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1 Various platelet membrane glycoproteins have been proposed as receptors for collagen, in some
cases as receptors for speci®c collagen types. In this study we have compared the ability of a range
of collagen types to activate platelets.

2 Bovine collagen types I ±V, native equine tendon collagen ®brils and collagen-related peptide
(CRP) all induced platelet aggregation and shape change.

3 Responses were abolished in FcRg chain-de®cient platelets, which also lack GPVI, indicating a
critical dependence on the GPVI/FcRg chain complex.

4 Responses to all collagens were una�ected in CD36-de®cient platelets.

5 A monoclonal antibody (6F1) which binds to the a2 integrin subunit of human platelets had a
minimal e�ect on the rate and extent of aggregation induced by the collagens; however, it delayed
the onset of aggregation following addition of all collagens. For shape change, 6F1 abolished the
response induced by collagen types I and IV, substantially attenuated that to collagen types II, III
and V, but only partially inhibited Horm collagen.

6 Simultaneous blockade of the P2Y1 and P2Y12 receptors, and inhibition of cyclo-oxygenase
demonstrated that CRP can activate platelets independently of ADP and TxA2; however, responses
to the collagens were dependent on these mediators.

7 This study con®rms the importance of the GPVI/FcRg chain complex in platelet responses
induced by a range of collagen agonists, while providing no evidence for collagen type-speci®c
receptors. It also provides evidence for a modulatory role of a2b1, the signi®cance of which depends
on the collagen preparation.
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Introduction

In the circulation, blood platelets come into contact with the

non-thrombogenic endothelial lining of the vasculature.
Disruption of this lining as a consequence of tissue damage
or loss of endothelial cells results in the exposure of platelets
to collagen leading to their adhesion and activation. The

manner in which the interaction of platelets with collagen
leads to platelet activation has been the subject of much
research in recent years, resulting in the identi®cation of two

collagen receptors on the platelet surface, glycoprotein (GP)
VI and the integrin a2b1.
GPVI is a signalling receptor whose function is critically

dependent on the presence of the associated FcRg chain (Poole
et al., 1997). Engagement of GPVI results in the activation of a
tyrosine phosphorylation cascade which includes the Src

kinases Fyn and Lyn (Quek et al., 2000), the adapters LAT
(Gibbins et al., 1998) and SLP-76 (Gross et al., 1999), and
activation of phospholipase Cg2 (PLCg2) (Asselin et al., 1997).
Activation of PLCg2 causes mobilization of intracellular

calcium and platelet activation. An amino acid motif which
comprises approximately 10% of the triple helix of collagen

molecules, glycine ± proline ± hydroxyproline (GPO), binds to

GPVI (Knight et al., 1999) and a synthetic collagen-like peptide
consisting of repeat GPO sequences (collagen-related peptide,
CRP) is a potent GPVI agonist (Morton et al., 1995). CRP is
thought to activate GPVI by clustering the receptor with its

multiple GPO motifs. An antibody to murine GPVI, JAQ1, is
also able to potently activate platelets in a similar manner
following cross-linking (Nieswandt et al., 2000).

The integrin a2 subunit (also known as GPIa) was
proposed as a collagen receptor following the identi®cation
of a patient with a haemorrhagic disorder whose platelets

failed to respond to collagen, and which had 15 ± 25% of
normal levels of GPIa on their surface (Nieuwenhuis et al.,
1985). However, it has been suggested that additional

abnormalities were present which were important in the
aetiology of this case (Coller et al., 1989). Further patients in
which dysfunctional a2b1 has been associated with a selective
de®cit in platelet collagen responsiveness have been identi®ed,

including one who lacked intact thrombospondin and a2
integrin (Kehrel et al., 1988), one with auto-antibodies to a2
(Deckmyn et al., 1990), and one with a myeloproliferative

disorder (Handa et al., 1995).
Collagen interacts with the I-domain of a2b1 integrin and

a�nity for this binding site can be conferred by speci®c
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amino acid sequences including GFOGER (Emsley et al.,
2000; Knight et al., 2000). However, the physical properties
of collagen (quaternary structure) also in¯uence its interac-

tion with platelets, with native ®bres, enzymatically-digested
®brils and re-constituted collagen ®brils showing di�erential
dependence on a2b1 for adhesion (Savage et al., 1999). It has
been demonstrated that, in a manner analogous to aIIbb3
integrin for ®brinogen, a2b1 exists in the quiescent platelet in
a conformation with low a�nity for collagen and that
activation of the platelet can convert the integrin into a high

a�nity state (Jung & Moroi, 1998). Platelets adhere to a
range of collagen types (Sixma et al., 1995) in a manner that
is dependent upon a2b1 (Saelman et al., 1994) suggesting that

this integrin may contribute to the ®rm interaction between
platelets and sub-endothelial collagen. A role for a2b1 in
generating intracellular signals in platelets is more contro-

versial. Although limited evidence exists to support such a
role (Ivaska et al., 1999), it is still widely considered that the
primary role of a2b1 is to support adhesion of platelets to
collagen (Clemetson & Clemetson, 2001).

A two-step, two-site model has been proposed in which
a2b1 integrin is primarily responsible for the ®rm adhesion of
platelets to collagen and GPVI mediates the activation of the

platelets following this adhesion (Barnes et al., 1998; Santoro
et al., 1991). However, evidence exists suggesting that this
model is not an adequate description of the platelet ± collagen

interaction (Watson et al., 2000). For example, it is clear that
other receptor complexes play a critical role in the interaction
of platelets with collagen, principally the GPIb-IX-V

complex, which mediates the initial tethering of platelets to
collagen via von Willebrand factor under conditions of high
shear (Cauwenberghs et al., 2000). Other proteins have also
been proposed as putative receptors for collagen including

CD36 (Tandon et al., 1989), GPV (Moog et al., 2001), a
65 kD non-integrin receptor for type I collagen (Chiang et
al., 1997) and a putative type III collagen-binding protein

(Monnet & Fauvel-Lafeve, 2000).
Uncertainty over the role of putative platelet collagen

receptors may be partly due to the use of collagens of

di�erent types, species and preparations. Collagens share
common features, including the characteristic triple helical
structure which forms as a result of the repeat amino acid
sequence glycine-X-Y. However, the existence of distinct

collagen types and preparations also a�ords a potential
means for dissecting out the contribution to platelet
activation made by di�erent surface receptors. The classical

®bril forming collagens, types I, II and III, all have platelet
aggregating activity (Balleisen et al., 1975; Barnes et al.,
1976; Trelstad & Carvalho, 1979). Type IV (from basement

membrane) and V (formerly type `A-B') collagens have
been investigated less extensively with some investigators
concluding that they do not elicit platelet activation

(Trelstad & Carvalho, 1979) and others showing that under
appropriate conditions they do (Barnes et al., 1980; Chiang
et al., 1980). As already mentioned, it has been suggested
that there are type I (Chiang et al., 1997) and type III

(Monnet & Fauvel-Lafeve, 2000) collagen speci®c receptors,
but also that CD36 (also known as GPIIIb or GPIV) is a
speci®c receptor for type V collagen (Kehrel et al., 1993).

Since particular amino acid motifs are known to bind
speci®cally to certain receptors (GPO binds GPVI (Knight
et al., 1999), and GER confers binding a�nity for integrins

a2b1 and a1b1 (Xu et al., 2000)), it is possible that collagen
interacts with these and other receptors via as yet
unidenti®ed motifs, which may be restricted to particular

collagen types.
The aim of this study was to investigate the response of

human and murine platelets to a range of collagen agonists
in order to characterize the role of GPVI, a2b1 and CD36

in the platelet ± collagen interaction, and also to potentially
identify collagen type- and preparation-speci®c receptors.
No systematic survey has been conducted to characterize

the activity of a broad range of collagen agonists on
platelets devoid of GPVI/FcRg chain or CD36. The ability
of anti-a2 blocking antibodies to inhibit adhesion of

platelets to collagen types I ±VIII has previously been
demonstrated (Saelman et al., 1994) although the role of
the integrin a2b1 in aggregation and shape change to a wide

range of collagen agonists has been less extensively
investigated. We used reconstituted bovine collagen types
I ±V, the commonly used native type I ®brils from equine
tendon (Horm collagen) and the synthetic CRP, and

examined their ability to induce shape change and
aggregation. We investigated the role of a2b1 with the
anti-a2 antibody 6F1 (Coller et al., 1989) and that of GPVI

and CD36 with platelets from genetically-modi®ed mice
(Febbraio et al., 1999; Park et al., 1998). In addition, we
investigated the ability of the collagen agonists to activate

platelets in the absence of the positive feedback pathways
of ADP and thromboxane A2 (TxA2).

Methods

Materials

Bovine collagen types I ±V were obtained from Koken Co.
Ltd (Tokyo, Japan); Horm collagen (Nycomed, Munich,

Germany) is a preparation of native collagen ®brils
prepared from equine tendon; CRP [YGKO(GPO)10GKOG]
was synthesized by Tana Laboratories (Texas, U.S.A.);

anti-a2 monoclonal antibody 6F1 was kindly donated by
Prof Barry Coller (Rockefeller University, New York,
U.S.A.); anti-CD36 monoclonal antibody 10.5 was kindly
donated by Dr John McGregor (INSERM U331, Lyon,

France); heparin sodium (Monoparin1 25,000 u ml71) was
obtained from CP Pharmaceuticals (Wrexham, U.K.). AR-
C67085 was supplied by AstraZeneca R&D Charnwood,

Loughborough, U.K. Lotra®ban was supplied by Glaxo-
SmithKline, King of Prussia, U.S.A. Other reagents were
obtained from Sigma (Poole, Dorset, U.K.) or BDH

(Poole, Dorset, U.K.).

Preparation of collagens

Pepsin-digested bovine collagens were supplied in sterile
solution, pH 3.0 at 3 mg ml71. Insoluble (reconstituted,
®brillar) preparations of each type of collagen were prepared

as previously described (Jung & Moroi, 1998). Each collagen
was dialysed overnight at 48C against a HEPES ±Tyrode's
solution (mM): NaCl 136, KCl 2.7 NaH2PO4 0.42, NaHCO3

12, glucose 5.55, HEPES 5, pH 7.4. The collagen was
incubated for 1 h at 378C, during which time the collagen
polymerized and formed a gel. The gel was pelleted by
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centrifugation at 80006g for 15 min and re-suspended in a
small volume of the HEPES ±Tyrodes bu�er. The collagen
was homogenized with a homogenizer to give a ®ne

suspension of macromolecular collagen. Prior to each use,
the polymerized collagens were vigorously vortexed, although
the preparations remained dispersed in suspension inde®-
nitely. These collagens have been used previously by other

investigators (Jung & Moroi, 1998; Kawamoto & Kaibara,
1992). The purity of the collagens as determined using
electrophoresis by the manufacturing company was as

follows: type I ± 94%; type II ± 100%; type III ± 88%; type
IV ± 83%; type V ± 81%. In the case of type I the only
identi®able contaminant was collagen type III, and for

collagen types III, IV and V, was collagen type I. Although
the levels of contaminating type I collagen were not
insigni®cant, our results clearly showed that platelet activa-

tion was caused by the main constituent of each preparation.
For example, the preparation of type V collagen was clearly
more potent than the preparation made from its major
contaminant, type I collagen, indicating that the type V

collagen was the major active ingredient. The concentration
of collagen in suspension was determined using a hydroxy-
proline assay (Bergman & Loxley, 1963). The proportion of

hydroxyproline in each collagen was determined from the
supplied soluble collagen and this was used to calculate the
®nal concentrations of polymerized collagen after the dialysis

and cross-linking.

Preparation of cross-linked CRP

CRP peptide was dissolved in ice-cold phosphate bu�ered
saline at 2 mg ml71 and then cross-linked by adding 0.25%
glutaraldehyde for 3 h at 48C under stirring condition. The

solution was then dialyzed three times in 1 l of ice-cold
phosphate bu�ered saline using Pierce 10,000 molecular
weight cut-o� dialysis cassettes (Perbio, Tattenhall, U.K.).

Preparation of heparinized platelet rich plasma

Blood was collected from healthy human donors into syringes
containing 100 u ml71 heparin sodium, to give a ®nal
concentration of heparin of 10 u ml71. The blood was
centrifuged at 2406g and the platelet rich plasma (PRP)

pipetted o�. A small sample of blood was centrifuged at
13,000 r.p.m. in a micro-centrifuge to produce platelet poor
plasma (PPP). We chose to investigate platelet responses

primarily in heparinized human PRP, since this preserves
many of the physiological conditions under which platelets
normally function, including divalent cation concentrations

and the presence of plasma proteins.

Preparation of human washed platelets

Blood was collected from healthy human donors into
syringes containing 0.11 M sodium citrate to give a ®nal
concentration of 11 mM citrate. The blood was centrifuged

at 2406g for 15 min and the PRP removed. Prostacyclin
(800 nM) was added to the PRP which was then centrifuged
at 1256g to sediment out any residual red blood cells. The

red cell free PRP was removed and centrifuged at 6406g
for 15 min to pellet the platelets. The PPP was poured o�
and the pellet re-suspended in 10 ml of the following

modi®ed Tyrode's solution (mM): NaCl 137, NaHCO3 11.9,
NaH2PO4 0.4, KCl 2.7, MgCl2 1.1, glucose 5.6, pH 7.4,
378C, containing 800 nM prostacyclin. The re-suspended

platelets were centrifuged at 6406g, the supernatant
discarded, and the platelets re-suspended in 10 ml of the
modi®ed Tyrode's solution. The platelet count was adjusted
to 2006106 ml71 and the platelets allowed to rest for at

least 1 h prior to use in a sealed syringe at room
temperature. Prior to activation of the platelets, 1 mM

CaCl2 was added to the suspension.

Genetically modified mice

CD36 de®cient mice (Febbraio et al., 1999) were provided by
Dr Maria Febbraio of Cornell University, U.S.A. FcRg chain
de®cient mice (Park et al., 1998) were provided by Dr

Takashi Saito of the Chiba University Graduate School,
Japan. Both strains were on a C57/B6 background, and age,
sex and strain matching controls were used alongside these
mice for the experiments described.

Preparation of murine washed platelets

Approximately 1 ml of blood was collected from each mouse
from the hepatic portal vein under terminal CO2 narcosis
into acid ± citrate ± dextrose anticoagulant. The blood was

centrifuged for 7 min at 2006g and the PRP removed.
200 ml of modi®ed Tyrode's (mM): NaCl 134, KCl 2.9,
Na2HPO4 0.34, NaHCO3 12, HEPES 20, MgCl2 1, pH 6.6,

were added and the blood centrifuged in the same way. The
procedure was carried out three times, on each occasion, the
supernatant being collected and pooled. Prostacyclin
(800 nM) was then added to the PRP which was centrifuged

for 7 min at 10006g to pellet the platelets. The supernatant
was discarded and the platelets re-suspended in modi®ed
Tyrode's at pH 7.4. In order to minimize the number of

mice used the platelet count was adjusted to 1506106 ml71,
lower than that for human washed platelets. The platelets
were allowed to rest in a sealed tube at room temperature

for 1 h prior to use.

Measurement of platelet aggregation

Platelet aggregation was measured using a turbidimetric
method (Born & Cross, 1963) with a BioData PAP-4
aggregometer (Alpha Laboratories, Eastleigh, U.K.). The

assay was performed at 378C with a sample stir speed of
1000 r.p.m. in heparinized human PRP, or in washed murine
platelets. A value for the maximal rate and extent of

aggregation was produced automatically by the PAP-4
aggregometer. The time to the onset of the aggregation
response was estimated visually from the trace recordings as

the period of time from the addition of the agonist to the ®rst
clear indication of a reduction in the optical density of the
platelet suspension.

Measurement of platelet shape change

Shape change measurements were carried out using a

Chronolog 490-2D aggregometer (Labmedics, Manchester,
UK). Heparinized human PRP was used in the presence of
10 mM of the aIIbb3 antagonist lotra®ban to prevent
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aggregation, which frequently obscures the shape change
response. The maximum rate of and extent of shape change
were determined manually from the trace recording. The time

to the onset of response was determined as the period of time
from the addition of the agonist to the initial increase in the
optical density of the platelet suspension.

Scanning electron microscopy

Scanning electron microscopy was carried out as previously

described (Gear, 1981). Basal or stimulated washed human
platelets (300 ml, at a concentration of 2006106 platelet ml71)
were mixed with an equal volume of 4% glutaraldehyde in

0.15 M NaCl, in phosphate bu�er pH 7.4 (pre-warmed to
378C). Platelets were ®xed 4 min after addition of the agonist.
The platelets were then collected with gentle suction onto

0.6 mm pore size polycarbonate ®lters (Whatman) that had
been pre-rinsed with 2% glutaraldehyde in 0.15 M NaCl,
pH 7.4. Filters were transferred to vials and rinsed once with
0.15 M NaCl, pH 7.4 and twice with distilled water for

removal of glutaraldehyde. Dehydration of ®lters was
accomplished by washing with 10%, 25%, 50%, 75%, 95%
and 100% ethanol. The ®lters were subjected to critical point

drying (on a Polaron CPD7501 critical point drier) coated
with gold (using a Nonotech SemPrep 2 sputter coater) and
analysed on a Philips 515 scanner.

Data analysis

Concentration ± response curve data were ®tted to a three
parameter logistic equation (de Lean et al., 1978) of the form:

R � �Max�
1� �10ÿpA50 �

A

8: 9;nH
8: 9; �1�

Where:

R = response (dependent variable)
A = concentration of agonist (independent variable)
. . . and . . .

Max = response when A=1
pA50 = 7log10 of concentration of A that gives a response

equal to (Max)/2
nH = Hill coe�cient

The agonist location parameter (pA50) was estimated as
the negative logarithm as the error associated with this

parameter is logarithmically distributed (de Lean et al.,
1982; Hancock et al., 1988). Comparison of di�erent data
sets was conducted using an extra sum of squares analysis

(Bates & Watts, 1988). Separate data sets were ®tted to the
model independently and a residual sum of squares
calculated. The same data was then re-®tted with each of

the three parameters individually constrained across the data
sets and a new residual sum of square value obtained for
each constrained parameter. The di�erence between these
two values allowed a statistical assessment of whether any

particular parameter was signi®cantly di�erent between the
two data sets. Data were analysed using Microsoft1 Excel
2000. P values of 50.05 were considered signi®cant. Other

data was analysed using Student's t-test. Results are
presented as the mean+s.e.mean.

Results

All collagen agonists induce aggregation and shape change
of human platelets

All of the agonists induced aggregation and shape change of
human platelets. Figure 1 shows concentration ± response

curves and Figure 2 shows example traces for each of the
agonists for shape change and aggregation. For the rate of
aggregation the more potent agonists were CRP, Horm

collagen and the bovine types II and V which had A50 values
in the range of 0.4 ± 0.7 mg ml71. The less potent agonists
were bovine types I, III and IV which had A50 values in the

range of 1 ± 6 mg ml71. The A50 values for the extent of
aggregation were similar to those for the rate of aggregation
(data not shown). Figure 1a illustrates that the range of

concentrations over which the agonists induce shape change
is higher than for aggregation with all A50 values lying in the
range of 1 ± 12 mg ml71. The A50 values for extent of shape
change were lower than for rate, lying between 0.2 and

2 mg ml71 (data not shown). The delay from addition of the
agonists to the onset of the response (lag phase) is shown in
Figure 3. At maximal concentrations of agonists, the lag

phase for aggregation was between 30 ± 60 s, whereas for
shape change it was 10 ± 30 s.

The role of FcRg chain and CD36 in collagen-induced
aggregation of murine platelets

The role of the GPVI/FcRg chain complex and CD36 were
investigated using murine platelets de®cient in these proteins
(Figure 4). Washed platelets were prepared from control mice
(n=12) and strain matched mice de®cient in the FcRg chain

(n=11) and CD36 (n=11). Control platelets aggregated in
response to all the collagens and CRP; however, none of the
collagens, nor CRP, induced aggregation of the FcRg chain-

de®cient platelets (Figure 4b). Furthermore, a clear shape
change response was observed on the aggregation traces of
the control platelets but was completely absent in the FcRg
chain-de®cient platelets. FcRg chain-de®cient platelets aggre-
gated normally in response to thrombin (data not shown).

Aggregation responses induced by the collagens and CRP
were measured in the CD36-de®cient platelets (Figure 4a).

No di�erences in the lag phase, the rate or extent of
aggregation were observed between the control and the
knock-out mice. Furthermore, studies performed in human

platelets showed that cross-linking of a monoclonal antibody
to CD36 (10.5, 4 mg ml71) in the presence of F(ab)2
fragments of IV.3 to block the FcgRIIa receptor was unable

to induce platelet aggregation or tyrosine phosphorylation
(data not shown).

Effect of 6F1 on aggregation of human platelets

The e�ect of the anti-a2 antibody 6F1 (10 mg ml71) on the
rate of aggregation induced by the collagen agonists is shown

in Figure 5. There was a small e�ect on each agonist with the
exception of CRP which appeared to be completely
una�ected. This e�ect was manifest as a small reduction in

the maximum response which was statistically signi®cant for
collagen types I (P=0.021), II (P=0.007) and IV (P=0.006),
but not for collagen types III (P=0.075), V (P=0.218) or
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Horm collagen (P=0.266). In no case was the pA50 or Hill
coe�cient for the rate of aggregation signi®cantly altered in
the presence of 6F1.

The clearest e�ect of 6F1 on platelet aggregation was the
prolongation of the lag phase (Figures 3b and 5b). This was
observed with all collagens at all concentrations, although it

was most marked for collagen types I and IV. There was no
e�ect on CRP, and the small increases in the lag phase to

collagen types III, V and Horm collagen were not statistically
signi®cant. There was, however, a statistically signi®cant
increase in the lag phase to collagen types I (P=0.002), II

(P=0.013) and IV (P=0.005).

Effect of 6F1 on shape change of human platelets

Shape change measurements were made in an identical
manner to aggregation, except that the aIIbb3 integrin

antagonist lotra®ban (10 mM) was present in order to prevent
aggregation and thereby accentuate the shape change
response.
In contrast to the e�ect on aggregation, 6F1 had a

profound e�ect on the shape change response induced by
the collagens (Figure 6). Shape change induced by collagen
types I and IV was abolished, whereas that induced by

collagen types II, III and V was substantially attenuated. The
response to Horm collagen was also inhibited but not to the
same extent as the reconstituted bovine collagens. As

expected, the response to CRP was completely una�ected.
The lag phase of the shape change response following

addition of the collagens was prolonged in the presence of

6F1 (Figure 3a). This prolongation was statistically signi®-
cant for collagen types III (P=0.022) and V (P=0.034) at
maximal concentrations of these agonists. It was not possible

Figure 1 Concentration-response curves for (a) the rate of shape
change and (b) the rate of aggregation induced by bovine collagen
types I ±V, Horm collagen and CRP. The results are indicated in
arbitrary values as the mean+s.e.mean. Data was obtained in human
heparinized PRP from three separate experiments.

Figure 2 Example traces showing (a) shape change and (b)
aggregation responses of platelets induced by bovine collagen types
I ±V, Horm collagen and CRP. Concentrations of the agonists were:
type I, 10 mg ml71; type II, 3 mg ml71; type III, 5 mg ml71; type IV,
10 mg ml71; type V, 3 mg ml71; Horm, 3 mg ml71; CRP, 2 mg ml71.
The shape change traces are all from the same, single experiment and
were measured using a Chronolog 490-2D aggregometer in
heparinized PRP in the presence of 10 mM lotra®ban. The aggregation
traces are from another separate, single experiment and were
measured using a PAP-4 aggregometer in heparinized PRP. The
scale indicates the percentage change in optical density where the
di�erence between platelet rich plasma and platelet poor plasma is
equivalent to 100%.

Figure 3 The e�ect of the anti-a2 monoclonal antibody 6F1
(10 mg ml71) on the time to the onset (lag phase) of (a) shape
change and (b) aggregation following the addition of bovine collagen
types I ±V, Horm collagen and CRP. The data shown represent the
lag phases for maximal concentrations of the agonists. These are
shorter for shape change since it occurs before the onset of
aggregation. Results are measured in seconds and are the mean+
s.e.mean. {The shape change response induced by collagen types I
and IV was abolished in the presence of 6F1, and hence a lag time
could not be measured. An arbitrary time of 60 s was assigned in
those cases where the response was completely abolished or where the
onset of the response was after this time. Statistical analysis was
performed using Student's t-test. *P50.05. Data was obtained in
human heparinized PRP from three separate experiments.
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to measure a lag phase for collagen types I and IV since the
response was abolished. Although the increases in the lag

phase for type II and Horm collagens were evident at all
concentrations, the di�erences were not statistically signi®-
cant. CRP was completely una�ected in the presence of 6F1.

Scanning electron microscopy

In order to con®rm that the shape change trace recordings

re¯ected the morphological changes in the platelets, scanning
electron microscopy was carried out on platelets activated
with either 3 mg ml71 of Horm collagen or 4 mg ml71 of

bovine type I collagen, both in the absence and presence of
6F1 (10 mg ml71). These experiments were performed in
washed human platelets rather than PRP owing to the

di�culties of ®xing platelets in plasma. Trace recordings
revealed the same pattern of shape change response in the
washed platelet preparation as in the heparinized PRP (data

not shown). The electron micrographs are shown in Figure 7.
In the absence of the antibody, shape change induced by both
collagens is clearly evident. In the presence of 6F1, shape

change is still observed in those platelets activated by the
Horm collagen, whereas for those platelets to which the
bovine type I collagen had been added, there was no shape

change response. Most platelets showed little or no signs of
activation, and retained the smooth discoid form character-
istic of a quiescent platelet.

Platelet activation in the absence of ADP- and
TxA2-mediated activation

Human platelets were pre-incubated with indomethacin
(10 mM) to prevent TxA2 production, and AR-C67085

Figure 4 Responses induced by bovine collagen types I ±V, Horm
collagen and CRP in murine platelets de®cient in CD36 and FcRg
chain. (a) Concentration-response curves show the rate of aggrega-
tion of control and CD36-de®cient murine washed platelets in
response to bovine collagen types I ±V, Horm collagen and CRP. No
e�ect of the CD36 de®ciency was observed. The experiment was
conducted on three separate occasions on a total of 12 control and 11
CD36-de®cient mice. (b) Rate of aggregation induced in control and
FcRg chain-de®cient platelets by bovine collagen types I ±V, Horm
collagen and CRP. Concentrations of the agonists were: type I,
100 mg ml71; type II, 100 mg ml71; type III, 100 mg ml71; type IV,
90 mg ml71; type V, 100 mg ml71; Horm, 30 mg ml71; CRP,
60 mg ml71. The experiment was conducted on three separate
occasions on a total of 12 control and 11 FcRg chain-de®cient mice.
The reduction in the response in the FcRg chain-de®cient platelets is
signi®cant in all cases.

Figure 5 The e�ect of the anti-a2 monoclonal antibody 6F1 on
aggregation induced by bovine collagen types I ±V, Horm collagen
and CRP. (a) Concentration-response curves show the rate of
aggregation in the absence or presence of 10 mg ml71 6F1. Data
were obtained in human heparinized PRP from three separate
experiments and are shown as mean+s.e.mean. (b) Traces illustrating
the e�ect of 6F1 (10 mg ml71) on collagen-induced aggregation in
heparinized human PRP. Aggregation was induced by bovine type I
collagen (30 mg ml71) or Horm collagen (10 mg ml71). These traces
illustrate the increase in the lag phase for bovine collagen type I
caused by 6F1. Traces shown are representative of three separate sets
of experiments.
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(1 mM) and A3P5P (1 mM) to prevent activation by ADP of
the P2Y12 and P2Y1 receptors respectively. Under these

conditions, the aggregation response to high concentrations
of all ®ve bovine collagens (30 mg ml71) and Horm collagen
(10 mg ml71) were substantially inhibited or blocked (Figure
8). The response to a modest concentration of CRP

(2 mg ml71), however, was only inhibited by approximately
50%, whilst that to high concentrations of CRP was
minimally a�ected (data not shown). Similar results were

observed for shape change.

Discussion

The purpose of the study was to use a range of collagen

agonists in order to identify potential collagen type- and

preparation-speci®c receptors. We investigated their ability to

induce shape change and aggregation in normal platelets, in
platelets de®cient in the activatory collagen receptor complex
GPVI/FcRg chain, and in platelets in which the adhesion

receptor a2b1 integrin had been blocked. We also investigated
the ability of the collagen agonists to directly activate
platelets in the absence of the secondary mediators ADP
and TxA2. In addition, we speci®cally examined the

suggestion that CD36 is a collagen receptor using platelets
de®cient in this protein. Our results con®rm the central
importance of the GPVI/FcRg chain complex in these

collagen-induced responses, and also the modulatory role of
a2b1 integrin. However, we were unable to demonstrate a role
for CD36 or the presence of any collagen type-speci®c

receptors.
Although the concept of di�erent collagen types acting

upon di�erent receptors is attractive, the comparison of

di�erent collagens in hindered by various confounding
factors. Collagen needs to assume a suitable tertiary and
quaternary structure before it is able to activate platelets
(Morton et al., 1995). The size, diameter and morphology of

collagen ®bers have a signi®cant impact upon their ability to
activate platelets. Furthermore, collagen is a multimeric
ligand which binds to di�erent and multiple copies of

receptors, making it di�cult to clearly identify the role of
any particular receptor. For these reasons we chose to
investigate the e�ects of a range of collagen agonists under

circumstances in which the two main collagen receptors,
GPVI and a2b1, were blocked.
The importance of the GPVI/FcRg chain complex in

collagen-induced responses is underlined by these data. We

Figure 7 Scanning electron micrographs of platelets activated with
bovine type I collagen or Horm collagen in the absence or presence
of the anti-a2 monoclonal antibody 6F1 (10 mg ml71). Human
washed platelets were activated with 4 mg ml71 bovine type I
collagen (a, b) or 3 mg ml71 Horm collagen (c, d) in the absence (a
and c) or presence (b and d) of 10 mg ml71 of the anti-a2 antibody
6F1. The platelets were ®xed with glutaraldehyde and analysed with a
scanning electron microscope. Panels a, c, d illustrate the character-
istic morphology of shape changed platelets, whereas panel b shows
typical smooth discoid non-activated platelets. These pictures re¯ect
the shape change trace data which also indicate that 6F1 inhibited
shape change induced by bovine type I, but not Horm collagen.

Figure 6 The e�ect of the anti-a2 monoclonal antibody 6F1 on
shape change induced by bovine collagen types I ±V, Horm collagen
and CRP. (a) Concentration-response curves show the rate of shape
change in the absence or presence of 10 mg ml71 6F1. Data were
obtained in human heparinized PRP from three separate experiments.
(b) Traces illustrating the e�ect of 6F1 (10 mg ml71) on collagen-
induced shape change in heparinized human PRP. Control responses
were induced by 10 mg ml71 bovine type I collagen and 10 mg ml71

Horm collagen and in the presence of 6F1 by 30 mg ml71 type I
collagen and 10 mg ml71 Horm collagen. The traces illustrate the
inhibitory e�ect of 6F1 on the shape change response induced by
type I collagen, and the small e�ect on that induced by Horm. Traces
shown are representative of three separate sets of experiments.
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have previously shown that Horm collagen-induced release of
5-hydroxytryptamine was abolished in FcRg chain-de®cient

platelets (Poole et al., 1997). These data now extend that
®nding to platelet shape change and aggregation induced by a
range of di�erent collagen types. Collagen-induced responses

are therefore dependent on signalling through an FcRg chain-
dependent pathway, whether mediated by GPVI or another
FcRg chain-associated receptor. Alternatively, since the

presence of the FcRg chain is essential for the expression of
GPVI (which is absent in the knock-out mice) it may be that
binding of collagen to GPVI is essential and that a signalling
mechanism other than via the FcRg chain contributes to the

collagen response. The reported observation that platelets
from a patient lacking GPVI did not aggregate in response to
human collagen types I and III and bovine collagen types I,

III, IV and V (Moroi et al., 1989) is consistent with our
results and supports the view that GPVI/FcRg chain complex
is of critical importance in collagen-induced platelet activa-

tion.
The observation that none of the collagens induce shape

change or aggregation in the absence of the FcRg chain does

not support the view that there are collagen type-speci®c
receptors as claimed by previous investigators (Chiang et al.,
1997; Kehrel et al., 1993; Monnet & Fauvel-Lafeve, 2000).
This does not de®nitively exclude the possibility that such

receptors exist, but suggests that they are incapable of
eliciting a functional response in the absence of the GPVI/
FcRg chain complex. Although in the absence of the FcRg
chain there was no observable shape change or aggregation,
we have previously reported a small degree of collagen-
induced tyrosine phosphorylation in these murine platelets

(Poole et al., 1997). The lack of any direct evidence to
support a role for a2b1 in mediating tyrosine phosphorylation
(Hers et al., 2000) suggests that another collagen receptor

may be involved in this response.
Since CD36 has been proposed as a primary receptor for

collagen (Tandon et al., 1989) and is also known to be
associated with Src kinases (Huang et al., 1991), we

investigated its potential role in collagen-induced platelet
activation using CD36-de®cient mice. However, no role for
CD36 in collagen-induced platelet activation could be

inferred from the full concentration-response relationships
observed in these mice. Furthermore, studies in human
washed platelets showed that cross-linking an anti-CD36

antibody (in the presence F(ab)2 fragments of the monoclonal
antibody IV.3 to block the FcgRIIa receptor) was unable to
induce either tyrosine phosphorylation or a functional

platelet response (data not shown). These data are consistent
with those of other investigators who have shown that the
absence of CD36 on human platelets has little e�ect on
platelet aggregation induced by type I collagen (Daniel et al.,

1994; McKeown et al., 1994; Yamamoto et al., 1992), and
extend these observations to responses induced by collagen
types II ±V. The lack of any e�ect on collagen type V in

particular argues against the proposition that CD36 is a
collagen type V speci®c receptor (Kehrel et al., 1993). The
consistent lack of any identi®able role for CD36 suggests that

it is not an important mediator of the activation of platelets
by collagen.

The role of integrin a2b1 was investigated using the

monoclonal antibody 6F1 which binds to the a2 subunit.
This antibody has been widely used to investigate the
interaction of collagen with platelet a2b1 (Monnet et al.,
2000; Moroi et al., 2000; Siljander & Lassila, 1999) and is

able to prevent adhesion of platelets to immobilized collagen
(Saelman et al., 1994) in a manner similar to other anti-a2b1
antibodies including Gi9 (Moroi et al., 2000) and 176D7

(Verkleij et al., 1998). As anticipated, the anti-a2 antibody
6F1 had no e�ect on the response of platelets induced by the
GPVI speci®c ligand CRP. 6F1 did, however, interfere with

the responses to the collagens, indicating that interaction of
the collagens with a2b1 plays a role in the activation of
platelets. However, the role of the integrin appears to vary
depending on the preparation of collagen used, as previously

shown by other investigators (Monnet et al., 2000). Of the
collagens, the Horm preparation was least a�ected by 6F1.
This may re¯ect the highly cross-linked nature of these native

®brils (Fauvel et al., 1985). There was little e�ect on Horm-
induced aggregation, although there was a partial inhibition
of the shape change response. By contrast, all of the other

collagens were more a�ected by 6F1. Although there was no
substantial change in the rate (or extent, data not shown) of
aggregation, there was an increase in the lag phase for this

response, an e�ect which was most marked for collagen types
I and IV. This relative ine�ectiveness of 6F1 in inhibiting
collagen-induced aggregation has been previously noted for
type I collagen (Morton et al., 1995). However, 6F1 was

more e�ective at inhibiting platelet shape change; in
particular, it abolished this response induced by collagen
types I and IV, and substantially inhibited the response to the

other bovine collagens. Our results are consistent with those
recently obtained in b1-de®cient murine platelets in which an
increased delay in the response to collagen was also observed;

Figure 8 The role of the secondary mediators ADP and TxA2 in
collagen-induced aggregation. The e�ect of the combination of
indomethacin (10 mM), A3P5P (1 mM), and AR-C67085 (1 mM) on
aggregation induced by bovine collagen types I ±V, Horm collagen
and CRP was investigated. (a) Bar chart showing the inhibitory e�ect
on the following concentrations of the agonists: types I ±V,
30 mg ml71; Horm, 10 mg ml71; CRP 2 mg ml71. Data were obtained
in human heparinized PRP from two separate experiments. (b) Traces
illustrating the inhibitory e�ect of the combination of blockers on
type I and Horm collagens, and CRP.
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furthermore, the e�ects of b1 ablation were less evident using
Horm collagen (Nieswandt et al., 2001b). Given the
dependence of all the collagens on the presence of the FcRg
chain, the di�erence in sensitivity to 6F1 may re¯ect a greater
relative ability of the Horm collagen to interact with GPVI
over a2b1 compared to the other collagens. This may arise as
a result of di�erences in the ®brillar structure of the collagens

(Savage et al., 1999), but could also be due to di�erent
primary structural determinants.
The role played by a2b1 in the collagen-induced platelet

activation remains unclear. The interaction of collagen with
a2b1 could generate a signal contributing to platelet
activation. However, the binding of collagen to a2b1 could

simply enhance the interaction of the collagen molecule with
GPVI thereby facilitating the activation of this receptor. The
e�ects of 6F1 reported here could be manifest as a

consequence of either of these possibilities. Both of these
possibilities require that collagen is able to bind to a2b1
relatively quickly. a2b1 exists in di�erent a�nity states for
collagen (Emsley et al., 2000), and it has been suggested that

an inside-out signal is required to convert low a�nity a2b1 to
a high a�nity collagen binding conformation in a manner
analogous to aIIbb3 and ®brinogen binding (Jung & Moroi,

1998). Such a signal may arise from a weak interaction with
GPVI, or alternatively via binding of collagen to another
receptor. Alternatively, the di�ering a�nity states of the

integrin may exist in a dynamic equilibrium, regulated by the
underlying activation status of the platelet. The stable
binding of macromolecular collagen to a small proportion

of a2b1 in a high a�nity state for collagen could result in a
shift in the proportion of the remaining low a�nity sites to a
high a�nity status thus enabling further binding. It could
also facilitate su�cient activation via GPVI or other

receptors to further activate a2b1 via inside-out signalling.
It is noteworthy that while 6F1 was able to abolish the

shape change response induced by collagen types I and IV, it

only delayed and did not completely abolish aggregation
induced by the same collagens. The most signi®cant di�erence
between the measurement of shape change and aggregation in

these studies was the presence of the aIIbb3 antagonist
lotra®ban which was employed to prevent aggregation and
hence to accentuate the shape change response. Since aIIbb3
can generate intracellular signals on activation of platelets

(Phillips et al., 2001), it is possible that by preventing
aggregation with the antagonist lotra®ban, aIIbb3-mediated
signalling may have been inhibited, resulting in an apparent

augmentation of the inhibitory e�ect of 6F1 in the shape
change experiments. Further studies are ongoing to address
the role of aIIbb3 in collagen-induced platelet activation.

It has been suggested that the response to collagen arises as
a result of a synergistic interaction between a low level of

activation of GPVI and Gi-coupling agonists such as ADP
(Nieswandt et al., 2001a). However, the nature of the initial
signal that is responsible for the release of these mediators

remains unclear. The ability of the ADP and TxA2 blockers
to abolish the responses to collagen suggests that under these
conditions collagen may be unable to generate signals that
can directly activate aIIbb3 or induce actin polymerization,

but that it is able to induce release of these secondary
mediators. In contrast, the responses to CRP in the presence
of ADP and TxA2 blockers indicate that GPVI is able to

directly induce aggregation when activated su�ciently
strongly. These data suggest that collagen activates GPVI
weakly, and it therefore remains unclear whether collagen

induces the initial release by signalling solely via GPVI or
whether some additional signalling pathway is involved
(Atkinson et al., 2001).

In conclusion, we have con®rmed the ability of collagen
types I ±V to induce shape change and aggregation of
platelets through interactions with GPVI and a2b1 and in a
manner which is substantially dependent on the release of

ADP and TxA2. However, we have been unable to
demonstrate the presence of collagen type-speci®c receptors
capable of inducing shape change or aggregation in the

absence of the GPVI/FcRg chain complex. Furthermore, data
from genetically-modi®ed mice provide no evidence for a role
of CD36 in collagen-induced responses. Although blockade

of a2b1 does not abolish responses induced by collagen, it can
clearly facilitate a more brisk and rapid activation which
could be of great importance under ¯ow conditions, and may

play a signi®cant role in initiating thrombus formation in
vivo. The ability of CRP to induce shape change and
aggregation when ADP and TxA2 are inhibited, in contrast
to the collagens, suggests that collagen activates GPVI more

weakly than CRP, raising the possibility that collagen acts via
a further uncharacterized receptor. These data suggest that
the primary activatory role of collagen is to induce the release

of secondary platelet activators and that both GPVI and a2b1
play important but distinct roles in this process.
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