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Background: Dok proteins are negative regulators of immunoreceptor signaling and, potentially, integrin adhesion
receptors.
Results: Deficiency of Dok-2 results in enhanced shear-dependent integrin adhesion in platelets, leading to accelerated platelet
thrombus growth.
Conclusion: Dok-2 is a shear-specific negative regulator of blood clot formation.
Significance: Dok-2 regulates biomechanical platelet adhesion, and targeting this molecule may provide new avenues to
regulate thrombosis.

The Dok proteins are a family of adaptor molecules that have
a well defined role in regulating cellular migration, immune
responses, and tumor progression. Previous studies have dem-
onstrated that Doks-1 to 3 are expressed in platelets and that
Dok-2 is tyrosine-phosphorylated downstream of integrin �IIb�3,
raising the possibility that it participates in integrin �IIb�3 out-
side-in signaling. We demonstrate that Dok-2 in platelets is pri-
marily phosphorylated by Lyn kinase. Moreover, deficiency of
Dok-2 leads to dysregulated integrin �IIb�3-dependent cytoso-
lic calcium flux and phosphatidylinositol(3,4)P2 accumulation.
Although agonist-induced integrin �IIb�3 affinity regulation
was unaltered in Dok-2�/� platelets, Dok-2 deficiency was asso-
ciated with a shear-dependent increase in integrin �IIb�3 adhe-
sive function, resulting in enhanced platelet-fibrinogen and
platelet-platelet adhesive interactions under flow. This increase
in adhesion was restricted to discoid platelets and involved the
shear-dependent regulation of membrane tethers. Dok-2 defi-
ciency was associated with an increased rate of platelet aggre-
gate formation on thrombogenic surfaces, leading to acceler-
ated thrombus growth in vivo. Overall, this study defines an
important role for Dok-2 in regulating biomechanical adhesive
function of discoid platelets. Moreover, they define a previously
unrecognized prothrombotic mechanism that is not detected by
conventional platelet function assays.

The excessive accumulation of platelets at sites of vascular
injury is of central importance to the development of arterial
thrombosis and is the primary pathogenic mechanism under-
lying acute coronary syndromes and ischemic stroke (1). Arte-
rial thrombotic diseases are the leading cause of morbidity and
mortality in industrialized societies (1–3), and, as a consequence,
the platelet represents a key therapeutic target in the management
of cardiovascular diseases (2–4). The molecular mechanisms reg-
ulating platelet aggregation have been well defined and are criti-
cally dependent on the activation of the major platelet integrin
�IIb�3. Activated integrin �IIb�3 engages various adhesive ligands,
including von Willebrand factor, fibrinogen, and fibronectin,
which promote platelet aggregation and the development of the
primary hemostatic plug. The importance of integrin �IIb�3 in pri-
mary hemostasis is well established and is underscored by the
severe bleeding tendency associated with individuals with qualita-
tive or quantitative defects in integrin �IIb�3 (Glanzmann throm-
basthenia) (5).

An exaggerated level of integrin �IIb�3 activation is a key
factor promoting thrombus development. Increased integrin
�IIb�3 activation in hyperactive platelets is primarily a manifes-
tation of enhanced “inside-out” signaling in which signals gen-
erated from within the cell up-regulate the affinity status of
integrins by inducing specific conformational changes within
the intracellular and extracellular domains of the receptors (6).
When activated and cross-linked by adhesive ligands, integrin
�IIb�3 transduces specific “outside-in” signals that modulate a
subset of platelet functional responses, including irreversible
platelet aggregation, spreading, and clot retraction (6). Abnor-
malities in integrin �IIb�3 outside-in signaling have been asso-
ciated with an increased bleeding tendency (7). Whether dys-
regulation of integrin �IIb�3 outside-in signaling processes can
enhance platelet adhesive function, leading to a prothrombotic
phenotype, remains unknown.
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One potential family of proteins that may be involved in
integrin �IIb�3 outside-in signaling is the downstream of tyro-
sine kinase (Dok) family of adaptor proteins. Dok proteins con-
sist of an amino-terminal pleckstrin homology domain, a phos-
photyrosine binding domain, a Dok homology domain, and a
proline- and tyrosine-rich carboxyl-terminal region (8 –13).
These domains support the interactions of Dok proteins with
SH22 and SH3 domain-containing proteins as well as integrins
bearing NPXY- or NPXY-like motifs (8, 14). Dok-1 to 3 are
primarily hematopoietic in origin (8, 9) and have been shown to
be present in platelets (15–17), whereas other members, Dok-4
to 7, show diverse expression patterns (10, 12, 13, 18). Dok
proteins have been shown to be involved in the negative regu-
lation of immune responses and/or tumor progression in vari-
ous cellular systems (8, 19 –25). In platelets, Dok-2 is primarily
phosphorylated downstream of integrin �IIb�3 through a pro-
cess dependent on calcium flux and Src kinases, leading to the
physical association of Dok-2 with activated integrin �IIb�3
(16).

In this study we investigated the functional importance of
Dok-2 in platelets. We demonstrate here that Dok-2 deficiency
is associated with a shear-dependent increase in integrin �IIb�3
adhesive function, leading to accelerated platelet aggregation
and thrombus development under flow. Significantly, this
increase in adhesive function was restricted to discoid platelets
and was not associated with any other detectable changes in
integrin �IIb�3 adhesive function following agonist stimulation
of platelets. Mechanistically, the increased adhesion of Dok-
2�/� platelets was due to enhanced integrin �IIb�3 bond stabil-
ity and more stable discoid platelet aggregation that was coin-
cident with an exaggerated cytosolic calcium response. This
study defines a role for Dok-2 in regulating the biomechanical
adhesive function of platelets linked to thrombus development.

EXPERIMENTAL PROCEDURES

Additional detailed materials and methods used in this study
are described in the supplemental Experimental Procedures.

Materials—A detailed description of specific materials used
in this study can be found in the supplemental Materials. All
other reagents are described in sources published previously
(16, 26 –28).

Mouse Strains—Dok-2�/� mice backcrossed for eight gener-
ations to a C57BL/6 background were imported from the
Department of Cell Regulation, Medical Research Institute,
Tokyo Medical and Dental University (Tokyo, Japan) (24).
C57Bl Lyn�/� and Lyn�/� mice were generated at the Ludwig
Institute for Cancer Research (Melbourne, Australia) and were a
gift from Dr. Margaret Hibbs (29). All procedures involving the use
of mice were approved by the Alfred Medical Research and Edu-
cation Precinct Animal Ethics Committee (Melbourne, Australia)
under project numbers E/0492/2006/M, E/0677/2008/M,
E/0734E/2008/M, E/0865/2009/M, and E/0889/2009/M.

Whole Blood and Platelet Preparation—All procedures
involving the collection of mouse and human blood were per-
formed in accordance with the Alfred Medical Research and

Education Precinct Animal Ethics Committee (SOP19, Collec-
tion of Whole Blood from Mice) and the Standing Committee
on Ethics in Research Involving Humans (project number
CF07/0141-2007000025), respectively. Mouse whole blood was
collected in hirudin (0.5 �g/�l, Refludan, Pharmion, Calgene,
Summit, NJ). Mouse platelets were isolated according to Max-
well et al. (30). In some studies, mouse platelets were reconsti-
tuted with washed human RBCs, isolated as described (26).

In Vitro Perfusion Studies—In vitro perfusion assays were
performed according to the modifications of Maxwell et al. (26)
and Goncalves et al. (31). For a detailed description of the meth-
ods used for in vitro perfusion studies, refer to the supplemental
Experimental Procedures.

Scanning Electron Microscopy (SEM)—Platelets were per-
fused across hexamethyldisilazane-derived fibrinogen-coated
microslides or spread platelet monolayers, fixed (4% parafor-
maldehyde, 1 h), and prepared for SEM essentially as described
(32). Samples were imaged using a Hitachi S570 scanning elec-
tron microscope (Tokyo, Japan) at 15 kV of accelerating
voltage.

Analysis of Calcium Flux—Calcium flux in isolated platelets
under static and shear conditions was quantified as described
previously (31). In some experiments, platelets were stimulated
with thrombin (0.1–1.0 units/ml), collagen-related peptide
(1–10 �g/ml), or ADP (2–25 �M) in the presence or absence of
EDTA (1 mM), EGTA (1 mM), or 2-APB (10 �M), either alone or
in combination, prior to measurement of calcium concentra-
tions. In other studies, murine platelets were treated with
EDTA (1 mM), EGTA (1 mM), or 2-APB (10 �M), either alone or
in combination, for 15 min at 37 °C prior to measurement of
resting calcium concentrations.

Statistical Analysis—Statistical significance was determined
using one-way analysis of variance or Student’s t test (unpaired,
two-way t test) calculated using GraphPAD Prism software
(Prism Software, GraphPAD Software for Science, San Diego,
CA). The p values are as follows: *, p � 0.05; **, p � 0.01; ***, p �
0.001. Data are presented as the mean � S.E., and n equals the
number of independent experiments performed.

RESULTS

Increased Platelet Thrombus Formation in Dok-2�/� Mice—
In preliminary studies, we confirmed that platelet counts were
normal in Dok-2�/� mice and that the platelets had normal
surface expression of the major platelet adhesion receptors
GPIb�; integrin �IIb�3; and GPVI; as well as integrins �1, �2,
and �5, both in resting and activated platelets,3 and normal
intracellular levels of Dok-1 (supplemental Fig. S1). Further-
more, Dok-2�/� mice had no spontaneous bleeding or increase
in tail bleeding time following surgical transection.3 However,
the rate and extent of platelet thrombus formation when anti-
coagulated whole blood was perfused over an immobilized col-
lagen substrate (1800 s�1) was increased in Dok-2�/� mice
relative to WT controls (Fig. 1). This difference was consistent
over a broad range of collagen-coating concentrations (5–100
�g/ml),3 resulting in an approximately 3-fold increase in

2 The abbreviations used are: SH2, Src homology domain 2; 2-APB, 2-amino-
ethoxydiphenyl borate; PtdIns, phosphatidylinositol.

3 S. C. Hughan, S. Sturgeon, S. M. Schoenwaelder, and S. P. Jackson, unpub-
lished observations.
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thrombus size (Fig. 1, A–C). Notably, we could not detect any
differences in the rate or extent of platelet aggregation between
Dok-2�/� platelets and matched controls following ADP,
thrombin, or collagen-related peptide stimulation even when
stimulated with threshold concentrations of agonists (supple-
mental Fig. S2A). Similarly, there was no difference in throm-
bin- or collagen-related peptide-induced �-granule release
(measured by P-selectin surface expression) in Dok-2�/� plate-
lets (supplemental Fig. S2B). These studies suggest that Dok-2
deficiency leads to an exaggerated platelet thrombotic response
that is unrelated to increased platelet sensitivity to soluble ago-
nist stimulation.

Dok-2 Deficiency Results in Enhanced Platelet-Platelet Inter-
actions under Flow—To investigate whether Dok-2�/� plate-
lets had enhanced reactivity to collagen under flow, primary
platelet adhesion studies were performed on an immobilized
collagen matrix under experimental conditions preventing
platelet aggregation (Fig. 2). Analysis of the number of platelets
recruited to the collagen substrate revealed no difference in
platelet adhesion between Dok-2�/� platelets and matched
controls (Fig. 2A). In contrast, when anticoagulated whole
blood from Dok-2�/� mice and WT controls were perfused
over the surface of preformed thrombi, platelet recruitment to

FIGURE 1. Dok-2�/� platelets form larger thrombi in vitro. Anticoagulated
whole blood from WT or Dok-2�/� mice was perfused through type I collagen
(10 �g/ml)-coated microslides at 1800 s�1 for 3 min. A, total surface area (in
square micrometers) of thrombi forming over time (s) was quantified as
described under “Experimental Procedures.” B, differential interference con-
trast images taken from paired, representative flows. Scale bar � 10 �m. C,
following 3 min of perfusion, microslides were fixed and labeled with DiOC6
prior to confocal sectioning (1 �m) to determine total thrombus volume. Data
are mean � S.E. (n � 3). ***, p � 0.001.

FIGURE 2. Dok-2�/� platelets exhibit increased platelet-platelet interac-
tions through an increased �IIb�3-dependent tether lifetime. A, whole
blood from WT or Dok-2�/� mice was pretreated with the integrin �IIb�3
inhibitor GPI562 (10 �M) prior to perfusion through type I collagen (50
�g/ml)-coated microslides at 1,800 s�1 for 3 min, and the number of adherent
platelets (per 25% of field) was determined as described under “Experimental
Procedures.” ns, not significant. B, WT whole blood was perfused over immo-
bilized collagen (50 �g/ml) for 1 min to allow thrombi to form. Non-adherent
platelets were removed, and WT or Dok-2�/� whole blood was perfused over
the preformed thrombi. The interaction lifetime (s) of adherent platelets was
determined by quantifying the number of frames for which a platelet
remained attached to preformed thrombi (25 frames � 1 s). ***, p � 0.001.
C–E, whole blood from WT or Dok-2 mice was perfused across spread platelets
of the same genotype (●, WT[spread]�WT; E, Dok-2�/�[spread] � Dok-2�/�) or
alternative genotypes (f, Dok-2�/�[spread]�WT; �, WT[spread] � Dok-2�/�). C
and E, the number of incoming platelets attached to a spread ([spread]) plate-
let of the indicated genotype. D, the tether lifetime of adherent platelets (s),
which was determined by quantifying the number of frames for which a
platelet remained attached to a spread platelet (25 frames � 1 s). These
results represent six independent experiments (mean � S.E.).
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the thrombus surface was enhanced significantly in Dok-2�/�

platelets (Fig. 2B), as reflected by the increased lifetime of adhe-
sive interactions, raising the possibility that Dok-2 plays a role
in regulating the shear-dependent adhesive interactions
between aggregating platelets.

To further investigate the impact of Dok-2 deficiency on
platelet-platelet interactions under flow, experiments were car-
ried out using a two-stage perfusion assay in which an initial
population of firmly adherent spread platelets was established
(indicated as “[spread]”), followed by perfusion of a second
platelet population over the stably adherent population (26).
Perfusion of WT platelets over the surface of WT spread plate-
lets resulted in the formation of predominantly transient adhe-
sive interactions between adhering platelets (Fig. 2C, ●, and
supplemental Fig. S3). In contrast, perfusion of Dok-2�/�

platelets over Dok-2�/� spread platelet monolayers was asso-
ciated with a marked increase in the number of platelets form-
ing sustained adhesion contacts with the spread platelet surface
(supplemental Fig. S3), with a tendency for these platelets to
form small aggregates (Fig. 2C, E). The enhanced adhesion
response was primarily due to the increased adhesion lifetimes
of perfused Dok-2�/� platelets (Fig. 2D) rather than an altera-
tion in the reactivity of spread platelets because WT platelets
perfused over a Dok-2�/� platelet monolayer formed transient
adhesive interactions (Fig. 2E). In further control studies, we
confirmed that GPIb-dependent tethering of WT and Dok-
2�/� platelets to spread platelet monolayers was similar (sup-
plemental data S3, B and C), whereas subsequent integrin
�IIb�3-dependent stabilization of platelet adhesion contacts
was specifically increased with Dok-2�/� platelets (supplemen-
tal data S3, B and C).

Enhanced Shear-dependent Adhesion of Dok-2�/� Platelets
to Immobilized Fibrinogen—To investigate more directly the
impact of Dok-2 deficiency on integrin �IIb�3 adhesive function
under flow, we performed perfusion studies on a purified fibrin-
ogen matrix. Immobilized fibrinogen selectively binds integrin
�IIb�3 and induces conformational changes in the receptor that
initiates outside-in signaling events to stimulate platelet activa-
tion (33). As demonstrated in Fig. 3A, Dok-2 deficiency was
associated with a marked up-regulation in shear-dependent
platelet adhesion to fibrinogen at each of the time points exam-
ined (Fig. 3A and supplemental Movie 1). This increase in adhe-
sion was observed over a broad range of fibrinogen-coating
concentrations (5–100 �g/ml) and was associated with
enhanced platelet spreading (Fig. 3, B and C, and supplemental
Fig. S4) and an increased propensity to form platelet aggregates,
particularly at higher matrix densities (100 �g/ml).3 The
increased adhesion of Dok-2�/� platelets required platelet acti-
vation because it was inhibited by pretreating platelets with the
activation inhibitors PGE1 and theophylline.3 In further control
studies, we confirmed that the activation state of integrin
�IIb�3, as assessed by Oregon green fibrinogen (supplemental
Fig. S2, C–E) or JON/A3 binding was no different on the surface
of resting or activated platelets relative to matched controls.
Furthermore, under static conditions, there was no significant
difference in the level of adhesion or spreading of Dok-2�/�

platelets relative to WT controls (supplemental Fig. S4),3 indi-

cating that Dok-2 deficiency leads to a shear-selective increase
in platelet adhesion.

Dok-2 Deficiency Enhances the Shear-dependent Adhesion of
Discoid Platelets—To gain insight into the mechanism by
which Dok-2 regulates platelet adhesive function under flow,
we performed high-magnification, real-time imaging of mouse
platelets interacting with immobilized fibrinogen. At 600 s, the
majority of WT mouse platelets adhered to immobilized fibrin-
ogen in a reversible manner, with �60% of platelets translocat-
ing or rolling on the fibrinogen surface in a sliding or flip-flop
rotational manner (Fig. 4) (34). In control studies, we confirmed
that mouse translocation was not due to contaminating von
Willebrand factor in the fibrinogen preparation because it was
not significantly altered by blocking the ligand-binding func-
tion of platelet GPIb (supplemental Fig. S5).3 The translocation
behavior of Dok-2�/� platelets was distinct from WT controls
in that twice as many Dok-2�/� platelets formed sustained
adhesion contacts with the fibrinogen substrate (Fig. 4B),
resulting in a 3-fold lower translocation velocity (Fig. 4C). In
addition to altered translocation dynamics, Dok-2�/� platelets
exhibited greater stability on the fibrinogen substrate, with
41.79 � 3.14% of Dok-2�/� platelets detaching from the fibrin-
ogen substrate versus 80.86 � 3.651% for WT controls (p �
0.0001) (Fig. 4D).

FIGURE 3. Dok-2 negatively regulates integrin �IIb�3-dependent platelet
adhesion under shear conditions. Anticoagulated whole blood from WT or
Dok-2�/� mice was perfused through fibrinogen (20 or 100 �g/ml)-coated
microslides at 600 s�1. A, the number of WT (●) or Dok-2�/� (E) platelets
adherent (�2 s) to fibrinogen (20 �g/ml) during whole blood perfusion
(mean � S.E.; n � 4; *, p � 0.05). Quantification of platelet adhesion was
performed as described under “Experimental Procedures.” B, representative
cropped images taken from one paired flow on a fibrinogen matrix (100
�g/ml) following modified Tyrode buffer washout. Scale bar � 10 �m. C, the
total surface area coverage of adherent platelets. These data are taken from
three random fields per experiment and are representative of five independ-
ent experiments (mean � S.E.).
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Although high-magnification imaging revealed no signifi-
cant differences in the morphology of Dok-2�/� or WT plate-
lets during the initial stages of surface translocation on immo-
bilized fibrinogen, SEM confirmed the presence of membrane
tethers in a high proportion of discoid platelets adhering to the
fibrinogen substrate (Fig. 5A). Although there was no measur-
able difference in tether width between WT and Dok-2�/�

platelets (WT, 0.1659 � 0.01155 �m, n � 28; Dok-2�/�,
0.1784 � 0.01843 �m, n � 21), there was a significant difference
in tether length, with Dok-2�/� tethers �25% longer than their
WT counterparts (WT, 1.678 � 0.1245 �m, n � 28; Dok-2�/�,
2.213 � 0.1692 �m, n � 21, p � 0.05).

Analysis of the adhesion lifetime of membrane tethers to the
fibrinogen matrix revealed an �80% increase in tether lifetimes
in Dok-2�/� platelets relative to WT controls (Fig. 5B), consist-
ent with more stable platelet adhesion. To test this hypothesis
further, the effects of exposing WT and Dok-2�/� adherent
platelets to sudden shear increases (from 600 –1800 s) was
investigated (Fig. 5C). Analysis of the number of platelets that
resisted detachment from the matrix revealed a marked dif-
ference between WT and Dok-2�/� platelets, with Dok-2�/�

platelets exhibiting an �20-fold increase in the duration of
stationary adhesion relative to WT controls (Fig. 5C). Adhe-
sion stability of platelets on a fibrinogen matrix is partly
regulated by the release of dense granule ADP (31), and,
although adhesion stability was reduced by pretreating
platelets with ADP receptor antagonists (Fig. 5C), the rela-
tive difference in adhesion between WT and Dok-2�/�

platelets remained. These findings suggest that Dok-2 plays

an important role in regulating the stability of integrin
�IIb�3-fibrinogen interactions under flow.

Dysregulated Calcium Flux and PtdIns(3,4)P2 Accumulation
in Dok-2�/� Platelets—We have demonstrated previously that
integrin �IIb�3 adhesion contacts are negatively regulated by the
Src family member Lyn kinase and the Src homology 2 domain-
containing inositol 5-phosphatase (SHIP1) (30), both of which
have been linked previously to Dok-2 function in lymphocytes
(35–38). To investigate whether Dok-2 phosphorylation in plate-
lets is regulated by Lyn kinase, anti-phosphotyrosine immunopre-
cipitation studies were performed on Lyn-deficient platelets.
Phosphotyrosine-containing proteins were immunoprecipi-
tated from Lyn�/� and Lyn�/� platelet lysates, and the levels
of Dok-2 in these immunoprecipitates were determined by
immunoblot analysis. These studies revealed a major reduc-
tion in the level of tyrosine-phosphorylated Dok-2 in Lyn�/�

platelets (Fig. 6A).
Tyrosine phosphorylation of Dok-2 regulates its interaction

with SHIP1 (37), the major 5-phosphatase in platelets regulat-
ing the conversion of PtdIns(3,4,5)P3 to PtdIns(3,4)P2. To
investigate whether Dok-2 deficiency impacted the metabolic
conversion of PtdIns(3,4,5)P3 to PtdIns(3,4)P2, 32P-labeled
phospholipids were extracted from resting and thrombin-stim-

FIGURE 4. Mouse platelets translocate over a fibrinogen matrix, with
Dok-2�/� platelets demonstrating increased stability and stationary
adhesion. Anticoagulated whole blood from WT (●) or Dok-2�/� (E) mice
was perfused over fibrinogen (20 �g/ml)-coated microslides at 600 s�1. A, the
displacement (mean � S.E.) of WT and Dok-2�/� platelets, every 5 frames,
observed over a 10-s period (250 frames), after 4 min of flow. ***, p � 0.001. B,
the percentage of platelets exhibiting rolling, stop/start, or stationary trans-
location dynamics. C, the average velocity of WT and Dok-2�/� platelets. *,
p � 0.05. D, the percentage of WT (●) or Dok-2�/� (E) platelets detaching
from the fibrinogen matrix (20 �g/ml) over a 10-s time interval. Data repre-
sent mean � S.E. (n � 3).

FIGURE 5. Dok-2 deficiency leads to an increased adhesion lifetime of
platelet membrane tethers. Anticoagulated whole blood from WT or Dok-
2�/� mice was perfused over fibrinogen (20 �g/ml)-coated microslides at 600
s�1. A, a cropped SEM image of a representative murine platelet tether (WT).
The image was taken from one experiment representative of three. Scale
bar � 2 �m. B, tether adhesion lifetime was determined by counting the
number of frames for which a platelet was tethered to the matrix, as
described under “Experimental Procedures.” ***, p � 0.001. C, whole blood
was perfused over fibrinogen in the presence or absence of ADP receptor
antagonists (MRS2179 (400 �M) and 2-methylthioadenosine 5�-monophos-
phate triethylammonium salt (2MeSAMP) (40 �M)) and apyrase (0.02 units/ml)
at 600 s�1 for 2 min. The shear rate was increased to 1800 s�1 for 3 min. The
histogram shows the time (s) platelets remained attached (adhesion time)
during the shear rate increase as a measure of bond strength. The inset shows
a schematic of the analysis period. Data represent the mean � S.E., n � 3. ***,
p � 0.001.
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ulated platelets, and the levels of 3-phosphorylated phospho-
inositides quantified by strong anion exchange-HPLC (30, 39).
These studies revealed that the conversion of PtdIns(3,4,5)P3 to
PtdIns(3,4)P2 was less efficient in Dok-2�/� platelets (Fig. 6B),
similar in magnitude to that reported in lymphocytes (38).

Changes in phosphatidylinositol 3-kinase lipid products lead
to dysregulated integrin �IIb�3 adhesive function and calcium
signaling under flow (31). To examine potential alterations in
cytosolic calcium levels in Dok-2�/� platelets, washed platelets
were loaded with the calcium indicator dyes Oregon green 1,2-
bis(o-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid and
FuraRed, and fluorescence changes were monitored by confo-
cal microscopy (31, 40). As demonstrated in Fig. 6C, Dok-2�/�

platelets displayed a 2-fold increase in basal calcium levels rel-
ative to WT controls. This increase was partially prevented by
chelating extracellular calcium or by blocking the platelet ino-
sitol 1,4,5-trisphosphate receptor with 2-aminoethoxydiphenyl
borate (2-APB) (Fig. 6C). However, complete reversal of the
elevated calcium required the concurrent treatment of platelets
with both EGTA and 2-APB (Fig. 6C). Analysis of cytosolic
calcium flux during shear-dependent adhesion to fibrinogen
revealed that Dok-2�/� platelets exhibited a greater frequency
of cytosolic calcium flux (calcium �800 nM) relative to WT

controls (Fig. 6, D and E). This latter difference in calcium
dynamics was specific to shear-activated platelets because the
extent of cytosolic calcium flux in platelets stimulated with sol-
uble agonists, including thrombin, collagen-related peptide, or
ADP, was identical between WT and Dok-2�/� platelets (sup-
plemental Fig. S6). These findings suggest an important role for
Dok-2 in regulating shear-dependent calcium flux in platelets.

Dok-2 Deficiency Stabilizes Discoid Platelet Aggregates and
Accelerates Thrombus Growth in Vivo—To investigate the
potential pathophysiological significance of our in vitro find-
ings, we examined platelet thrombus formation in Dok-2�/�

mice using several distinct in vivo thrombosis models (27, 28,
41, 42). Analysis of thrombus development in a mouse carotid
artery electrolytic thrombosis model (28) revealed that Dok-
2�/� mice developed thrombi more rapidly than their WT
counterparts, as indicated by a more rapid reduction in blood
flow following electrolytic injury (Fig. 7A, time 0). Full vascular
occlusion was also more rapid in Dok-2�/� mice with cessation
of blood flow after �10 min of injury compared with �17 min
in WT controls.

To investigate whether enhanced thrombus growth in Dok-
2�/� mice is related to enhanced stability of discoid platelet
aggregates, we employed high-magnification intravital micros-

FIGURE 6. Dok-2 regulates platelet calcium flux and PI(3,4,5)P3 metabolism. A, washed Lyn�/� and Lyn�/� mouse platelets (5.0 	 108/ml) were left
untreated (Rest) or stimulated with thrombin (Thr, 1 unit/ml). Tyrosine-phosphorylated proteins were immunoprecipitated (4G10) from whole cell lysates and
blotted for Dok-2 and Src (using 4G10) as described under “Experimental Procedures.” The immunoblot was taken from one experiment representative of three
independent experiments, with densitometric quantification presented in the histogram (mean � S.E., n � 3). B, washed WT and Dok-2�/� platelets were
loaded with 32P, stimulated with thrombin (1 unit/ml, 2 min), lysed, and then 32P-labeled phospholipids were extracted and analyzed by strong anion
exchange-HPLC as described under “Experimental Procedures.” The histogram depicts the ratio of PtdIns(3,4)P2 to PtdIns(3,4,5)P3 (mean � S.E., n � 3). *, p �
0.05. C–E, washed WT and Dok-2�/� mouse platelets (2.5 	 108/ml) were loaded with calcium dyes (Oregon green 1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-
tetraacetic acid and FuraRed), and their calcium concentrations (nanomolar) determined under basal and agonist-stimulated (C) or shear (D and E) conditions,
as described under “Experimental Procedures.” C, platelets were allowed to rest in the presence or absence of calcium-chelating agents (EGTA (1 mM) and EDTA
(1 mM)) and/or the inositol 1,4,5-trisphosphate receptor inhibitor 2-APB (10 �M). In some experiments, platelets were stimulated with thrombin (0.1 units/ml)
prior to the determination of cytosolic calcium levels (mean � S.E., n � 3). **, p � 0.01. D and E, washed platelets were reconstituted with red blood cells,
perfused over fibrinogen (100 �g/ml) at 600 s�1, and then the calcium concentration of adherent platelets was determined as described under “Experimental
Procedures.” Representative tracings of calcium flux are shown for individual platelets (D). Tracings are from one experiment representative of five. E, the
number of calcium peaks �800 nM. Data are from 10 platelets/genotype (mean � S.E., n � 5). *, p � 0.05.
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copy to monitor platelet aggregation dynamics in the mouse
mesenteric microcirculation. We chose photoactivation of sys-
temically administered rose bengal to induce platelet aggrega-
tion because we have demonstrated previously that this throm-
bosis model induces prominent aggregation of discoid platelets
during the earliest phases of thrombus development (42). In
postcapillary venules, the adhesion and aggregation of discoid
platelets at sites of photochemical injury was rapid, with signif-
icant aggregates forming within 30 s of photoactivation. In WT
mice, these aggregates were very transient, with an approxi-
mate 45% reduction in aggregate size within the first 10 s of the
cessation of photoillumination (124.4 � 31.88 platelets at time
0 and 81.13 � 31.55 platelets at time 10 s) compared with a 12%
reduction in Dok-2�/� mice (195.0 � 29.72 platelets at time 0
and 172.0 � 25.18 platelets at time 10 s, p � 0.05). Furthermore,
although discoid platelet aggregates in both WT and Dok-2�/�

mice remained unstable, the mean time to complete disaggre-
gation was significantly higher in Dok-2�/� mice relative to
WT controls so that 
80% of residual Dok-2�/� platelet aggre-
gates persisted for at least 300 s following cessation of photoil-
lumination compared with �20% for WT mice (Fig. 7B). In
control studies, we established that the rose bengal-induced
aggregates in WT and Dok-2�/� mice were primarily com-
posed of P-selectin-negative platelets,3 consistent with previ-
ous findings of a low level of platelet stimulation during the
early stages of thrombus development (41).

To further investigate the role of Dok-2 in regulating discoid
platelet aggregation at sites of vascular injury, we employed a
microinjector needle injury model in the mesenteric circulation
of mice that leads to the initial rapid formation of discoid plate-

let aggregates at sites of vessel puncture. As demonstrated in
Fig. 7, C and D, Dok-2 deficiency resulted in a marked increase
in the rate and extent of platelet aggregation. Moreover, similar
to our findings in the rose bengal model, these discoid platelet
aggregates were more stable than WT controls, leading to the
formation of persistent, large platelet aggregates (Fig. 7, C and
D) (supplemental Movie 2). These findings, in combination
with our in vitro studies, support an important role for Dok-2 in
regulating discoid platelet aggregation and subsequent throm-
bus growth.

DISCUSSION

A growing body of experimental evidence suggests that
platelet aggregation can be induced by two distinct, comple-
mentary mechanisms: a biomechanical platelet aggregation
mechanism induced by hemodynamic shear stress and a soluble
agonist-dependent mechanism (43). The former is particularly
sensitive to microscale shear gradients and involves the aggre-
gation of discoid, non-degranulated platelets. This aggregation
mechanism is dynamic and reversible and is critically depend-
ent on the biomechanical adhesive function of both GPIb and
integrin �IIb�3. In contrast, soluble agonist-induced platelet
aggregation occurs between shape-changed platelets, is pri-
marily mediated by high-affinity integrin �IIb�3 bonds, and typ-
ically leads to platelet degranulation and the development of
more stable platelet aggregates. This study define a new pro-
thrombotic platelet phenotype in Dok-2-deficient mice that
involves enhanced integrin �IIb�3-dependent, biomechanical
platelet activation, leading to more stable discoid platelet aggre-
gation and an accelerated rate of thrombus growth in vivo.

FIGURE 7. Dok-2�/� mice show increased thrombus formation in vivo. A, mean carotid artery blood flow (milliliters/minute/100 grams) in WT or Dok-2�/�

mice was monitored following electrolytic injury (Injury & stasis), with data depicting the mean � S.E. (WT, n � 7; Dok-2�/�, n � 8). B, discoid platelet aggregate
formation in murine mesenteric venules (imaged using intravital microscopy) was induced by rose bengal-mediated photoactivation (see “Experimental
Procedures”). The dot plot shows the time taken (in increments of 10 s) for complete disaggregation of discoid platelets to occur (i.e. the first time, when no
platelets remained adherent to the site of injury). We assigned an arbitrary maximum value of 300 s. Data are mean � S.E. *, p � 0.05, n � 6 – 8 mice/genotype
(as indicated). C and D, platelet aggregate formation was induced by a mechanical needle puncture, and subsequent platelet accrual was monitored by
intravital microscopy (see “Experimental Procedures”). C, representative images taken from WT and Dok-2�/� vessels at 0, 125, and 250 s after injury. For clarity,
platelet aggregates are demarcated. D, the cumulative size of forming aggregates (square micrometers) measured over 10-s intervals for a maximum of 250 s
(1 frame � 1 s). Data depict the mean � S.E. WT � 25 injuries (n � 6), Dok-2�/� � 23 injuries (n � 5). ns, p 
 0.05; **, p � 0.01; ***, p � 0.001.
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Notably, this prothrombotic phenotype occurred independ-
ently of changes in soluble agonist-dependent platelet aggrega-
tion and was, therefore, not detected by conventional platelet
functional assays.

By employing flow-based platelet functional assays, we dem-
onstrated an important role for Dok-2 in negatively regulating
the stability of integrin �IIb�3 adhesion contacts, leading to
increased membrane tether lifetimes and more efficient recruit-
ment of discoid platelets onto the surface of forming thrombi.
Mechanistically, our studies suggest that the increased reactivity
of Dok-2�/� platelets is due to enhanced integrin �IIb�3 bond
stability and more stable discoid platelet aggregation that is
coincident with an exaggerated cytosolic calcium response.
Several lines of evidence suggest that the principal alteration in
platelet adhesive function in Dok-2�/� mice is related to integ-
rin �IIb�3. First, we demonstrated a shear-specific increase in
platelet adhesion to the integrin �IIb�3-selective ligand, fibrin-
ogen. Second, we observed no difference in shear-dependent
platelet tethering through the von Willebrand factor-GPIb
interaction or subsequent GPVI- and integrin �2�1-dependent
firm adhesion to immobilized collagen in Dok-2�/� mice.
Third, Dok-2�/� platelets exhibit a shear-specific increase in
stable adhesion to platelet monolayers and to the surface of
formed thrombi in vitro through an adhesive process depend-
ent on integrin �IIb�3. Notably, there was no difference in the
tethering of discoid Dok-2�/� platelets to spread platelet
monolayers or thrombi, consistent with normal von Will-
ebrand factor-GPIb adhesive function in these mice. Further-
more, all shear-specific increases in adhesive function of Dok-
2�/� platelets were observed with discoid platelets. Thus, given
that biomechanical platelet activation processes relevant to
shear-dependent aggregation of discoid platelets occurs pri-
marily through GPIb and integrin �IIb�3 (41, 43), the most
likely explanation for our experimental findings is that Dok-2 is
primarily regulating the biomechanical adhesive function of
integrin �IIb�3.

Recent experimental evidence supports an important role for
discoid platelet aggregates in promoting thrombus growth in
vivo (26, 41). These aggregates appear to be dependent on the
formation of membrane tethers (smooth cylinders of lipid
bilayer pulled from the rim of discoid platelets under the influ-
ence of hemodynamic forces (26, 41)). Membrane tethers
appear to play a major role in regulating the adhesive function
of discoid platelets by acting as sites of localized cell attachment
and activation (41). This study suggest that Dok-2 plays an
important role in regulating the lifetime of membrane tether
bonds, thereby promoting more efficient discoid platelet aggre-
gation under flow. Our current working hypothesis is that
integrin �IIb�3 adhesion bonds formed on the surface of Dok-
2�/� discoid platelets have greater tensile strength, presumably
because of localized changes in the number or stability of integ-
rin bonds, resulting in increased tether bond lifetimes and more
elongated membrane tethers. This may, in turn, contribute to
an increase in mechanical resistance inferred on the Dok-2�/�

tethers, which prolongs their lifetime and the stability of the
platelet-fibrinogen interaction. Ongoing studies in our labora-
tory are attempting to address this issue.

Several lines of evidence indicate that the enhanced aggrega-
tion and thrombotic response of Dok-2�/� platelets primarily
reflect a shear-specific enhancement in integrin �IIb�3 adhesive
function rather than a global up-regulation in integrin �IIb�3
affinity. For example, integrin �IIb�3-dependent functional
responses under static or low-shear conditions, such as aggre-
gation in an aggregometer (supplemental Fig. S2), spreading
(supplemental Fig. S3), or clot retraction,3 were not signifi-
cantly altered in Dok-2�/� platelets. In contrast, integrin
�IIb�3-dependent platelet adhesion to immobilized fibrinogen,
onto the surface of spread platelets or to preformed thrombi,
was always enhanced under shear conditions. Notably, the
alterations in integrin �IIb�3 adhesive function in Dok-2�/�

platelets appeared to be related to discoid platelets and most
likely reflect alterations in post-ligand binding events (out-
side-in signaling) rather than changes in integrin �IIb�3 affinity
(inside-out signaling). Consistent with this, the initial forma-
tion of platelet-fibrinogen contacts under flow (platelet tether-
ing) was similar in WT and Dok-2�/� platelets (data not
shown). Similarly, agonist-induced affinity regulation of integ-
rin �IIb�3 and the rate and extent of platelet aggregation in
aggregometry assays was normal in Dok2�/� platelets, indicat-
ing a minimal contribution of Dok2 to integrin �IIb�3 affinity
regulation. This conclusion was further supported by competi-
tion binding assays wherein excess unlabeled fibrinogen was
equally effective at displacing JON/A binding to activated
integrin �IIb�3 on the surface of WT and Dok-2�/� platelets.3
Overall, our findings are more consistent with a role for Dok-2
in regulating biomechanical signaling processes linked to integ-
rin �IIb�3 adhesive function that serves to regulate the stability
of localized integrin �IIb�3 adhesion contacts under flow.

The demonstration that Dok-2�/� platelets have increased
basal cytosolic calcium levels and an increased frequency of
calcium transients following shear-dependent adhesion sug-
gests a role for Dok-2 in regulating cytosolic calcium flux. Such
findings support a growing body of evidence that Dok family
members modulate cytosolic calcium levels in multiple cell
types through the formation of multimolecular signaling com-
plexes (37). For example, Dok-3 has been demonstrated to
modulate cytosolic calcium flux in B cells and DT40 cells (44,
45) through an association with the adaptor protein Grb2, lead-
ing to the localized negative regulation of Btk and the impaired
activation of PLC�2 (45). Although Dok-1 and Dok-3 have been
demonstrated to associate with Grb2 in platelets (17), whether
a Dok-2/Grb2 complex regulates similar signaling processes
downstream of integrin �IIb�3 in platelets is unclear. Dok-2 has
also been reported to associate with the tyrosine kinase Lyn (46)
and the SH2 domain-containing inositol 5-phosphatase SHIP1
(17, 37, 38, 46, 47), with such an association demonstrated to
negatively regulate CD4-mediated signaling in T cells, leading
to modulation of calcium flux and PtdIns(3,4,5)P3 levels (38).
The findings presented here provide evidence that such a sig-
naling complex may be responsible for the negative modulation
of integrin �IIb�3 in platelets. For example, the phenotype dis-
played by Dok-2�/� platelets, with increased calcium flux and
enhanced integrin �IIb�3 function, is consistent with the find-
ings from SHIP1- or Lyn-deficient mice (30, 48), suggestive of a
functionally relevant signaling complex between these mole-
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cules. Furthermore, tyrosine phosphorylation of SHIP1 is
reduced by 
70% in Lyn�/� platelets (30), concomitant with
reduced SHIP1 activity and PtdIns(3,4,5)P3 metabolism. We
also demonstrate that Dok-2 association with other tyrosine
phosphorylated proteins is reduced in Lyn�/� platelets along
with a concomitant transient reduction in PtdIns(3,4,5)P3
metabolism. When taken together with the well defined role of
PtdIns(3,4,5)P3 in regulating calcium flux (49, 50) and the sim-
ilarities in platelet phenotype between SHIP1-, Lyn-, and Dok-
2-deficient mice (30, 37), these findings all point toward an
important cooperative role for Dok-2, SHIP1, and Lyn in mod-
ulating calcium flux and integrin function.

Overall, our studies have demonstrated an important func-
tional role for Dok-2 in regulating the biomechanical adhesive
function of discoid platelets, serving as an endogenous negative
regulator of integrin �IIb�3. Notably, all other reported negative
regulators of integrin �IIb�3 (30, 51, 52) influence integrin
�IIb�3 adhesive function under both static and shear condi-
tions, suggesting that Dok-2 represents a bona fide mechano-
sensory platelet signaling molecule. A similar concept has been
developed for the signaling modulator adhesion and degranu-
lation promoting adaptor protein (ADAP), which primarily
regulates integrin �IIb�3 outside-in biomechanical signals,
although in contrast to Dok-2, the adhesion and degranulation
promoting adaptor protein serves as a positive regulator of
integrin �IIb�3 signaling (53). Our findings of an exaggerated
biomechanical activation response in Dok-2-deficient platelets
may have potentially important implications for the identifica-
tion of prothrombotic platelet phenotypes. A link between
increased platelet reactivity and adverse cardiovascular events
is well established (reviewed in Ref. 54). More specifically,
enhanced integrin �IIb�3 activation, platelet aggregation, P-se-
lectin expression, and thromboxane A2 generation following
agonist stimulation are associated with an increased risk of
arterial thrombosis and cardiovascular disease (54). Typically,
these changes in platelet reactivity are detected using routine
platelet functional assays, including platelet aggregometry and
flow cytometry. Our findings raise the interesting possibility
that shear-dependent platelet functional assays may be
required to identify dysregulated biomechanical platelet activa-
tion mechanisms linked to a prothrombotic phenotype. Such
assays may uncover a broader range of platelet hyperactivity
disorders than currently appreciated.
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