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Research Highlights 

(1) No reports concerning the association of platelet Golgi apparatus with acute cerebral infarction 

or Golgi apparatus participation in platelet CD40L expression have been published. The precise 

pathway of CD40L transferring to the platelet cell membrane remains unclear.  

(2) After acute cerebral infarction, platelet Golgi tubules and vesicles became significantly thickened 

and enlarged. Alpha granule number in the platelets was significantly reduced. Only a few alpha 

granules aggregated around Golgi tubules and vesicles after infarction. Golgi apparatus blocking 

agent Brefeldin A was used, causing a decrease in CD40L expression. 

 

Abstract  
Blood samples were harvested from the antecubital vein of 20 fasting patients with acute cerebral 

infarction at 1, 7 and 15 days after onset to prepare blood platelet suspension. Fasting antecubital 

vein blood was collected from an additional 20 normal adults as controls. Under transmission 

tron microscope, platelet Golgi tubules and vesicles became significantly thickened, enlarged, and 

irregular after acute cerebral infarction. Alpha granules in platelets significantly reduced in number, 

especially 1 day after cerebral infarction. Under immunoelectron microscopy, a few alpha granules 

aggregated around Golgi tubules and vesicles after infarction. These results suggested that platelet 

Golgi apparatus displayed significant morphological changes, which were possibly associated with 

enhanced synthetic and secretory functions of activated platelets after acute cerebral infarction. 

This study used Golgi apparatus blocking agent Brefeldin A to block Golgi apparatus in an aim to 

study the effects of Golgi apparatus on CD40L expression on the surface of activated platelets. Flow 

cytometry revealed that CD40L expression on activated platelet surfaces decreased significantly 

when Golgi apparatus was blocked, which indicated that Golgi apparatus participated in the syn-

thesis and transport of CD40L to the platelet surface. 
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INTRODUCTION 

    

Stroke is a leading cause of death and disa-

bility globally, and presents huge burden to 

families and society
[1]

. To further complicate 

the issue, the pathophysiological mechan-

isms underlying stroke are considered to be 

heterogeneous
[2]

. Platelets are known to par-

ticipate in the pathophysiological progress of 

stroke, and antithrombotic therapy targeting 

platelet activation is widely used for treat-

ment of ischemic stroke. Although platelet 

activation after infarction is an issue that is 

generally gaining attention, assessment of 

platelet reactivity after ischemic injury re-

mains under investigated. The specific role of 

platelet reactivity and activity is not fully un-

derstood, as only sparse and conflicting in-

formation exists in relation to acute ischemic 

stroke. Some scientists support the idea that 

activated platelets participate in the progress 

of acute cerebral infarctions
[3-6]

, while others 

provide evidence corroborating the contrary
[7]

. 

Clinically, patients are considered at high risk 

for ischemic stroke when platelets aggregate 

in the blood, as platelet aggregation is asso-

ciated with increased carotid artery inti-

ma-media thickness
[8]

. A previous study 

found that as platelet adhesiveness and ag-

gregation increased, a variety of pro-in-

flammatory cytokines were synthesized and 

simultaneously released during the patho-

genesis or propagation of acute cerebral 

infarction
[9]

. Platelet activation is complicated 

and may play an important role in the me-

chanism of cerebral infarction. Considering 

platelet structure is strongly associated with its 

function, research has focused on two main 

aspects: platelet activation and ultrastructural 

changes. Littleton-Kearney et al 
[10]

  found 

that temporary cerebral ischemia would 

arouse platelet activation and intracerebral 

platelet aggregation. Some scholars
 
found 

that ultrastructural changes in platelets were 

significant after observation in patients with 

acute ischemic infarction
[11-12]

. These 

changes included more pseudopodium, ag-

gregation and fusion, and visibly fewer alpha 

granules. Compared with controls, the num-

ber of alpha granules and mitochondria was 

significantly lower in platelets from patients 

with acute ischemic stroke. The number of 

dense bodies also tended to decrease in 

platelets from stroke patients. These ob-

servations led to the notion that there is an 

essential connection between platelet 

structure change and cerebral infraction. In 

the pathological process of cerebral infarc-

tion, platelet secretions may be of much 

importance to mechanical occlusion of blood 

vessels due to ensuing platelet aggregation.  

 

Golgi apparatus
[13]

 is a pivotal organelle 

involved in cell synthesis, packaging, ela-

boration and axoplasmic flow of proteins. 

They are regarded as a focal point in the 

secretory pathway
[14]

. Platelets derived from 

bone marrow megakaryocytes retain several 

mRNA and organelles, such as Golgi appa-

ratus. Previous studies from our group found 

that the morphology of Golgi apparatus in 

neurons obviously changed in a gerbil model 

of transient cerebral ischemia
[15-16]

. White
[12]

 

also confirmed that the presence of fully 

developed Golgi apparatus obviously 

changed in patients with white platelet syn-

drome. These changes were accompanied 

by centrioles, and deficient numbers or ab-

sent alpha granules in circulating platelets. 

However, no study has reported whether 

platelet Golgi apparatus is associated with 

cerebral infarction.  

 

CD40L, a trimeric, transmembrane protein 

of the tumor necrosis factor family of ligands, 

plays a major role in immune responses via 

its receptor, CD40. This receptor is present 

on various types of human cells, binding and 

signaling as the surface receptor of soluble 

CD40L. Moreover, it was subsequently 

found that CD40L and CD40 are also 

present on several cells of the vasculature, 

including endothelial cells, smooth muscle 

cells, monocytes, and macrophages
[18]

. 

Emerging data suggest that CD40L may be 

at the heart of thrombogenesis. Expression 

of soluble CD40L has been shown to in-

crease significantly in conditions such as 

stroke, myocardial infarction, unstable an-

gina, high cholesterol, or other cardiovas-

cular events
[19-20]

. Recently, CD40L has been 

detected on the surfaces of activated plate-

lets and shown to activate endothelium
[21]

.
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Research has shown that absence of CD40L impairs the 

stability of arterial thrombi and delays arterial occlusion
[22]

. 

As a platelet-rich abundant protein, CD40L contributes to 

atherosclerotic lesion progression, thrombosis, and res-

tenosis during inflammatory processes. Soluble CD40L, 

which is released from platelet-rich thrombi following 

platelet activation, also contributes to these processes
[23]

. 

Soluble CD40L induces the synthesis and release of 

proinflammatory cytokines from vascular cells and matrix 

metalloproteinases from resident cells in the atheroma
[24]

. 

It also stabilizes platelet-rich thrombi and inhibits the 

re-endothelialization of the injured vessel, which poten-

tially leads to the activation and proliferation of smooth 

muscle cells
[19]

. Normally, CD40L lies dormant in unsti-

mulated platelets, but is rapidly presented to the cell 

membrane and released when platelets are activated by 

agonists such as adenosine diphosphate, thrombin, or 

collagen
[25]

. The surface-expressed CD40L is subse-

quently cleaved over a period of minutes to hours, ge-

nerating a soluble fragment termed soluble CD40L. 95% 

of the circulating CD40L exists in activated platelets
[19]

. 

The translocation of CD40L is assumed to coincide with 

the release of platelet alpha-granule contents, including 

platelet-derived growth factor, transforming growth factor 

beta, platelet factor 4, and thrombospondin
[26]

. However, 

the specific pathway of the transition of CD40L is not 

elucidated, and whether Golgi apparatus is involved in 

the expression of platelet CD40L still needs to be proven. 

Therefore, we hypothesize that Golgi apparatus may 

play an important role in the expression of CD40L de-

rived from activated platelets.   

 

This study sought to observe the dynamic, morphological 

changes in platelet Golgi apparatus in patients with acute 

cerebral infarction. The role of Golgi apparatus in the 

expression of platelet CD40L was also investigated using 

flow cytometry. 

 

 

RESULTS 

 

Quantitative analysis of subjects 

Twenty patients with acute cerebral infarction who were 

hospitalized within 24 hours (patient group) and 20 nor-

mal adults (control group) were recruited in this study. A 

total of 40 patients were included in the final analysis.  

 

Patient characteristics  

We performed analysis of covariance (adjusting for age 

and sex) for each measurement. No significant differ-

ences in age or gender were detected between patient 

and control groups (P > 0.05; Table 1).  

 

 

 

 

 

 

 

 

 

 

 

 

Morphological and alpha granule alteration in 

platelet Golgi apparatus  

Ultrastructural observation of platelets from patients who 

had experienced an acute cerebral infarction showed 

characteristics that were both similar to and different 

from those of platelets from controls. Shared features 

included the presence of microtubules, masses of gly-

cogen particles, Golgi apparatus, and the dense tubular 

system. All constituent parts of the organellar zone 

(dense bodies, alpha granules, and mitochondria) were 

also observed in platelets from the two groups. More 

specific morphological change analysis and quantifica-

tion of organelles demonstrated that platelets from pa-

tients who had suffered an acute ischemic stroke were 

altered. 

 

Platelets from the control group were clearly round or 

elliptic with smooth and complete clear-cut surfaces. 

These platelets contained clear and homogeneous dis-

persed intracellular granules, and more alpha granules. 

Golgi tubules and vesicles were arranged regularly. At 1, 

7 and 15 days after infarction, platelets showed irregular 

morphology, more pseudopodium, aggregation and fu-

sion, and some platelet structures disappeared. At each 

time point, alpha granules decreased (characteristics are 

presented in Figures 1 and 2), with the most significant 

decrease at 1 day after cerebral infarction (compared 

with each experimental group, P < 0. 05). Figure 3 illu-

strates irregularly arranged Golgi tubules and vesicles 

that were apparently increased both in width and size. 

 

Immunoelectron microscopy of the distribution of 

alpha granules in platelets  

The Golgi apparatus from patients after infarction was 

further observed by immunoelectron microscopy. We 

used TGN46 as a marker for Golgi apparatus, which is a 

putative cargo-binding protein that maintains a steady- 

state level in the dynamic trans-Golgi network structure 

by active retention and recycling
[27]

. Colloidal Gold was 

used for labeling.  

Table 1  Baseline data of acute cerebral infarction patients 
and normal adults 

Item 
Patient group 

(n = 20) 

Control group 

(n = 20) 
P 

Sex (male/female, n) 12/8 11/9 > 0.05 

Age (mean±SD, year)  60±11 61±13 > 0.05 

Position of ischemia (n)    

Basal ganglia  

Thalamus  

Cerebral lobes  

Cerebellum  

13 

1 

5 

1 

No ischemia 

noted 
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Even though alpha granules of platelets from these pa-

tients were significantly decreased, particles could still be 

observed gathered near Golgi tubules and vesicles (Fig-

ures 3 and 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Alteration of alpha granule numbers in patients 
with acute cerebral infarction.  

Data are expressed as mean ± SD. There are 20 patients 
and controls in each group at each time point. aP < 0.05, 

vs. normal (control group); bP < 0.05, vs. 7 and 15 days 
postocclusion group (Student’s t-test followed one-way 
analysis of variance). At each time point, alpha granules 

were lower than those from control, and showed 
significant decrease at 1 day after infarction. 

Figure 1  Effects of acute cerebral infarction on platelet 
Golgi apparatus ultrastructure (transmission electron 
microscope, × 15 000).  

Platelets from controls (A) showed clear profiles with 
more distributed alpha granules. Golgi tubules and 
vesicles were regularly arranged. In samples from 1, 7 
and 15 days after infarction, aggregated platelets 

showed irregular morphology, more pseudopodium 
(arrow), and some platelet structures even disappeared. 
At each time point, alpha granules decreased visibly. 

Image from 1 day post infarction is used as a 
representation (B). Scale bars: 2 μm. 

B 

A 

Figure 3  Effects of acute cerebral infarction on platelet 
ultrastructure (transmission electron microscope,       
× 20 000).  

Golgi tubules and vesicles showed irregular arrangement 
in platelets from patients 1 day after infarction (B). These 
structures apparently increased in width and enlarged, 
compared with platelets from controls (A), in which Golgi 

internal structure is normal and regular. Arrows point to 
Golgi apparatus. Scale bars: 1 μm. 

B 

A 

Figure 4  Effects of acute cerebral infarction on platelet 
Golgi apparatus and alpha granule distribution 

(immunoelectron microscopy, × 30 000).  

(B) is the magnification of a box in (A), scale bar: 1 μm. 
Alpha granules aggregate around anti-TGN46 and 
colloidal gold immunostained Golgi tubules. ★ 

represents alpha granules;  represents colloidal gold 
particles conjugated with anti-TGN46. 
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Expression of CD40L on platelets  

The surface expression of CD40L observed by flow cy-

tometry of normal platelets at resting condition was only 

2.70 ± 0.36%. Compared with nonactivated normal 

platelets, the surface expression of CD40L on platelets in 

response to adenosine diphosphate reached up to 14.38 ± 

0.19% (P < 0.05). When Golgi was initially blocked by 

Brefeldin A, followed by platelet activation using adeno-

sine diphosphate, the expression of CD40L decreased to 

10.23 ± 0.71% (P < 0. 05).   

 

 

DISCUSSION 

 

The process of platelet activation comprises the release 

of adenosine diphosphate from dense granules, the 

synthesis of thromboxane A2 through a series of enzy-

matic reactions, and the formation of thrombin via a 

coagulation cascade
[8]

. Moreover, adenosine diphos-

phate can be released from endothelial cells at the site of 

vascular injury
[9]

. These mediators are able to bind to G 

protein-coupled receptors on the platelet membrane, 

which can change the shape of platelets from smooth 

discs to irregular spheroids with extrusion of filopodia. 

Platelet membrane GP IIb/IIIa receptors via complex 

signal transduction mechanisms are then activated. Ac-

tivated GP IIb/IIIa binds to fibrinogen, finally forming 

platelet aggregates. A large body of evidence has dem-

onstrated that platelet activation plays an important role 

in the complicated mechanism of cerebral infraction
[3-4]

. 

Activated platelets were able to secrete products con-

taining large amounts of vasoactive substances, such as 

thromboxane, adenosine diphosphate, ATP, calcium and 

so on.  

 

The release of these substances (particularly throm-

boxane and serotonin) may result in vascular and neu-

ronal injury. In addition, the products released by plate-

lets can accelerate further aggregation and adhesion 

until a thrombus forms, and even lead to the obstruction 

of the lumen. This study confirmed that compared with 

control, the irregular profile of aggregated and fused 

platelets and significant decrease in alpha granules can 

be observed at 24 hours after acute cerebral infarction. 

These results are nearly identical to previous studies
[11-12]

. 

Recently, the presence of morphological changes in 

platelets in ischemic stroke has also been demonstrated. 

These changes included membrane tears and swollen 

platelets, and may have been due to the pro-coagulant 

characteristic of the disease
[28]

. These results suggest 

that the process of platelet morphology change may be 

an important step in platelet activation in ischemic stroke.  

Platelet cytoplasmic granules contain a huge number of 

biologically active molecules which are grouped under 

their respective distinct ultrastructures, densities and 

content
[10]

. The alpha granule is a unique secretory or-

ganelle in that it exhibits further compartmentalization. 

The alpha granules stem from small precursor granules 

which can be observed budding from the trans-Golgi 

network within megakaryocytes, the platelet precursor 

cell
[11]

. Alpha granules increased remarkably with the 

maturation of megakaryocytes and were finally packaged 

into platelets during thrombopoiesis. During platelet ac-

tivation, following vessel wall injury, the alpha granules 

release various activated materials and thus play an 

important role in hemostasis, inflammation, wound repair 

and the pathogenesis of atherosclerosis
[10]

.  

 

They participate in hemostasis by stimulating platelets, 

promoting vasoconstriction and inducing fibrinogen syn-

thesis
[12]

. On further investigation, our team found more 

pseudopodium, malformed platelets, where Golgi tubules 

and vesicles appeared irregularly arranged, and appar-

ently increased in width and size. Moreover, small quan-

tities of alpha granules gathered near Golgi vesicles and 

networks could also be observed through immunoelec-

tron microscopy. Degranulation is how activated platelets 

release molecules
[29]

, during the process, small amounts 

of granules are gathered around the Golgi network. This 

observation indicates that Golgi apparatus may be in-

volved in the formation and release of alpha granules 

after cerebral infraction. 

 

Golgi apparatus is an elaborate factory and filtering sta-

tion for modifying intracellular proteins and lipids
[30-31]

. 

This organelle also accepts newly synthesized proteins 

and lipids from the endoplasmic reticulum. In neurons, 

Golgi apparatus is mainly responsible for the packaging 

and axoplasmic flow of endogenous proteins and of ex-

ogenous macromolecules transported by the orthograde, 

retrograde and transsynaptic routes
[13]

. Golgi apparatus 

is central to the cellular secretory pathway for newly 

synthesized protein and lipids. After being transcribed 

and modified, these macromolecules are transferred to 

cytomembrane and secretory granules by the Golgi ap-

paratus
[15, 32]

. The morphology and quantity of Golgi ap-

paratus changed markedly in patients with thrombasthe-

nia
[17]

. Our previous study also showed morphological 

change of Golgi apparatus after transient ischemia
[15]

. 

This study found that platelet Golgi apparatus also 

changed after acute cerebral ischemia, and platelet 

structure is strongly associated with its function
[33-38]

. 

Based on existing research and our experimental results, 

we can conclude that the change in Golgi apparatus has 
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some connection with the increasing synthesis and se-

cretory function of platelets after cerebral infarction. This 

indicates that the Golgi apparatus in platelets has an 

essential relationship with the occurrence and develop-

ment of cerebral infarction.  

 

CD40L is a transmembrane glycoprotein with a molecu-

lar weight of 39 kDa. It is hidden in unstimulated platelets 

but is rapidly presented to the cell membrane after 

platelet stimulation
[14]

, where it is subsequently hydro-

lyzed into a soluble fragment termed soluble CD40L. 

Soluble CD40L and membrane-bound CD40L have the 

same biological effect. Clinically, high levels of circulating 

soluble CD40L have been associated with many dis-

eases including ischemic stroke, hypercholesterolemia, 

acute coronary syndromes, and diabetes, and predict 

increased restenosis after percutaneous coronary inter-

vention
[39]

. CD40L is already known to be important in the 

pathologic process of atherosclerosis. In addition, CD40L 

appears to be particularly relevant because high levels of 

circulating soluble CD40L are released in response to 

platelet thrombosis, making elevated levels of soluble 

CD40L a reliable predictor of cardiovascular events. 

Moreover, soluble CD40L is also a ligand for GP IIb/IIIa 

and involved in the mechanism of thrombus stabilization 

and platelet activation. A growing body of clinical evi-

dence supports the potential importance of elevated 

plasma soluble CD40L in the mechanism of ischemic 

strokes. A previous study proved soluble CD40L in-

creased greatly in patients with acute cerebral infarction
[7]

. 

Moreover, CD40L plays a significant role in the formation 

of cerebral infarction
[40-42]

. 95% of soluble CD40L in circu-

lation was from activated platelets
[12]

. Some thoughts that 

the expression of CD40L might associate with alpha gra-

nules have been expressed
[43]

, but how CD40L is trans-

ported intracelluarly to the membrane still requires further 

elucidation
[40, 44-46]

. In the inactivated form, platelets do 

not express the CD40L glycoprotein. CD40L is trans-

ported from the intracellular region to the membrane 

after platelet activation, and is then split into soluble 

CD40L fragments by hydratase and released
[40, 44, 47]

. A 

GPIIb/IIIa inhibitor, such as abciximab, eptifibatide or 

tirofiban, can inhibit the release of soluble CD40L from 

platelet membranes
[48-51]

, but cannot inhibit the trans-

porting process
[47]

. Thienopyridines suppress the plate-

let aggregation adenosine diphosphate pathway by in-

hibiting the platelet P2Y12 subtype of adenosine di-

phosphate receptor, while clopidogrel lowers the ex-

pression of CD40L by inhibiting platelet stimulation by 

adenosine diphosphate
[52]

. Therefore, in summary inhi-

biting CD40L requires targeting multiple pathways. Re-

cent studies, however, have revealed that approximately 

10% to 40% patients showed hyporesponsiveness or 

even non-responsiveness to clopidogrel
[15]

. Thus, it 

would be worthwhile to probe an effective way to inhibit 

the expression of CD40L. However, the role of Golgi 

apparatus in the expression of platelet CD40L has not 

yet been evaluated in cerebral infarction. An important 

finding from this study was that blocking Golgi apparatus 

function with Brefeldin A before activation demonstrated 

that the expression of CD40L was greatly decreased if 

the function of Golgi apparatus was blocked. These 

results suggest that Golgi apparatus may be involved in 

the expression of platelet CD40L. 

 

The present study of morphological alteration of platelet 

Golgi apparatus within patients after ischemic stroke and 

the relationship between Golgi apparatus and CD40L 

has provided considerable information concerning the 

important role played by Golgi apparatus after infarction. 

These changes appear to be in connection with platelet 

activation, synthesis and secretion, but further larger 

studies are required to confirm this hypothesis. The dis-

tinct relationship between Golgi apparatus and the ex-

pression of platelet CD40L is considered to be of poten-

tial value because a novel therapeutic target for ischemic 

insult could be elucidated with further evaluation. 

 

 

SUBJECTS AND METHODS 

 

Design 

A controlled study based on clinical cases.  

 

Time and setting 

Experiments were performed at the Second Xiangya 

Hospital, Central South University, China from 2009 to 

2011.  

 

Subjects  

We investigated 20 patients ranging in age from 46 to 76 

years from 2009 to 2011 who had been hospitalized at 

the Second Xiangya Hospital, Central South University, 

China within 24 hours after the onset of acute ischemic 

stroke. All patients fit into the revised diagnostic standard 

from the Forth National Cerebrovascular Disease Con-

ference of China
[53]

, as was proven by head CT and MRI. 

Ischemic regions were found bilaterally or unilaterally in 

the basal ganglia, thalamus, and various other regions of 

the brain lobes. Patients showed hemiplegia, aphasia, 

sensory impairments or other clinical manifestations, 

depending on the damaged area. All stroke patients were 

nonsmokers and underwent a cranial CT to exclude ce-

rebral hemorrhage. The clinical deficit after stroke lasted 
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for at least 24 hours. None of the patients suffered from a 

new cerebral or cardiac ischemic event during the 15-day 

follow-up. They did not take antiplatelet medication for at 

least 2 weeks, and did not have diabetes mellitus, coro-

nary heart disease or deep vein thrombosis before their 

ischemic event. They did however have hypertension.  

 

A total of 20 controls at the same period were chosen 

from Medical Examination Center, Second Xiangya 

Hospital in China. Inclusion criteria were: healthy non-

smokers, aged from 28 to 69 years, and not taking anti-

platelet medication for at least 2 weeks.  

 

Exclusion criteria for all subjects were surgery; acute 

organ ischemia within the preceding 3 months; cancer; 

chronic inflammatory diseases; blood system diseases; 

fever; acute inflammatory or infectious conditions at 

study entry. For healthy control subjects, any vascular 

diseases (diabetes mellitus, coronary heart disease, 

deep vein thrombosis) were additional exclusion criteria.  

 

The participating subjects gave informed consent. The 

study was consistent with the Declaration of Helsinki. 

 

Methods 

Sample collection  

In stroke patients, blood samples were taken within    

24 hours after ischemia and at 7 and 15 days after con-

sistent therapy, including aspirin (p.o., 100 mg, once per 

day; Baeyer, Leverkusen, Germany), edaravone (i.v.,  

30 mg, once per day; Guorui, Heilongjiang Province, 

China), and monosialotetrahexosylganglioside sodium 

injection (i.v., 40 mg, once per day; Qilu, Shandong 

Province, China) in connection with acute ischemia. In 20 

healthy control subjects, blood samples were taken once. 

All the samples were taken before breakfast. Vene-

puncture of forearm veins was performed with minimal 

stasis. We used a 2-syringe technique to reject the first 

few milliliters of the sample. 

 

Preparation of platelets for electron microscopy 

Blood was collected on an empty stomach from the an-

tecubital vein (5 mL) and anticoagulated with 3.8% (w/v) 

trisodium citrate. Whole blood was collected and 

processed using solutions that optimally retain the or-

ganelles of platelets. Platelet-rich plasma (2 mL) was 

obtained by centrifuging citrated whole blood at 3.5 × g at 

22°C for 15 minutes, then equally divided into two Ep-

pendorf tubes, followed by centrifugation at 11 000 × g at 

22°C for 5 minutes. The upper layer of platelet-rich 

plasma was removed, leaving platelets at the bottom of 

Eppendorf tubes, which was mixed with 1 mL of hy-

droxyethyl piperazine ethanesulfonic acid (HEPES) (pH 

7.4; Sigma, St. Louis, MO, USA) containing 0.6% gluta-

raldehyde. This mixture was kept at room temperature 

for 15 minutes. The partially fixed platelets were then 

centrifuged at 11 000 × g for 5 minutes at 22°C to form a 

pellet. HEPES was then removed and replaced.   

 

Electron microscopy  

The prepared pellet was immersed in paraformaldehyde 

for 15–30 minutes at 4°C, and dehydrated in a series of 

graded ethanol solutions. The pellet was next broken 

into smaller pieces that were embedded in Maraglas. 

Ultrathin sections (50–70 nm) were cut from three 

blocks using an ultratome (Model 8801A, LKBPro-

duckter AB, Stockholm, Sweden) and a diamond knife. 

Each section was mounted on a 200-mesh nickel grid 

and doubly stained with uranyl acetate and lead citrate. 

Using a transmission electron microscope (H-7500; 

Hitachi, Tokyo, Japan), we photographed platelets at 

five random fields. 10–20 photographs were usually 

produced per pellet. Alpha granules of ten platelets 

randomly selected from each sample were counted at 

15 000-fold magnification.  

 

Immunoelectron microscopy  

For immunoelectron microscopy, sections were incu-

bated in 1% hydrogen peroxide for 30 minutes to block 

endogenous peroxidase activity. They were then rinsed 

in double distilled water, incubated in goat serum, and 

rinsed in PBS again. Normal goat serum was used as a 

pre-block, after which the sections were incubated with 

rabbit anti-TGN46 polyclonal antibody (10 μg/mL; Sig-

ma) at room temperature for 1 hour, and then at 4°C for 

36 hours. After incubation with primary antibodies, sec-

tions were rinsed in PBS (3 × 10 minutes) and incu-

bated in Colloidal Gold (10 nm in diameter; 1:100; 

Boster, Wuhan, China) at room temperature for 1 hour, 

followed by a wash in double distilled water. Subse-

quently, sections were incubated in 5% uranyl acetate 

for 5 minutes, washed in double distilled water, and 

finally stained with uranium citrate for 5 minutes. Pho-

tographs were taken under an immunoelectron micro-

scope (H-7500; Hitachi).  

 

Preparation of platelets for flow cytometry 

Venous blood was obtained from 20 healthy individuals 

before breakfast. Platelets were isolated using the stan-

dard methods of Baenziger and Majerus
[54]

. Briefly, hu-

man blood from healthy volunteers was collected into 

3.8% (v/v) sodium citrate (nine parts of blood to one part 

of sodium citrate). The blood was centrifuged at      

150 × g for 15 minutes at 22°C. The upper phase was 
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used as platelet-rich plasma and was divided into three 

parts (500 μL each), which were recentrifuged at       

10 000 × g for 5 minutes at 22°C to form a pellet. The 

pellet was fixed with HEPES-Tyrode’s buffer (10 mmol/L 

HEPES/137 mmol/L NaCl/2.68 mmol/L KCl/0.42 mmol/L 

NaH2PO4/1.7 mmol/L MgCl2/11.9 mmol/L NaHCO3/     

5 mmol/L glucose), to make the bulk volume to be       

1 000 μL. The suspension in the first tube served as 

control, while 999 μL of platelets of the second suspen-

sion were removed to an Eppendorf tube containing 1 μL 

Brefeldin A (1:1 000; Biolegend, San Diego, CA, USA) 

using a transfer pipette, and this mixture was kept for  

20 minutes. The platelets in the second and third tubes 

were both stimulated by adenosine diphosphate (adeno-

sine-5′-diphosphate disodium salt; Sigma) for 3 minutes. 

Brefeldin A and adenosine diphosphate were stored in 

aliquots at –20°C. Brefeldin A was diluted by the sus-

pension to achieve a final concentration of 1 µmol/L (in-

cubated at 22°C for 5 minutes). Adenosine diphosphate 

was added to platelets at a concentration of 30 µmol/L 

(incubated at 22°C for 3 minutes). For flow cytometry 

analysis, 50 µL aliquots were taken from each of the 

three tubes. A phycoerythrin (PE)-labeled anti-human 

CD40L (BioLegend) monoclonal antibody (10 µL each) 

was added, with PE-mouse IgG 1, κ (BioLegend) served 

as non-specific controls. The mixtures were incubated in 

the dark for 30 minutes at 22°C. The platelets were fixed 

by addition of 1.5 mL of 3 g/L paraformaldehyde. Sub-

sequently, 500 µL HEPES-Tyrode’s buffer was added to 

resuspend the platelets. This platelet suspension was 

centrifuged at 10 000 × g for 5 minutes. The upper phase 

was removed, and platelets were resuspended in 500 µL 

HEPES-Tyrode’s buffer.  

 

The platelet suspensions were analyzed on a FACSCa-

libur flow cytometer with CellQuest Pro 4.0.2 software 

(BD Diagnostics, San Diego, CA, USA). Forward scatter, 

side scatter, and fluorescence data were obtained with 

gain settings in the logarithmic mode. For each sample, 

10 000 platelets were acquired. To identify CD40L mark-

er-positive events, thresholds were set based on sam-

ples incubated with similar concentrations of iso-

type-matched control antibodies. 

 

Statistical analysis 

All data including the number of alpha granules, expres-

sion of CD40L were expressed as mean ± SD. Statistical 

analysis was performed with one-way analysis of va-

riance followed by Student’s t-test. A value of P < 0.05 

was considered statistically significant. All analyses were 

performed using SPSS 13.0 software (SPSS, Chicago, 

IL, USA).  
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