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Abstract

Localization of the platelet glycoprotein Ib-IX complex to the membrane lipid domain is essential 

for platelet adhesion to von Willebrand factor (vWf) and subsequent platelet activation in vitro. 

Yet, the in vivo importance of this localization has never been addressed. We recently found that 

the disulfide linkage between Ibα and Ibβ is critical for the association of Ibα with the 

glycosphingolipid-enriched membrane (GEM) domain, in this study, we established a transgenic 

mouse model expressing this mutant human Ibα that is also devoid of endogenous Ibα 

(HαSSMα−/−). Characterization of this model demonstrated a similar dissociation of Ibα from 

murine platelet GEMs to that expressed in CHO cells, which correlates well with the impaired 

adhesion of the transgenic platelets to vWf ex vivo and in vivo. Furthermore, we bred our 

transgenic mice into an atherosclerosis-prone background (HαSSMα−/−ApoE−/− and 

HαWTMα−/−ApoE−/−). We observed that atheroma formation was significantly inhibited in mutant 

mice where fewer platelet-bound CD11c+ leukocytes were circulating (CD45+/CD11c+/CD41+) 

and residing in atherosclerotic lesions (CD45+/CD11c+), suggesting that platelet-mediated 

adhesion and infiltration of CD11c+ leukocytes may be one of the mechanisms. These 
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observations provide the first in vivo evidence showing that the membrane GEMs is 

physiologically and pathophysiologically critical in the function of the GP Ib-IX complex.

 Introduction

The platelet glycoprotein (GP) Ib-IX complex is comprised of three type-I transmembrane 

proteins, GP Ibα, GP Ibβ and GP IX with a stoichiometry of 1:2:1, where two GP Ibβ 

(Cys122) molecules link with one GP Ibα (Cys484 and Cys485) through two extracellular 

membrane proximal disulfide bonds (1), and interact with GP IX in a non-covalent fashion 

(2,3). Lack of or dysfunction in GP Ib-IX causes Bernard-Soulier Syndrome (BSS) in 

humans, a bleeding disorder that is also recapitulated in several mouse models expressing no 

or mutant GP Ibα (4,5). It has been known that the GP Ib-IX-vWf interaction can be 

regulated by various mechanisms, the localization of the GP Ib-IX complex in reference to 

the cell membrane on either platelets or exogenous cell lines has recently been shown to 

play an important regulatory role (6-8). This special localization is conferred by the 

association of the GP Ib-IX complex with a specialized membrane domain enriched with 

glycosphingolipids, best known as GEMs (glycosphingolipid-enriched membranes) or raft. 

Lack of or dysfunction in this association caused by a disruption of platelet GEMs structure 

(e.g. MβCD treatment) (6) or introduction of a loss-of-association mutation to GP Ibα 

expressed in Chinese Hamster Ovary (CHO) cells (7) eliminates or inhibits the function of 

the GP Ib-IX complex, in particular, the high shear-induced vWf binding of and signal 

transmission by the GP Ib-IX complex. Nevertheless, the physiological or 

pathophysiological relevance of the GEMs in the function of the GP Ib-IX complex has 

never been addressed and established.

We recently demonstrated that disrupting the α/β disulfide linkage decreased the GP Ibα-

GEMs association level in CHO cells resulting in a marked inhibition of vWf binding at high 

shear (7). In this study, we expressed this GEMs-association dysfunctional GP Ibα in mice, 

and employed a ferric chloride induced thrombosis and a high cholesterol diet induced 

atherosclerosis model to investigate the physiological and pathophysiological roles of the 

GEMs in the function of the GP Ib-IX complex.

 Methods

 Mice and diets

The transgenic mouse expressing the disulfide linkage deficient human GP Ibα was 

generated in the Transgenic and Stem Cells Core Facility at the University of Texas Health 

Science Center-Houston. The mice used in our thrombosis and atherosclerosis models were 

age and gender matched littermates. In brief, we injected a 6~kb EcoRI fragment possessing 

the entire cassette for human GP Ibα expression in mice (9) into mouse zygotes (C57BL/6J 

strain) and implanted pseudopregnant females with the fertilized embryos. After birth, we 

performed a polymerase chain reaction (PCR) based approach to screen the offspring for the 

human GP Ibα gene in the genome. Further breeding of these positive mice to the wild-type 

animals demonstrated that 5 out of the 12 mice in the F1 generation stably carried the human 

GP Ibα gene and 3 expressed the human GP Ibα mRNA. We then crossed these 3 mice with 
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the GP Ibα deficient animals (Mα−/−) to remove the coding sequence for the mouse GP Ibα 

polypeptide. One resulting line was chosen (HαSSMα−/−) because of its lack of endogenous 

murine GP Ibα and expression of human GP Ibα on the platelets surface in a level 

comparable to that in the wild-type GP Ibα-expressing transgenic murine platelets 

(HαWTMα−/−) (10). In our atherosclerosis study, we took a two-step approach to breed our 

transgenic mice to an atherosclerosis-prone background. First, we crossed the murine GP 

Ibα deficient mice (Mα−/−) with ApoE knockout mice (ApoE−/−) to obtain mice that lack 

both murine GP Ibα and ApoE (Mα−/−ApoE−/−); second, we crossed these ApoE−/−Mα−/− 

mice with the human GP Ibα-expressing transgenic mice (HαWTMα−/− and HαSSMα−/−), 

respectively, to obtain two novel atherosclerosis-prone mouse lines (HαWT/Mα−/−ApoE−/− 

and HαSS/Mα−/−ApoE−/−). The deficiency of the murine ApoE−/−, murine GP Ibα (Mα−/−), 

and the appearance of the human GP Ibα mRNA (Hα) was verified either by a polymerase 

chain reaction (PCR) with specific primers for murine ApoE and human GP Ibα or by flow 

cytometry analysis of the surface expression of both human and mouse GP Ibα. Mice were 

fed a normal diet (ND) or a high cholesterol diet (HCD; 21% fat [w/w], 0.15% cholesterol 

[w/w], Dyet 112734, Dyets Inc.) beginning at the age of 6 months and maintained on a HCD 

for 16 weeks. All animal experiments were done upon an approval from the Institutional 

Animal Care and Use Committee (IACUC) of Baylor College of Medicine or National 

Institutes of Health Office of Laboratory Animal Welfare.

 Sucrose density gradient centrifugation

Resting murine platelets were lysed with 1.6 ml ice-cold Brij 35 MES-buffered saline 

(MBS) [25 mM MES, pH 6.5, 150 mM NaCl, 2 × proteinase inhibitor (Roche Diagnostics)] 

on ice for 1 hr (7). The sample was then mixed with 1.6 ml of 80% sucrose in MES, 

transferred to the bottom of a 14×95 mm centrifuge tube (Seton Scientific) and gently 

overlaid with 4.8 ml 30% and then 1.6 ml 5% sucrose in MES. The gradient was then 

centrifuged at 34,000 rpm (~146,000 × g) in a SW40.Ti rotor (Beckman) for 18 h at 4°C 

followed by fractionation (from the top of the gradient) into twelve 800 μl samples. Equal 

volumes (15 μl) of each fraction were resolved using an SDS-PAGE gel, and transferred to a 

PVDF membrane. GP Ibα was detected by western blotting. The GEMs fractions were 

identified by the presence of flotillin, a known GEM-specific marker.

 Flow chamber assay

Sodium citrate anticoagulated murine whole blood was perfused over human immobilized 

vWf (10 μg/ml) in a parallel-plate flow chamber at shear rates of either 1,500s−1 or 

15,000s−1. The experiments were recorded in real time by a high-speed digital camera 

(Model Quantix; Photometrics, Tucson, AZ) connected to an inverted-stage microscope 

(Eclipse TE300; Nikon, Garden City, NY).

 Ristocetin-induced vWf binding to transgenic murine platelets

Murine whole blood was collected from the inferior vena cava and mixed with acid-citrate 

dextrose solution (85 mM trisodium citrate, 71 mM citric acid, and 111mM dextrose) in a 

6:1 ratio. After diluting it with an equal volume of 1× DPBS (Invitrogen), the blood was 

centrifuged at 90×g for 20 min and the platelet-rich plasma (PRP) was collected and 

centrifuged at 750×g for 10 min in the presence of 50ng/ml prostacyclin. The pelleted 
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platelets were then suspended and washed twice with 1×PBS in the presence of 50ng/ml 

prostacyclin. After the final wash, platelets were resuspended in 1×PBS buffer to a 

concentration of 2.0×108/ml. The aggregometry analyses of vWf binding to either wild type 

or mutant platelets (2×105/ml) under stirring conditions were performed in the presence of 

1.5mg/ml ristocetin (Sigma) and 10μg/ml human vWf (Sekisui Diagnostics) with an eight 

channel Bio/Data PAP-8C aggregometer (Biodata Corporation).

 Platelet spreading on immobilized vWf

One hundred microliter of washed murine platelets (2×108/ml) were gently mixed with 

1.5mg/ml ristocetin and incubated on immobilized human vWf (10μg/ml) in the presence of 

0.8 mM Ca2+/1.2mM Mg2+ for 1, 2, and 3 hours at 37ºC. After washing, the adherent 

platelets were fixed with 4% paraformaldhyde for 15 min at room temperature and stained 

with a rhodamine-labeled phalloidin (11) to reveal the morphological changes i.e., filopodia 

and lamellipodia. The spreading was imaged with a Nikon E800 fluorescence microscope. 

Each spreading experiment was performed at least 3 times and at least 10 fields of view were 

counted to calculate the average number of adherent platelets.

 Ferric chloride thrombosis model and tail bleeding time

The right common carotid artery of an anesthetized (1.5% isofluorane) murine mouse at age 

6 month was exposed to a 10×10 mm strip of 3MM Waterman filter paper saturated in a 

10% FeCl3 solution for 3 min. After rinsing three times with phosphate-buffered saline, the 

blood flow and ECG signal were monitored using a PC-based high-speed real-time Doppler 

signal processing system (12-15). The occlusion time was counted as the period from 

removal of the filter paper to the time when the Doppler signal went to nearly zero. Mouse 

tail bleeding times were determined by removing 3 mm of distal tail tissue and immediately 

immersing the tail into 37°C 1×PBS. The time from incision to cessation of blood was 

defined as the tail bleeding time.

 Oil red staining and quantification of atherosclerotic lesions in whole aortas

After 16 weeks on HCD, complete mouse aortas were isolated from the ascending aorta to 

the iliac bifurcation, and then stained with oil red as previously described (16). In brief, 

mouse aortas were cut open and pinned on a blue wax tissue processing disc (Braintree 

Scientific Inc). After quickly rinsing with ddH2O and then 70% isopropanol, a ~1.8% 

solution (w/v) of oil red (Sigma) in a solvent mixture of isopropanol:water (3:2) was added 

and incubated with the tissues for 30 min. After staining, the aortas were washed with 70% 

isopropanol followed by ddH2O. Digital images of the stained aortas were captured using a 

dissection microscope attached to a Canon camera, and surface area of the atherosclerotic 

lesions were quantified using Image J software (17,18).

 Antibody and flow cytometry analysis of circulating leukocyte-platelet aggregates (19)

Two hundred microliters of facial blood were obtained from a mouse and mixed with 20μl of 

3.8% sodium citrate. The blood/sodium citrate mixture was then fixed in 1% 

paraformaldehyde (PFA) at room temperature for 10 min. Following fixation 8 ml of red 

blood cell lysing buffer (Sigma) were added and incubated on ice for 10 min. After 
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incubation, 1 ml of 10× DPBS (Invitrogen) was added and mixed thoroughly then 

centrifuged at 1,800×g for 2 min. The pellet was then resuspended in 1× DPBS. The white 

blood cells were then blocked with rat whole IgG (Jackson ImmunoResearch) and hamster 

whole IgG (Biolegend) at 4ºC for 5 min. After blocking the following antibodies were used 

to identify interactions: PE/Cy5-CD45 (Biolegend), PE-CD11c (Biolegend), FITC-CD41 

(BD Biosciences). For controls the following isotype-matched antibodies were used: PE/

Cy5-Rat IgG2b (Biolegend), PE-Hamster IgG1κ (Biolegend) and FITC-Rat IgG1 

(Biolegend). The mixtures of antibodies and white blood cells were then incubated on a 

rotator for 30 min at room temperature and then measured with a Coulter Epics XL-MCL 

Flow Cytometer and analyzedCoulter Epics XL-MCL) Coulter Epics XL-MCL) using 

EXPO32 ADC software (Beckman Coulter).

 Flow cytometry analysis for the infiltration of leukocytes into mouse aorta

Mice were sacrificed after feeding HCD for 4 months and cleared of blood by flushing the 

system with 30 ml of 1× DPBS. The aorta was then dissected out and cut into 1-2 mm pieces 

and digested with a mixture of 125U/ml Collagenase XI (Sigma), 450 U/ml Collagenase 

type 1 (Sigma), 60 U/ml Hyaluronidase type 1 (Sigma), and 60 U/ml DNase I (Roche) in a 

DPBS/20mM Hepes buffer, pH7.2 (19). The tube was mixed and placed into a 42ºC water 

bath for 1 hour and mixed every 10 min. Following digestion, the mixture was passed 

through a 70 μm cell strainer (Falcon), and then centrifuged at 850×g for 2 min. After 

centrifugation the cells were fixed in 1% PFA for 10 min at room temperature, washed, and 

resuspended with 1× DPBS. The cells were then incubated with the same blocking agents, 

antibodies, and isotype control antibodies for 30min at room temperature prior to flow 

cytometry analysis. The same antibodies and procedures in the leukocyte/platelet 

aggregation assay were used to identify CD45, CD11c and CD41.

 Statistical Analysis

SPSS 21.0 was used for statistical analyses. Values are presented as mean±SEM. Student t 

tests (for comparison between 2 groups) or one-way ANOVA (for comparisons of ≥3 

groups) with Newman-Keuls multiple comparison or nonparametric tests were used for 

statistical analyses. *Indicates a p-value <0.05, ***indicates a p-value <0.01.

 Results

 The physiological role of the GEMs in the function of the GP Ib-IX complex

Because platelets are anucleate, it is not possible to manipulate platelet gene structure and 

expression by employing traditional approaches. We therefore went on to generate 

transgenic mice expressing the GEMs-association-dysfunctional human GP Ibα (HαSS) (7). 

As shown in Fig. 1A, both wild type and mutant human GP Ibα express on the murine 

platelets with comparable levels, also no endogenous murine GP Ibα was detected as shown 

by a FITC-labeled rat anti-mouse GP Ibα specific antibody. Of note, a comparable level of 

mutant human GP Ibα can only be achieved and maintained after the mice have reached the 

age of 4 months. Even though we do not know the underlying mechanism for the delayed 

expression, consistent with our previous observations in CHO cells (7), we observed 

significantly less percentage of the mutant transgenic GP Ibα that localizes to the platelet 
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GEMs when compared to the wild type transgenic GP Ibα (Fig. 1B and 1C, 33±1.8% vs 
50±4.2%). Furthermore, this reduction does not affect the static binding of human vWf to 

the transgenic platelets induced by ristocetin, a modulator that can only promote bond 

formation between human GP Ibα and vWf (Fig. 2A). In contrast, both the interaction of GP 

Ibα with immobilized vWf at high shear (Fig. 2B), and αIIbβ3-mediated platelet 

morphological changes (Fig. 2C) were attenuated upon the removal of the α/β disulfide 

linkage. In the former, we observed that the mutant platelets rolled at a velocity ~2 times 

faster than the wild type when perfused at a shear rate of 15,000s−1. However, at a shear rate 

of 1,500s−1 the difference was much less prominent, indicating that the changes in the 

multivalency of the GP Ibα-vWf bond due to α/β disulfide linkage deficiency cannot be 

revealed until high shear force is imposed. To the latter, we found that upon adhesion to 

immobilized vWf, both transgenic platelets were able to undergo a morphological change, 

progressively switching from filopodia protrusion to lamellipodia spreading (Fig. 2C, left 

panel). However, compared to the wild type where more than 80% of the platelets fully 

spread (lamellipodia) within 3 hours, approximately only 60% of mutant platelets did so, 

indicative of a much slower αIIbβ3 activation in the mutant platelets (Fig. 2C, right panel).

To further address the physiological relevance of these ex vivo findings, we went on to 

examine the transgenic mice in a ferric chloride-induced thrombosis model (Fig. 3), a 

common model used in the research of the GP Ib-IX complex (20-23). We treated mouse 

carotid arteries with 10% FeCl3 (Fig. 3A, upper panel) and monitored the blood flow with a 

Doppler system (Fig.3A, lower panel) (12-15). We found that the mice expressing wild type 

GP Ibα occluded their vessels faster than the mutant mice, where the blood flow in 2 out of 

14 mutant mice did not even stop (Fig. 3B, open circle). Importantly, we never observe the 

reperfusion of blood flow in either mouse line 30 min after first occlusion, suggesting that 

the dysfunction in the GP Ib-IX-GEMs association did not abolish the GP Ibα function, 

instead, only inhibited it. In agreement, we found that the tail bleeding times were 

comparable between these two transgenic mouse lines, demonstrating that under low shear 

stresses mutations we introduced to the GP Ibα does not significantly impact the vWf/GP 

Ibα-mediated hemostasis in both mice (Fig. 3C). Taken together, by comparing the two 

transgenic platelets in several ex vivo and in vivo assays, we demonstrated that the disulfide 

linkage deficiency inhibits GP Ibα localization to platelet GEMs leading to an impairment of 

the GP Ibα function, in particular, high shear induced vWf binding and αIIbβ3 activation.

 The pathophysiological role of the GEMs in the function of the GP Ib-IX complex

Several lines of investigation have suggested that vWf participates in atherogenesis through 

mediating platelet adhesion to atherosclerotic lesions (24-26). Compared to an acute release 

(within minutes) of vWf induced by vascular injury, e.g., FeCl3 treatment, atherogen 

stimulates endothelial cells to release vWf chronically (from weeks to months). Because of 

the evident impairment of vWf binding and the signal transmitting function of the GP Ib-IX 

complex in our mutant transgenic mice, we postulated such dysfunction may compromise 

atheroma formation due to an inhibition of the vWf-GP Ib-IX interaction. We bred our 

transgenic and GP Ibα deficient mice to an atherosclerosis-prone background (ApoE−/−) and 

fed them a high cholesterol diet (HCD) starting at the age of 6 months. After 16-week on 

HCD, the wild type human GP Ibα transgenic mice developed extensive atherosclerotic 
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lesions. In contrast, the GP Ibα mutant and deficient ApoE mice developed apparent but 

significantly fewer severe atherosclerotic lesions in their aortas, as revealed by oil red 

staining (Fig. 4A). Quantification of the lesion areas in these mice showed a clear and 

quantifiable amount of variation in severity (Fig. 4B). In addition, we also included the 

ApoE−/− only mice in our experiment as a control, and found that these mice formed 

atherosclerotic lesions with comparable sizes to the transgenic ApoE−/− mice expressing 

wild type human GP Ibα. This result suggests that the genetic manipulation of GP Ibα has a 

minor effect, if any, on the severity of the lesions we observed in this study. By preparing 

single cell suspensions from these atherosclerotic aortas and labeling them with a PE-Cy5-

labeled antibody against CD45, a general leukocyte marker, we found that the number of 

infiltrated CD45+ leukocytes in atherosclerotic vessels was progressively reduced, with the 

most being found in GP Ibα-wild type, fewer in the mutated version, and the lowest being 

found in GP Ibα-knockout mice (Fig. 4C). These data correlated well with the variation of 

the lesion sizes in these animals, indicating that the alleviated atheroma formation resulted 

specifically from a dysfunction or a loss of function in the GP Ib-IX complex. Consistent 

with our previous finding on the critical role of CD11c+ cells in atherogenesis (27), we 

found that there was a significantly reduced portion of CD11c+ cells in the lesions of mutant 

and GP Ibα deficient mice than in the wild type animals (Fig. 4D). Interestingly, the 

infiltrated CD11c+ cells were reduced to a greater extent than other CD45+ cell types in 

mutant and GP Ibα deficient mice relative to the wild type animals (Fig. 4E), indicating that 

platelets may preferentially facilitate these CD11c+ cells to infiltrate into atherosclerotic 

lesions and contribute to the development of atherosclerosis.

It has been reported that in patients platelet reactivity and circulating leukocyte-platelet 

aggregates are increased with coronary artery diseases (28-31). In animals, platelet-

leukocyte interactions have also been found to be critical for the initiation and progression of 

atherosclerosis. For instance, in hypercholesterolemic animals (with a similar experimental 

setting as ours), the endothelium is deposited with platelet-leukocyte aggregates which 

makes it more prone to plaque formation (32). Because we previously demonstrated that the 

CD11c+ monocytes play a critical role in atherogenesis in ApoE−/− mice fed HCD, here we 

examined if platelets may bind to these cells to promote their atherogenic function. To 

achieve this, we first stained the pooled whole blood samples with the same PE-Cy5-labeled 

anti-CD45 antibody and then analyze the CD45-gated CD11c and CD41 triple positive cells 

(leukocyte-platelet aggregates) (Fig. 5A). We found that the wild type atherosclerotic mice 

have a significantly higher number of CD45+CD41+ cells when compared to the mutant 

mice (Fig. 5B). To our surprise, as shown in Fig. 5A, we found that nearly all (>98%) of 

these platelet-bound leukocytes are also CD11c positive (CD45+CD41+CD11c+). 

Interestingly, in circulation, there appears to be an accumulation of the free CD11c+ cells in 

the knockout mice when compared to wild type and mutant animals (Fig. 5C). This suggests 

that in the absence of platelets infiltration of CD11c+ leukocytes is greatly attenuated, 

leading to a significant decrease in atherosclerosis in these mice. Furthermore, we have 

previously reported that >85% of these CD11c+ cells in the circulation of this mouse model 

are lipid-laden foamy monocytes rather than lymphocytes and neutrophils, which do not 

express CD11c (27,33,34). They infiltrate into the atherosclerotic vessel walls and are 

selectively localized in atherosclerotic lesions (27,34,35). Our results suggest that GP Ibα-
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harboring platelets are important in facilitating the adhesion and infiltration of these CD11c 

positive monocytes during atheroma formation.

 Discussion

It is well known that the interaction between GP Ib-IX and vWf captures flowing platelets, 

initiates the slow translocation of platelets (36,37), and activates platelet integrins (e.g. 

αIIbβ3 and α2β1) leading to firm arrest of the tethered platelets (36-40). Current belief is that 

the GP Ib-IX complex needs to be present in the platelet membrane GEMs domain in order 

to provide sufficient avidity for the GP Ibα-vWf bond strength as well as act as a platform 

for the assembly of downstream signaling molecules to activate platelet integrins. Although 

the first observations on the role of GEMs in GP Ib-IX function were made from an in vitro 
experiment more than 10 years ago, the physiological or pathophysiological relevance of the 

GEMs in the function of this complex have never been addressed. We recently observed that 

disrupting the α/β disulfide linkage markedly decreased the amount of GP Ibα instead of 

β/IX that is associated with the GEMs in CHO cells, and this partial dissociation inhibited 

the function of the GP Ib-IX complex in vWf binding at high shear (7). In this study, we 

report a novel transgenic mouse model expressing α/β disulfide linkage deficient GP Ibα. 

This mutant GP Ibα is also dysfunctional in the localization to the murine platelet GEMs 

domain which caused several apparent inhibitory effects including impaired shear-induced 

platelet tethering to surface-bound vWf at high shear, significantly delayed morphological 

changes of the cells, and a longer vessel occlusion time upon FeCl3-induced vascular injury 

in vivo. On the other hand, we did notice that the difference between these two mice in their 

shear-induced vWf binding can only be revealed at a shear rate of 15,000s−1, a condition that 

is generally not seen in vivo, suggesting that the major impact upon α/β disulfide linkage 

deficiency was on the GP Ib-IX-vWf binding induced αIIbβ3 activation. Further 

investigations are needed in order to identify the structural necessity of the β/IX complex to 

achieve a better inhibition or even an elimination of the GP Ib-IX-GEMs association where 

both the shear-induced binding function and the vWf-binding induced signaling function of 

the GP Ib-IX complex could be simultaneously abolished in vivo (7,41).

In order to investigate if a dysfunction in the GEMs association affects the GP Ib-IX 

complex-mediated platelet adhesion in a GP Ib-IX-related disease setting (25,42), we bred 

our transgenic mouse model with an atherosclerosis-prone mouse. In comparison to the wild 

type animals, we found that atheroma formation was attenuated in the mutant animals after 

feeding them a HCD for 4 months where the number of infiltrated leukocytes in 

atherosclerotic vessels is reduced in mutant and knockout mice, indicating that our findings 

were specific to the role of the GP Ib-IX complex in atherogenesis. Interestingly, because we 

also found a similar decrease in the percentage of the platelet-leukocyte aggregates in 

circulation, our data suggest that the attenuation was imposed even prior to the infiltration of 

inflammatory cells into atherogen-stimulated vessel walls.

Based on previous investigations and the data generated from our thrombosis and 

atherosclerosis models in this study, it is possible that the alleviation of atherosclerosis upon 

GP Ibα dysfunction results from a combined impairment of GP Ibα-mediated interactions 

(Fig. 6), including 1) impaired interaction between GP Ibα with vWf causing inefficient 
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spreading of adherent platelets (Interaction I) and fewer platelet-bound leukocytes to adhere 

to the atherosclerotic vessel walls (Interaction III), and 2) impaired interaction between GP 

Ibα and its ligands on the leukocytes surface (e.g. CD11b, Interaction II) causes fewer 

platelets to interact with leukocytes. Because the shear force on the vWf-GP Ibα bond will 

be largely increased when the platelets are pre-bound by leukocytes (1,2), the mutant GP 

Ibα-vWf bonds are weaker when compared to the wild type in supporting constant contact 

between platelet-bound leukocytes and the atherosclerotic vessels, which causes a decrease 

in the number of leukocytes that are captured onto the vessel walls and infiltrated into the 

atherosclerotic lesions in the mutant animals (Interaction III). In circulation, we observed 

that the platelet-leukocyte aggregate counts (CD45+CD41+) are decreased by ~40% in the 

mutant animals relative to the wild type animals (Fig. 5B), and nearly all these 

CD45+CD41+ aggregates are also CD11c positive (Fig. 5A), demonstrating that fewer 

numbers of CD11c+ cells are bound by the mutant platelets than the wild type platelets (the 

counts of the circulating CD11c+ cells are comparable between these two animals (Fig.5C)). 

Thus, our results suggest that the binding of the platelets to the CD11c+ cells is impaired in 

the mutant animals, which is possibly due to an inhibition of the interaction between GP Ibα 

and its ligands on the CD11c+ cells (e.g. CD11b) upon GP Ibα mutation (Interaction II). 

Because lack of the α/β disulfide linkage in the GP Ib-IX complex impairs the spreading of 

the transgenic platelets on an immobilized vWf surface (Fig 2C), one would expect that wild 

type platelets, once adhere to the vWf-bound atherosclerotic vessel walls (Interaction I), will 

spread better than the mutant platelets and provide a better surface to recruit and facilitate 

more inflammatory leukocytes to infiltrate into atherosclerotic lesions through an interaction 

between GP Ibα and its ligands on the leukocyte cells (Interaction II). Our data suggest that 

GP Ibα plays a critical role in the recruitment and infiltration of CD11c+ monocytes to the 

atherosclerotic vessel wall, a process that is inhibited by dysfunction in or lack of GP Ibα, 

thus alleviating atherosclerosis in the mutant and knockout animals. Although the 

mechanism through which this impairment functions to prohibit atherosclerosis will 

continue to be investigated in future studies, these data demonstrate a novel role of GP Ibα 

in facilitating the adhesion and infiltration of the CD11c+ monocytes.

Taken together, our study shows that interference in the function of the GP Ib-IX complex 

by inhibition of GP Ibα localization to the GEM domain cannot only prolong thrombotic 

vessel occlusion upon vascular injury but also inhibit inflammatory atherosclerosis, two 

settings that we used in this study to address the physiological and pathophysiological 

relevance of the GEMs domain in the function of the GP Ib-IX complex. In addition, 

because the mutations we introduced into GP Ibα are confined to a region that does not 

participate in the bindings of any identified GP Ib-IX ligands, we believe that our newly 

generated transgenic mouse expressing a GEMs-association dysfunctional GP Ibα is a 

unique model that allows a detailed mechanistic investigation into the specific roles of either 

the GEMs in the function of the GP Ib-IX complex or the GP Ib-IX complex in various 

physiological and pathological processes.
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FIGURE1. 
Disruption of α/β disulfide linkage inhibits the association of transgenic GP Ibα with the 

murine platelet GEMs. A. Murine whole blood was incubated with either a PE-labeled 

mouse anti-human GP Ibα or a FITC-labeled rat anti-mouse GP Ibα monoclonal antibody. 

B. The GP Ibα GEMs associations were revealed by sucrose gradient density fractionation 

and western blotting (n=8). The GEMs fractions are identified by the presence of flotillin, a 

known GEM-specific marker. C. The GEMs association level of GP Ibα is presented as the 

percentage of GEMs-associating GP Ibα in respect to the total GP Ibα across all sucrose 

density fractions. All experiments and measurements were done at least 3 times.
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FIGURE 2. 
Transgenic GP Ib-IX function is impaired due to a GEMs-association dysfunction. A. The 

aggregometry analyses of vWf binding to transgenic platelets (2×105/μl) were performed in 

the presence of 1.5mg/ml ristocetin. B. The murine whole blood was perfused over a human 

vWf-coated surface in a parallel-plate flow chamber at shear rates of either 1,500s−1 or 

15,000s−1. C. The rhodamine-conjugated phalloidin staining showed that transgenic platelets 

changed their morphology from filopodia protrusion to lamellipodia upon binding to 

immobilized vWf. Each experiment was performed at least 3 times and the error bars in 
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rolling experiments were calculated from the mean rolling velocities of at least 100 cells in 5 

different view fields.
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FIGURE 3. 
Dysfunction in the GP Ib-IX-GEMs association delays the formation of a FeCl3-induced 

thrombus in the carotid artery. A. Murine right common carotid artery was exposed to a 

10×10 mm strip of 3MM Waterman filter paper saturated in a 10% FeCl3 solution (upper 

panel). The blood flow and ECG signals were monitored using a PC-based high-speed real-

time Doppler signal processing system (lower panel). The occlusion time was counted as the 

period from the removal of the filter paper to the time when the Doppler signal went to 

nearly zero. B. The average occlusion time for the wild-type mice (HαWT, n=8) was 

approximately ~1min shorter than that for the mutant animals (HαSS, n=14). C. Mouse tail 

bleeding time was defined as the time from incision to cessation of blood.
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FIGURE 4. 
GEMs association dysfunctional GP Ibα mitigates atheroma formation in ApoE deficient 

animals fed HCD. All samples were collected from mice on HCD for 16 weeks starting at 

the age of 6 months. A. Representative oil red staining of the aortas of mice (n=12) fed 

either HCD or normal diet (ND). B. Quantification of atherosclerotic lesions in whole aortas 

was done using Image J software. Mouse aortas were digested with a mixture of enzymes 

and the CD45+ (C) and CD11c+ (D) leukocytes were counted in aortas of 16 weeks HCD-

fed animals (n=8 of each group, age and gender matched). E. The CD11c+ cells are reduced 

to a greater extent than other CD45+ cell types in mutant and GP Ibα deficient mice when 

compared to the wild type animals.
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FIGURE 5. 
CD11c+ leukocytes are the dominant cell type in circulation that can aggregate with platelets 

in atherosclerotic mice. (A) PE-Cy5-labeled anti-mouse CD45 antibody was used to gate the 

leukocyte population in whole blood samples pooled from atherosclerotic mice (n=12 of 

each group, age and gender matched). The percentages of the CD45 cells in complex with 

the platelet (CD41, B) or co-expressing CD11c antigen (C) were measured by flow 

cytometry. All experiments and measurements were done at least 3 times and the error bars 

were calculated from the mean % values acquired from all experiments performed.
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FIGURE 6. 
A hypothesized model for the platelet-mediated recruitment and infiltration of CD11c+ 

leukocytes to atherosclerotic vessel walls. Upon uptake of oxidized low-density lipoprotein 

(ox-LDL), the circulating leukocytes differentiate from a CD11c− to a CD11c+ phenotype 

and increase the expression of activated CD11b (or other GP Ib-IX complex ligands) on their 

surfaces. In circulation, these CD11c+CD11b+ leukocytes may be captured by platelets that 

are anchored by endothelial vWf (Interaction I), or pre-bound with flowing platelets 

(Interaction II) and then recruited by endothelial vWf (Interaction III) in a shear-dependent 

manner. Dysfunction in the GEM association may inhibit these GP Ib-IX complex-mediated 

interactions, which causes inefficient recruitment and infiltration of the CD11c+ leukocytes 

to the atherosclerotic vessel wall. Of note, This illustration is revised from an image 

published previously (27).
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