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Rap1b, an abundant small GTPase in platelets, becomes rapidly activated upon stimulation with agonists. 
Though it has been implicated to act downstream from G protein–coupled receptors (GPCRs) and upstream of 
integrin αIIbβ3, the precise role of Rap1b in platelet function has been elusive. Here we report the generation of 
a murine rap1b knockout and show that Rap1b deficiency results in a bleeding defect due to defective platelet 
function. Aggregation of Rap1b-null platelets is reduced in response to stimulation with both GPCR-linked 
and GPCR-independent agonists. Underlying the defective Rap1b-null platelet function is decreased activa-
tion of integrin αIIbβ3 in response to stimulation with agonists and signaling downstream from the integrin 
αIIbβ3. In vivo, Rap1b-null mice are protected from arterial thrombosis. These data provide genetic evidence 
that Rap1b is involved in a common pathway of integrin activation, is required for normal hemostasis in vivo, 
and may be a clinically relevant antithrombotic therapy target.

Introduction
Rap proteins are small GTPases from the Ras family, and genes 
encoding them are highly conserved across species (1–4). Genetic 
analysis of Rap1 function in lower eukaryotes has revealed that Rap 
is critical for development, as loss-of-function mutations are lethal 
in Drosophila (3) and Dictyostelium (5). In mammals, the Rap family 
consists of 2 rap1 genes, rap1a and rap1b, encoding proteins that 
are 95% identical, and 2 rap2 genes encoding proteins that are 65% 
homologous with the Rap1 proteins. Rap1 shares a high degree of 
homology with Ras, especially in the effector region, and initial 
observations that Rap1 reverted the Ras-transformed phenotype 
in fibroblasts (6) and Xenopus oocytes (7) prompted investigations 
of the role of Rap as a Ras antagonist. While the Ras antagonist 
function of Rap remains controversial, there is increasing evidence 
that Rap signaling is involved in regulation of multiple cellular 
processes, including cell differentiation and adhesion (8–11).

While Rap1 proteins are ubiquitously expressed in tissues, Rap1b 
is the predominant Rap1 isoform and the most abundant Ras fam-
ily member in platelets (12), where it becomes rapidly activated 
upon stimulation with a variety of agonists acting through distinct 
signaling pathways (13, 14). Stimulation of the Gαq-linked PAR4 
activates phospholipase Cβ (PLCβ), leading to phosphoinositol 
hydrolysis and an intracellular calcium increase, providing a nec-
essary and sufficient stimulus for Rap1b activation (13), which is 
later sustained by activated protein kinase C (15). ADP stimulates 
Rap1b activation via a calcium-independent pathway downstream 
from its Gαi-coupled P2Y12 receptor and is dependent on activa-
tion of phosphoinositide 3-kinase (16, 17) and its lipid product 
phosphatidylinositol 3,4,5-triphosphate (18).

While Rap1b activation is a common feature of platelet acti-
vation, the role it plays in platelets is not well understood. The 
current understanding of Rap1b function has been derived from 
overexpression studies in cultured cells involving Rap1-activat-
ing guanine exchange factors, dominant active forms of Rap1, 
or GTPase-activating proteins, which accelerate the low intrinsic 
GTPase activity of Rap, leading to its inactivation. Such studies in 
megakaryocytes, the precursors of platelets, and in a megakaryo-
blastic cell line have shown a correlation between the conditions 
that promote the activated state of Rap1b and enhanced agonist-
induced activation of the platelet-specific integrin αIIbβ3 (19–21). 
This integrin plays a central role in hemostasis, and defects in its 
activation lead to platelet aggregation deficiency and bleeding. 
Severe examples of such defects are present in Glanzmann throm-
basthenia platelets, which lack functional integrin αIIbβ3, and in 
mouse integrin β3 subunit knockouts, which have a severe bleed-
ing disorder and reduced survival (22). To address the exact role 
Rap1b plays in vivo, both at the organism level and in platelets, 
which are not amenable to genetic manipulation, we created and 
characterized the phenotype of Rap1b-deficient mice.

Results
Generation of Rap1b-deficient mice. Rap1b-null mice were created by 
replacing the entire coding sequence of the murine rap1b gene with 
a neomycin-resistance gene (Figure 1). Of the first 91 mice gener-
ated from the rap1b+/– intercrosses, at weaning, 42.9% were rap1b+/+, 
52.7% were rap1b+/–, and 4.4% were rap1b–/–, indicating 85% embry-
onic and perinatal lethality of the Rap1b-null mice. Analysis of 
staged embryos derived from heterozygous intercrosses revealed 
that at least 40% of rap1b–/– embryos had abdominal, cranial, and 
hepatic bleeding (Figure 1F) and died in utero between E13.5 and 
E18.5, while the remaining deaths occurred perinatally.

Surviving Rap1b-null mice were smaller than their littermates but 
appeared otherwise normal, with no overt cancer or hematological 
defects and normal life spans. Rap1b-null mice were fertile and pro-
duced 45% smaller litters at weaning compared with wild-type mice 
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protein GPVI; PKA, cAMP-dependent protein kinase; PLCβ, phospholipase Cβ; PRP, 
platelet-rich plasma; VASP, vasodilator-stimulated phosphoprotein.
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of the same genetic background (4.0 ± 1.75 vs. 7.2 ± 2.36 pups, respec-
tively; mean ± SD, n = 40). This slightly higher survival rate of Rap1b-
null mice in homozygous intercrosses compared with heterozygous 
intercrosses may have been caused by a genotypic or phenotypic 
compensation that has ameliorated the consequences of Rap1b 
loss. Alternatively, larger litter size in rap1b–/– intercrosses could have 
resulted from a more uniform size of embryos and smaller likelihood 
of embryos being discarded by the mother.

Tail bleeding time is increased in Rap1b-null mice and in Rap1b-null bone 
marrow transplants. Rap1b-null mice had normal platelet counts 
and did not exhibit evidence of spontaneous bleeding. To evaluate 
the effect of Rap1b deficiency on hemostasis, we compared tail 
bleeding times of Rap1b-null mice and normal mice (Figure 2). 
The median time to bleeding cessation was significantly prolonged 
(P < 0.0001) in Rap1b-null mice compared with normal mice of the 
same genetic background (460.4 ± 35.3 seconds vs. 101.1 ± 13.2 
seconds, respectively; mean ± SEM).

To determine whether abnormal platelet function was sufficient 
to cause the bleeding time prolongation observed in Rap1b-null 
mice, or whether other factors, such as defective vasculature, were 
involved, we reconstituted lethally irradiated wild-type mice with 
bone marrow harvested from Rap1b-null mice to create chimeric 
mice with rap1b–/– platelets and rap1b+/+ vessels. Control mice were 
irradiated and rescued with bone marrow from wild-type mice. 
Fourteen days after bone marrow transplantation, both chimeric 
and control mice had normal platelet counts, but chimeric mice had 
no Rap1b detectable by Western blotting of platelet lysates with an 
anti-Rap1b antibody (data not shown).

The tail bleeding time of control mice engrafted with normal 
bone marrow was 142.6 ± 44.5 seconds (mean ± SEM, Figure 2C), 
a small but not statistically significant (P < 0.2) increase from 
that observed in normal mice (Figure 2A). In contrast, Rap1b-
null bone marrow chimeras had a prolonged bleeding time of 
396.0 ± 89.9 seconds (mean ± SEM, Figure 2D), which was similar 
to that of Rap1b-null mice (Figure 2B). These findings demon-
strate that the deficiency of Rap1b in platelets prolongs bleeding 
time and that the abnormal platelet function in Rap1b-null mice 
results in a hemostatic defect.

Platelet aggregation is reduced in Rap1b-null platelets. To characterize 
the platelet defects responsible for impaired hemostasis in Rap1b-
null mice, we compared aggregation of Rap1b-null platelets with 
that of normal platelets in response to several mechanistically dif-
ferent agonists (Figure 3). The extent of aggregation of Rap1b-null 
platelets in response to ADP (Figure 3A) and epinephrine (Figure 
3B), both weak agonists, was reduced over a wide range of agonist 
concentration (35–60% and 20–40%, respectively, compared with 
that in normal platelets).

Type I collagen, a strong platelet agonist, elicited cell shape 
changes reflected as an initial decrease in light transmission, fol-
lowed by 65% maximal aggregation, when used at a concentra-
tion of 1.5–2 μg/ml in normal platelets (Figure 3C). The same 
concentration range of collagen was ineffective at inducing 
aggregation in Rap1b-null platelets, and only a small decrease in 
light transmission was recorded, indicating that platelet shape 
change had commenced. In addition, low concentrations of col-
lagen induced a lower level of ATP secretion in Rap1b-null plate-
lets as compared with normal platelets (data not shown). This 
reduced response was overcome with higher concentrations of 
collagen (at and above 5 μg/ml), leading to the same extent of 
aggregation by Rap1b-null platelets and normal platelets. How-
ever, even at the highest concentrations of collagen tested, the 
shape change was slower and the time to half-maximal aggrega-
tion was increased in Rap1b-null cells.

Figure 1
Targeted inactivation of the rap1b gene. (A) The murine rap1b gene 
consists of 6 coding (bands) and 1 untranslated exon (3′ UTR, open 
box). (B) The targeting vector contains 7.8 kb of genomic DNA flank-
ing the neomycin-resistance cassette (neo). TK, thymidine kinase. (C) 
After homologous recombination, the neo cassette replaces the com-
plete coding sequence of the rap1b gene. (D) Southern blot analysis of 
mouse tail DNA from heterozygous intercrosses digested with SspI and 
KpnI using a probe (P) that detects 5.5-kb and 9-kb fragments in the 
wild-type and knockout allele, respectively. (E) Western blot analysis of 
protein expression in platelets of indicated genotype. (F) Morphology of 
E15.5 wild-type (+/+) and Rap1b-null (–/–) embryos. Scale bar: 1 mm. 
E, EcoRI; H, HinDIII; K, KpnI; S, SspI. 

Figure 2
Prolonged tail bleeding time in Rap1b-null mice and in Rap1b-null 
bone marrow chimeras. Plotted are data from normal mice and bone 
marrow recipients with normal platelet counts in which the appropriate 
phenotype of the platelets was confirmed by Western blotting analysis. 
For each data set, the box shows the 25th to 75th percentile range 
and median, which in the KO group overlaps with the 75th percen-
tile. Whiskers extend to the 5th and 95th percentiles and mean and 
SEM are plotted to the right of the box. WT/WT, chimeric normal mice 
transplanted with normal bone marrow; KO/WT, chimeric normal mice 
transplanted with Rap1b-null bone marrow.
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Convulxin, a snake venom C-type lectin (23), binds to glycopro-
tein GPVI (GPVI) and induces platelet activation by clustering the 
receptor. Unlike collagen, convulxin-induced activation of platelets 
is ADP-independent and occurs in the presence of ADP receptor 
antagonists and ADP scavengers (24). Despite this difference in the 
signaling pathway triggered, convulxin elicited a similar response 
in Rap1b-null platelets to that observed with collagen: a reduction 
in the extent of aggregation was most pronounced at low doses 
of convulxin, but decreased kinetics of aggregation were apparent 
even at highest concentration of the agonist (Figure 3D).

Stimulation of the Gαq-linked PAR4 receptor activates platelets 
by triggering PLCβ activation, phosphoinosite hydrolysis, and 
intracellular calcium increase (25), providing a necessary and suf-

ficient stimulus for rapid Rap1b activation (13). Stimulation of 
Rap1b-null platelets with the PAR4 receptor activating peptide 
AYPGKF (Figure 3E) led to a right-shifted dose-response curve 
compared with that of normal platelets, similar to the aggregation 
defect observed with type I collagen and convulxin. Again, as with 
collagen and convulxin, shape change was slower and the time 
taken to reach half-maximal aggregation was increased in Rap1b-
null platelets, even at the highest peptide concentration tested.

Treatment of platelets with calcium ionophore A23187 bypass-
es G protein–coupled receptors (GPCRs) and directly raises 
intracellular calcium. In response to this agonist, the extent 
of aggregation observed in Rap1b-null platelets was decreased 
by 50–75% in response to A23187 concentrations below 2 μM 

Figure 3
Inhibition of aggregation respons-
es in Rap1b-null platelets. Typical 
aggregation traces of wild-type 
(+/+, black lines) and Rap1b-null 
(–/–, red lines) washed platelets in 
response to the following agonists: 
(A) ADP, (B) epinephrine, (C) 
type-I collagen, (D) convulxin, 
(E) AYPGKF peptide, and (F) cal-
cium ionophore A23187. Arrows 
indicate 50% light transmission. 
Graphs represent the average 
maximum (max.) aggregation of 
rap1b-null platelets relative to that 
of normal platelets at a given ago-
nist concentration. Error bars rep-
resent SD (n ≥ 4).
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(Figure 3F). Again, higher concentrations of A23187 elicited the 
same extent of aggregation in Rap1b-null as in normal platelets; 
however, the time taken to reach half-maximal aggregation was 
increased. Compared with normal platelets, Rap1b-null plate-
lets elicited a right-shifted dose-response curve to A23187, with 
increased time to half-maximal aggregation and slower shape 
change even at the highest concentration tested.

Rap1b-null platelets are susceptible to inhibition by both puriner-
gic receptor antagonists. Platelet aggregation in response to ADP 
depends on signaling from 2 GPCR-linked ADP receptors: a Gαq-
coupled P2Y1 receptor, responsible for platelet shape change and 
calcium mobilization, and a Gαi-coupled P2Y12 receptor, involved 
in the inhibition of adenylyl cyclase and stabilization of platelet 
aggregation. In response to ADP, the major pathway for Rap1b 

activation has been proposed to be downstream from the P2Y12 
receptor, with the P2Y1 receptor playing a minor role (17). To 
investigate further whether Rap1b deficiency alters one or both 
purinergic receptor signaling pathways, we examined aggrega-
tion of Rap1b-null platelet-rich plasma (PRP) in response to ADP 
in the presence of specific purinergic receptor antagonists. In the 
presence of 2-methylthio-AMP (2-MeSAMP), a specific antago-
nist of the P2Y12 receptor, the extent of aggregation of wild-type 
platelets was inhibited and aggregation was completely reversed 
within 5 minutes. Under the same conditions, aggregation of 
Rap1b-null platelets was completely blocked (Figure 4A). The 
P2Y1 receptor antagonist adenosine 3′-5′-diphosphate (A3P5P) 
completely obliterated the response of Rap1b-null PRP to ADP 
and almost completely inhibited the response of normal platelets 
(Figure 4A). Thus, Rap1b-null platelets are susceptible to antago-
nists of both purinergic receptors, indicating that the absence of 
Rap1b does not completely block signaling from either receptor. 
To further investigate the effect of decreased ADP signaling on 
the decreased aggregation of Rap1b-null platelets in response to 
other agonists, we tested the effect of combined purinergic recep-
tor antagonists on collagen-induced aggregation (Figure 4B). 
Obliteration of signaling by secreted ADP had a modest effect on 
the aggregation of normal platelets in response to high concen-
tration of collagen; however, aggregation of Rap1b-null platelets 
was inhibited to a larger extent, indicating that Rap1b deficiency 
interferes with signaling downstream from GPVI, the main colla-
gen receptor involved in platelet activation (24). Similar data was 
obtained with PAR4 activating peptide (data not shown).

Rap1b-null platelets are susceptible to inhibition by cAMP. Elevation 
of cAMP concentration in platelets leads to the inhibition of 
agonist-induced platelet activation and is mediated, in part, by 
cAMP-dependent protein kinase (PKA). Because Rap1b is one of 
the proteins that become phosphorylated by PKA upon elevation 
of intracellular cAMP levels, we evaluated the effect of the absence 
of Rap1b in platelets on cAMP-induced inhibition of AYPGKF 
peptide-induced platelet aggregation (Figure 4C). Pretreatment 
of normal platelets with a membrane-permeable analog of cAMP,  
Sp-5,6-DCL-cBIMPS, dose-dependently inhibited AYPGKF-induced 

Figure 4
Rap1b-null platelets are susceptible to inhibition by purinergic recep-
tor antagonists and cAMP. Typical aggregation traces of wild-type 
(+/+, black lines) and Rap1b-null (–/–, red lines) washed platelets and 
PRP in response to agonists in the absence and presence of indicated 
inhibitors. (A) PRP response to 5 μM ADP. (B) Aggregation response 
of washed platelets to 50 μg/ml collagen. (C) Aggregation response of 
washed platelets to 0.1 mM AYPGKF peptide. Arrows indicate 50% light 
transmission. n = 3. 2-MeSAMP, 2-methylthio-AMP; A3P5P, adenosine 
3′-5′-diphosphate; cBIMPS, Sp-5,6-DCL-cBIMPS.

Figure 5
Impaired soluble and solid-phase fibrinogen binding to Rap1b-null platelets. (A) Specific soluble fibrinogen binding to Rap1b-null platelets, pre-
sented relative to that of normal platelets, arbitrarily set at 100%, in the presence of the indicated concentrations of ADP. (B) Specific soluble 
fibrinogen binding to Rap1b-null platelets, relative to that of normal platelets, in the presence of AYPGKF peptide. (C) Wild-type and Rap1b-null 
platelet spreading on fibrinogen-coated coverslips in the absence (FGN) or presence (FGN + epi) of epinephrine. Data represent mean ± SEM  
(n > 30). P < 0.0001 by t test compared with control.
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aggregation in both normal and Rap1b-null platelets. The extent of 
inhibition was similar in normal and Rap1b-null platelets activated 
by AYPGKF peptide. Similar results were obtained when ADP or 
type I collagen were used as agonists (data not shown). Thus, Rap1b 
is not required for cAMP inhibition of platelet aggregation.

Rap1b deficiency impairs integrin αIibβ3 activation and downstream signal-
ing. To investigate the effect of Rap1b deficiency on agonist-induced, 
“inside-out” integrin αIIbβ3 activation, we compared the ability of 
Rap1b-null and normal platelets to bind soluble fibrinogen upon 
stimulation with a range of concentrations of ADP or PAR4 activating 
peptide AYPGKF. ADP-stimulated fibrinogen binding was 30–40%  
lower in Rap1b-null platelets compared with wild-type platelets 
(Figure 5A). AYPGKF peptide, a strong agonist, stimulated a higher 
level of fibrinogen binding to normal platelets than ADP (data not 
shown), but binding was still significantly reduced in Rap1b-null 
platelets (Figure 5B). To exclude the possibility that the decreased 
level of fibrinogen binding in Rap1b-null platelets might be due to 
decreased expression of the fibrinogen receptor, we quantified sur-
face expression of integrin αIIbβ3 using flow cytometric analysis of 
anti-mouse αIIb (CD41) antibody binding and found that surface 
expression of immunoreactive integrin αIIbβ3 in Rap1b-null platelets 
was similar to that in wild-type platelets (data not shown).

Next, we compared the spreading of Rap1b-null and normal 
platelets on solid-phase fibrinogen, a process that depends on inte-
grin-dependent reorganization of the cytoskeleton. Without prior 
stimulation, normal murine platelets spread only to a limited  

extent; nevertheless, even this limited spreading was inhibited in 
Rap1b-null platelets (Figure 5C). Pretreatment of platelets with 
epinephrine enhanced spreading of both normal and Rap1b-null 
platelets; however, the surface area of Rap1b-null platelets was 
decreased by 55% compared with that of normal platelets. There-
fore, Rap1b deficiency inhibits both integrin activation and pro-
cesses downstream from the integrins.

Rap1b-null mice are protected from thrombosis in an in vivo thrombosis model. 
To examine the effect of Rap1b deficiency on platelet function in vivo, 
we used a platelet-dependent carotid artery thrombosis model (26) 
that requires integrin αIIbβ3 (27). In normal mice, the average time to 
vessel occlusion was 7.0 ± 1.30 minutes (mean ± SD, n = 6) (Figure 6A).  
Strikingly, none of the 6 Rap1b-null mice tested thrombosed in the 30 
minutes of observation (Figure 6B). Microscopic evaluation of carotid 
arteries from Rap1b-null mice revealed that a thrombus had began to 
form but did not occlude the vessel (data not shown).

Discussion
The results of this study demonstrate that Rap1b-null mice have a 
bleeding defect due to abnormal platelet function. In vitro aggre-
gation responses of Rap1b-null platelets are impaired, and this 
impairment appears to be due to impaired activity of integrin. 
Moreover, in an in vivo, platelet-dependent arterial thrombosis 
model, in which integrin αIIbβ3 is a central regulator, Rap1b-null 
platelets are protected from thrombosis.

In contrast to previous studies that have placed Rap1b in the signal-
ing pathway downstream from the Gi-coupled receptors (16–18), the 
data presented in this paper suggest that Rap1b is involved in a com-
mon critical step required for platelet activation. Consistent with the 
former model and similar to the Gαi2-null phenotype (28), ADP and 
epinephrine-induced aggregation is attenuated in Rap1b-null plate-
lets. Rap1b-null platelet aggregation is also dramatically reduced 
at lower collagen concentrations, where normal platelet responses 
are dependent on secreted ADP and integrin αIIbβ3 signaling (29). 
However, ADP-induced aggregation of Rap1b-null platelets is fur-
ther inhibited when signaling from either of the purinergic receptors 
is blocked with receptor-specific antagonists, which argues against 
Rap1b functioning exclusively in one of those pathways. Moreover, 
early signaling events from the P2Y1 and P2Y12 receptors (the increase 
in cytosolic calcium and the inhibition of adenylyl cyclase, respective-
ly) are not affected in Rap1b-null platelets (data not shown), indicat-
ing that Rap1b lies further downstream from these events.

Strikingly, aggregation of Rap1b-null platelets is impaired in 
response to all agonists tested, not just those coupled to GPCRs. 
Dose-response curves to the Gαq-coupled PAR4 agonist peptide or 
non-GPCR-coupled GPVI receptor agonists (convulxin and high 
concentration of collagen, which is ADP-independent; ref. 30) are 
all right-shifted in Rap1b-null platelets relative to normal plate-
lets. Moreover, inhibition of the effects of released ADP by the use 
of purinergic receptor antagonists further reduces aggregation of 
Rap1-null platelets. The abnormalities in Rap1b-null platelets are 
not overcome by higher doses of agonist: the slower shape change 
and reduced rate of aggregation persist. Additionally, Rap1b-null 
platelets manifest similar defects in response to calcium ionophore, 
indicating that Rap1b acts downstream from calcium release.

One critical step in platelet activation regulated by Rap1b is inte-
grin αIIbβ3 activation. We show that Rap1b deficiency impairs both 
weak and strong agonist-induced soluble fibrinogen binding, indi-
cating that Rap1b is involved upstream from integrin αIIbβ3 acti-
vation. In addition, platelet spreading on fibrinogen, a complex  

Figure 6
Inhibition of arterial thrombus formation in rap1b-deficient mice. Blood 
flow through the carotid artery monitored immediately before and after 
FeCl3 injury to the artery, represented as time 0. (A) Blood flow trace of 
a wild-type mouse. (B) Blood flow trace of a Rap1b-null mouse. Time 
of occlusion in the control mice was 7.0 ± 1.30 minutes (mean ± SD;  
n = 6). The blood flow did not stop in the Rap1b-null mice throughout 
the time of experiment (n = 6).
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phenomenon dependent on the signaling downstream from inte-
grin engagement, is decreased in Rap1b-null platelets. Our throm-
bosis model results support the idea that Rap1b is a critical regula-
tor of integrin function in vivo.

While the exact mechanism through which Rap1b regulates inte-
grin activity remains unknown, several of our results and previous 
reports suggest that Rap1b may be acting between integrin αIIbβ3 
and the cytoskeleton. A universal characteristic in all Rap1b-null 
platelet aggregations is slower shape change. This could result from 
slower integrin activation and/or decreased actin microfilament 
dynamics. This phenotype is opposite to that seen in another 
knockout model of a platelet-abundant protein, vasodilator-stimu-
lated phosphoprotein (VASP), which is believed to negatively regu-
late actin polymerization. In VASP-null platelets, collagen induces 
faster shape change (31) and increased fibrinogen binding com-
pared with normal platelets (31, 32). Moreover, VASP, which, like 
Rap1b, is phosphorylated by PKA upon elevation of cellular cAMP 
level, has been shown to be a mediator of that inhibition (31). 
Unlike VASP-null platelets, aggregation of Rap1b-null platelets is 
susceptible to inhibition by a full range of cAMP concentrations, 
indicating that Rap1b is not a critical effector of cAMP inhibition.

Another indication that Rap1b may be involved in regulating 
cytoskeleton-integrin interaction comes from localization studies. 
Upon stimulation and aggregation of platelets, Rap1b translocates 
to the cytoskeleton (33, 34) in a process that is largely integrin-
independent, as it occurs in platelets from Glanzmann thrombes-
thenia patients (35). Lastly, studies in megakaryocytes have shown 
that Rap1b-induced upregulation of integrin is blocked when 
actin polymerization is blocked by cytochalasin D (20).

This study shows that Rap1b is involved in regulation of platelet 
function and that its deficiency leads to a mild bleeding defect 
in otherwise apparently normal mice. However, the mildness of 
the defect in surviving adults contrasts with a severe bleeding phe-
notype and lethality of Rap1b-null embryos. While the surviving 
Rap1b-null mice may have a genotypic or phenotypic compensa-
tion that ameliorates the consequences of rap1b deletion, we believe 
that the defective function of Rap1b-null platelets is unlikely to be 
the cause of increased embryonic lethality. In fact, neither plate-
lets nor fibrinogen are required for embryonic hemostasis (36, 37). 
Instead, embryonic bleeding is often caused by a defective vascu-
lar component of hemostasis. Whether Rap1b is involved in the 
embryonic vasculogenesis is an intriguing question.

Interestingly, Rap1a, which is highly homologous to Rap1b and 
is also expressed in platelets, albeit at a lower level (12), does not 
appear to be required for platelet function, as Rap1a-null platelets 
have normal aggregation responses (M. Chrzanowska-Wodnicka 
and L.A. Quilliam, unpublished data). Moreover, the activity of 
Rap1a is undetectable in Rap1b-deficient platelets (M.K. Larson, 
M. Chrzanowska-Wodnicka, G.C. White II, and L.V. Parise, unpub-
lished observations), and thus, Rap1a does not appear to compen-
sate for Rap1b deficiency in platelets.

This report provides the first genetic evidence to our knowl-
edge that Rap1b is required for normal integrin αIIbβ3 signaling 
in platelets. Impaired integrin signaling in Rap1b-null platelets is 
likely to be a major factor responsible for protection from throm-
bosis in Rap1b-null mice in the in vivo arterial thrombosis model, 
where integrin αIIbβ3 is key (27). Our study shows that Rap1b is 
required for normal hemostasis in vivo and, because its deficien-
cy confers protection against thrombosis without spontaneous 
bleeding, Rap1b emerges as a novel antithrombotic therapy target.  

The next challenge will be to elucidate the exact mechanisms by 
which Rap1b regulates signaling from the receptor agonists to 
integrin αIIbβ3, affecting platelet function. The Rap1b-knockout 
mice should provide a useful tool to accomplish that goal.

Methods
Materials. All reagents were from Sigma-Aldrich unless indicated otherwise, 
including type I bovine collagen (Chrono-Log Corp.), convulxin (Pen-
tapharm), and PAR4 agonist peptide (AYPGKF), which was synthesized 
and HPLC-purified at the UNC Microprotein Sequencing and Peptide Syn-
thesis Facility. rap1b gene targeting in embryonic stem cells (ES cells) was 
performed by the Animal Models Core Facility at the University of North 
Carolina at Chapel Hill.

Generation of Rap1b-null mice. All animal and recombinant DNA experi-
ments were approved by the Institutional Animal Care and Use Commit-
tee of the University of North Carolina at Chapel Hill. A 129 Sv/Ev mouse 
genomic library in lambda FIX phage (Stratagene) was screened with a 
full-length rap1b cDNA probe. A positive clone containing the entire rap1b 
coding sequence was used as a template for a series of PCR reactions using 
the primers located in the phage arm T7 and T3 sites and encompassing 
codons 18–12 and 172 and 180 of rap1b cDNA, respectively, to yield 3.3-kb  
and 7.2-kb PCR products, respectively, which were then subcloned into 
pCRII vector and sequenced to confirm the identity of the clone as rap1b. 
The rap1b replacement vector was constructed by flanking the selection 
cassette containing the neomycin-resistance gene with poly(A) sequenc-
es under the control of the PGK1 promoter of pJNS5 vector (38) with  
1.7-kb and 6-kb portions of genomic DNA flanking the rap1b open reading 
frame. The vector, linearized with NotI, was electroporated into 129 Sv/Ev 
ES cells, and neomycin-resistant clones that survived negative selection 
by gancyclovir were screened by PCR using primers located in the 5′ UTR  
(5′-CATCTTCAGTCCCCAATGGGC-3′) and in the 3′ end of the neomycin-
resistance gene (5′-TGCTCCAGACTGCCTTGG-3′). PCR-positive clones 
were genotyped using Southern blotting; genomic DNA was digested 
with SspI and KpnI and probed with a 270-bp NotI-HindIII fragment from 
the rap1b coding sequence outside of the upstream arm. Mutant ES cell 
clones were injected into C57BL/6 blastocysts to make chimeras, which 
were subsequently mated with C57BL/6 mice. Germline transmission was 
confirmed by PCR and Southern blot analysis. Heterozygous animals were 
intercrossed to obtain rap1b–/– mice. The absence of the rap1b gene product 
in platelets and other tissues (data not shown) was confirmed by West-
ern blotting of cell lysates with an anti-Rap1b antibody, while a parallel 
blot with an anti-Rap1a-specific antibody did not show any increase in the 
Rap1a expression in Rap1b-null platelets. E15.5 embryos were obtained 
from staged heterozygous intercrosses, visualized with a Leica M420 Mac-
roscope, and euthanized, and tissue was harvested for genotyping.

Bone marrow transplantation. Bone marrow was obtained from femurs and 
tibias of 1-month-old normal and Rap1b-null mice and resuspended in 
RPMI 1640 medium at 1 × 107 cells/ml. The bone marrow cell suspension 
(0.2 ml) was injected into the tail veins of lethally irradiated normal mice. 
After 14 days, tail bleeding assays, automated blood platelet counts, and 
Western blot analysis of platelet Rap1b expression using goat anti-Rap1b 
polyclonal antibody (Santa Cruz Biotechnology Inc.) were performed.

Tail bleeding assays. Tail bleeding assays were performed in 5- to 6-week-old 
normal, rap1b+/– and rap1b–/– mice or in bone marrow chimeras prepared as 
described above, following a previously published protocol (39). Briefly,  
3 mm of the distal tip of the tails were cut from restrained mice and imme-
diately immersed in 0.9% isotonic saline at 37°C. Tail bleeding time was 
defined as time required for bleeding to stop. In cases where bleeding did 
not stop spontaneously at 10 minutes, bleeding was stopped at that time 
by cauterizing the tail and bleeding time was indicated as 10 minutes.
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Platelet preparation. Mouse platelets were obtained using a modified pro-
tocol of Jantzen et al. (28) as follows. Blood was acquired by cardiac punc-
ture into 10% volume of HEPES/Tyrodes buffer pH 7.4 (10 mM HEPES,  
12 mM NaHCO3, 138 mM NaCl, 5.5 mM glucose, and 2.9 mM KCl) con-
taining 15 U/ml heparin and centrifuged at 86 g for 8 minutes to collect 
PRP. To increase platelet yield, the lower phase was washed 3 times with 
HEPES/Tyrodes buffer (with 10 mM EDTA and 1 μM prostaglandin E1 
added to first wash only) and obtained platelet-rich buffers were combined. 
Red blood cells remaining in the PRP were pelleted at 500 g for 30 seconds, 
and platelets were collected from the suspension by centrifugation at 718 g 
for 6 minutes. The platelet pellet was resuspended in 1 ml of CGS (13 mM 
sodium citrate, 30 mM glucose, and 120 mM NaCl) with 1 U/ml apyrase 
(grade VII) followed by 15 minutes of incubation at 37°C. Platelets were 
collected and resuspended at 2 × 108/ml in HEPES/Tyrodes buffer with 
1 mM CaCl2 and allowed to rest for 30 minutes at room temperature. For 
analysis of purinergic receptor antagonists on ADP-induced aggregation, 
enoxoparin, a low-molecular-weight heparin (Lovenox, Aventis), was used 
as an anticoagulant, and PRP was collected after addition of 100 μl of PBS 
to the whole blood. Platelet count was adjusted to 2 × 108/ml.

Platelet aggregations. Aggregation of washed and rested platelets was per-
formed in an aggregometer (Chrono-Log Corp.) with stirring at 37°C in the 
presence of 0.4 mg/ml of human fibronectin-depleted fibrinogen (Enzyme 
Research Laboratories) and agonists and inhibitors as described in Results. 
The extent of aggregation was determined after 5 minutes from the addi-
tion of the agonist and expressed as a percent of maximum aggregation. 
For each concentration of agonist, an average percent aggregation and error 
were calculated as a mean ± SD, respectively, of at least 4 experiments.

Fibrinogen binding assay and FACS analysis. Washed, rested platelets were 
incubated for 20 minutes at room temperature with 250–500 μg/ml of 
biotin-fibrinogen and ADP or PAR4 agonist peptide in 50 μl final volume 
of HEPES/Tyrodes buffer with 1 mM CaCl2, in the presence of indicated 
agonists and 1–4 μl of phycoerythrin-streptavidin (Jackson ImmunoRe-
search Laboratories Inc.). Surface expression of integrin αIIbβ3 on wild-type 
and Rap1b-null platelets was measured by flow cytometry after staining 
with a FITC-labeled anti-murine αIIb antibody or isotype-matched control 
(BD Biosciences — Pharmingen).

Platelet spreading on solid-phase fibrinogen. Glass coverslips were coated 
with 50 μg/ml of human fibrinogen in HEPES/Tyrodes buffer for 2 
hours at room temperature, and nonspecific binding sites were blocked 
with 0.5% bovine serum albumin. Platelets, at 3 × 107 cells/ml, were 

allowed to spread on coverslips for 45 minutes at 37°C in the absence or 
presence of 50 μM epinephrine and then were fixed and mounted onto 
glass slides. The degree of spreading was quantified as cell surface area 
on phase contrast photographs using computer-assisted analysis (MCID 
software). The experiments were performed using at least 2 individual 
sets of wild-type and Rap1b-null mice.

In vivo thrombosis model. Carotid artery thrombosis studies were per-
formed in 8- to 12-week-old mice as described (26). Blood flow in the 
right common carotid artery and thrombus formation were evaluated for 
30 minutes after the injury was induced with 20% FeCl3. Time to occlu-
sion was defined as time from the injury until blood flow was reduced 
to less than 10% of the original flow for at least 30 seconds. To evaluate 
thrombus formation microscopically, the carotid arteries were fixed in 
4% paraformaldehyde in PBS and embedded, sectioned, and stained with 
hematoxylin-eosin as described before (27).
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