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Introduction
The primary function of platelets is to aggregate at injury 
sites regardless of the stimuli. Many agonists trigger 
platelet aggregation; however, ultrasound-like modalities 
cause platelets to change their intercellular calcium levels 
leading to aggregation.1 Thus, a surge in cytosolic free 
calcium ion concentrations ([Ca2+]i) is a prerequisite 
for aggregation and is achieved by the combined action 
of inositol 1,4,5-trisphosphate (IP3), cyclic ADP-ribose 
(cADPR), and nicotinic acid adenine dinucleotide 
phosphate (NAADP) on specific intracellular stores.2 

The [Ca2+]i signal represents a balance between 
activation of the secretory and the avoidance of elevated 

[Ca2+]i levels that are toxic to the cell. Such toxic levels can 
raise/reduce the physiological processes of any cell type. 
The optimum level of resting [Ca2+]i is thus preserved by 
the action of the Ca2+ plasma membrane-bound pump.3

Many cell lines use cADPR and NAADP as Ca2+-
mobilizing nucleotides. These second messengers are 
produced by the type II transmembrane glycoprotein 
CD38 with the action of NAD+. They act on distinct 
intracellular calcium stores. Besides, cADPR mobilizes 
calcium from the ER and NAADP from acidic organelles, 
the receptor of which are in the vicinity of the plasma 
membrane to control Ca2+ influx3 to the cell and release 
from the ER.4-7
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Abstract
Introduction: CD38 is a multifunctional 
enzyme with a potent Ca2+ mobilizing 
effect, cyclic ADP-ribose (cADPR), and 
nicotinic acid adenine dinucleotide 
phosphate (NAADP). Here, we aimed to 
demonstrate the role of CD38 in platelets 
via protein kinase C (PKC)-mediated 
internalization and activation. 
Methods: Mouse platelets were used 
in this study. Thrombin, an agonist of 
platelet function, provoked a prompt and 
long-lasting increase in  intracellular Ca2+ 

concentration ([Ca2+]i), resulting from an interplay of multifold Ca2+ mobilizing messengers.
The signaling pathway was delineated using different inhibitors and techniques such as platelet 
aggregation assay, intracellular calcium measurements, immunoprecipitation, immunoblotting, 
and flow cytometry. 
Results: We observed a sequential formation of cADPR and NAADP through CD38 activation 
by PKC of non-muscle myosin heavy chain IIA (MHCIIA), resulting in phospholipase C (PLC) 
activation in the thrombin-stimulated platelets. These findings reveal that PKC is fundamental in 
activating CD38 and elicits a physiological response in the murine platelets.
Conclusion: PKC is involved in many signaling pathways. Specifically, PKC is involved in the 
internalization of CD38 via MHCIIA in CD38+/+ wild-type (WT) and CD38-/- knockout mice (KO). 
CD38 generates calcium-mobilizing agents that act on specific receptors of the calcium stores. 
Calcium triggered platelet aggregation while serving as a secondary messenger.
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TB. As previously described, the optical method adjusted 
the platelet count to 0.5 × 109 per mL.24 Platelets collected 
in TB were allowed to rest for 60 minutes at 37 °C before 
use. For aggregation, 0.1% BSA was supplemented during 
resting. For the calcium study, 0.02 U of apyrase was added 
to minimize the effect of ADP and ATP and to maximize 
the effect of thrombin. Calcium was added if stated, or a 
calcium-free buffer was used.

Platelet aggregation assay
Aggregation assays, as previously described25,26, were 
performed using a Thermomax microplate reader 
(Molecular Devices Spectra max plus) connected to a 
computer with SOFTmax plus 4.0. The equipment was 
turned on at least 30 minutes before and pre-warmed 
to 37 °C. Briefly, in a transparent flat-bottomed 96-well 
plate, we added agonist, antagonist, or the same volume of 
vehicle solution in appropriate volumes of TB-suspended 
platelets using a multichannel pipette. The plate was then 
stirred in the instrument, and the turbidity change at 650 
nm was measured as % of light transmission (% LT). The 
data produced by the software were plotted, time against 
%LT. 

Measurements of intracellular calcium
TB-washed platelet was incubated by adding 1% BSA and 
5 µM Fura 2-AM for 40 minutes. In some experiments, 
an antagonist or inhibitor was used to incubate platelets. 
After the specific incubation time, 1 mL of Fura 
2-loaded platelets were administered to the magnetically 
stirred cuvette of PTI Spectrofluorometer for calcium 
measurement systems at 37 °C. Excitatory wavelengths 
of 340 and 380 nm were used, and the system captured 
emitted wavelength of 500 nm. Changes in [Ca2+]i were 
monitored using a 340 nm/380 nm fluorescence ratio of 
Fura-2.

Immunoprecipitation and western blotting
Thrombin-stimulated platelets were incubated for 5 
minutes. The reaction was stopped by adding ice-cold cell 
lysis buffer. The rest of the protocol remains as described 
in our previous publication.15 Briefly, a selected amount 
of proteins was subjected to immunoprecipitation with 
anti-CD38 mAb and precipitated protein and were 
subjected to SDS-PAGE on 10% gel and then transferred 
to a nitrocellulose membrane. One percent BSA in PBS is 
used as a blocking agent. After a series of washes, it was 
incubated with the primary antibody, MHCIIA. After 
rinsing and washing, it was incubated with horseradish 
peroxidase-conjugated Ab using a chemiluminescence kit 
(Amersham Biosciences AB) and exposed to LAS Image 
Reader. A series of photos were saved, and the cellulose 
membrane was further washed, rinsed, blocked, and a 
CD38 antibody was used to check the precipitation of 
CD38 as a control.

The NAADP-sensitive, acidic, lysosome-related 
granules possess NAADP receptors.8,9 NAADP has been 
shown to mobilize Ca2+ in other species, from plants to 
animals, including various mammalian cells.10-13 NAADP 
is involved in initiating and coordinating Ca2+ signaling,6,7 

enabling many extracellular signals to use Ca2+ as a second 
messenger while preserving the specificity of the received 
signal.

The presence of CD38 on the platelet and production 
of cADPR was first reported in 1996.14 Recently, we 
elucidated the importance of NAADP and cADPR in 
platelets and their synthesis upon the activation of CD38.15 
CD38 association with the cytoskeleton of platelets upon 
thrombin stimulation was equally demonstrated by other 
groups.16 The cytoskeletal reorganization of platelets 
upon their stimulation involves the phosphorylation 
of many proteins.17 PKC is vital in the phosphorylation 
of cytoskeletal proteins. Four PKC isoforms (α, β, δ, 
θ) are expressed in platelets,18-21 and each isoform is 
involved in platelet function.22,23 Hence, demonstrating 
the interaction/activation of CD38 with PKC is vital in 
understanding the process.16

We, therefore, aimed to elucidate the role of CD38 as 
a positive modulator of platelet aggregation through the 
activation of PKC. We used rodent platelets to perform this 
study. However, little or no differences in the functioning 
of human and mouse platelets have been documented.

Materials and Methods
Reagents 
Thrombin, RO318220, Xestospongin C, U73122, 
Wortaminnin, and collagen were all purchased from 
Sigma . Fura-2 AM was obtained from Invitrogen .
 
Antibodies
CD38 monoclonal antibody (mAb) was from BD 
Biosciences, and anti-MHCIIA polyclonal antibody (pAb) 
was purchased from Covance .

Platelet preparation
Mice were bred and kept at the animal house of the 
university. All animal studies were performed according 
to a protocol approved by the Institutional Animal Care 
and Use Committee of Chonbuk National University 
Medical School. WT mice were mated with KO to get the 
appropriate breed of WT and KO. Six hundred microliters 
to 800 μL of blood was obtained from each mouse through 
cardiac puncture into Acid Citrate Dextrose (ACD) 
(20 mM citric acid, 110 mM sodium citrate, and 5 mM 
glucose) buffer at a 1:10 v/v ratio. Platelets were prepared 
as described earlier.15 ACD blood was centrifuged at 2000 
RPM for 6 minutes at room temperature. The supernatant 
was separated in Tyrode Buffer (TB). All the supernatant 
collected in one tube was spun again at 5000 RPM for 30 
seconds to remove RBCs and WBCs. The supernatant 
containing the platelets was re-suspended and washed in 
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In vitro thrombus formation
We assessed thrombus formation on the surface of 
collagen in vitro. In 4-well cell culture dishes, 100 μL each 
of 50 μg/mL collagen was added and left for 3 hours in the 
incubator. The excess amount of collagen was removed 
and 100 μL of TB-suspended platelets were added to 
each well and stimulated with an agonist or the same 
volume of the vehicle in control. Dishes were left on a 
slow-moving shaker for 10 minutes. Then, excess platelets 
were aspirated. Reactions were stopped by adding 1 mL 
of 3% ice-cold formalin. Adhered platelet/thrombus 
on the bottom of the dish was studied using the phase 
contrast technique. Images from six random microscopic 
fields were acquired using Nikon Eclipse TE2000-S at 
magnification 200X. The images were acquired using 
Focus Lite Version 2.88 software. Thrombi seen in the 
images were visually counted.

Flow cytometry
Incubated platelets were stimulated with thrombin for 
5 minutes at 37 °C. After the specific time, the reactions 
were stopped by adding 1 mL of 3% ice-cold formalin. 
After 15 minutes of fixation on ice, the tubes were spun at 
13000 RPM for 5 minutes at 4 °C and washed once with 
ice-cold PBS. Then, 500 µL of 3% BSA in PBS was used as 
a blocking buffer, and the tubes were left inside the rotor 
in the cold room for 1 hour. Tubes were centrifuged again 
at 13000 RPM for 5 minutes at 4 °C and washed once with 
ice-cold PBS, and then 500 µL of 1% BSA was added along 
CD38 Ab conjugated with FITC for 2 hours in a cold and 
dark room. Further, the platelets were subjected to FACS 
along with a control that only contained a FITC antibody. 
A total of 10 000 events per sample were collected.

Statistical analyses
Data were analyzed using SigmaPlot 9 via an unpaired 
Student’s t test. The collected parameters were expressed as 
mean, and P < 0.05 was considered significant, validating 
positive findings. Each experiment was repeated, and n 
indicated the number of experiments.

Results
Ablation of CD38 markedly attenuates thrombus 
formation in vivo
To begin with, we determined the bleeding time of two 
genotypes, CD38+/+ and CD38-/- mice. Although CD38-/- 
mice did not display any evidence of spontaneous bleeding, 
we observed a significant difference in the bleeding time 
across the two groups (Fig. 1A). Fig. 1B shows that RBC 
sedimentation is significantly higher in CD38-/- mice.

In vitro thrombus formation was assessed on a collagen-
coated surface. We observed a noticeably reduced 
thrombus formation in CD38-/- platelets treated with 
thrombin compared to CD38+/+ platelets. Fig. 1C displayed 
a densely packed platelet thrombus upon thrombin 
treatment, revealing that platelets lacking CD38 loosely 

interacted on the collagen surface. These findings revealed 
that CD38-/- platelets cannot form tightly packed thrombi 
despite their large surface area. They were arrested at 
primary aggregation and could not proceed to secondary 
aggregation.

Platelet dependency on CD38 for aggregation and 
calcium signal
Platelets of WT and KO were suspended in an appropriate 
volume of Ca2+-free TB for aggregation and were 
stimulated with 0.5 units of thrombin. An orthodox 
pattern of aggregation with the agonist is displayed in 
Fig. 2A. However, platelets from CD38-/- mice showed 
a significantly diminished aggregation in response to 
thrombin; the aggregation of CD38-/- platelets did not 
reach the baseline, and the oscillation pattern was evident, 
revealing the interplay of other pathways. Similarly, [Ca2+]
i mobilization showed a significant difference between the 
two genotypes upon thrombin stimulation due to a defect 
in two calcium-mobilizing messengers (Fig. 2B).

PKC is required for intact calcium signaling via CD38
Platelets were pre-incubated with RO318220 (R136), a 
potent PKC inhibitor, and then stimulated with thrombin 
to assess aggregation and calcium measurement. 
Aggregation and calcium signal were abolished (Fig. 3A, 

Fig. 1. Ablation of CD38 markedly attenuates thrombus formation in 
vivo and in vitro. (A) In vivo thrombus formation was assessed between 
the two genotypes by the tail-cutting method. Significant difference is 
observed between CD38+/+ and CD38-/-. The area of the circle represents 
the average time *P<0.05. (B) Hand-held tubes were spun, and amounts 
of blood precipitated were compared. The data presented are from two 
independent experiments with three to four mice in each group. (C) 
Sedimented platelets of CD38+/+ and CD38-/- were suspended in TB and 
added to the pre-incubated 4-well plates with collagen. Agonist, 0.5U of 
thrombin or the same volume of vehicle was added in each well. Thrombus 
formed was visually counted and plotted. A significantly reduced number of 
tightly packed thrombi was seen in CD38-/- with thrombin *P<0.05.
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B respectively). After pre-incubating the platelets with 
R136 or blebbistatin, they were stimulated with thrombin, 
and cell extracts were subjected to immunoprecipitation 
using anti-CD38 mAb. Treatment of platelets with 
thrombin significantly increased co-immunoprecipitation 

Fig. 2. Platelet dependency on CD38 for aggregation and calcium 
signal. Platelets of WT and KO were simultaneously processed and 
were stimulated with 0.5 U of thrombin for aggregation (A) and [Ca2+]
i measurement (B). A significant difference is observed between CD38+/+ 
and CD38-/-. The bar graph describes quantitative data (mean ± SD) from 
seven experiments.

Fig. 3. PKC is required for intact calcium signaling via CD38. Effects of PKC inhibitor on thrombin-induced aggregation (A; n=4) and [Ca2+]i measurement 
(B; n=5) in platelets, a concentration of 5 µg/ml for 25 minutes of PKC inhibitor abolishes the aggregation and the calcium signal (C; n=3). Washed platelets 
were incubated with 5 µg/mL of PKC inhibitor for 25 minutes, apyrase 0.02U (used as control as it was used in the calcium study), and MHCIIA inhibitor; 50 
µM blebbistatin for 30 minutes and then activated with 0.5U of thrombin for 5 minutes. After a specific time, the activated platelets were extracted with lysis 
buffer for immunoprecipitation using anti-CD38 mAb. The immunoprecipitated proteins were analyzed by immunoblotting with anti-CD38 mAb or anti-MHCIIA 
pAb. The bar graph represents the association ratio of CD38 with MHCIIA (D; n=3). Pre-incubation of washed platelets with PKC inhibitor was followed by 
thrombin stimulation for 5 minutes; CD38 fluorescence intensity was measured by flow cytometry. PKC inhibitor substantially reduced the internalization of 
CD38, as observed with a right shift of peak.

of MHCIIA with CD38 compared to control, while 
this association decreased in the presence of R136 or 
blebbistatin (Fig. 3C). R136 alleviates the thrombin-
induced CD38 internalization (Fig. 3D). These findings 
demonstrate that thrombin activates platelets to internalize 
CD38 using MHCIIA via PKC signaling.

Internalization of CD38 via PKC requires the PLC 
pathway, not PI3K
Washed platelets were stimulated with thrombin after 
incubation with wortmannin or U73122 or co-incubation. 
Incubation with wortmannin or U73122 alone did 
not reduce the thrombin-induced aggregation, while 
incubation with wortmannin and U73122 completely 
abolished aggregation (Fig. 4A). However, [Ca2+]i 
mobilization was impaired in the presence of U73122 and 
not wortmannin (Fig. 4B).

Discussion
The biphasic aggregation of platelet complexity is widely 
discussed in the literature as primary and secondary 
aggregations. These are calcium-dependent processes. 
However, the primary release of calcium from ER is under 
the guidance of an agonist, resulting in “platelet shape 
change.” Two nucleotides that control calcium release, 
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cADPR and NAADP, are produced from CD38. In our 
previous study, we demonstrated the production of both 
nucleotides in a time-dependent manner15 and showed 
that calcium released under their influence came from 
different sources.5-7 

CD38 is involved in the mobilization of intracellular 
calcium. However, CD38 requires its internalization to 
produce a physiological response, despite it being an ecto-
enzyme. The involvement of CD38 with PKC induces a 
physiological response in LAK cells from the spleen,13 
isolated cardiomyocytes,27 islets of Langerhans,28 and 
various macrophages. Similarly, CD38 in platelets under 
the influence of PKC is required to complete the second 
aggregation phase. CD38 is internalized by its association 
with MHCIIA and is involved in the synthesis of cADPR.29 
PKC phosphorylates MHCIIA30-34 at the Ser-1917 of the 
C-terminal end.35 Hence, we examined the relationship 
between these molecules using R136 (a PKC inhibitor) 
and blebbistatin (an MHCIIA inhibitor).36-38 Molecular 
mechanisms for activating CD38 under the PKC and 

Fig. 4. CD38 activation pathway. Washed platelets were incubated with 2 µM of U73122, 100 nM of Wortaminnin, and the same concentration was co-
incubated for 30 minutes and then activated with thrombin for aggregation (A) and calcium measurement (B). Co-incubation significantly abolishes aggregation. 
U73122 knocked down the calcium signal while wortmannin did not alter the calcium signal. Quantitative data (mean ± SD) from three experiments are 
described in the bar graph (C).

What is the current knowledge?
√ Various research groups have shown the inevitable 
involvement of CD38 in platelets and other cell lines. 
 Principally physiological involvement of CD38 in any cell 
line is the movement/release of intercellular  calcium ions.  

What is new here?
√ CD38’s ectoenzyme nature requires internalization 
to perform its physiological function. In platelets, this 
 mechanism has not been completely highlighted. 
√ In this study, we demonstrated the role of PKC Albeit, we 
were the first group to show the significance of  CD38 on the 
platelets in our previous published result. 

Research Highlights

subsequent physiological response in platelets observed in 
our study align with those proposed by others. 

When G-protein-coupled receptors are stimulated, 
simultaneous activation of PLC and phosphatidylinositol 
3-kinase (PI3K) follows. Amongst them, Gα interacts 
with PLC and Gβγ regulates the activation of PI3K. 
These pathways reveal substantial redundancy in platelet 
signaling pathways as far as aggregation is concerned. 
However, the difference lies in their ability to mobilize 
intracellular calcium. The use of inhibitors of these 
pathways showed that the activation of PKC is under the 
influence of PLC. Many other research groups have shown 
similar results.20,21 Moreover, PI3K is vital in platelets' 
cytoskeletal dynamics, and calcium mobilization is only 
through PLC.

MHCIIA phosphorylation with PKC leads to the 
translocation of CD38 from the plasma membrane to the 
cytosol, and successively, the development of cADPR and 
NAADP in platelets takes place after its internalization. 

Conclusion
CD38 is a positive modulator of platelet aggregation 
under the activation of PKC. Our findings revealed that 
CD38 is the primary molecule on the platelet surface 
that mobilizes intracellular calcium stored in different 
compartments, as platelets from CD38-/- mice do not show 
peaked and sustained calcium signals. Furthermore, using 
PKC inhibitors confirmed our hypothesis in CD38-/- mice.
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