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Platelet Activation and Aggregation
during Cardiopulmonary Bypass
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Increases in plasma concentrations of platelet granule products
such as platelet factor 4 and §-thromboglobulin during cardiopul-
monary bypass suggest that platelets are activated during extracor-
poreal circulation. Subsequent circulation of these activated platelets
may be responsible for the ubiquitous platelet dysfunction associated
with cardiopulmonary bypass. Using flow cytometry and a mono-
clonal antibody directed against an a-granule membrane protein,
granule membrane protein 140 (GMP-140), which is expressed on
the platelet surface membrane after activation, we directly measured
the percentage of circulating activated platelets in 41 patients before,
during, and after cardiopulmonary bypass. In addition, we compared
the GMP-140 expression with platelet aggregation in response to
adenosine diphosphate (ADP). Cardiopulmonary bypass produced
a significant increase in the percentage of GMP-140-positive platelets
persisting in the circulation; the percentage peaked at a mean of
29% (range 10-58%) before separation from extracorporeal circu-
lation, A significant percentage of these activated platelets continued
to circulate in the early postoperative period. Simultaneous mea-
surement of platelet aggregation in response to ADP demonstrated
an aggregation defect that had a time course distinct from platelet
activation and whose magnitude did not correlate with the degree
of platelet activation in individual patients. We conclude that car-
diopulmonary bypass causes a complex constellation of platelet de-
fects, which include a-granule release, prolonged circulation of ac-
tivated, “spent” platelets, and impaired platelet aggregation. (Key
words: Blood, coagulation: platelet activation; platelet aggregation;
platelet glycoproteins. Measurement technique: flow cytometry.

Surgery, cardiac: cardiopulmonary bypass.)

CARDIOPULMONARY BYPASS (CPB) produces changes in
platelet structure and function that may contribute to a
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bleeding diathesis postoperatively. After CPB, platelets
are unable to aggregate normally in response to weak
agonists such as adenosine diphosphate (ADP) and epi-
nephrine and show a decreased response to lower doses
of the strong agonist collagen.'~® Electron microscopic
studies of platelets from CPB patients show shape change*
and loss of granule contents® consistent with platelet ac-
tivation. This is supported by reports of increased serum
concentrations of platelet factor 4, B-thromboglobulin,
and thromboxane B, during bypass.*® A decrease in re-
leasable ADP from platelets during CPB suggests that
one source of platelet dysfunction associated with CPB
may be the persistent circulation of activated degranulated
platelets. Recent evidence suggests, however, that acti-
vated platelets are cleared preferentially from the circu-
lation.® If this is the case, activated platelets produced
during bypass would have a short half-life and should
contribute only to postoperative thrombocytopenia and
not to the qualitative aggregation defect that persists
postoperatively.

It is now possible to measure the expression of platelet
activation antigens on the platelet surface using mono-
clonal antibodies and flow cytometry.® Platelet a-granule
release is associated with fusion of the granule membrane
with the surface membrane. A 140-kD protein, granule
membrane protein 140 (GMP-140), is found exclusively
on the inner surface of the & granule in the unstimulated
platelet and with activation can be measured as a stable
activation antigen on the platelet surface.'®'' GMP-140
therefore serves as a marker to identify platelets in the
circulation that have undergone a-granule release, i.e.,
platelets that are are activated.

We used 1E$, which is a murine monoclonal antibody
specific for GMP-140, and flow cytometry to detect the
presence of circulating activated platelets in whole blood
of patients undergoing CPB. If activated platelets contin-
ued to circulate in significant numbers, we could then
explore the contribution of these circulating activated
platelets to the platelet dysfunction produced by CPB.
Unlike the products of a granule release, such as (-
thromboglobulin, which provide an index of total acti-
vation summed over time, this technique permits mea-
surement of the fraction of circulating degranulated (ac-

tivated) platelets at any given point in time. By measuring
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the percentage of activated platelets in a sample of 10,000
individually analyzed platelets, this technique is not af-
fected by hemodilution, unlike measurement of serum
concentrations of -thromboglobulin, platelet factor 4,
and thromboxane B2. Therefore, we also could estimate
the rate of clearance of activated platelets after termi-
nation of CPB and its relation to postoperative bleeding.
In addition, by simultaneously measuring platelet aggre-
gation and the percentage of circulating activated platelets
at different time points, we were able to investigate
whether platelet activation and the platelet aggregation
defect produced on CPB evolve in parallel. Both platelet
activation and the aggregation response to ADP also were
compared to chest-tube drainage to determine their con-
tributions to postoperative blood loss.

Materials and Methods

All patient studies were approved by the Maine Medical
" Center institutional review board. After informed consent
was obtained, 41 consecutive patients undergoing elective’
procedures requiring CPB were studied. Thirty-six of
these were undergoing coronary artery bypass grafting
and 5 aortic valve replacements. Patients undergoing re-
peat coronary artery bypass surgery were excluded. All
patients had a preoperative template bleeding time within
normal limits (less than 8 min).

Patients were anticoagulated with heparin to an acti-
vated clotting time greater than 400 s and cooled to 26°
C during CPB using a membrane oxygenator at compa-
rable flow rates. Whole-blood samples were drawn from
the radial artery catheter at the following time points:
immediately before incision; 5 min postanticoagulation;
5, 15, 30, and 60 min after the start of bypass; 5 min
after protamine administration had titrated to an activated
clotting time within 10 s of baseline; 2-4 h after termi-
nation of bypass; and 18 h after bypass. Preliminary work
had demonstrated no difference in platelet activation or
aggregation in samples drawn 5 min after anticoagulation
with heparin or immediately before CPB, so the latter
time point was not included in the current study.

A 50-ul aliquot of whole blood was placed immediately
in 2% paraformaldehyde in phosphate-buffered saline for
baseline studies; a second aliquot was stimulated with 10
uM ADP for five min and then fixed in 2% phosphate-
buffered saline. Fixed samples were stored at 4° C for 1
h and then prepared as described below. Whole blood
samples were analyzed also for hematocrit, hemoglobin,
and platelet count by an automated blood cell counter
(Coulter Electronics, Hialeah, FL), and platelet counts less
than 100 X 10%/1 were confirmed by manual counting.
Blood loss was assessed by measuring chest tube drainage
in the first 24 h after bypass. The number of packed red
blood cell units and platelet transfusions received in the
same time period was recorded,
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MONOCLONAL ANTIBODIES

1E3, a murine monoclonal antibody of the immuno-
globulin G1 (IgG1) subclass, recognizes a 140-kD glyco-
protein (GP) that becomes associated with the platelet
surface during « granule secretion. This GP has been
designated GMP-140,® or platelet-activation-dependent
granule external membrane (PADGEM)'? protein. The
1E3 monoclonal antibody was biotinylated in the standard
fashion.? The monoclonal antibodies anti-GPIb and anti-
GPIIb/I11a (AMAC, Westbrook, ME) were conjugated
to fluorescein isothiocyanate (FITC) and used as platelet
markers in whole-blood samples as previously described.'®
Preliminary studies demonstrated that during CPB, no
platelets were produced that completely lacked either
GPIb or GPIIb/I1la. Because of its greater number of
receptors on the platelet surface, the majority of patient
studies used GPIIb/I1Ia as the primary platelet marker.

FLow CYTOMETRIC ANALYSIS

After incubating for 1 h at 4° G, fixed samples were
washed and incubated with a saturating concentration of
biotinylated 1E3 and FITC-anti-GPIb or FITC-anti-
GPIIb/Illa, as described previously. The sample was
then washed, and 20 ul phycoerythrin (PE)-conjugated
avidin (Becton Dickinson Immunocytometry Systems, San
Jose, CA) was added for an additional 20 min. Samples
were washed again in Tyrode’s buffer and then analyzed
in the FACScan flow cytometer (Becton Dickinson Im-
munocytometry Systems). The instrument was set to
measure forward light scatter (FSC) as an index of particle
size and to measure FITC and PE fluorescence for platelet
markers and GMP-140 expression, respectively. Platelets
were identified in whole-blood samples by triggering the
cytometer on size and FITC (GPIIb/I1la or GPIb) fluo-
rescence.” Analysis of 10,000 platelets was performed,
and the percentage of activated platelets was determined
by the proportion of platelets that expressed PE fluores-
cence greater than background (fig. 1). Analysis of platelet
aggregation on the FACScan was performed by identi-
fying the upper limit of FSC for single platelets based on
platelets drawn from normal volunteers into EDTA an-
ticoagulant, as described previously.'* ADP-stimulated (10
M) patient samples were then analyzed for forward scat-
ter versus FITG (GPIb or GP1Ib/IlIa) fluorescence, and
the percentage of platelets exceeding the limit for single
platelets was recorded as platelet aggregates (fig. 2). We
have demonstrated previously that flow cytometric mea-
surement of platelet aggregates correlates well with stan-

dard platelet aggregation measurements.'*

The percentages of activated and aggregated platelets
for baseline and ADP-stimulated samples were plotted
over time; all patient values for each time point were
pooled and subjected to analysis of variance. Baseline and
ADP-stimulated values were compared with chest-tube
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E ] FIG. 1. Contour graphs of platelets in whole

blood by flow cytometry. A: Whole blood drawn

from a patient prior to the start of CPB. Events

122
el
102
Ll

to the right of the vertical line represent platelets
by virtue of their binding the monoclonal an-
tibody to GPIIb/11la. Platelets above the hor-
izontal line also express the activation-specific
glycoprotein GMP-140. In 4, 4% of the platelets
are activated. B: The platelets in the same patient

at the end of CPB, with 27% of platelets now
expressing GMP-140. Note that all of the scales
are logarithmic.
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drainage by a two-tailed ¢ test. The sample size did not
permit multivariate analysis.

Results

The percentage of GMP-140-positive, i.e., activated,
platelets in whole blood increased significantly during CPB
(Figure 3). The baseline sample (7%) and the postanti-
coagulation sample taken after sternotomy and right atrial
cannulation (6%) were not significantly different. How-
ever, by 5 min after the initiation of CPB, there was a
significant increase in platelet activation that progressed
with duration of CPB. Just before termination of CPB,
the percentage of activated platelets peaked at a mean of
29% (range 10-58%). Peak levels of platelet activation
did not, however, correlate with CPB duration, which
averaged 83 min (r = 0.4). Protamine administration did
not immediately change the level of platelet activation.
By 2-4 h after CPB, the percentage of activated platelets
had decreased (19%) but remained significantly higher
than baseline; at 18 h it approached the baseline value
(11%). The platelet count, even when corrected for di-
lution based on the hematocrit, decreased significantly as

122 1a? B
FL1

early as 10 min after the start of CPB, increased slightly
at the end of bypass, and then stabilized at a lower value
for the remainder of the study period (fig. 4). Aortic valve
replacement patients (n = 5) were analyzed separately
and found not to differ significantly from coronary artery
bypass grafting patients (n = 36) in terms of peak acti-
vation levels, change in platelet count, or chest-tube
drainage in the postoperative period.

The aggregation response of platelets to 10 uM ADP
at different time points during CPB is shown in figure 5.
Aggregation decreased significantly 10 min after the start
of CPB and decreased further by the end of CPB. It
reached a nadir 1-4 h after termination of CPB and then
returned to a value not significantly different from base-
line by 18 h after surgery. The decrease in ADP-induced
platelet aggregation at the end of CPB did not correlate
(r = —0.06) with the degree of platelet activation at the
same time point in individual patients (fig. 6). Similarly,
at its nadir 2—4 h after CPB, the decrease in platelet ag-
gregation did not correlate with platelet activation at the
same time point. Ten patients were receiving sodium ni-
troprusside for control of postoperative hypertension at
the 2-4-h postoperative time point. When these patients
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& 3 ‘s 3 FIG. 2. These contour graphs show forward
] 1 scatter (FSC), a measure of size, in the x-axis
- - ] and GPIIb/IIla binding in the y-axis. A: This
£y 3 doy 3 graph, a sample of unstimulated whole blood,
I ] defines the upper limit of the size of single
. . platelets, denoted by the vertical line. B: A sam-
- - ple of whole blood stimulated with ADP; the
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] ] aggregated platelets, comprising 35% of the to-
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FIG. 3. Percentage of circulating activated platelets in whole blood
at each of the various time points before, during, and after CPB. Data
are means = SEM. HEP = heparin; PROT = protamine. Samples are
compared to baseline by ANOVA (*P < 0.05).
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were excluded from the analysis (to eliminate any additive
antiaggregatory effects of the nitroprusside'®), there still
was no correlation between activation and aggregation.
Chest tube drainage was recorded in all patients for
the first 24 h after surgery. Two patients required reex-
ploration for excessive bleeding, and one of the two was
found to have arterial bleeding; his data was eliminated
from the study. Six patients received platelet transfusions;
3 of these 6 also received cryoprecipitate, and 2 received
both cryoprecipitate and fresh frozen plasma. All trans-
fusions were at the discretion of the cardiothoracic sur-
geon for perceived excessive bleeding and were analyzed
separately; they were not found to differ significantly from
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FIG. 4. Platelet count corrected for hemodilution based on the change
in hematocrit. Data are means % SD. Samples are compared to baseline
by ANOVA (*P < 0.05).
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F1G. 5. Percentage of aggregated platelets in response to 10 uM
ADP at the various time points. Shown are the means = SEM. Samples
are compared to baseline by ANOVA (*P < 0.05).

the other study patients in terms of activation or aggre-
gation either before or after their transfusion. Three pa-
tients received aspirin and one received a nonsteroidal
antiinflammatory drug the week before their surgery. All
had a normal preoperative template bleeding time and
showed comparable platelet activation and aggregation
impairments during CPB when analyzed separately. Chest-
tube drainage averaged 1200 ml; values exceeded 2000
ml in only 2 of 40 patients. There was no correlation
between chest tube drainage and 1) the peak percentage
of circulating activated platelets (r = —0.2), 2) the nadir
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FIG. 6. Correlation between change in activation and change in ag-
gregation (absolute value) between baseline and the end of CPB. No
correlation was observed at r = 0.03.
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of the aggregation defect (r = 0.03), or 3) the platelet
count (r = —0.07).

Discussion

Persistent circulation of activated platelets and abnor-
malities in platelet aggregation have been postulated as a
cause of excessive bleeding after CPB.® Other investiga-
tors have shown that CPB is associated with platelet ac-
tivation based on increases in serum platelet factor 4,
thromboxane By, and urinary B-thromboglobulin.*?
These proteins accumulate in the serum and urine after
platelet activation by both surgical stimulation and CPB
and thus neither provide information about the timing
of activation during the procedure nor indicate whether
these activated platelets remain in the circulation. The
current study used a monoclonal antibody to GMP-140,
an a-granule marker that has been shown to be found
exclusively on the surface of platelets that have undergone
a-granule release.!®!! It serves, therefore, as a specific
marker for platelet activation. Recent studies have sug-
gested that GMP-140 expression is correlated also with
increased platelet clearance,? indicating that under normal
circumstances, activated platelets do not remain in the
circulation but rather are actively cleared. Using flow cy-
tometry, we were able to directly measure platelet acti-
vation in whole-blood samples at frequent time points
during and after CPB to detect more precisely the time
course of platelet activation and the development of the
aggregation defect.

This study clearly demonstrates that during CPB,
platelets undergo progressive activation characterized by
a-granule release and that the activation affects an average
of nearly one third of circulating platelets and as much
as 50% of the platelets in selected patients at the termi-
nation of CPB. Surgical stimulation before heparin ad-
ministration, including graft and internal mammary har-
vesting and sternotomy, did not increase the number of
activated platelets remaining in the circulation. After CPB,
activated platelets continued to circulate in numbers sig-
nificantly higher than at baseline, though lower than dur-
ing CPB. These “spent” platelets may be incapable of
contributing their @ granule contents, such as thrombo-
spondin, to the platelet aggregate, thereby potentially
rendering it more vulnerable to disaggregation by pro-
teases. The percentage of circulating activated platelets
at the end of CPB did not correlate with CPB duration,
preoperative drug exposure, or platelet transfusion.

Using the technique of ADP stimulation of platelets to
measure ability to aggregate, it also was possible to dem-
onstrate the development of an aggregation defect during
CPB. This has been reported previously by a number of
investigators using standard aggregometry. In our study,
however, the timing of the peak aggregation defect did
not match that of the peak percentage of platelet activa-
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tion. Moreover, there was no correlation between the de-
gree of activation and the magnitude of the aggregation
abnormality, suggesting that additional factors other than
platelet activation operate during CPB and result in a
primary defect in platelet aggregation. This aggregation
defect had reversed by 18 h after surgery, at the same
time as the number of activated platelets had declined,
reflecting either some degree of functional platelet ‘“‘re-
covery,” or the influx of new platelets from the bone
marrow and splenic pools. Neither the peak percentage
of activated platelets nor the aggregation defect predicted
postoperative bleeding; however, the number of patients
with major postoperative bleeding was small. A larger
study with a longer average duration of CPB might reveal
synergistic action of both the primary aggregation defect
and the level of a-granule-depleted platelets, correlating
with major bleeding diatheses.

Likely candidates for the pathophysiology of the ag-
gregation defect independent of activation include de-
struction of platelet surface adhesion receptors. Plasmin
is capable in vitro of platelet activation and cleavage of
both the von Willebrand binding site, GPIb, and the fi-
brinogen binding site, GPIIb/I1Ia.'%!” The success of the
antiplasmin agent aprotinin in reducing post-CPB blood
loss!8!® therefore may result from its ability to preserve
both GPIb-dependent platelet adhesion and GPIIb/IIIa-
dependent platelet—platelet interaction. In addition, if
aprotinin inhibits plasmin-induced platelet activation in
vivo, then more platelets would be capable of contributing
their granule contents to the formation of a stable, pro-
tease-resistant clot. It would be of interest to determine
in the in vivo clinical setting which of these mechanisms
is the predominant beneficial effect of aprotinin.

In summary, we have shown that CPB (but not surgery)
produced a significant increase in the level of circulating
activated platelets, such that by the end of CPB, an average
of 29% of platelets remaining in the circulating had un-
dergone a-granule release. By 2—4 h after termination of
CPB, the percentage of activated platelets had decreased
but remained significantly greater than normal baseline
values, demonstrating either that these activated platelets
are cleared slowly relative to other clinical settings or that
their persistent activation occurs after separation from
bypass. Platelets also developed an aggregation defect that
was temporally and qualitatively distinct from platelet ac-
tivation. Neither measurement alone correlated with chest
tube drainage during the first 24 h. This study has de-
termined that CPB produces multiple distinct functional
platelet defects and provides a critical foundation for fur-
ther clinical investigation.
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