean
density of GPIIb-I11a on the platelet surface, these authors sorted platelets on a flow cytometer
and calculated the mean SA for L and S platelets from phase-contrast microscopic measure-
ments of the thickness and diameter of individual platelets.

Two models may be proposed to explain the greater density of activated GPl1b-I11a on the
surface of activated L platelets: 1) resting L platelets contain more GPIlb-111a complexes per
unit SA than S platelets; 2) after activation, L platelets expose more GPlIb-I11a complexes
from intracellular pools than S platelets and/or are more efficient in the transformation of
unactivated surface GPIIb-Il11a complexes into the active conformation.
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TABLE 1
Analysis of Fluorescence (FL), Forward Scatter (FSy), Surface Area (SAr) and Density
of GPlIb-Illa (D) for S, M, L and T Platelets

Platelets n FLa FSh SAs Ds
s 15 574+ 50 317 = 0.24 171 + 0.06 336 = 29
M 15 727+ 60 591 + 0.80 2.28 + 0.15 319 + 2.2
L 15 106.8 + 136 12,07 + 1.95 318 = 0.25 3B5 =+ 27
S+M+L 45 79.0 + 227 7.05 + 3.95 2.39 + 063 330+ 27
T 15 767+ 72 6.04 = 0.77 232 + 013 330+ 26

Note. Means of the means (FLg, FSy, SAm, Dm) + standard deviations for 15 PRP samples are reported. All values
are in arbitrary units (see Methods). FL; + SD and FS; = SD were calculated from FL,, and FS,, values for each
PRP plotted on Fig. 3. SA,, and D,, for each sample were calculated from Egs. 4 and 5a using FS,, and FL, values
and the regression coefficient b = 0.47 from Fig. 3. SA; = SD and Dy, + SD were caculated from SA,, and D,,
vaues. The one-way ANOV A procedure with appropriate contrasts was used to cal cul ate the significance of differences
between the values for S, M, L platelets (19). All the differences between FLy, FSy and SAg for S, M, L platelets
are significant (P < 0.001). The differences between Dy, values are not significant: L vs S (P..s < 0.96), L vs M
(P.m < 0.09), and M vs S (Py.s < 0.10).

To test these models, we studied the distribution of GPIIb-llla on resting platelets as a
function of platelet size using flow cytometry and FITC-CD61 antibody. In agreement with
the data of others (13-15), we found that for T platelet population, the amount of GPllb-1l1a
per resting cell increases with increasing platelet size (Fig. 1C). After analytical separation of
S, M and L platelets according to their FS profiles (Fig. 2A), we showed than L platelets
contain 1.86 + 0.23 more unactivated GPIIb-l1la per cell that S platelets, and 1.47 = 0.10
more glycoprotein per cell than M platelets (Table 1, Fig. 2B).

To caculate the densities of GPIIb-Illaon S, M, L platelets, the SA of these platelets had
to be assayed. Here we developed a new method for determining platelet SA from flow
cytometric data only. This method obviates the need for physical separation of T platelets into
S, M, L fractions by density gradient centrifugation (20), counterflow centrifugation (9) or
cell sorting (11) and determination of platelet SA by independent techniques such as resistive
particle sizing (9, 20) or quantitative microscopy (11, 18).

Using this method, we found that the density of GPIIb-111a on the surface of resting platelets
is the same for S, M, L subpopulations (Table 1). These data suggest that it is the enhanced
activation and/or expression of GPl1b-I11a, rather than the greater density of unactivated GPI1b-
Illaon resting L platelets that determines the increased density of fibrinogen receptor and the
enhanced aggregation response of activated L platelets.
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