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Reelin is a platelet protein and functions as a positive regulator
of platelet spreading on fibrinogen
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� Birkhäuser Verlag, Basel/Switzerland 2009

Abstract Abnormalities of platelet functions have been

linked to reelin-impaired neuronal disorders. However,

little attention has been given to understanding the inter-

play between reelin and platelet. In this study, reelin was

found to present in the human platelets and megakaryo-

cyte-like leukemic cells. Reelin-binding assays revealed

that extracellular reelin can interact with platelets through

the receptor belonging to the low density lipoprotein

receptor gene family. The reelin-to-platelet interactions

enhance platelet spreading on fibrinogen concomitant with

the augmentation of lamellipodia formation and F-actin

bundling. In contrast, reelin has no effect on integrin

aIIbb3 activation and agonist-induced platelet aggregation.

Molecular analysis revealed that the up-regulation of Rac1

activity and the inhibition of protein kinase C d-Thr505

phosphorylation are important for reelin-mediated

enhancement of platelet spreading on fibrinogen. These

findings demonstrate for the first time that reelin is present

in platelets and the reelin-to-platelet interactions play a

novel role in platelet signaling and functions.
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Abbreviations

AA Arachidonic acid

ApoER2 ApoE receptor 2

BSA Bovine serum albumin

DAB Disabled

FITC Fluorescein isothiocyanate

GST Glutathione-S-transferase

PBMC Peripheral blood mononuclear cell

PBS Phosphate-buffered saline

PF-4 Platelet factor 4

PKCd Protein kinase C d
PGI2 Prostaglandin I2

PRP Platelet-rich-plasma

RAP Receptor-associated protein

SFKs SRC family tyrosine kinases

Introduction

Reelin is an extracellular matrix glycoprotein that plays a

pivotal role in the regulation of cell migration and posi-

tioning control [1, 2]. The binding of reelin to two

membrane receptors, ApoE receptor 2 (ApoER2) and very

low-density lipoprotein receptor, results in tyrosine phos-

phorylation of Disabled-1 (DAB1) and recruitment of SRC

W.-L. Tseng � C.-P. Tseng

Graduate Institute of Biomedical Sciences, Chang Gung

University, Kweishan, Taoyuan 333, Taiwan, ROC

C.-L. Huang � K.-Y. Chong � C.-P. Tseng (&)

Department of Medical Biotechnology and Laboratory Science,

Chang Gung University, 259 Wen-Hwa 1st Road, Kweishan,

Taoyuan 333, Taiwan, ROC

e-mail: ctseng@mail.cgu.edu.tw

C.-H. Liao

Graduate Institute of Natural Products,

Chang Gung University, Kweishan, Taoyuan 333, Taiwan, ROC

A. Stern

Department of Pharmacology,

New York University School of Medicine,

New York, NY, USA

J.-C. Cheng (&)

Department of Medical Laboratory Science and Biotechnology,

China Medical University, Taichung 404, Taiwan, ROC

e-mail: jccheng@mail.cmu.edu.tw

Cell. Mol. Life Sci. (2010) 67:641–653

DOI 10.1007/s00018-009-0201-5 Cellular and Molecular Life Sciences



family tyrosine kinases (SFKs). The phospho-DAB1

interacts with lissencephaly protein and mediates neuronal

cell migration and cortical lamination, whereas SFKs-

mediated activation of phosphatidylinositol-3-kinase

stabilizes tau protein and increases cytoskeleton plasticity

[3–5]. Impaired reelin signaling thereby is linked to the

pathogenesis of a number of neurodegeneration disorders

including Alzheimer’s disease, frontotemporal dementia,

progressive supranuclear palsy, Parkinson’s disease and the

psychotic disorders schizophrenia and autism [6–8].

Reelin is also found in the circulating plasma and spe-

cific peripheral tissues and cell types of adult mammals

[9, 10]. Although circulating reelin may play a role in the

extra-central nervous system, the defined function of reelin

in the circulation and peripheral tissues is barely charac-

terized. A limited number of studies suggest a possible

interplay between reelin and platelet. For instance, platelet

aggregation and dense granule secretion stimulated by

collagen was altered in schizophrenia patients compared to

healthy subjects [11, 12]. The platelet intracellular calcium

mobilization after stimulation by serotonin is specifically

enhanced in bipolar disorder compared with that in normal

controls [13, 14]. Because the pathogenesis of both

schizophrenia and bipolar disorder is related to the abnor-

mality of reelin signaling [8], it is likely that reelin has a

functional link in modulating platelet functions and

signaling.

The aims of this study are to characterize reelin

expression in various blood cell types and to analyze the

interplay between reelin and platelets. We found that

reelin is present in the platelet, megakaryocytic cell lines

and circulating plasma. Remarkably, reelin interacts with

platelets through the receptor belonging to the low density

lipoprotein receptor gene family. The reelin-to-platelet

interactions induce platelet lamellipodia formation and

F-actin bundling that subsequently enhances full spread-

ing of platelets on fibrinogen. Molecular analysis further

unveils that reelin crosstalks with the key regulators of

platelet spreading and adhesion, including Rac1 and

protein kinase C d (PKCd). The functional implications

for reelin-modulated platelet signaling and functions are

discussed.

Materials and methods

Materials

The anti-reelin monoclonal antibody 142 (mAb142) and

rottlerin were purchased from Calbiochem (San Diego,

CA). The anti-reelin monoclonal antibody CR-50 (1 mg/

ml) was purchased from MBL (Woburn, MA). The anti-

Rac1 and the fluorescein isothiocyanate (FITC)-conjugated

anti-PAC-1 antibodies were purchased from BD Biosci-

ences (San Jose, CA). The anti-PKCd and the anti-

phospho-Thr505 PKCd antibodies were purchased from

Cell Signaling (Beverly, CA). The anti-platelet factor 4

(PF4) antibody was purchased from Santa Cruz Biotech-

nologies (Santa Cruz, CA). Thrombin, fibrinogen, U46619,

FITC-conjugated phalloidin and the anti-b-actin antibody

were purchased from Sigma (Saint Louis, MO). Collagen

type I was purchased from Chronolog (Havertown, PA).

Arachidonic acid (AA) was purchased from Alexis Bio-

chemicals (San Diego, CA). The Rac1 inhibitor NSC23766

was purchased from Tocris Bioscience (Ellisville, MO).

The murine reelin expression plasmid pCrl was a kind gift

of Dr. Tom Curran (University of Pennsylvania). The

plasmid (pGST-RAP) for production of recombinant

receptor-associated protein (RAP) fused with glutathione-

S-transferase (GST) protein was obtained from Dr. Kenji

Kadomatsu (Nagoya University) with the permission

from Dr. Guojun Bu (Washington University School of

Medicine).

Granulocyte, peripheral blood mononuclear cell

and platelet isolation

The peripheral blood was drawn from healthy, drug-free

volunteers in compliance with the University Ethics

Committee guidelines. The granulocyte fraction, which

contained more than 95% of neutrophils and the peripheral

blood mononuclear cells (PBMC), were isolated by Ficoll

gradient centrifugation as described previously [15].

The washed platelets were prepared by mixing whole

blood with the anticoagulant solution containing 3.7%

sodium citrate and 0.6 lg/ml prostaglandin I2 (PGI2) [16].

The peripheral blood was then centrifuged at 250g for

20 min to obtain platelet-rich plasma (PRP). The PRP was

then mixed with PGI2 (0.3 lg/ml) and centrifuged at 900g

for 10 min. After several washes with Tyrode’s buffer

(137 mM NaCl, 2.7 mM KCl, 12 mM NaHCO3, 0.42 mM

NaH2PO4, 5.5 mM glucose, 5 mM HEPES, 1 mM

MgCl2�6H2O, 2 mM CaCl2�2H2O), the washed platelets

were resuspended in Tyrode’s buffer without PGI2.

Western blot analysis, RNA isolation and RT-PCR

assay

Western blot analysis and RNA isolation were performed

as described [17]. For RT-PCR analysis of reelin expres-

sion, 500 ng of total RNA was reversed transcribed to

cDNA using poly-dT primer. The cDNA was subse-

quently amplified by PCR using forward primer reelin-F

(50-GCCACAATGGAACAGGTCAT-30) and reverse pri-

mer reelin-R (50-CAATACTGCCACTGTAACTG-30). The
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condition for PCR was 1 cycle of 95�C for 2 min, 40 cycles

of 95�C for 30 s, 50�C for 40 s, and 72�C for 1 min, and 1

cycle of 72�C for 5 min.

Expression and purification of recombinant reelin

The expression and purification of reelin protein was

performed as described [18]. Briefly, the human embry-

onic kidney 293T cells were transiently transfected with

the pCrl expression plasmid, which contains the full-

length mouse reelin cDNA. At 16 h after transfection, the

cells were trypsinized and replated onto a 10-cm culture

plate for 24 h followed by changing the medium to serum

free Opti-MEM. At 60 h after medium replacement, the

conditioned medium was collected, cleared by centrifu-

gation (800g) at 4�C for 10 min and purified by Amicon

Ultracel (100-kDa molecular weight cutoff) under a cen-

trifugation force of 4,000g at 4�C for 15 min. The

concentrated reelin protein was resuspended in 19 phos-

phate-buffered saline (PBS) and stored at -80�C. Reelin

was detected by staining with Coomassie Blue or silver

staining. By comparison with a serial dilution of bovine

serum albumin (BSA) protein, we estimated the reelin

concentration to be approximately 10 lg/ml. The purified

recombinant reelin (10 ll) was used throughout the study

unless specified in the experiments. In parallel with the

preparation of reelin, the conditioned medium from

pcDNA3-transfected cells was purified and was used as a

control.

Immunofluorescence staining

Immunofluorescence staining of reelin was performed as

described previously with some modifications [19]. The

washed platelets were cytospun on a glass coverslip, fixed

with 3.7% formaldehyde solution at room temperature for

15 min and permeabilized with 0.1% Triton X-100 at 4�C

for 10 min. After several washes with 19 PBS, fixed cells

were blocked with 5% dry milk and incubated with

mAb142 (1:50) at 4�C overnight. Platelets were washed

three times with 19 PBS and incubated with Alexa Fluor

488-conjugated donkey anti-mouse secondary antibody

at room temperature for 1 h. Finally, the cells were

mounted and observed using confocal microscopy. As a

negative control, platelets were incubated with the sec-

ondary antibody only, and no immunofluorescent signal

was detected.

Sucrose-density gradient assay for subcellular

fractionation of platelet

Platelets were isolated and fractionated as described pre-

viously [19]. The washed platelets (2 9 109) were

homogenized in a Thermo French pressure cell (300 psi),

and the platelet lysate was centrifuged (2,000g for 10 min

at 4�C) to obtain pellets of unhomogenized platelet. The

supernatant was laid on top of a linear sucrose-density

gradient (30–60% sucrose) and centrifuged at 200,000g for

2 h. Eighteen fractions (700 ll each) were collected from

the top of the gradient and subjected to Western blot

analysis.

Solid-phase binding assay

The coverslips were pre-coated with purified reelin or the

corresponding control for 2 h. After blocking by 1%

denatured BSA for 30 min at room temperature, 500 ll

of the washed platelets (3 9 108/ml) was added onto the

coverslips for 30 min at 37�C. After washing three times

with 19 PBS, the platelets were fixed with 3.7% form-

aldehyde for 10 min, and the coverslips were mounted.

Platelet adhesion to the coverslip was observed with a

1,0009 magnification in phase contrast microscopy

(Zeiss Axiovert 200 M), and the number of platelet

adhesions was counted manually for ten different fields.

The GST or GST-RAP recombinant protein (40 lg/ml)

was included in the binding assay when specified in the

experiments.

Soluble-phase binding assay

The binding of reelin to platelet was performed as descri-

bed previously with some modifications [20]. The platelets

(500 ll) at a density of 3 9 108/ml were incubated with

purified reelin or the corresponding control at 4�C for

30 min. After washing three times with 19 PBS, the

platelets were solubilized in 19 SDS-sample buffer. The

platelet lysates were clarified by centrifugation at 13,000g

for 10 min at 4�C and were subjected to Western blot

analysis with mAb142 to reveal the presence of bound

reelin.

Platelet aggregation and platelet spreading assays

Platelet aggregation was performed as described [19].

Briefly, washed platelets were adjusted to a concentration

of 3 9 108/ml with Tyrode’s buffer and maintained at

37�C for 1 min while stirring. Platelet aggregation was

initiated by addition of agonists, and light transmission was

monitored using a platelet aggregometer (Chronolog,

Harvertown, PA) connected to the PowerLab data acqui-

sition and recording system (ADInstrument, Castle Hill,

NSW, Australia).

For platelet spreading assay, the washed platelets in

suspension were pre-incubated with purified reelin or the

corresponding control for 15 min. Then the platelets were
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added onto the coverslip pre-coated with fibrinogen

(100 lg/ml) for 30 min at 37�C. After washing three

times with 19 PBS, the platelets were fixed with 3.7%

formaldehyde for 10 min. The coverslips were then

mounted, and the surface area of 100 individual platelets

was determined by Image J (National Health Institute).

The mean surface area for the platelets in the control

group was calculated and designated as MSA. The num-

ber of platelets with a surface area larger than MSA was

determined and was used as an index for comparing the

extent of platelet spreading.

F-actin staining and quantification

F-actin staining was performed by fixing the platelets

(3 9 108/ml) with 3.7% formaldehyde at room temperature

for 10 min, followed by permeabilization with 0.1% Triton

X-100 for 10 min at 4�C. The platelets were then stained

with FITC-conjugated phalloidin (50 lg/ml for microscopy

analysis and 1 lg/ml for flow cytometry) for 45 min. After

several washes with 19 PBS to remove unbound phalloi-

din, F-actins were observed by fluorescence microscopy or

were quantified by flow cytometry.

PAC-1 binding assay

The PAC-1 binding assay was performed as described

previously [17]. Briefly, 100 ll of platelets (3 9 108/ml)

were incubated with the FITC-conjugated anti-PAC-1

antibody (20 ll) in the dark at room temperature for

30 min. Then the platelets were fixed in 1% paraformal-

dehyde and stored on ice. Flow cytometry analysis was

then performed using the FACScan system with CellQuest

software (BD Biosciences).

Rac1 GTPase activity assay

Rac1 activity was determined as described previously [21].

Briefly, 25 lg of GST-PAK1 was incubated with lysates

from 5 9 108 platelets for 30 min in the presence of glu-

tathione–Sepharose beads. After three washes with lysis

buffer A (100 mM NaCl, 22.5 mM HEPES, pH 7.5, 1%

NP-40, 10 mM MgCl2, 1 mM EDTA, 2% glycerol), the

active form of Rac1 that bound to GST-PAK1 was eluted

with 19 SDS-sample buffer and was detected by Western

blot using the anti-Rac1 antibody.

Statistical analysis

Statistical comparisons were made with the Student’s t test,

and the data were considered significantly different if

P \ 0.05.

Results

Reelin expression in human peripheral blood cells

and hematopoietic cell lines

To address whether reelin is present in human peripheral

blood cells, the cell lysates of granulocyte, PBMC and

platelet from healthy volunteers were subjected to Western

blot analysis with the anti-reelin monoclonal antibody

mAb142. Reelin was not detectable in the granulocytes and

PBMC (Fig. 1a). In contrast, two reelin immunoreactive

bands were revealed in the platelet lysates. The molecular

mass for the two platelet reelin proteins was determined by

comparison with the circulating plasma reelin and the

recombinant reelin purified from the conditioned medium

of 293T cells transfected with pCrl reelin expression

plasmid. For the recombinant reelin, three immunoreactive

bands with the molecular mass of 420, 310 and 180 kDa

were observed in the Western blot. The 310- and 180-kDa

proteins were the proteolytic cleavage products of the

420-kDa full-length reelin, the major form of recombinant

reelin [2, 10]. Both 420- and 310-kDa proteins were

present in the plasma and platelet with the 310-kDa protein

as the major form of reelin. In contrast with the recombi-

nant reelin, the 180-kDa protein was barely detectable in

the plasma and platelet lysates.

Human platelets were further subjected to immunoflu-

orescence staining with mAb142 to delineate the presence

of reelin in platelets. A cluster of positive reelin staining

signal was displayed within the platelet in a confocal

microscopy analysis (Fig. 1b). No immunofluorescent

signal was observed when control IgG was used for

staining. To examine the subcellular localization of platelet

reelin more closely, we analyzed platelet homogenates by

using linear sucrose-density gradient centrifugation to

separate different platelet organelles from the bulk of

cytosolic and plasma membrane proteins. Western blot

analysis of the gradient fractions revealed two distinct

pools of reelin (Fig. 1c). Reelin was partly present in the

low-density fractions (fractions one to four), which con-

tained most of the cytoplasmic and plasma membrane

proteins, and in fractions of higher densities, in which

intracellular granules are expected. This distribution was

paralleled by PF-4, the marker protein of a-granules. The

presence of the a-granule marker in the low-density frac-

tions can be explained by a partial rupture of the granules

during homogenization [22]. Reelin is thus considered as a

protein present in the platelet with the cellular distribution

associated with the a-granule.

To extend our observations in peripheral blood cells, the

levels of reelin expression in several human hematopoietic

leukemic and cancer cell lines were determined. Western

blot analysis revealed that reelin protein was present in the

644 W.-L. Tseng et al.



cell lines with megakaryocytic differentiation potential,

including K562, D14 (a Disabled-2 protein-deficient K562

subline), HEL and MEG-01 (Fig. 1d, upper panel). One

major band with the molecular mass of 420 kDa was

observed in these four cell lines. The reelin immunoreac-

tivity of MEG-01 was much weaker than the others. Reelin

protein was not detectable in the HL-60 promyelocytic

cells, Jurkat T-lymphocytic cells, OECM-1 oral cancer

carcinoma and A293 human embryonic kidney cells.

Consistent with these results, RT-PCR analysis revealed

the presence of a 583-bp reelin PCR product in K562, D14,

HEL, MEG-01 and OECM-1, with the band intensity sig-

nificantly weaker in OECM-1 (Fig. 1d, lower panel). No

reelin mRNA was detectable in the other cell lines. Reelin

expression is thereby closely linked to the cells in the

megakaryocytic differentiation lineage.

Human platelets interact with immobilized and soluble

reelin

Reelin has been shown to play a pivotal role in the central

nervous system. However, the defined reelin function in the

circulation remains largely unknown. The presence of re-

elin receptor ApoER2 splicing variants on platelets [23, 24]

prompted us to explore whether or not reelin interacts with

platelets and modulates platelet functions. To address this,

the solid-phase reelin binding assay was performed by

applying the washed platelets to a coverslip pre-coated

with purified recombinant reelin or the corresponding

control purified from the conditioned medium of pcDNA3-

transfected cells. As shown in Fig. 2a, platelets tended to

adhere on immobilized reelin with a 2.4-fold increase in

the number of platelets binding when compared to the
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Fig. 1 Reelin expression in the peripheral blood cells and various

leukemic and cancer cells. a Expression of reelin in peripheral blood

cells. The total lysates of granulocyte, PBMC, platelet and plasma

were subjected to Western blot analysis with mAb142. The total lysate

of 293T cells transfected with reelin expression plasmid pCrl was also

included for comparison. b Immunofluorescence staining of reelin in

platelets. Immunofluorescence staining with mAb142 or the IgG

control was performed with platelets cytospun on a glass slide. The

fluorescence signal was observed by confocal microscopy. c Subcel-

lular localization of reelin in human platelets. Platelet homogenates

(2 9 109) were separated by sucrose-density-gradient (30–60%)

centrifugation. Eighteen fractions (700 ll each) were collected from

the top, and aliquots were subjected to Western blot analysis using

anti-reelin (mAb142) and anti-PF4 antibodies, respectively. d Expres-

sion of reelin in various leukemic and cancer cell lines. Total cell

lysates and total RNA from the indicated cell lines were subjected to

Western blot analysis using mAb142 (upper panel) and RT-PCR using

reelin-specific primers (lower panel), respectively. The expression of

b-actin was used as a control for equal protein loading and quality

control of total RNA isolation. NTC, no template control
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control (P \ 0.01). In addition, more than 71.3% of the

platelets binding to reelin developed filopodia-like protru-

sions that were significantly higher when compared with

the 34.7% of the platelets binding on the control coverslip

(P \ 0.05).

Ligand interactions with the receptors belonging to the

members of the LDL receptor gene family have been

shown to be antagonized by the presence of a 39-kDa

RAP [25]. To determine whether reelin-to-platelet inter-

actions involve the members of LDL receptor gene

family such as the platelet ApoER2 splicing variants, the

binding assay was performed in the presence of GST-

RAP or the control GST protein. An excessive amount of

GST protein appeared to reduce the basal levels of

platelet binding on the coverslips. Nevertheless, the

number of platelets binding on immobilized reelin was

still 2.6-fold higher than those binding on the control

coverslip (Fig. 2b). Notably, RAP significantly reduced

platelet adhesion on immobilized reelin when compared

with the control GST protein (P \ 0.01). These results

indicate that the LDL receptor gene family members,

most likely the ApoER2 variants expressing on the

platelet surface, act as the receptors for reelin and

mediate reelin-to-platelet interactions.
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Fig. 2 Human platelets interact with soluble and immobilized reelin.

a The interaction between platelet and immobilized reelin. The

washed platelets (500 ll) at a density of 3 9 108/ml were added to

the coverslips pre-coated with purified reelin or the corresponding

control for 30 min at 37�C. After washing and fixation, the binding of

platelets on immobilized reelin was observed by phase contrast

microscopy (upper panel). Note the filopodia-like protrusion for the

platelets in the enlarged image. The relative number of platelet

adhesions and the percentage of adhered platelets with filopodia-like

protrusions were determined (lower panel). The data represent the

mean ± SD of three independent experiments. **P \ 0.01 and

*P \ 0.05 when compared with the control-treated coverslip. Length

of black bar = 10 lm. C control, R reelin. b GST-RAP attenuates

platelet binding on immobilized reelin. Solid phase binding assays

were performed as described in the presence of GST or GST-RAP

(40 lg/ml). The platelets were observed by phase contrast micros-

copy, and the relative number of platelets adhered on the control or

reelin-coated coverslips was determined. The data represent the

mean ± SD of three independent experiments. **P \ 0.01 when

compared with the platelet binding on immobilized reelin in the

presence of GST protein. Length of black bar = 10 lm. c The 420-

kDa reelin is involved in reelin-to-platelet interaction. The washed

platelets (3 9 108/ml) were incubated with the purified reelin or the

corresponding control for 2 h at 4�C. After several washes with 19

PBS, the platelet lysates were subjected to Western blot analysis with

mAb142. The protein bands corresponding to the endogenous (endo)

and exogenous (exo) reelin were shown. The expression of b-actin

was used as a control for equal protein loading
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Soluble phase reelin-binding assay was then used to

determine which form of reelin is involved in the reelin-to-

platelet interactions. In this assay, the washed platelets

were mixed with soluble recombinant reelin or the corre-

sponding control. After extensive washes to reduce non-

specific binding, the platelet lysates were subjected to

Western blot analysis with mAb142. Consistent with the

data presented in Fig. 1, a major immunoreactive band

(310 kDa) corresponding to the endogenous reelin was

detectable in the control and reelin-treated platelets. Incu-

bation of platelets with recombinant reelin did not cause an

increase in the 310-kDa band intensity (Fig. 2c). Further-

more, the 420-kDa but not the 180-kDa reelin was present

in the lysate of platelets that were incubated with puri-

fied reelin. These results imply that the 420 kDa is the

major form of reelin involved in the reelin-to-platelet

interactions.

Effects of reelin on platelet aggregation and platelet

spreading on fibrinogen

To elucidate the functional implication for the interactions

between reelin and platelet, the washed platelets or PRP

were subjected to platelet aggregation analysis in the

presence of purified recombinant reelin or the corre-

sponding control. As shown in Fig. 3a, reelin alone did not

induce platelet aggregation. Accordingly, reelin was not

sufficient to activate platelet aIIbb3 as revealed by the

binding assays of anti-PAC-1 antibody, which recognizes

the active form of aIIbb3 (Fig. 3b). This was in contrast to

the significant PAC-1 binding stimulated by thrombin.

Consistent with these findings, reelin had no effect on

thrombin-, U46619-, AA- and collagen-stimulating platelet

aggregation, even at lower concentrations of agonists

(Fig. 3c). These data thereby indicate that reelin did not

moderate platelet integrin aIIbb3 activation and platelet

aggregation.

To determine whether reelin-to-platelet interactions

modulate platelet spreading on fibrinogen, the washed

platelets were pre-incubated with purified recombinant re-

elin or the corresponding control, and then the washed

platelets were applied to a coverslip pre-coated with

fibrinogen. In accord with previous study [26], the quies-

cent, non-stimulating platelets were able to spread on

fibrinogen with an increase in platelet surface area (Fig. 4a).

The platelets pre-incubated with purified reelin tended to
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Fig. 3 Effects of reelin on platelet aggregation and integrin aIIbb3

activation. a Reelin does not induce platelet aggregation. The washed

platelets (left panel) and PRP (right panel) were subjected to platelet

aggregation analysis in the presence of purified recombinant reelin or

the corresponding control. The platelet aggregation curves were

obtained by using a platelet aggregometer connected to the PowerLab

data acquisition and recording system. b Reelin does not induce

integrin aIIbb3 activation. The platelets with the indicated treatments

were incubated with the anti-PAC-1 (20 ll) antibody and subjected to

flow cytometry analysis. A total of 10,000 events were determined.

Similar results were obtained in three independent experiments.

c Reelin does not modulate agonist-induced platelet aggregation.

The washed platelets were incubated with purified recombinant reelin

or the corresponding control for 1 min, and platelet aggregation was

induced by the indicated concentrations of agonists. The platelet

aggregation curves were recorded as described in a
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fully spread on fibrinogen and had larger surface areas than

the corresponding control (P \ 0.05). Similar results were

obtained when the experiments were performed using the

recombinant reelin that was prepared through gel-filtration

chromatography purification (data not shown). To confirm

that the enhancement of platelet spreading on fibrinogen is

reelin-specific, the platelets were incubated with reelin in

the presence of the anti-reelin neutralizing monoclonal

antibody CR-50. The CR-50 monoclonal antibody recog-

nizes an epitope located within reelin amino acids 250–407

and has been shown to block reelin function in vitro and in

vivo [27–30]. As shown in Fig. 4b, CR-50 impeded reelin

function and attenuated reelin-mediated enhancement of

platelet spreading on fibrinogen (P \ 0.05), suggesting the

specific and functional implication of reelin on promoting

platelet spreading on fibrinogen.

Reelin mediates its effect through modulation of Rac1

activity and PKCd phosphorylation

Cytoskeleton reorganization is associated with platelet

spreading on fibrinogen [31]. The platelets treated with

purified reelin were subjected to F-actin staining with

FITC-conjugated phallodin to determine whether reelin

modulates actin organization. Quantitative flow cytometry

analysis revealed that reelin did not alter the amount of

F-actin for both the resting and thrombin-stimulating plate-

lets (Fig. 5a). This was in contrast to the elevation of F-actin

levels following thrombin stimulation of resting platelets.

However, platelets pre-treated with reelin prompted to

elicit distinct F-actin pattern during spreading on fibrino-

gen (Fig. 5b). The F-actin fibers distributed randomly in

the control platelets, whereas reelin caused F-actin fiber

bundling and formation of lamellipodia. These data suggest

that reelin regulates platelet actin reorganization upon

spreading on fibrinogen.

Rac1 is involved in the regulation of actin reorgani-

zation and formation of lamellipodia [26]. We determined

whether reelin modulates platelet Rac1 activity by pulling

down the active Rac1 from the platelet lysates using the

GST-PAK1 protein as bait (Fig. 5c). In agreement with

the results of F-actin staining and the formation of

lamellipodia, the platelet Rac1 activity was significantly

increased at 15 min after reelin treatment. Consistent with

B

A

Area (µm2)

Control

N
um

be
r

of
 p

la
te

le
t

w
it

h 
su

rf
ac

e 
ar

ea
 >

 M
SA

C R

80

60

40

20

0

*

1150 Area (µm2)

P
la

te
le

t 
co

un
t

Reelin

0 115

P
la

te
le

t 
co

un
t

IgG control

CR-50

Area (µm2)0 115

P
la

te
le

t 
co

un
t

0 115Area (µm2)

P
la

te
le

t 
co

un
t

1 21 2

80

60

40

20

0

*

IgG CR-50

N
um

be
r

of
 p

la
te

le
t

w
it

h 
su

rf
ac

e 
ar

ea
 >

 M
SA

Fig. 4 Reelin enhances platelet

spreading on fibrinogen. (a and

b) The washed platelets

(3 9 108/ml) were incubated

with the purified reeelin or the

corresponding control for

15 min at 37�C (a).

Alternatively, the washed

platelets were incubated with

the purified reelin in the

presence of reelin function

blocking antibody CR-50

(20 lg/ml) or IgG control

antibody for 15 min at 37�C (b).

The assays of platelet spreading

on fibrinogen were then

performed and quantified as

described in the ‘‘Materials and

methods.’’ Platelet spreading

was observed by phase contrast

microscopy (left panel). The

surface area for a total of 100

platelets in a representative

experiment was plotted (middle
panel), and the number of

platelets with a surface area

larger than MSA for the

platelets in the control (a) or the

IgG control (b) were determined

(right panel). The data represent

the mean ± SD of three

independent experiments.

*P \ 0.05 when compared with

the control (a) or the IgG-

control (b). Length of black
bar = 10 lm
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Fig. 5 Reelin moderates F-actin distribution and up-regulates platelet

Rac1 activity. a Reelin does not affect the levels of F-actin for resting

and thrombin-stimulating platelets. The washed platelets were pre-

treated with purified recombinant reelin or the corresponding control

for 30 min. The platelets were either untreated (resting) or were

stimulated with thrombin (1 U/ml) for 1 min. F-actin staining with

FITC-conjugated phalloidin was then performed and was quantified

by flow cytometry. A total of 10,000 events were determined. Similar

results were obtained in three independent experiments. b Reelin

modifies F-actin distribution. The washed platelets were treated with

purified recombinant reelin or the corresponding control for 15 min.

The platelets were then spread on a fibrinogen-coated coverslip for

30 min. The distribution of F-actin was observed by staining platelets

with FITC-conjugated phalloidin and observed by phase contrast

microscopy. c Reelin up-regulates platelet Rac1 activity. The washed

platelets were treated with purified recombinant reelin or the

corresponding control for the indicated time. Analysis of Rac1

activity was then performed, and the amount of active Rac1 (GTP-

Rac1) was analyzed by Western blot with the anti-Rac1 antibody. At

the same time, Rac1 expression in the total platelet lysates was

analyzed for loading control. Three independent experiments were

performed with essentially similar results. d NSC23766 reverses

reelin-mediated platelet spreading on fibrinogen. The washed platelets

were incubated with purified recombinant reelin in the presence or

absence of the Rac1 inhibitor NSC23766 (50 lM). Platelet spreading

on fibrinogen was then performed as described in the ‘‘Materials and

methods.’’ The patterns of platelet spreading were observed by phase

contrast microscopy (left panel), and the surface area for a total of 100

platelets in a representative experiment was plotted (middle panel).
The number of platelets with a surface area larger than MSA of the

reelin-treated group was determined (right panel). The data represent

the mean ± SD of three independent experiments. **P \ 0.01 when

compared with the reelin-treated group. C control, R reelin,

N NSC23766. Length of black bar = 10 lm

Reelin modulates platelet function 649



these results, the Rac1 inhibitor NSC23766 reversed re-

elin-mediated platelet spreading on fibrinogen (P \ 0.01,

Fig. 5d). Hence, these data imply that reelin signaling

activates Rac1, leading to full spreading of platelets on

fibrinogen.

In addition to Rac1, PKCd phosphorylation at Thr505

has been implicated in the regulation of platelet spreading

and adhesion [32]. To further investigate the underlying

mechanisms of reelin-induced platelet spreading on

fibrinogen, platelets were treated with reelin for the indi-

cated time, and the platelet lysates were isolated for

Western blot analysis with the anti-PKCd Thr505 phospho-

specific antibody. As shown in Fig. 6a, reelin decreased

PKCd phosphorylation at Thr505 in a time-dependent

manner. Accordingly, platelets pretreated with the PKCd
inhibitor rottlerin enhanced platelet spreading on fibrino-

gen (P \ 0.01, Fig. 6b). These data thereby indicate that

reelin-mediated inhibition of PKCd Thr505 phosphoryla-

tion may play a role in the regulation of platelet spreading

on fibrinogen.

Discussion

Several novel aspects of reelin expression and function in

platelets are reported in this study. We demonstrate for the

first time that reelin is present in human platelets and

megakaryocytic cells. Remarkably, extracellular reelin

interacts with platelets through the members of the LDL

receptor gene family followed by up-regulation of Rac1

activity and inhibition of PKCd Thr505 phosphorylation.

Consequently, reelin modulates F-actin redistribution and

augments lamellipodia formation, leading to enhanced

spreading of platelets on fibrinogen. This study thereby

provides a clue for the functional link between circulating

reelin and platelet functions.

Smalheiser et al. [10] reported that reelin was present

in the serum and platelet-poor plasma, but not in the

platelets of rat, mice and human species. Contrary to their

work, we found that at least two reelin immunoreactive

proteins with the molecular mass of 420 and 310 kDa are

present in the human platelets. The reelin signal we
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Fig. 6 Involvement of PKCd in reelin signaling and platelet spread-

ing on fibrinogen. a Reelin inhibits PKCd phosphorylation at Thr505.

The washed platelets were treated with recombinant reelin or the

corresponding control for the indicated time. The platelet lysates were

subjected to Western blot analysis with the anti-phospho-Thr505-

PKCd, anti-PKCd and anti-b-actin antibodies, respectively. b Inhi-

bition of PKCd enhances platelet spreading on fibrinogen. Platelet

spreading on fibrinogen was performed in the presence or absence of

PKCd inhibitor rottlerin (5 lM). The patterns of platelet spreading

were observed by phase contrast microscopy (left panel) and the

surface area for a total of 100 platelets in a representative experiment

was plotted (middle panel). The number of platelets with a surface

area larger than MSA of the control was determined (right panel). The

data represent the mean ± SD of three independent experiments.

**P \ 0.01 when compared with the control-treated group. Length of

black bar = 10 lm
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observed in the Western blot of platelet lysates is unlikely

the contamination of plasma reelin. This notion is sup-

ported by the several pieces of experimental evidence we

present in this study. At first, immunofluorescence stain-

ing with the anti-reelin antibody unveils positive reelin

immunoreactive signal within the platelet. Sucrose density

gradient fractionation of platelet organelles further indi-

cates that reelin is co-distributed with the a-granule

protein PF-4 in the high-density fractions. Consistent with

these observations, we and others found that the reelin

transcript is present in the cell lines with megakaryocytic

origin as well as in stage 6 of megakaryocytic differen-

tiation during expression analysis of primary mouse

megakaryocytic differentiation [33]. This study thereby

provides the first piece of evidence showing that reelin is

present in human platelets. Because the procedure of

platelet preparation and the platelet data were not dis-

closed in the work of Smalheiser et al., the reasons for the

discrepancy between these two studies are not clear. The

method of platelet isolation and sample preparation may

be critical to preserve reelin protein stability and detec-

tion, which may explain the differences in findings among

laboratories regarding which peripheral tissues or cell

types are positive for reelin [1, 18, 27].

In addition to demonstrating the presence of reelin in

human platelets, we report in this study that platelets can

interact with reelin through the solid-phase and soluble-

phase reelin-binding assays. The attenuation of reelin-to-

platelet interactions by the presence of functional-blocking

protein RAP suggests that the LDL receptor gene

family members may act as the receptors for reelin and

mediate the reelin-to-platelet interactions. In this regards,

three ApoER2 splicing variants have been shown to

express on the platelet surface, all of which are involved

in signaling [24]. In particular, the ApoER2 splicing

variant ApoER20 lacking the LDL-binding domains 4, 5

and 6 has been shown to bind reelin when the receptor

was expressed on the 293T cell surface [23]. We thereby

postulate that ApoER20 is the most likely candidate

receptor to mediate reelin-to-platelet interactions and

signal transmission.

On the other hand, the binding assay with soluble re-

elin reveals that the 420-kDa reelin is able to bind to

platelets. There is no evidence that the 310- and 180-kDa

reelin are involved in the reelin-to-platelet interactions.

However, we have noted that the purified recombinant

reelin contains all three major forms of reelin (i.e., 420,

310, and 180 kDa) with various levels of expression.

Because the protease that is responsible for generating the

cleavage products of reelin has not been completely

unveiled, it is not yet possible to obtain a ‘‘pure’’ form of

recombinant reelin for comparatively analyzing platelet

binding affinity between different forms of reelin. Further

investigation regarding the nature of reelin-targeting

protease is required to generate form-specific reelin to

address this issue.

The functional implications of the interactions between

reelin and platelets are also addressed in this study. We

found that reelin does not modulate aIIbb3 signaling and

platelet activation. Accordingly, reelin has no effect on

agonist-induced platelet aggregation. In contrast, reelin

modifies platelet F-actin distribution, enhances lamellipo-

dia formation and extends the degree of platelet spreading

on fibrinogen. aIIbb3-mediated platelet spreading to

fibrinogen has been implicated in a number of different

physiological and pathological processes. Upon vascular

injury, fibrinogen binding to the damaged surface may act

as one of the proteins to which platelets adhere [34].

Fibrinogen is also present in atherosclerotic plaque with

platelet adhesion to fibrinogen contributing to thrombus

formation and the atherosclerotic process [35]. Because

reelin is abundantly present in the circulation, reelin-

mediated full spreading of platelet on fibrinogen can be of

physiological and pathological importance.

At the molecular level, we demonstrate that reelin

stimulates platelet Rac1 activity and inhibits PKCd Thr505

phosphorylation. These findings are consistent with previ-

ous studies demonstrating the role of Rac1 activation in

platelet lamellipodia formation [26] and PKCd in negative

regulation of filopodia through inhibition of VASP-medi-

ated filopodia formation [36]. Based on our current findings,

we propose that reelin-to-platelet interactions transmit

intracellular singaling leading to the up-regulation of Rac1

activity and inhibition of PKCd Thr 505 phosphorylation.

Consequently, reelin stimulates actin reorganization, aug-

ments lamellipodia formation and enhances full spreading

of platelets on fibrinogen. Although the underlying mech-

anisms for reelin-mediated platelet signaling has not yet

been completely elucidated, we note from previous studies

that the intracellular adaptor proteins such as DAB1 are

important mediators for reelin signaling in the central ner-

vous system [37, 38]. We and others have demonstrated that

DAB1 [39] and DAB2 [19] proteins are present in platelets.

Whether these DAB proteins transmit reelin signaling and

contribute to reelin-mediated platelet spreading on fibrino-

gen is under investigation in our laboratory.

In summary, we provide evidence that reelin is present

in platelets. Also, extracellular reelin binds to platelets and

positively regulates platelet spreading on fibrinogen. These

findings thereby contribute to our understanding of the role

of circulating reelin in platelet functions at sites of vascular

injury and thrombus formation.

Acknowledgments This work was supported in part by the grants

NHRI-EX98-9612BI, NSC 95-2320-B-182-023-MY3, CMRPD170132,

EMRPD180171 and EMRPD180221 to C.P.T; CMU95-335 to J.C.C.

Reelin modulates platelet function 651



References

1. D’Arcangelo G, Miao GG, Chen SC, Soares HD, Morgan JI,

Curran T (1995) A protein related to extracellular matrix proteins

deleted in the mouse mutant reeler. Nature 374:719–723

2. Quattrocchi CC, Wannenes F, Persico AM, Ciafre SA, D’Arc-

angelo G, Farace MG, Keller F (2002) Reelin is a serine protease

of the extracellular matrix. J Biol Chem 277:303–309

3. Assadi AH, Zhang G, Beffert U, McNeil RS, Renfro AL, Niu S,

Quattrocchi CC, Antalffy BA, Sheldon M, Armstrong DD,

Wynshaw-Boris A, Herz J, D’Arcangelo G, Clark GD (2003)

Interaction of reelin signaling and Lis1 in brain development. Nat

Genet 35:270–276

4. Hiesberger T, Trommsdorff M, Howell BW, Goffinet A, Mumby

MC, Cooper JA, Herz J (1999) Direct binding of Reelin to VLDL

receptor and ApoE receptor 2 induces tyrosine phosphoryla-

tion of disabled-1 and modulates tau phosphorylation. Neuron

24:481–489

5. Bock HH, Herz J (2003) Reelin activates SRC family tyrosine

kinases in neurons. Curr Biol 13:18–26

6. Botella-Lopez A, Burgaya F, Gavin R, Garcia-Ayllon MS,

Gomez-Tortosa E, Pena-Casanova J, Urena JM, Del Rio JA,

Blesa R, Soriano E, Saez-Valero J (2006) Reelin expression and

glycosylation patterns are altered in Alzheimer’s disease. Proc

Natl Acad Sci USA 103:5573–5578

7. Deutsch SI, Rosse RB, Lakshman RM (2006) Dysregulation of

tau phosphorylation is a hypothesized point of convergence in the

pathogenesis of alzheimer’s disease, frontotemporal dementia

and schizophrenia with therapeutic implications. Prog Neuro-

psychopharmacol Biol Psychiatry 30:1369–1380

8. Fatemi SH, Kroll JL, Stary JM (2001) Altered levels of Reelin

and its isoforms in schizophrenia and mood disorders. Neurore-

port 12:3209–3215

9. Botella-Lopez A, de Madaria E, Jover R, Bataller R, Sancho-Bru P,
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