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von Willebrand Factor (VWF) is important in platelet adhe-
sion and shear-dependent platelet activation. We performed flow
cytometric analyses of VWF binding to and activation of plate-
lets from healthy neonates, children, and adults. Platelets from
cord blood (n � 38; gestational age: 36–42 wk; birth weight:
2.4–5.1 kg), neonatal venous blood (n � 19; d 2–3 of life),
children (n � 15; age: 1.5–16.3 y), and adults (n � 22; age:
18–55 y) were studied. Binding of VWF was assessed using an
antihuman VWF polyclonal antibody and a FITC-conjugated
secondary antibody. Platelet activation was determined by the
expression of CD62P, CD63, CD41, CD42b, activated GPIIb/
IIIa (PAC-1), procoagulant surface (as reflected by annexin V
binding), and microparticle formation. Although the mean per-
centage of VWF-positive platelets was not significantly higher in
unstimulated platelets from 2- to 3-d-old neonates, their platelets
were more activated than those from adults, and there was a
positive correlation of VWF binding with platelet activation
(CD62P: r � 0.74, p � 0.001; annexin V: r � 0.46, p � 0.05).
In adults, after in vitro activation of platelets with thrombin and

ADP, VWF binding to platelets increased and correlated signif-
icantly with CD62P expression (r � 0.71, p � 0.001). VWF
binding to unstimulated neonatal platelets was, however, higher
than that to in vitro–stimulated platelets from adults at the same
level of expression of platelet activation markers. Further studies
are required to assess the mechanism and significance of VWF
binding to activated platelets in the neonatal period. (Pediatr Res
54: 474–479, 2003)

Abbreviations
CD, cluster of differentiation
CTAD, 0.38% sodium citrate anticoagulant supplemented with
theophylline, adenosine, and dipyridamole
MCF, mean channel fluorescence
MDCF, median channel fluorescence
MP, platelet microparticles
PE, phycoerythrin
PF, paraformaldehyde
VWF, von Willebrand factor

Over the past decade, the hemostatic system in neonates
has been increasingly well characterized. Compared with
adults, neonates have decreased synthesis of many of the

activating and inhibiting coagulation proteins, a lower ca-
pacity to generate thrombin, and a reduced fibrinolytic
activity (1–6). Clinically, thromboembolic events remain a
major cause of morbidity and mortality in hospitalized
neonates (7–9). Bleeding occurs in sick premature newborns
but is rare in term infants (10–13). Platelet activation
pathways in neonates are still not well understood and
conflicting data exist on their role in the initiation and
propagation of thromboembolic events. Although hyporeac-
tivity in vitro of platelets from neonates has been reported
(14–16), the significance of this remains unclear and tests
for global platelet function demonstrate hyperreactivity
compared with platelets from adults (17–21).
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ABSTRACT
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VWF is a large multimeric plasma glycoprotein synthesized
by megakaryocytes and endothelial cells. It plays a key role in
the adhesion of platelets to exposed subendothelium, mediates
shear-dependent activation of platelets, and increases thrombin
generation on the platelet procoagulant surface (22–26). The
largest multimers of VWF, with a Mr � 20,000 kD, are the
most biologically active in the adherence and activation of
platelets (22, 23). Compared with adults, neonates have been
reported to have higher amounts of large multimers of VWF
and have increased platelet deposition on the subendothelium
in the presence of VWF and increased shear rates (27–29).
Because VWF appears to have a prominent role in neonatal

hemostasis, we hypothesized that VWF binding to platelets is
increased in neonates compared with children and adults.
Hence, we examined VWF-platelet binding and its relationship
to platelet activation, and to plasma VWF, in healthy neonates
(cord and venous blood), in comparison to children and adults.

METHODS

Study subjects. Healthy neonates, children, and adults were
examined.
Neonatal samples were obtained from cord blood (neonates-

cord) from 38 healthy, term neonates (18 males and 20 females),
with a mean gestational age of 39.3 wk (range, 36–42 wk) and
a mean birth weight of 3515 g (range, 2440–5098 g; all �10th
weight percentile); 18 were delivered vaginally and 20 were
born by cesarean section. Thirty-seven out of 38 had a 1-min
Apgar score �7 and a 5-min score �9. One baby, delivered
vaginally, had an Apgar score of 6 at 1 min and 9 at 5 min.
Samples were also obtained from neonates (n � 19) studied on
d 2–3 of life (neonates2–3 d); 15 were repeat samples from the
neonatescord, taken when a venous blood sample was drawn for
the Guthrie test at a mean of 39 h (range, 27–53 h) after
delivery, and four were neonates studied only once, at 42 h
(range, 28–48 h) post delivery.
In addition, two control groups were studied: Healthy chil-

dren (n � 15; nine males, six females), with a mean age 9.6 y
(range, 1.5–16.3 y) were recruited from the phlebotomy clinic
of The Hospital for Sick Children, Toronto, where they were
having blood samples drawn for elective surgery, family stud-
ies, or long-term follow-up after completion of treatment.
Healthy adults (n � 22; eight males, 14 females) with a mean
age of 37 y (range, 18–55 y) were laboratory volunteers.
No subject had ingested drugs known to affect platelet

function in the 2 wk preceding blood donation. Informed
consent was obtained for all subjects and the study was ap-
proved by the hospitals’ research ethics boards.
Blood samples. Cord blood samples, collected within 5 min

of delivery, were taken via a 21-gauge needle into a polypro-
pylene syringe and then transferred immediately into 3.8%
(final concentration) sodium citrate or CTAD (Diatube-H, BD
Biosciences, San Jose, CA, U.S.A.). For neonates2–3 d, venous
blood was collected using a loose tourniquet and, after discard
of the first 1 mL, by dripping from a 21-gauge needle placed in
a peripheral vein on the back of the hand, directly into polypro-
pylene tubes containing sodium citrate or CTAD. Venous
blood from the children and adults was collected from an
antecubital vein with a 21-gauge needle using a loose tourni-

quet, after discard of the initial 2 mL, into vacutainers contain-
ing sodium citrate or CTAD.
In some cases, as indicated below, 0.1 mL of the CTAD

blood was immediately fixed with an equal volume of 1%
(wt/vol) PF, as described elsewhere (30). All samples were
maintained at room temperature for 1–6 h until processing for
flow cytometry; over this time period, platelets taken into
CTAD anticoagulant remained in a resting state comparable to
that seen with fixed platelets (30).
VWF antigen levels and VWF multimer distribution. VWF

antigen levels in citrated plasma were measured by a Rellplate
electroimmunodiffusion kit (American Diagnostics, Seattle,
WA, U.S.A.). The multimeric distribution of VWF was ana-
lyzed by separating the multimers by SDS–1.5% agarose gel
electrophoresis as described (31, 32), and determining the
relative proportions of low (1- to 5-mers), intermediate (6- to
10-mers), and large (�10-mers) multimers of VWF by
densitometry.
Flow cytometric assessment of platelets in whole blood.

FITC-conjugated MAb to CD41 [platelet glycoprotein (GP)
IIb/IIIa complex] and CD42b (GPIb), and PE-conjugated MAb
to CD41 and CD63 (lysosomal membrane protein), were ob-
tained from Beckman Coulter, Inc. (Fulleron, CA, U.S.A.).
FITC-labeled PAC-1 (MAb against the activation-induced,
conformationally changed neoepitope on GPIIb/IIIa) was from
BD Biosciences, as were PE-conjugated anti-CD62P (P-
selectin; an �-granule membrane protein expressed on the
platelet surface after activation), and PE-labeled annexin V
(which binds to the procoagulant phosphatidylserine expressed
on the surface of activated platelets).
Flow cytometric analysis was performed as described else-

where (30, 33). In brief, 5-�L aliquots of unfixed or 10 �L of
fixed blood taken into CTAD were incubated with 5 �L of
MAb and 50 �L of buffer [145 mM NaCl, 5 mM KCl, 1 mM
MgCl, 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid), containing 2.0 mM Mg��]. Annexin V
staining was performed in the presence of 2 mM Ca�� and
Mg��, and 2.5 mM Gly-Pro-Arg-Pro (GPRP) (Sigma Chem-
ical, St. Louis, MO, U.S.A.) was added to the samples to
prevent fibrin polymerization. After 30 min incubation at 22°C
in the dark, samples were fixed with 1% PF for a further 15 min
and 1 mL filtered FACSFlow fluid (BD Biosciences) was
added. The samples were then acquired using a FACSCalibur
flow cytometer (BD Biosciences) equipped with a 15-mW
argon ion laser. Gating on forward light scatter and fluores-
cence, CD41- and CD42b-positive single platelets were iden-
tified; 10,000 events were acquired on each sample and ana-
lyzed using CellQuest software (BD Biosciences). Platelet MP
were distinguished from intact normal platelets on the basis of
the characteristic flow cytometric profile of forward light scat-
ter versus fluorescence, as previously described (34). The
percentage of MP was defined as that proportion of all CD41-
positive cells that were smaller than 0.8 �m. Results are
expressed as MDCF for CD41 and CD42b expression, or as the
percentage of platelets expressing CD62P or CD63, or binding
PAC-1 or annexin V.
In vitro activation of platelets from adults. To evaluate the

ability of activated platelets from adults to bind VWF, citrated-
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whole blood was exposed to thrombin (0.1 or 1 U/mL) or ADP
(5 or 10 �M) before fixation and staining, as described else-
where (30, 33). In brief, 45 �L of citrated blood was diluted
1:1 with buffer, incubated with 2.5 mM GPRP and thrombin or
ADP for 10 min at 37°C, and then fixed with 1% PF for 10 min.
After dilution with 1 mL PBS, 50 �L of the sample were
stained with the antibodies as described above. For annexin V
staining and platelet-VWF binding, 5 �L of activated, unfixed
whole blood was used.
Platelet-VWF binding. The flow cytometric method of

Chow et al. (35) was applied, with modifications. Five-
microliter aliquots of CTAD-whole blood were incubated with
50 �L of buffer containing 2 mM Mg�� and 1.5 �L of rabbit
antihuman VWF polyclonal antibody (1:100 dilution; Sigma
Chemical) for 2 min, and then 10 �L of FITC-labeled goat
anti-rabbit IgG (1:100 dilution; Sigma Chemical) and 5 �L of
PE-conjugated anti-CD41 for 30 min. The stained samples
were fixed with 1% PF, diluted with 1 mL of FACSFlow, and
acquired as described above. The binding results for VWF are
expressed as MCF of VWF-positive single platelets (reflecting
epitope density) and also as the percentage of platelets express-
ing the antigen (%VWF). As positive controls, VWF-positive
platelets were produced by adding 4 mg/mL of the snake
venom protein botrocetin (Pentapharm, Basel, Switzerland)
(36, 37).
To measure the binding of released VWF from platelets,

washed platelets from adults were prepared by centrifuging
citrated whole blood at 150 � g for 10 min to obtain platelet-
rich plasma, which was then centrifuged at 500 � g for 10 min.
The platelets were resuspended in PBS containing 1% BSA,
centrifuged again at 500 � g for 10 min and resuspended in the
same buffer. The platelet suspension was incubated with 1.25
mM GPRP in the absence or presence of 1 U/mL thrombin for
30 min at 22°C. The thrombin-stimulated washed platelets
were then incubated for 20 min with rabbit antihuman VWF
polyclonal antibody and processed as above.
Statistical analysis. Unless otherwise indicated, values re-

ported are means � SEM. Statistical analyses were performed
using the GraphPad Prism 3.0 program (GraphPad Software,
San Diego, CA, U.S.A.). Comparison of the study groups was
by paired t tests or ANOVA and the Bonferroni test. The
correlation between markers of platelet activation (percentage
CD62P and CD63 expression, and percentage annexin V bind-
ing) and percentage VWF binding was assessed by the Pearson
correlation coefficient. Differences were considered statisti-
cally significant at p � 0.05.

RESULTS

Platelet-bound VWF.With unstimulated platelets, there was
no significant difference in the mean percentage of VWF-
positive platelets between the four groups, although the mean
tended to be higher in the neonates2–3 d group (Fig. 1). The
mean MDCF values, reflecting epitope density, also did not
differ significantly between the groups (data not shown). As
shown in Figure 2A and Table 1, in the neonates2–3 d group
only, a significant correlation was observed between platelet
activation, as reflected by the proportion of platelets expressing

CD62P and annexin V binding, and the percentage of VWF-
positive platelets (p � 0.001 and p � 0.05, respectively); the
correlation did not reach statistical significance with percent-
age of CD63 expression (p � 0.06). In the control group of
children, the correlation between platelet-bound VWF and
annexin V binding was also significant (p � 0.05), but the
percentage of VWF-positive platelets did not correlate signif-
icantly with the other markers of platelet activation (Table 1).
In contrast to neonates2–3 d and children, no significant corre-
lations were observed with unstimulated platelets from adults.

Figure 1. Percentage of VWF-positive platelets in unstimulated whole blood
samples from cord blood, 2- to 3-d-old neonates, children, and adults. The
horizontal line represents the mean value.

Figure 2. (A) Correlation and linear regression of percentage of VWF-
positive platelets and CD62P-positive platelets from 2- to 3-d-old neonates, as
determined by Pearson analysis (r � 0.74, p � 0.001). Dashed lines represent
95% confidence intervals. (B) Correlation and linear regression of percentage
of VWF-positive platelets and CD62P-positive platelets from unstimulated and
in vitro–stimulated whole blood samples from five adults (r � 0.71, p �
0.001). Dashed lines represent 95% confidence intervals. Pooled data from the
results of different activators, i.e. 0.1 (inverted triangles) and 1 U (diamonds)
thrombin, 5 (circles) and 10 (squares) �M ADP, and from unstimulated
platelets (triangles) were used.

Table 1. Correlation (r) of markers of platelet activation and
percentage of VWF-positive platelets in cord blood, 2- to 3-d-old

neonates, children, and adults

Correlation between % VWF and

% CD62P % CD63 % Annexin V

All subjects 0.04 0.02 0.01
Neonatescord 0.03 0.15 0.04
Neonates2–3 d 0.74§ 0.43* 0.46**
Children 0.15 0.12 0.63**
Adults 0.10 �0.25 0.17

Correlation (r) was determined by Pearson analysis.
* p � 0.06; ** p � 0.05; § p � 0.001.
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Because we observed little VWF binding to unstimulated
platelets from adults, platelet-VWF binding was assessed in
adults with platelets stimulated with thrombin or ADP (n � 5).
An increased binding of VWF to platelets stimulated with 0.1
or 1 U/mL thrombin was observed; the increase in VWF
binding to platelets stimulated with 5 or 10 �M ADP was
smaller, despite CD62P positivity of 25–60% (Fig. 2B). Com-
bining the results for unstimulated and stimulated platelets
from this group of adults, there was a highly significant
correlation between platelet-VWF binding and platelet activa-
tion (for CD62P: r � 0.71, p � 0.001, Fig. 2B; for CD63: r �
0.78, p � 0.0001). Comparison of the correlation slopes in
Figure 2, A and B, indicates that VWF binding to neonatal
platelets was higher than that to adult platelets at the same
levels of platelet activation.
Plasma and platelet �-granule VWF. Increased platelet-

bound VWF could result from increased VWF levels in
plasma. We found, however, that mean VWF antigen levels
were not significantly different between neonatescord, neo-
nates2–3 d, adults, and children (Table 2). We did observe that
the largest multimers of VWF made up 31% of the total
amount of VWF in neonates2–3 d, compared with only 23% in
adults (p � 0.05) (Table 2).
Platelet-bound VWF may also originate from VWF released

from platelet �-granules upon platelet stimulation. We found,
in seven healthy adult volunteers, that the MCF of bound VWF
was 1.98 � 0.36-fold higher with thrombin-stimulated washed
platelets than with baseline, unstimulated, platelets (p � 0.05).
Expression of markers of platelet activation. In neonates2–3d

and adults, platelet-bound VWF correlated with activation of
platelets as measured by CD62P expression. Because different
mechanisms of platelet activation may be reflected by different
markers of platelet activation (33, 38, 39), we also tested other
markers of platelet activation in the four groups of subjects
examined. As shown in Table 3, there was no significant
difference in activation status of unstimulated platelets from
the control groups of children and adults. In contrast, compared
with adults, CD63 expression and MP generation were in-
creased in neonatescord (p � 0.001 for both) and neonates2–3 d

(p � 0.001 for both). CD62P expression and annexin V
binding were also increased in neonates2–3 d (p � 0.001 for
both), but in neonatescord, the increase did not reach statistical
significance. As also shown in Table 3, no significant differ-
ences between the four groups were seen in the expression of
CD42b. However, CD41 expression was reduced in neo-
nates2–3 d (p � 0.001). PAC-1 binding was similar in all
groups.

DISCUSSION

Using flow cytometry, we assessed VWF binding to plate-
lets, and its relationship to platelet activation, in neonates,
children, and adults. There was no difference between the
groups in the proportion of platelets demonstrating surface-
bound VWF. However, we showed, for the first time, that
platelet-bound VWF increases with platelet activation. In the
unstimulated platelets from neonates2–3 d that were already
mildly activated at baseline, platelet-bound VWF correlated
with CD62P expression and with annexin V binding. Because
unstimulated platelets from adults showed little activation,
platelets from adults were stimulated in vitro to achieve in-
creased expression of activation markers. VWF binding to
platelets from adults was found to increase after stimulation
with thrombin and ADP, and the increase correlated with the
level of expression of CD62P and CD63. The proportion of in
vitro–stimulated platelets from adults demonstrating surface-
bound VWF was, however, consistently lower than that of the
mildly activated platelets from neonates2–3 d at the same levels
of expression of platelet activation markers (Fig. 2B versus Fig.
2A).

A portion of circulating VWF is stored in the platelet
�-granules. The stored VWF is released during activation and
can bind to platelets (40, 41). We confirmed these previous
observations, in that we demonstrated a small but significant
increase in the binding of anti-VWF antibody after in vitro
activation of washed platelets from adults. It may be, then, that
at least part of the VWF binding seen in our study arises from
binding of VWF released from the �-granules during platelet
activation.
Although others have reported higher levels of plasma VWF

in newborns (4, 5), we observed no significant increase in
plasma VWF antigen levels in neonates2–3 d that could account

Table 2. VWF antigen levels and percentage of large (�10-mers) multimers of VWF in cord blood samples from newborns and venous
blood samples from 2- to 3-d-old neonates, children, and adults

Neonatescord (n � 38) Neonates2–3 d (n � 19) Children (n � 15) Adults (n � 22)

VWF antigen (U/mL) 1.16 � 0.05 (0.51–1.85) 1.04 � 0.06 (0.65–1.72) 0.94 � 0.07 (0.54–1.6) 0.98 � 0.07 (0.48–2.8)
Percentage of large multimers of VWF 21 � 1.7% (8–42%) 31 � 1.6%* (19–41%) 22 � 2.4% (13–27%) 23 � 2.3% (6–39%)

Values are means � SEM, with minimum–maximum values in parentheses.
* p � 0.05 compared with adults.

Table 3. Baseline platelet activation as determined by flow
cytometry in cord blood samples from newborns and venous blood

samples from 2- to 3-d-old neonates, children, and adults

Neonatescord
(n � 38)

Neonates2–3 d

(n � 19)
Children
(n � 15)

Adults
(n � 22)

CD62P (%) 6.9 � 0.7 14.2 � 1.4* 5.3 � 0.8 3.5 � 0.3
CD63 (%) 3.6 � 0.4* 5.3 � 0.9* 2.3 � 0.4 1.8 � 0.1
PAC-1 (%) 1.7 � 0.4 1.0 � 0.3 0.9 � 0.2 1.1 � 0.1
Annexin V (%) 3.0 � 0.5 4.6 � 1.2* 2.1 � 0.3 1.2 � 0.2
Microparticles (%) 6.3 � 0.6* 8.4 � 0.9* 4.2 � 0.7 3.0 � 0.2
CD41 (MDCF) 365 � 9.9 328 � 6.6* 396 � 15.5 392 � 9.3
CD42b (MDCF) 171 � 5.9 160 � 4.7 160 � 6.7 166 � 4.8

Values are means � SEM.
* p � 0.001 compared with adults.
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for the correlation of VWF binding with mild activation of
platelets in this study group. In agreement with others (27, 28),
we observed an increased proportion of large VWF multimers
in neonates2–3 d; the presence of higher levels of these more
active multimers of VWF could lead to increased platelet
adhesion even in conditions when shear rates are only mildly
elevated. It may be that this increased proportion of large VWF
multimers is due to their release from endothelial Weibel-
Palade bodies (42) as a result of the endothelial lesion brought
about by the venipuncture in the neonates2–3 d (see below).
Hence, the correlation of VWF binding with platelet activation
may be related to a higher proportion of large VWF multimers
in this group. Whether differences in the proportion of large
VWF multimers relate to differences in the activity of the
newly described VWF cleaving protease (43, 44) is not known
at present.
Our study was not designed to identify the binding site for

VWF on the platelet surface. In botrocetin-stimulated platelets
(36, 37, 45) that were used as positive controls in the present
study, the majority of VWF binds to the GPIb/V/IX complex.
Although blood sampling was not done under conditions of
high shear rates, that can enhance binding of VWF to the
GPIb/V/IX receptor complex, it has been reported that binding
of VWF to GPIb/V/IX can be observed even at low shear
(�500 s�1) (22–24, 46). We found no differences in GPIb/IX
(CD42) expression among the groups studied, even though
mild platelet activation led to increased VWF binding in the
neonates

2–3 d
group. VWF can also bind to the integrin GPIIb/

IIIa, because clustering of GPIb/V/IX on the membrane of
platelets activated by chemical agonists or multimeric VWF
enhances the ability of GPIIb/IIIa to bind VWF and fibrinogen
(47). Our finding that expression of GPIIb/IIIa (CD41) is
significantly reduced on the surface of platelets from neo-
nates2–3 d, in agreement with others (48, 49), whereas platelet-
bound VWF increases with activation further supports the
possibility that this increase may be related to the higher
proportion of large VWF multimers in this group. That our
findings were not the result of an increase in the altered
conformation of activated GPIIb/IIIa was shown by the low
levels of PAC-1 binding. In preliminary experiments with
platelets from adults and MAb designed to block specific VWF
binding sites on GPIb and GPIIb/IIIa [AP-1 and AP-2 (50),
respectively, a generous gifted from Dr. R.R. Montgomery,
Milwaukee, WI, U.S.A.], we were unable to clearly determine
to which receptor the majority of VWF binds.
We found an increased expression of activation markers on

platelets from neonates2–3 d compared with those from adults.
In contrast, it has been reported that neonatal platelets are
hyporeactive upon in vitro stimulation on the first days after
delivery (14, 48, 51, 52), with normalization by at least 10 d
after delivery (53). Preanalytical aspects of our study deserve
consideration because these could affect the results we have
obtained. We cannot, at present, exclude the possibility that
part of the increased activation seen in the platelets from
neonates

2–3 d
was due to activation during blood sampling, i.e.

dripping blood from a needle placed in a small peripheral vein
on the back of the hand. The different ages and sizes of the
study subjects made it impossible to perform this study using

identical blood sampling methods in all study groups. How-
ever, in five healthy adults, blood sampling into vacutainers
was compared with dripping blood from a needle, and we
found no significant difference in expression of CD62P or
CD63, or binding of annexin V between the two sampling
methods. Thus, it may be that the mild activation of neonatal
platelets observed in this study results from the actual veni-
puncture of a small neonatal vessel, rather than from collecting
blood by dripping it from a needle. Analytical aspects of our
study deserve consideration as well. It is also possible that
differences in antigen-antibody binding kinetics may, at least in
part, lead to some of the differences we observed in platelet-
VWF binding with increasing platelet activation. However,
quantitation of such kinetics was beyond the scope of this study
and remains to be investigated.

CONCLUSION

In conclusion, we found that platelet activation correlates
with binding of VWF to platelets. In neonates, this correlation
was demonstrated with the mildly activated platelets seen at
baseline. In adults, such correlation was shown only after in
vitro activation. Further studies are required to determine the
mechanism and significance of VWF binding to activated
platelets in the neonatal period.
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