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ABSTRACT The effect of shear rate on
the adenosine diphosphate-induced
aggregation of human platelets in Poi-
seuille flow was studied using the
method described in part | (Bell, D. N.,
S. Spain, and H. L. Goldsmith. 1989.
Biophys. J. 56:817-828). The rate and
extent of aggregation in citrated plate-
let-rich plasma were measured over a
range of mean transit time from 0.2 to
8.6 s and mean tube shear rate, G,
from41.910 1,920 s™". At 0.2 uM ADP,
changes in the single platelet concen-
tration with time suggest that more than
one type of platelet-platelet bond
mediates platelet aggregation at physi-

ological shear rates. At low G, a high
initial rate of aggregation reflects the
formation of a weak bond of high affini-
ty, the strength of which diminishes with
time. Here, the fraction of collisions
yielding stable doublets, the collision
efficiency, reached a maximum of 26%.
The collision efficiency decreased with
increasing G and was accompanied by
a progressive delay in the onset of
aggregation. However, the gradual
expression of a more shear rate-resis-
tant bond at high shear rates and long
mean transit times produced a subse-
quent increase in collision efficiency
and a corresponding increase in the

rate of aggregation. Although the colli-
sion efficiencies here were <1%, the
high collision frequencies were able to
sustain a high rate of aggregation. At
0.2 uM ADP, aggregate size generally
decreased with increasing G. At 1.0 uM
ADP, aggregate size was still limited at
high shear rates even though the rate
of single platelet aggregation was
much higher than at 0.2 uM ADP. Plate-
let aggregation was greater for female
than for male donors, an effect related
to differences in the hematocrit of
donors before preparing platelet-rich
plasma.

INTRODUCTION

Shear rate is the most important physical parameter
governing platelet aggregation in flowing suspensions. It
determines the platelet collision frequency, the shear and
normal stresses which activate single cells and break up
aggregates, and the interaction time of cellcell and
cell-surface collisions. The predilection of white platelet
thrombi to form in regions of high wall shear rate in the
arterial circulation emphasizes the need to focus on the
effect of shear rate on platelet aggregation in well-defined
flow. Time-averaged systemic arterial wall shear rate in
humans is estimated to range from 50 to 2,000 s~'
(Goldsmith and Turitto, 1986), based on a parabolic
velocity profile for whole blood. It has been shown in vitro
that shear rates <2,000 s~! are not sufficient to activate
platelets directly and induce aggregation (Bell and Gold-
smith, 1984; Belval and Hellums, 1986; Belval et al.,
1984; Chang and Robertson, 1976; Gear, 1982; Yung and
Frojmovic, 1982). However, the higher shear rates com-
monly found in extracorporeal flow devices and vascular
prostheses can induce platelet aggregation, release, and
lysis, depending on the magnitude of the fluid shear stress
and the time of exposure to the shear field (Belval et al.,
1984; Brown et al., 1975; Colantuoni et al., 1977; Dewitz
et al., 1978; Jen and Mclntire, 1984).

The importance of the release of platelet-derived plate-

let agonists, particularly ADP, in sustaining and enhanc-
ing shear-induced platelet aggregation has led to a num-
ber of studies on the effect of flow on agonist-induced
platelet aggregation. Because high shear stresses activate
platelets and induce release, the aggregation of platelets
in response to exogenous agonists is generally confined to
shear rates and agonist concentrations that are below the
threshold for release. Despite variability in the ADP
concentration and suspension temperature used, the
results of several studies suggest that the aggregation of
ADP-stimulated platelets increases with increasing shear
rate over the range from 0 to 2,200 s~'. Chang and
Robertson (1976) followed the kinetics of both Brownian
motion- and shear-induced aggregation at 25°C in a
cylindrical Couette using measurements of suspension
turbidity. At 10 uM ADP, the rate of aggregation was
shown to increase over the range of shear rate from 10 to
75 s~! and level off thereafter, although shear rates >100
s~! were not tested. The rate of aggregation increased
with increasing ADP concentration, reaching a maximum
at 100 uM ADP; however, the early stages of aggregation
were lost due to a 10 s preshear mixing period. As well,
aggregate size and the kinetics of aggregate growth could
not be extracted from the changes in suspension turbidity
that were used to monitor aggregation. Yung and Froj-
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movic (1982) observed that unstable aggregates which
formed at 1.5 uM ADP in a parallel plate Couette at
shear rates <150 s™! at 37°C were stable at 5 uM ADP;
however, the release of endogenous ADP at the higher
level of platelet stimulation would have increased the
effective ADP concentration. Again, a brief period of
high shear used to mix the ADP and platelets prevented
observation of the early stages of the aggregation reac-
tion. We have observed the complete aggregation reaction
directly using a microscopic double infusion system that
allowed the rapid diffusion of ADP throughout the bulk of
a platelet suspension undergoing Poiseuille flow (Bell and
Goldsmith, 1984; Bell et al., 1984). In contrast to conven-
tional fixed-volume rotational viscometers and aggregom-
eter cuvettes, such a flowthrough system more closely
mimics in vivo conditions. Even though mixing is com-
plete, collisions can occur between platelets at different
stages of activation due to differences in cell transit time.
At 1 uM ADP at room temperature, the rate and final
extent of aggregation after a mean transit time of 27 s
increased with increasing mean tube shear rate, G, over
the range 2-54 s~'. Higher shear rates could not be
studied at equivalent exposure times to ADP due to the
microscopic dimensions of the flow system and con-
straints on the distance for complete diffusion of ADP.
Gear (1982) used a narrow bore tube flow system to bring
platelets and agonist together in a Y-junction at high
velocity. At 10 uM ADP and at 37°C, it was found that
~50% of the platelets had aggregated within 2—4 s of flow
through the reaction tube at G = 1,300 or 2,200 s~!, with
the rate of aggregation higher at the higher shear rate.
Again, the release of endogenous ADP at 37°C would
considerably augment the degree of aggregation.

In part I (Bell et al., 1989) we introduced a method for
rapidly mixing ADP and platelet suspension before flow-
ing it through fixed lengths of polyethylene tubing at
controlled rates. Part II uses this method to follow the
kinetics of platelet aggregation in the citrated plasma of a
large group of donors over a range of mean tube shear rate
from 41.9 to 1,920 s~ at 0.2 and 1.0 uM ADP at room
temperature.

EXPERIMENTAL PART

1. Platelet-rich plasma and
reagents

Citrated platelet-rich plasma (PRP) was prepared from venous blood
drawn from equal numbers of healthy, age-matched male and female
volunteers, as described in part 1. Rapidly mixed suspensions of PRP
and ADP at final concentrations of 3 x 10° cells ul~' and 0.2 or 1.0 uM
ADP flowed through 1.19 or 0.76 mm i.d. polyethylene tubes (Fig. 1,
part I) at preset volume flow rates from 13 to 155 ul s~', corresponding
to mean tube shear rates (Eq. 1, part I) from 41.9 t0 1,920s~".
Thromboxane B, (TXB,) was measured to a lower limit of 50 pg ml~'

in the plasma of selected experiments by radioimmunoassay (RIA)
using *H-TXB, (New England Nuclear, Lachine, Quebec). Approxi-
mately 800 ul of unfixed effluent platelet suspension were collected into
1-ml plastic syringes and immediately filtered free of cells using 0.2-um
pore syringe filter units (Millex-GS, Millipore, Mississauga, Ontario).
The filtered plasma was incubated for 20 min at 37°C and stored at
~—20°C until the RIA was performed.

2. Analysis of data

The number concentration and volume of single platelets and aggregates
were measured using the electronic particle counting and sizing system
described in part I to generate 250 class log-volume histograms over the
volume range from 1 to 10° um®. Average log-volume histograms were
generated from multiple donors at each mean transit time after the
histograms of individual donors were transformed into equivalent histo-
grams using the average of the mean single platelet volume and standard
deviation of all donors concerned. The mean normalized volume fraction
of the ith class is given by ® (x,) = [N(x,) v(x,)/N(x,,) v(x,)], where
N(x,) is the mean normalized particle concentration per histogram
class, and N(x,) and v(x.) (see Nomenclature in part I) are the
respective mean normalized number concentration and volume of the
class of maximum concentration, m, at i = 0 s. Details of the trans-
formation and averaging are given elsewhere (Bell, 1988). The ultimate
effect of these procedures is to provide an estimate of the changes in
particle volume in relation to the mean single platelet volume and
standard deviation, as opposed to simply averaging changes in absolute
volume.

Statistics of the linear single platelet volume distribution and tests of
log-normality were computed as described in part I.

RESULTS

1. Distribution of single platelet
volume

40 male and 40 female donors of age 31 + 11 (+SD, n =
57) and 30 + 6 (n = 56) years, respectively, were used in a
total of 113 experiments involving nine shear rates. The
data are grouped according to sex due to large differences
in the degree of aggregation between male and female
donors.

Table 1 shows average statistics of the individual single
platelet log-volume histograms. The distribution of single
platelet volume in citrated PRP was log-normal according
to the Kolmogorov-Smirnov one sample test for 74% of 47
male donors and 60% of 42 female donors. As discussed in
part I, all volumes are those of the equivalent sphere due
to the variation in single platelet and aggregate shape.
Platelet volume distributions from both male and female
donors that were log-normal shared the same average
mean volume, k = 7.3 um®. The average standard devia-
tion, mode, and median of the two sexes were also
virtually identical, and neither group exhibited significant
skewing or kurtosis. For both groups of donors, the
average measures of platelet volume of distributions that
were rejected by the K-S test were always greater than
those of their log-normal counterparts, although none of
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FIGURE1 Single platelet concentration vs. mean tube shear rate. The normalized single platelet concentration, N, 3(7)/ N 3(0), (:tSEM) after 7 =
43 s exposure to 0.2 uM ADP as a function of mean tube shear rate for male and female donors. In the control runs modified Tyrodes was infused

instead of ADP.

the differences was statistically significant. The apparent
increase in cell volume of the rejected distributions coin-
cided with significant positive skewing (g, > 0, P < 0.02)
and an increased tendency toward leptokurtosis (g, > 0,
P < 0.01).

2. Single platelet concentration

a. Effect of shear rate and donor sex

The mean single platelet concentration before shearing
was 279,000 + 23,000 cells ul-! (+SD) for the male
donors and 278,000 + 34,000 cells ul~' for the female
donors. Fig. 1 shows the single platelet concentration
after f = 43 s exposure t0 0.2 uM ADP, N, (?), normal-
ized to a control at = 0's, N, 3,(0), as a function of the

mean tube shear rate. A two-way analysis of variance
verified that the extent of aggregation of platelets from
female donors was significantly greater than that of
platelets from male donors (P < 0.001) over the range of
shear rate 41.9 < G < 1,920 s~' (Bell, 1988). The sex
difference was greatest at G = 335 s~' where 76 + 3.4%
(SEM, n = 6) of single platelets from the female donors
but only 49 + 3.9% (n = 6) of those from male donors had
aggregated. Significant changes (P < 0.001) in the single
platelet concentration as a function of mean tube shear
rate produced a similar pattern of aggregation for both
groups of donors. Aggregation increased as the shear rate
increased up to a maximum at G,,, = 168 and 335! for
male and female donors, respectively. Thereafter, aggre-
gation decreased linearly with increasing shear rate down

TABLE 1 Average statistics of the single platelet log-volume distributions
Male Female

Statistic Log-normal Not log-normal Log-normal Not log-normal
No. donors 35 12 25 17
HCT (%) 46.1 + 2.2 449 + 25 404 £ 2.5 40.1 + 3.0
m 73+09 74+ 1.1 73+£1.0 75+ 1.1
g 46+ 08 4.7 £ 0.7 45109 47+09
Hnod 45+05 4.5+ 07 45104 45+05
Hned 6.2 £ 0.7 63 +09 6.3 +0.7 6.3+09
o 0.014 + 0.037 0.050 + 0.112* 0.022 + 0.046 0.086 + 0.066!
- —0.035 + 0.069 0.104 + 0.154% 0.002 + 0.081 0.108 + 0.098*
n(0) 15385 + 1313 15380 + 1244 14904 + 1269 15080 + 1173

Statistics of individual platelet log-volume distributions calculated 7 = 0 s over the range 1-50 um® averaged for the stated number of donors of each
sex and further partitioned into those accepted as normal by the K-S one sample test and those rejected. Symbols are described in the text and volumes
are in cubed micrometers. Significantly different from zero: *P < 0.02. *P < 0.01. P < 0.001.
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to a2 minimum at G = 1,000 and 1,335 s~! for male and
female donors, respectively. Further increases in shear
rate, however, produced an increase in aggregation for
both sexes. The two aggregation curves intersect at G =
1,335 57! where aggregation had begun to increase for the
male donors while it was still decreasing for the female
donors.

Although no significant aggregation was observed in
the controls in which modified Tyrodes was infused, and
no sex difference was present, there was a significant
interaction (P < 0.006) between donor sex and mean tube
shear rate as reflected by reciprocal changes in single
platelet concentration. Thus, whereas there was breakup
of preformed aggregates (V,30[7]/N,3[0] > 1) for the
males at G < 1,000 s™!, there was a slight degree of
aggregation (0.93 < N, 5[ #]/N,3[0] < 1) of the platelets
from the females. The opposite occurred at G > 1,000s~".
It is interesting that in the controls the single platelet
concentrations for the male and female donors reversed at
the same shear rate at which the ADP aggregation curves
intersect.

The sex difference persisted through all mean transit
times between ¢ = 2.1 and 86 s. For the female donors at
Goax = 33557 only 13 + 2.4% (n = 5) of single platelets
remained unaggregated after 7 — 86 s, whereas for male
donors after the same mean transit time, 37 + 9.2% (n =
6) were unaggregated at G,,,, — 168 s™'. Above G = 41.9
s™', the aggregation curves of both groups exhibited an
initial time delay before the onset of significant aggrega-
tion. As discussed below, the length of this lag phase
increased with increasing mean tube shear rate, and its
effect was more pronounced for the female donors where
changes in the single platelet concentration were
greatest.

b. Donor hematocrit

A strong correlation of the normalized single platelet
concentration with donor hematocrit (» = 091, P <
0.001) was obtained when male and female donors at 7 =
43sand G = 3355~ were grouped together. Similar, but
generally less significant, correlations were found at all
mean tube shear rates from 41.9 to 1,920 s, except at
G = 1,335 s~" where no sex difference existed.

¢. Thromboxane B,

The concentration of TXB, was measured in PRP at
1,000 < G < 1,920 5! for several male and female donors.
Although TXB, concentrations as high as 6 ng ml~! in
PRP and 10 ng ml~' in PPP were obtained during platelet
preparation, neither sex showed significant changes in
TXB, concentration with time and shear rate from that at
= Osin either control or ADP infusion runs (Bell, 1988).
Thromboxane B, concentration did not correlate with

donor hematocrit in either PPP or in the PRP of the ADP

infusion runs at f = 43 or 86 s, nor did it correlate with the

normalized single platelet concentration at G = 1,335
-1

s~

3. Total particle concentration

a. Rate of aggregation

Mean values of the negative logarithm of the total
particle concentration at time #, N, p(¢), normalized to
that at £ = 0's, NV, ,,5(0), were plotted against 7 according
to Eq. 12, part I, for the female donors in Fig. 2. Although
the extent of aggregation was greatest at G = 335 s, the
highest rate of aggregation occurred within the first £ = 2
s at G = 41.9 s~ where the single platelet concentration
decreased at a rate of 4.2%s™' + 0.9 (= SEM, n = 10). At
this shear rate, the rate of aggregation steadily decreased
with increasing mean transit time.

The combined effects of an initial lag phase followed by
progressively increasing then decreasing rates of aggrega-
tion produced sigmoid aggregation curves for all G > 41.9
s~'. The length of the lag phase increased with increasing
mean tube shear rate reaching  ~ 11 sat G = 1,335s™".
In addition, as the mean tube shear rate was raised, not
only did the maximum rate of aggregation decrease, but it
occurred at progressively increasing mean transit times.
At G = 335 5! the maximum rate of aggregation of 2.8%
s7! + 0.2 (n = 5) occurred between 7 = 8.6 and 21 s,
whereas at G = 1,335 s~! the rate was maximal at 1.0%
s™' + 0.2 (n = 5) between ¢ = 21 and 43 s. Male donors
exhibited a pattern of aggregation similar to that of the
female donors at the same shear rate but always with
much longer lag phases and reduced rates of aggrega-
tion.

b. Collision efficiency

In addition to providing an index of the rate of aggrega-
tion, the slope of the curves in Fig. 2 can be used to
calculate the collision efficiency according to Eq. 12, part
L. The individual collision efficiencies of all donors at each
mean tube shear rate were averaged over three time
intervals for both sexes, as shown in Table 2. A maximum
collision efficiency, a, = 0.264, was obtained at G = 41.9
s™! between 7 = 0 and 4.3 s. Throughout all three time
intervals, « either decreased or remained constant as the
mean tube shear rate was increased up to G -1,335s"
where a, < 0.002. At G = 1,920 s}, there was a small but
significant increase in collision efficiency which, together
with the high collision frequency, was sufficient to sup-
port a high rate of aggregation (Fig. 1).

The dependence of collision efficiency on time and
shear rate is revealed in Fig. 3 in a plot of a, against
log tG for each of the time intervals listed in Table 2 for
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FIGURE2 Total particle concentration. The negative logarithm of the normalized, total particle concentration, —In [N, ,65(F)/N;165(0)], (+SEM)
plotted against fand G = 41.9, 335, 1,335, and 1,920 s~! for the female donors.

the female donors. In the time interval from 7 = 0-4.3 s,
both the collision efficiency and its rate of decrease fell
rapidly with increasing G. A similar decline in o in the
interval from 7 = 4.3 to 8.6 s was interrupted between G =
168 and 335 s~! before resuming at a higher rate of
decrease beyond G = 335s~". In contrast, during the time
interval from 7 — 8.6-21 s, ay decreased by only 12% up to
G = 168 57!, but decreased sharply thereafter.

A similar pattern was observed for the collision effi-
ciencies from male donors, although the two-phase
decrease in a, between ¢ = 4.3 and 8.6 s was less
pronounced.

TABLE 2 Effect of shear rate and transit time on
collision efficiency

a x 10° (= SEM)

Sex G T=043s 4.3-8.6s 8.6-21s
S_’
Male 41.9 118 + 30.0 68.0 + 21.5 59.0 + 14.6
168 19.9 + 10.3 255+ 8.2 49.1 = 11.5
335 7.51 = 2.46 139 + 44 223 + 3.1
1335 2.27 = 0.79 0.93 + 0.38 1.92 + 0.43
1920 1.98 + 0.68 1.65 + 0.47 —
Female 419 264 + 64.8 88.2 + 28.6 108 + 20.5
168 382+ 7.1 35298 94.7 + 18.8
335 174 + 4.9 353+ 8.2 499 + 7.6
1335 0.01 + 0.01 1.80 + 0.54 2.01 £+ 0.67
1920 0.62 £ 0.34 2.30 + 0.89 —

[ADP] = 0.2 uM.

4. Aggregate growth

a. Aggregate size distribution

The evolving pattern of aggregate growth for the female
donors is illustrated in Figs. 4-6 through plots of the
normalized average class volume fraction ®(x;), versus
particle volume at successive mean transit times. The
decrease in single platelet concentration (1-30 um®) was
accompanied by a sequential rise and fall of aggregates of
successively increasing volume. The steadily decreasing
rate of aggregation with time shown earlier (Fig. 2) at
G = 41.9 57! was associated with the formation of aggre-
gates having a broad spectrum of size at 7 = 86 s (Fig. 4).
At G = 335 s~! (Fig. 5), no distinct aggregate peaks were
present before £ — 8.6 s, but by 7 = 21 s aggregates of
relatively discrete size had appeared. As aggregation con-
tinued, the upper limit of aggregate size increased. By 7 =
86 s, most aggregates were present in one large group, a
significant proportion of which exceeded 10° um’, the
largest volume measured. Although there was consider-
able aggregation at G = 1,920 s~ (Fig. 6), the aggregates
were smaller and occupied a size range considerably
narrower than at the same mean transit time at G = 335
s~'. A similar pattern of aggregate growth was exhibited
by the male donors; however, aggregate size was always
much reduced compared to that for the female donors at
the same mean transit time and mean tube shear rate.

2. Aggregate growth rate

Figs. 4-6 illustrate the continuity in the evolving distribu-
tion of aggregate size, but they do not convey a sense of
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FIGURE 3 Collision efficiency, ag, (+SEM) over three time intervals,
f =043, 4.3-8.6, and 8.6-21 s plotted against tG. Data from the
female donors previously shown in Fig. 2.

08|
0.6}
® (x;)

0.4

0.2

the rate of aggregate growth. This is provided in Fig. 7
where the volume fraction of aggregates, ®; y(?), between
lower, L, and upper, U, volume limits was normalized to
the total volume fraction ®, ;¢(0), at f = 0's. As previously
noted, small aggregates were present at f = 0s. At G =
41.9 57", a rapid rise in the volume fraction of aggregates
from 30 to 10 um® was followed by increases in the
volume fraction of aggregates of successively increasing
size. At higher shear rates, changes in the volume fraction
of single platelets (L = 1, U = 30) with increasing mean
transit time followed the same sigmoid curve as did
changes in the single platelet and total particle number
concentration described previously. The sequential for-
mation of aggregates of discrete size and their subsequent
incorporation into aggregates of larger size were clearly
evident. The total normalized volume fraction exceeded
1.0 with the appearance of aggregates >10° um®, but
decreased again as the number of aggregates >10* um?
increased. The lag phase preceding aggregation was evi-
dent through delays in the onset of changes in the volume
fraction of both single cells and aggregates. The lag phase
increased with increasing mean tube shear rate up to G =
1,335 s~' where no aggregates >10* um® were formed.
Even though the lag phase at G = 1,920 s'_l was shorter
and the rate of aggregation higher than at G = 1,335s™',
the aggregates formed were still smaller than those at G =
3355~ at the same mean transit time.

Male donors had consistently longer lag phases and
lower rates of aggregation than female donors. In addi-
tion, there was a significant difference in the pattern of
aggregate growth at G = 335 s~'. The volume fraction of
the largest aggregates measured at 7 = 43 s (10°~10° um’)

G= 4.9

v(x;), pm3

FIGURE4 Volume fraction histograms at G = 41.9 s™*. Three-dimensional plot of the mean, normalized class volume fraction ®(x,), (+SEM, dotted
line) vs. particle volume at mean transit times from 7 = 0-86 s for the female donors at G = 41.9 s~'. The time axis (dashed line) is not drawn to

scale.
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FIGURE S Volume fraction histograms at G = 335 s~". Plot as in Fig. 4 for the female donors.

was greater than that of aggregates in the next smallest
group (10°-10* um®). The concentration of the largest
aggregates subsequently decreased at f = 86 s; however,
that of aggregates from 10-10° um® and 10°-10* um?
continued to increase, and the latter at a greater rate.
This phenomenon is indicative of aggregate breakup at
long transit time.

0.8
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0.2

5. ADP concentration

a. Single platelet concentration

Platelet-rich plasma from single representative male and
female donors of widely different hematocrit
(HCT = 43.9 and 34.5%, respectively) was sheared at
G = 41.9,335,and 1,920s " in the presence of 0.2 and 1.0

) -
108 104

v(x;), pm3

FIGURE6 Volume fraction histograms at G = 1,920 s~*. Plot as in Figs. 4 and 5 for the female donors.
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FIGURE7 Effect of shear rate on aggregate growth for females. The normalized volume fraction of particles between lower, L, and upper, U, volumes
&y y(£)/®,,05(0) (+SEM), plotted against 7 for the female donors. The volume limits, L-U, from 1-30, 30-10%, 10*-10°, 10°~10*, 10*-10°, and 1-10°
um?® are shown beside their respective plots. No particles were present in volume ranges not listed. Dashed line represents the control values of single

platelets (1-30 um?).

uM ADP. At equivalent mean transit times and mean
tube shear rates, the extent of aggregation was always
greater at 1.0 uM ADP than at 0.2 uM ADP for both the
male and the female donor. As previously found at 0.2 uM
ADP, aggregation was greater for the female donor than
for the male donor at all shear rates and transit times with
the greatest difference at G = 335 s~'. At this shear rate
aggregation was minimal before 7 = 4.3 5. At 1.0 uM
ADP, however, the male donor exhibited a degree of
aggregation greater than that of the female donor at G =
41.9 and 335 s~!, while both donors exhibited the greatest
aggregation at G = 1,920 s~' with no apparent sex
difference. It is interesting that at this shear rate <1% of
single platelets remained unaggregated at ¢ — 43 s.

b. Collision efficiency

Values of the collision efficiency at 0.2 uM ADP for the
female donor (Table 3) were consistent with the mean
values of the female donors given in Table 2, whereas
those for the male donor showed more variation, particu-
larly at G = 41.9 s~' where they were considerably higher.

TABLE3 Effect of ADP concentration on collision

efficiency and rate of aggregation

T=043s 4.3-11s

Sex ADP TXB,* G at  Rate! o Rate!
uM  ngmi~' 57! x 100 % s x100 %s'

Male 0.2 1.35 419 260 22 738 06

0.78 335 000 00 21.9 1.7

0.50 1920 096 04 3.19 1.3

1.0 2.28 419 717 5.7 223 1.3

0.99 335 46.7 32 205 8.1

0.72 1920 5.11 2.0 41.4 9.5

Female 0.2 0.52 419 313 3.0 78.5 0.8

0.41 335 259 2.1 36.3 2.6

0.76 1920 037 03 4.65 20

1.0 0.27 419 231 26 131 1.0

0.26 335 24.7 2.1 55.2 3.7

0.65 1920 9.4 4.2 34.5 8.4

*Measured at 7 — 43 s. *Calculated from Eq. 12, part I. 1Given as
percent decrease in normalized single platelet concentration.
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At 1.0 uM ADP there was a large increase in «a at all
mean transit times and mean tube shear rates. A notable
exception was at G = 41.9 s~! between 7 = 0 and 4.3 s for
the female donor, where o4 actually decreased. For the
male donor at this shear rate and time interval, however,
the collision efficiency increased dramatically from op =
0.260 t0 0.717.

As previously found at 0.2 uM ADP (Table 2), at all
mean transit times with both 0.2 and 1.0 uM ADP, o,
decreased with increasing mean tube shear rate. Collision
efficiency also decreased with increasing mean transit
time at G = 41.9 s~/ but increased with 7 at the higher
shear rates. The concentration of TXB, at f = 43 s was
generally <1.0 ng ml~' at all shear rates with either ADP
concentration for both donors (Bell, 1988).

¢. Rate of aggregation

Table 3 also shows the rate of decrease of the normalized
single platelet concentration over the same time interval
that the two-body collision efficiency was calculated. At
0.2 uM ADP the rates of aggregation of platelets from the
female donor were generally greater than those from the
male donor at all mean tube shear rates and mean transit
times, with maximum values for both donors at G = 41.9
s™' between 7 = 0 and 4.3 s. As previously found at this G,
longer transit times resulted in decreased rates of aggre-
gation, but as the shear rate was increased the maximum
rates of aggregation both decreased and occurred at
progressively longer transit times.

__ A similar pattern was observed with 1.0 uM ADP at
G = 41.9 and 335 5! with the maximum rates of aggre-
gation being generally greater than those at 0.2 uM ADP.
This was particularly true for the male donor where the
rates of aggregation now exceeded those for the female
donor. The highest rate of aggregation also shifted to G =
1,920 s~ between i = 4.3 and 11 s where the single
platelet concentration decreased at rates of 9.5 and 8.4%
s~! for the male and female donor, respectively.

d. Aggregate growth

Aggregate growth between 7 = 0 and 43 s is shown as a
function of ADP concentration for the female donor at
G = 335 and 1,920 s~' in Fig. 8. At 0.2 uM ADP, the
pattern of growth was typical of that shown in Figs. 5 and
6. At 1 uM ADP, the much greater rate of aggregation at
the same shear rates led to the production of larger
aggregates. At G = 1,920 s~', the aggregates were
unusually tightly grouped into a single population
between 10* and 10° um® with no larger or smaller
aggregates, and virtually no single platelets remaining.
An increase in the overall volume fraction of these
aggregates is seen by the magnitude of the ordinate of
these log-volume distributions. The small population of
particles between 130 and 260 um> at £ = 0 and 43 s are
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FIGURES Aggregate growth vs. [ADP] at G = 335 and 1,920 s™! for a
female donor. Three dimensional plot of the volume fraction per
histogram class, ®(x;), vs. particle volume, v(x,) after f = 43 s exposure
t0 0.2 and 1.0 uM ADP. Also shown is a control atf = O's.

white cells which were not incorporated into aggregates.
At 0.2 uM ADP, both the number and size of aggregates
of platelets from the female donor were greater than those
from the male donor (not shown), whereas the single
platelet concentration was, accordingly, much reduced.
The sex difference was most pronounced at G = 335 s\,
At 1 uM ADP, however, no sex difference was apparent.

DISCUSSION

The present work is the first account of the ADP-induced
aggregation of human platelets in Poiseuille flow to span
the full range of physiologically significant shear rate.
Within this range, the rate of single platelet aggregation
and the rate of aggregate growth were both highly
dependent on mean transit time and mean tube shear
rate. An increase in the lag phase preceding aggregation
with increasing shear rate suggests a latency in the
expression of platelet—platelet bonds of high strength.
Measurement of the two-body collision efficiency also
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suggests the presence of more than one type of platelet—
platelet bond. In addition, a strong sex difference was
observed in both the rate of single platelet aggregation
and size of aggregates.

1. Platelet size

The log-normal model for the distribution of platelet size
(Bahr and Zeitler, 1965; Paulus, 1975; von Behrens,
1972) was verified independently for platelet volume
from male and female donors. The average mean platelet
volume of 7.3 um?, uncorrected for platelet shape, is
consistent with previous uncorrected measurements of
mean platelet volume obtained using electronic particle
counters (Holme and Murphy, 1980; Mundschenk et al.,
1976; Paulus, 1975). Paulus (1975) has proposed that the
log-normal size distribution of platelets is a consequence
of random factors controlling the combined rates of
growth and demarcation of platelet territories during
megakaryocyte maturation. Megakaryocyte polyploidy
and platelet aging in the circulation have also been
postulated as a source of platelet heterogeneity (Corash et
al.,, 1978; Karpatkin, 1969a and b; Pennington et al.,
1976; Rand et al., 1981).

The Kolmogorov-Smirnov one sample test was sensitive
to small departures from log-normality and was sup-
ported by significant changes in the shape of the log-
volume distributions as measured by the statistics of
skewing and kurtosis. Those distributions accepted by the
K-S test as log-normal did not exhibit skewing or kurtosis.
Those distributions rejected by the K-S test, however,
were both significantly positively skewed and leptokurtot-
ic, i.e., more platelets were located at the mean and
extreme log-volumes than at intermediate values. Taken
together, these parameters point to the presence of con-
taminating microaggregates that were formed during
platelet preparation. The presence of preformed microag-
gregates is also revealed by their subsequent breakup in
the controls, and at early times at G = 670s~" in the ADP
infusion runs.

2. Application of two-body
collision theory

Theory, applicable to inert, charged colloidal-size par-
ticles, predicts that when net attractive forces operate
between colliding particles, the two-body collision effi-
ciency decreases with increasing shear stress (van de Ven
and Mason, 1977). This has been shown experimentally
at shear stresses <0.2 Nm~2 for the aggregation of model
latex spheres in solutions of high ionic strength (Curtis
and Hocking, 1970; Swift and Friedlander, 1964;
Zeichner and Schowalter, 1977) and human platelets
exposed to 1 uM ADP (Bell and Goldsmith, 1984). In the

present experiments the mean tube shear stress, 7 = G,
ranged from 0.08 to 3.5 Nm~? (y = 1.8 mPa s). As the
mean tube shear rate increases, the extent of aggregation
is the result of a balance between an increased frequency
of collision (Eq. 10, part I) and an increased fluid shear
stress. High collision rates support a high rate of aggrega-
tion in the absence of shear stresses sufficient to inhibit
doublet formation. Beyond an optimum shear rate for
aggregation, higher fluid shear stresses can prevent stable
platelet—platelet bond formation and aggregation de-
creases. Short interaction times may limit stable doublet
formation at high shear rates but, because this time is
inversely proportional to the shear rate, it is impossible to
separate the effects of short interaction time and high
shear stress in limiting stable bond formation. The two-
body collision efficiency, however, takes both effects into
account by measuring the fraction of total platelet—
platelet collisions that result in stable doublet formation.

The collision efficiencies given in Tables 2 and 3 were
computed from changes in the total particle concentration
using Eq. 12, part I, which assumes that the decrease in
total particle concentration with time is due only to the
formation of doublets. This assumption can be tested by
calculating the fraction of successful two-body collisions
from the initial rate of single platelet decrease. The total
number of two-body collisions per unit volume of suspen-
sion per second can be calculated from Eq. 10, part I,
using the initial number concentration and volume frac-
tion of single platelets:

_ 4910(0) Mw(0) G

T

J 1)
If oy computed from the total particle concentration is
significantly greater than that computed using Eq. 1, then
higher order aggregates are present in appreciable num-
bers. At 0.2 uM ADP and G = 41.9 s~', where the mean
volume fraction of single platelets was 0.195 + 0.023%
(+SD) for male donors and 0.197 + 0.023% for female
donors, respective initial rates of single platelet decrease
of 2.7 and 4.2% s™! yielded collision efficiencies of 0.14
and 0.21. These values are remarkably similar to the
collision efficiencies, 0.12 and 0.26, calculated according
to Eq. 12, part I, between # = 0 and 4.3 s (Table 2), well
into the aggregation reaction. Actually, one would expect
the collision efficiency calculated at long times to yield
lower values due to the decrease in particle concentration
with increasing aggregation. Thus, it is unlikely that the
observed increase in collision efficiency with time in the
present experiment is artifactual. It should be noted,
however, that the presence of pseudopods on the activated
platelets has been estimated to double the effective colli-
sion diameter of the cells (Frojmovic and Longmire,
1986). This will result in an eightfold increase in collision
frequency and a corresponding decrease in a, and implies
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that the aggregation reaction is capable of propagation at
very low collision efficiencies.

3. Effect of shear rate

ADP concentrations of 0.2 and 1.0 uM were selected to
give consistently the same respective patterns of aggrega-
tion in the aggregometer as 1 and 5-10 uM ADP at 37°C,
within the natural variation among donors. Thus, platelet
aggregation at 22°C was about five times greater than at
37°C; however, the release reaction was inhibited (Bell,
1988). Release could only be induced in the aggregometer
at 22°C by high concentrations of thrombin. This is in
agreement with Valdorf-Hansen and Zucker (1971) who
showed the release of platelet serotonin induced by ADP
but not thrombin to be inhibited below 27°C. Shear
stresses of 15 Nm~? are required to induce platelet
granule release at room temperature within exposure
times of the present experiments (Hellums and Hardwick,
1981). In the present work, wall shear stresses reached 6.5
Nm~2, and thromboxane A, (TXA,), as measured by the
stable end-product TXB,, was not significantly higher
than in static controls at mean tube shear rates between
41.9 and 1,920 s~! in either the control runs or with 0.2
and 1.0 M ADP. Furthermore, there was no shear-
induced aggregation in the controls at the same level of
shear stress. Thus, neither shear-induced platelet aggre-
gation nor ADP- or shear-induced platelet release are
likely to have contributed to the observed aggregation. It
is possible, however, that platelet surface activation in
concert with ADP stimulation Ied to the enhanced affinity
of existing receptors, the exposure of latent receptors or
the induction of some independent mechanism of aggre-
gation (discussed later). In the discussion to follow, 0.2
and 1.0 uM ADP are referred to as low and high platelet
stimulation, respectively.

a. Low platelet stimulation

i. Single platelet aggregation. Neglecting for the
moment the sex difference, the extent of platelet aggrega-
tion increases with increasing mean tube shear rate up to
an optimum value at ~335 s™'. Higher shear rates result
in a steady decline in aggregation which increases again
beyond 1,335 s~. It is interesting that the highest rate of
aggregation was at the lowest shear rate but this was true
for only the first few seconds of aggregation. The two-
body collision efficiency was also highest under these
conditions. Even so, at most only 26% of all collisions
resulted in stable doublet formation. Although the fluid
shear stress is low, the collision rate is not sufficient to
sustain a high rate of aggregation. At higher shear rates
there was generally a decrease in the fraction of efficient
collisions but a high collision frequency accounts for the

higher rates of aggregation. At the maximum shear rate
in the present experiments, collision efficiencies between
0.6 x 10~%and 2.3 x 1072 were measured. This is in good

‘agreement with the values reported for shear-induced

platelet aggregation at shear rates between 2,000 and
10,000 s~! (Belval and Hellums, 1986). Thus, the colli-
sion efficiency, which decreases by approximately two
orders of magnitude between G = 41.9 and 1,335 s7,
remains relatively constant thereafter up to shear rates of
10,000 s~'. The large decrease in collision efficiency at
relatively low shear rates (Table 2) and the persistence of
a nonzero collision efficiency at high shear rates suggest
that more than one type of platelet—platelet bond
mediates ADP-induced aggregation.

The increasing rates of aggregation with time as
depicted by the sigmoid aggregation curves (Figs. 2 and
7) indicate that collision efficiency increases with time,
even after a delay of up to 11 s in the onset of aggregation.
Indeed, not only do calculations of collision efficiency
confirm this but they also indicate that the heterogeneity
among platelet bonds is time-dependent (Fig. 3). At early
transit times the high rate of aggregation at low shear
rates is sustained by a weak bond that is easily disrupted
at higher shear rates resulting in a corresponding shear-
dependent lag phase. Even at low shear rates the strength
of this bond gradually diminishes with increasing transit
time and, in conjunction with a low collision rate, pro-
duces a steadily decreasing rate of aggregation. At high
shear rates, the increasing rate of aggregation at times
beyond the lag phase reveals the emergence of a second
stronger bond. Longer times are required before each
bond is sufficiently strong, or is present in sufficient
numbers, to support aggregation. The two types of bonds
coexist at intermediate transit times where the weak bond
is disrupted at low shear rates but higher shear rates are
required to disrupt the stronger bonds. The interruption in
the decrease in collision efficiency with increasing mean
tube shear rate between 168 and 335 s~' at mean transit
times between 4.3 and 8.6 s (Fig. 3) points to a transition
from weak to strong bond. At very long exposure times
the strong bonds are maximally expressed through either
strength or numbers, and only high shear rates are
sufficient to disrupt them.

ii. Mechanisms of ADP-induced platelet aggregation.
The cross-linking of bivalent fibrinogen molecules
between activated glycoprotein IIb-IIla (GPIIb-IIIa)
complexes in the platelet membrane is the mechanism
believed to underlie the ADP-induced aggregation of
platelets (Leung and Nachman, 1986). The steadily
increasing lag phase preceding aggregation with increas-
ing shear rate in the present work points to a latency in the
strength of the platelet—platelet cross-bridge. An argu-
ment can be made for the requirement of latency in the
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expression of platelet bonds from the limitations placed
on any colloid whose aggregation is mediated by polymer
cross-linking. For cross-linking to occur, unoccupied
binding sites must be available on both surfaces. In the
case of platelets, the high concentration of fibrinogen in
plasma would be expected to saturate all binding sites on
platelets before cross-linking could occur. In fact, cross-
linking would require the simultaneous binding of oppo-
site ends of the bivalent fibrinogen molecule to two
platelets immediately after activation of GPIIb-IIIa com-
plexes, and before saturation of these receptors with free
fibrinogen. This scenario seems unlikely given the high
concentration of fibrinogen in plasma (~2 x 10" mole-
cules per platelet). It is more likely that all GPIIb-Illa
complexes (~5 x 10* receptor sites per cell; Nurden,
1987) would be saturated with free fibrinogen long before
two platelets could simultaneously bind a single fibrino-
gen molecule. Instead, a model of aggregation requires
either a low affinity for fibrinogen binding by activated
platelets, and the subsequent continuous breaking and
forming of new platelet-fibrinogen bonds, or the time-
dependent exposure of new bonds that permits cross-
linking during the interaction time of collision. Peerschke
et al. (1980) have provided evidence for both high and low
affinity binding sites for '*I-labeled fibrinogen on ADP
stimulated platelets; however, Margueriec et al. (1980)
found only a single class of receptors. In both cases
binding was saturable and required the continuous pres-
ence of ADP in the absence of release. Both groups
reported that binding increased with time; however,
Peerschke et al. found binding to reach equilibrium after
1 min, whereas Marguerie et al. measured increased
binding up to 30 min. In addition, fibrinogen itself
appears to have a binding sequence in the carboxy
terminus of the v-chain that recognizes the GPIIb-I11a
complex, but is distinct from the arginine-glycine-aspar-
tic acid (RGD)—containing sequence in the a chain
(Kloczewiak et al., 1984; Santoro and Lawing, 1987).
Thus, the relatively slow kinetics of fibrinogen binding
and the existence of heterogeneity in the affinity of
fibrinogen provide a mechanism for platelet aggregation
in the presence of high concentrations of the cross-linking
ligand. Furthermore, the increase in the two-body colli-
sion efficiency with time and the formation of a high
shear rate-resistant bond can be explained in terms of a
time-dependent increase in fibrinogen binding.

Evidence for fibrinogen binding comes from the cova-
lent cross-linking of fibrinogen to the GPIIb-11Ia complex
(Bennett et al., 1982), and by the inhibition of binding by
RGD-containing peptides (Gartner and Bennett, 1985;
Haverstick et al., 1985; Plow et al., 1985) and by mono-
clonal antibodies that recognize the GPIIb-IIla complex
(Bennett et al., 1983; Coller et al., 1983). These binding
assays do not prove, however, that fibrinogen mediates

aggregation by directly cross-linking activated platelets.
It has been proposed that GPIIb-IIIa receptor clustering
is a prerequisite for fibrinogen binding and platelet aggre-
gation (Aasch et al., 1985; Newman et al., 1987). It is
possible that the role of fibrinogen is to stabilize such
clusters permitting them to interact in some complemen-
tary manner between activated platelets. Thus, fibrinogen
cross-linking between platelets per se would not be neces-
sary for aggregation. If the platelets were initially aggre-
gated by a mechanism independent of fibrinogen cross-
linking but which maintained close contact, cross-linking
could follow as fibrinogen-binding sites were expressed.
Coller (1983) has proposed that both platelet binding of
fibrinogen and the small radius of curvature of the
pseudopods would be sufficient to lower the electrostatic
repulsion between the similarly charged platelets and
permit aggregation through van der Waals attraction.
Because such aggregation is not mediated by specific
fibrinogen cross-linking, it may not be resistant to high
shear rates. It does, however, provide a mechanism for the
relatively weak aggregation observed at short transit
times in the present work.

Recent studies suggest that GPIIb-IIla is involved in
both platelet adhesion and aggregation onto subendothe-
lium (Sakariassen et al., 1986; Weiss et al., 1986), and
that von Willebrand Factor (vWF) is the principal ligand
involved (Weiss et al., 1989). Moreover, vWF has been
found to substitute for fibrinogen in the ADP-induced
aggregation of washed platelets (Timmons and Hawiger,
1986) and of platelets from patients with afibrinogenemia
(De Marco et al., 1986). Work on shear-induced platelet
aggregation has also shown that vWF appears to mediate
platelet aggregation in suspension at high shear rates at
exposure times of 30 s and that high molecular weight
forms, such as found in the a-granules of platelets, are the
most effective (Moake et al., 1986; Moake et al., 1988).
However, in the absence of significant release of vWF
from the a-granules, plasma vWF can successfully
mediate platelet aggregation. Both membrane glycopro-
teins GPIb and GPIIb-I11a appeared to be essential for
the vWF-mediated aggregation, as was activation of the
surface receptors by endogenous ADP released from
platelets at shear stresses between 3 and 6 Nm~2. It is
therefore possible that plasma vWF binding is responsible
for the high shear rate-resistant bond in the present work.
Although there was no release, platelet activation by
ADP may have been sufficient to induce vWF binding.

iii. Aggregate size. The wide spectrum of aggregate
size at G = 41.9 s~! shows that aggregate growth is not
limited by a shear stress of 0.08 Nm~2 Although the fluid
shear stress is low, the collision rate is not sufficient to
sustain a high rate of aggregation and the subsequent
“snowball” effect found previously at this shear rate with
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1 uM ADP (Bell and Goldsmith, 1984). In the present
work this effect was evident at G = 335 s~!, where large
numbers of small aggregates that rapidly accumulated
were subsequently incorporated into a new relatively
homogeneous population of larger aggregates. Analysis of
aggregate size distributions has shown similar behavior
for aggregation induced by ADP in the aggregometer
(Nichols and Bosmann, 1979) or by shear rates >2,000
s~! in rotational viscometers (Belval and Hellums, 1986;
Belval et al., 1984). This form of aggregate growth is
characteristic of the successive rise and fall in the number
of small order multiplets of progressively increasing size
predicted by Smoluchowski (1917) for model spheres and
verified experimentally for platelets at G < 54 s~' (Bell
and Goldsmith, 1984). The sequential formation of simi-
larly sized aggregates of relatively large size in the
present experiments may have been encouraged by the
presence of a limiting shear rate that restricts aggregate
size at each mean transit time. The effect of this limit is
more pronounced at G = 1,920 s~! where despite a high
rate of aggregation, aggregate size was much reduced
compared to that at G = 335 s~'. It is known that for
particle aggregation in the presence of adsorbed polymer,
aggregates of equal-sized particles are more readily bro-
ken up than aggregates of unequal-sized particles by
shear stresses capable of disrupting polymer bonds (van
de Ven, 1982). Because fibrinogen cross-linking between
activated platelets is analogous to polymer bridging, this
effect would favor the aggregation of single platelets and
aggregates at high shear rates.

b. High platelet stimulation

Comparison of the rate of single platelet aggregation for
the two donors tested shows a slight shear-dependent lag
phase still present. In spite of a threefold increase in the
collision efficiency at G = 41.9 57! for the male donor, the
collision rate still could not support massive aggregation
(Bell, 1988). Aggregate size was only slightly greater
than at 0.2 uM ADP. The high collision efficiency may
reflect a large increase in the affinity or number of
fibrinogen-binding sites at the higher level of platelet
stimulation. An increase in the length or numbers of
platelet pseudopods may also increase the effective colli-
sion cross-section of the cells. This effect may be responsi-
ble for collision efficiencies greater than unity that have
been measured for ADP-induced platelet aggregation due
to Brownian motion (Frojmovic and Longmire, 1986).
The opposite effects of a high collision efficiency and a
size-dependent limiting shear rate are strikingly evident
at high shear rates. At G = 335 s~! there was a large
increase in both the rate of single platelet aggregation and
aggregate size. The high rate of decrease in the single
platelet concentration at G = 1,920 s~' between 4.3 and

115 of 8~10% s~ ' led to the rapid depletion of virtually all
single platelets; however, aggregate growth was severely
limited. The aggregates were grouped into a narrow
volume distribution between 10* and 10° um?, yet at G =
335 s~! where many single platelets still remained, aggre-
gate volume greatly exceeded 10° um®. The mean shear
stress of 3.5 Nm~? did not inhibit the recruitment of all
platelets into aggregates but clearly did inhibit aggregate
growth.

It has been suggested that some platelets within a
normal population typically do not aggregate (Born and
Hume, 1967; Gear, 1982; Nichols and Bosmann, 1979).
The present work shows clearly that given a sufficient
collision frequency and degree of platelet activation all
platelets will aggregate. Neglecting the overlap of single
platelet and microaggregate volume, the shape of the
single platelet log-volume distribution remained symmet-
rical about the initial modal volume during aggregation
indicating that all single platelets were being recruited
equally well into aggregates. Belval et al. (1984) also
observed the aggregation of almost the entire single
platelet population as a result of shear-induced aggrega-
tion at shear rates >3,000s™".

4. Sex difference

There is a highly significant sex difference in the aggrega-
tion of human platelets in response to 0.2 uM ADP at
room temperature over the range of mean tube shear rate
419 < G =< 1,920 s~'. This finding is consistent with
previous work done in Poiseuille flow at G < 54 s~ with
1.0 uM ADP (Bell and Goldsmith, 1984), and in the
aggregometer at 37°C with 0.5-5.0 uM ADP, collagen, or
epinephrine (Coppe et al., 1981; Kelton et al., 1980). In
all cases the platelets from female donors aggregated
more than those from male donors. Kelton et al. (1980)
attributed the sex difference to the hematocrit-dependent
chelation of ionized calcium, Ca?*, which occurs in
citrated PRP when a 1/10 (vol/vol) dilution of the citrate
anticoagulant in whole blood is routinely employed. Mea-
surements of plasma [Ca®*] in this laboratory, reported
elsewhere (Bell, D. N., S. Spain, and H. L. Goldsmith,
submitted for publication), support this hypothesis.
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