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Summary. Background: Platelet activation requires sweep-
ing morphologic changes, supported by contraction and
remodeling of the platelet actin cytoskeleton. In various
other cell types, AMP-activated protein kinase (AMPK)
controls the phosphorylation state of cytoskeletal targets.
Objective: To determine whether AMPK is activated
during platelet aggregation and contributes to the con-
trol of cytoskeletal targets. Results: We found that
AMPK-ol was mainly activated by thrombin, and not
by other platelet agonists, in purified human platelets.
Thrombin activated AMPK-ol ex vivo via a Ca’")
calmodulin-dependent  kinase kinase B (CaMKKZf)-
dependent pathway. Pharmacologic inhibition of CaM-
KKPp blocked thrombin-induced platelet aggregation and
counteracted thrombin-induced phosphorylation of sev-
eral cytoskeletal proteins, namely, regulatory myosin
light chains (MLCs), cofilin, and vasodilator-stimulated
phosphoprotein (VASP), three key elements involved in
actin cytoskeletal contraction and polymerization. Plate-
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lets isolated from mice lacking AMPK-al showed
reduced aggregation in response to thrombin, and this
was associated with defects in MLC, cofilin and VASP
phosphorylation and actin polymerization. More impor-
tantly, we show, for the first time, that the AMPK path-
way is activated in platelets of patients undergoing
major cardiac surgery, in a heparin-sensitive manner.
Conclusion: AMPK-al is activated by thrombin in
human platelets. It controls the phosphorylation of key
cytoskeletal targets and actin cytoskeletal remodeling
during platelet aggregation.

Keywords: AMP-activated protein kinase; cytoskeleton;
platelet aggregation; signal transduction; thrombin.

Introduction

Within seconds after activation, resting, discoid platelets
are transformed into relatively spheroidal cells with fi-
lopodial extensions that are rapidly superseded by sus-
tained lamellipodia characteristic of platelet spreading
[1]. These morphologic changes are supported exclusively
by contraction and remodeling of the platelet actin cyto-
skeleton [2,3]. Myosin IIA (encoded by the MYH9
gene), the sole non-muscle myosin isoform present in
platelets, interacts with actin to form contractile filaments.
Its activity is regulated by reversible phosphorylation of
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its regulatory myosin light chains (MLCs) on Thrl8 or
Ser19 [4]. MLC phosphorylation is critical for triggering
platelet shape change and the centralization of secretory
granules [2]. Centralization of granules may accelerate
granule—granule fusion and connection to channels of
the open canalicular system, to promote the secretion of
granule products. Cofilin and vasodilator-stimulated
phosphoprotein (VASP) are regulators of lamellipodia
and filopodia, respectively [5,6]. Cofilin is a small, actin-
dynamizing protein that regulates actin turnover in all
species. Its phosphorylation at Ser3 inhibits its filamen-
tous actin (F-actin) binding, severing and depolymeriz-
ing activities [S]. During secretion/aggregation, cofilin is
characterized by cyclic dephosphorylation/phosphoryla-
tion behavior that promotes actin remodeling and the
generation of free barbed ends for lamellipodium assem-
bly during platelet activation. VASP is a regulator of
actin polymerization. Its anticapping activity promotes
filopodial formation, and contributes critically to the
platelet aggregation response [7]. The localization and/or
anticapping activity of the protein depend on its phos-
phorylation state [8]. Four main phosphorylation sites
have been identified [8,9].

Ca’" Jcalmodulin (CaM)-dependent kinase kinase B
(CaMKK@p) is a CaM-binding protein whose activity is
enhanced by thrombin in endothelial cells [10]. The ser-
ine/threonine  kinase ~AMP-activated protein kinase
(AMPK) has been identified as a substrate of CaMKKf]
[11]. Tt is a heterotrimer consisting of a catalytic a-sub-
unit (a1l or o2) and two regulatory subunits, B and 7.
AMPK can be activated via an increase in Ca®" concen-
tration [10]. Acetyl-CoA carboxylase (ACC) is a genuine
AMPK substrate, and its phosphorylation state is used
to evaluate AMPK activation. In kidney epithelial cells,
the CaMKKB-AMPK-al pathway controls actin cyto-
skeletal contraction and organization via the indirect
phosphorylation of MLCs and cofilin [12]. VASP has
also been described as a direct substrate of AMPK
[9,13].

As the CaMKKB-AMPK-al pathway is a key factor
in cytoskeletal organization, we hypothesized that it regu-
lates platelet activation and aggregation by controlling
the phosphorylation and activity of cytoskeletal proteins,
namely MLGCs, cofilin, and VASP. In this study, we
established that thrombin activated the CaMKKp-
AMPK-al axis in human platelets. Pharmacologic or
genetic inhibition of this pathway decreased platelet
aggregation, modified MLC, VASP and cofilin phosphor-
ylation states, and altered actin polymerization upon
thrombin stimulation. Interestingly, the AMPK pathway
was activated in vivo in platelets from patients undergo-
ing major surgery.

Materials and methods

Materials are given in the supporting information (Part S1).

Approval of human and animal studies

Animal procedures and protocols were approved by local
authorities (Comité d’éthique facultaire pour I'expérimen-
tation animale, UCL/MD/2007/049 and 2012/UCL/MD/
003) and performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication
No. 85-23, revised 1996). Human studies were authorized
by the ‘Commission d’Ethique Biomédicale Hospitalo-
Facultaire de 1'Université catholique de Louvain’. All
human participants gave written, informed consent.

Platelet isolation and lysis

Human platelets Venous blood from healthy volunteers
was collected in a 1 : 10 blood volume of 3.8% sodium cit-
rate as anticoagulant (S-monovette). Platelet-rich plasma
(PRP) was obtained by 15 min of centrifugation at
330 x g. For the measurement of intracellular Ca®",
thromboxane A, (TXA,) formation, platelet aggregation,
secretion, and F-actin content, platelets were isolated from
PRP by centrifugation at 800 x g in the presence of
0.1 ng mL~! prostaglandin E; and 0.5 U mL™! apyrase.
The pellet was washed in modified Tyrode’s buffer (135 mm
NaCl, 12 mm NaHCO3, 2.9 mm KCI, 0.3 mm Na,HPO,,
1 mm MgCl,, 5 mm p-glucose, 10 mm Hepes, 0.35% bovine
serum albumin [BSA], pH 7.4, 37 °C) containing
0.1 pg mL~" prostaglandin E; and 0.5 U mL~' apyrase.
After centrifugation, platelets were resuspended to a density
of 2.5 x 10° platelets pL~' in modified Tyrode’s buffer.
For western blot analysis and immunoprecipitation experi-
ments, platelets were purified from PRP in the presence of
4 ug mL™" eptifibatide and 0.5 U mL™' apyrase, with a
density barrier of iodixanol (Optiprep Density Gradient
Medium; Sigma-Aldrich, Diegem, Belgium), and resus-
pended to a density of 2.5 x 10° platelets pL~" in modified
Tyrode’s buffer before treatment and lysis. For AMPK
assays on immunoprecipitates and immunoblotting,
extracts were prepared as previously described [14].

Murine platelets AMPK-al knockout (KO) mice were
generated as previously described [15]. Males aged 8-
12 weeks were bled under sodium pentobarbital anesthesia
(25-35 mg kg~ ') from the retro-orbital plexus. Blood was
collected in 1 : 6 acid—citrate—dextrose (ACD) solution
with 1 U mL™" apyrase. PRP was obtained by centrifuga-
tion at 800 x g for 5 s, followed by 5 min at 100 x g.
PRP from three mice was pooled and washed by adding
two volumes of ACD. Platelets were pelleted for 10 min at
800 x g, and resuspended to a density of 2.5 x 10° plate-
lets pL~" in modified Tyrode’s buffer for the measurement
of platelet aggregation, activation, and F-actin content,
and for western blot analysis and immunoprecipitation
experiments. At least three independent experiments were
performed on washed platelets from different pools.
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Measurement of platelet aggregation and ATP secretion
analyses

Light transmission during thrombin-induced aggregation in
washed human and murine platelets was recorded at 37 °C,
with constant stirring (1200 r.p.m.), in an aggregometer
(Chrono-Log Stago, Leiden, The Netherlands). ATP secre-
tion was monitored in washed platelets in parallel with plate-
let aggregation by adding firefly luciferase and luciferin and
comparing the luminescence generated by platelet ATP
release with an ATP standard (Chrono-Lume; Stago, Leiden,
The Netherlands). At least three independent experiments
were performed on platelets from different individuals.

Detection of CD62P and PAC1/JON/A by flow cytometry,
western blotting, cytosolic Ca** measurement, measurement of
thromboxane B, (TXB) formation, and quantitation of F-actin

Please see the supporting information Part S1.

Enzyme assays

AMPK activity was measured as previously described after
immunoprecipitation of 50 pg of platelet extracts with
10 pg of AMPK-al or AMPK-02 antibodies [14].

Liver kinase Bl (LKB1) was immunoprecipitated from
platelet lysate protein (1 mg) incubated at 4 °C for 1 h
on a shaking platform with 5 pLL of protein G—Sepharose
covalently conjugated to 2 pg of human LKBI antibody
or preimmune IgG. LKBI activity was measured with
LKBtide, as previously described [16].

Microscopic analysis of platelet spreading

Glass coverslips were coated overnight with fibrinogen
(100 pg mL™"), and this was followed by surface blocking
with BSA (5 mg mL ™" in phosphate-buffered saline [PBS)).
Washed platelets in Hepes/Tyrode buffer (20 x 10° plate-
lets pL™ ) were stimulated or not stimulated with thrombin
(0.05 U mL ") in the presence of CaCl, (2 mm) just before
being exposed to the surface at 37 °C. After 1 h, non-adher-
ent platelets were discarded, and surface-bound platelets were
washed three times with PBS. Coverslips were fixed in 4%
paraformaldehyde, washed with PBS, and permeabilized with
blocking buffer (PBS, 0.1% SDS + 1% BSA) containing te-
tramethylrhodamine isothiocyanate—phalloidin (1 : 100) for
1 h in the dark. Coverslips were mounted with Fluoro-
mount G (SouthernBiotech, Birmingham, AL, USA) on
glass slides, and visualized with a Zeiss (x 100 oil immersion)
fluorescent microscope (Carl Zeiss, Zaventem, Belgium)
equipped with ApoTome (Axio Imager).

Clot retraction assay

PRP (adjusted to 6 x 10° platelets pL~" for murine plate-
lets, 300 pL) was obtained by centrifugation of whole

© 2014 International Society on Thrombosis and Haemostasis

AMPK regulates platelet cytoskeleton 975

blood at 800 x g for 5 s, followed by 5 min at 100 x g.
Clot formation was initiated by the addition of 300 puL of
a solution containing thrombin (1 U mL~', final concen-
tration) in the the presence of CaCl, (2 mm, final concen-
tration). The clots were allowed to retract for up to 1 h
at 37 °C, and were photographed at different time points.
The extent of retraction was quantified by the Image J
program (Version 1.440; National Institutes of Health,
Bethesda, MD, USA), and retraction was expressed as a
percentage ([final clot size/initial clot size] x 100).

Study population

Six consecutive patients scheduled for elective cardiopul-
monary bypass (CPB) surgery were recruited. None of
them received antiplatelet agents for at least 5 days
before surgery. Patients who had suffered from acute
coronary syndrome or another thrombotic process in a
period of 6 months before surgery were also excluded. A
first blood sample was drawn during CPB surgery, after
bolus administration of unfractionated heparin (UFH)
(to achieve an activated clotting time [ACT] of > 450 s).
A second blood sample was taken 4 h after surgery in
the intensive care unit (ICU) and after blood coagula-
tion correction. Thrombin time (TT) (Thromboclotin;
Siemens, Saint-Denis, France) and activated partial
thromboplastin time (APPT) (Platelin L; bioMérieux,
Craponne, France) were measured in a tube containing
0.129 m  trisodium citrate in a coagulation device
(MDA 2; bioMérieux).

In addition, multiplate analysis was performed in the
postoperative setting (4 h) to exclude patients showing
platelet dysfunction after CBP surgery.

Statistics

The mean and standard error of the mean were calculated
for all experimental groups. The significance of differ-
ences between the mean values of different groups was
determined with GraPHPAD PRISM (GraphPad Software, La
Jolla, CA, USA), by the use of a two-tailed unpaired Stu-
dent’s test and analysis of variance (ANOVA), as appropri-
ate. P < 0.05 was considered to be significant.

Results

CaMKKf-dependent AMPK-o1 activation is induced by
thrombin in human platelets

AMPK-al, but not AMPK-02, was detected in purified
human platelets (Fig. 1A). AMPK-al was activated three-
fold upon stimulation with 0.1 UmL™' thrombin
(Fig. 1B). AMPK-al activation resulted in increased phos-
phorylation on Ser79 of ACC, the downstream substrate
of AMPK (Fig. 1C). Dose-response curves for activating
peptides for protease-activated receptor (PAR)l (PARI-
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Fig. 1. Thrombin-induced AMP-activated protein kinase (AMPK)-a1 activation in human platelets. (A) Western blot analysis of AMPK-al
and AMPK-a2 expression in extracts of mouse mesenchymal stem cells (MSCs), rat liver, rat heart, and human platelets. MSC (AMPK-a1
expression) and liver and heart (AMPK-al and AMPK-02 expression) served as positive controls. A solid line is included to denote that sam-
ples were run on the same gel but were not contiguous. (B) Purified platelets were incubated with 0.1 U mL~" thrombin for 1 min prior to cell
lysis. Platelet lysates were immunoprecipitated with anti-AMPK-al antibody for AMPK assays. The data are expressed as mean + standard
error of the mean (SEM) of four independent experiments. ***P < 0.001 as compared with controls without thrombin. (C) Acetyl-CoA carbox-
ylase (ACC) phosphorylation in purified human platelets incubated with increasing doses of thrombin, U46619, collagen and ADP for 2 min
prior to cell lysis. A representative blot is shown in the upper panel, and data quantification for phospho-ACC (P-ACC) is shown in the lower
panel. The results are the mean = SEM of three separate experiments. *P < 0.05 and ***P < 0.001 as compared with corresponding control
values. (D) ACC phosphorylation in purified platelets incubated in the presence (A) or absence (CJ) of 10 um STO-609 for 2 min prior to stimu-
lation with 0.1 U mL~! thrombin for the indicated times. Representative blots of phospho-AMPK (P-AMPK) and P-ACC are shown in the
lower panel, and data quantification for P-ACC is shown in the upper panel. The data are expressed as mean = SEM, n = 7. *P < 0.05,

#%P < (.01 and ***P < 0.001 as compared with corresponding control values; *P < 0.05 represents a statistical difference between the treat-
ment with thrombin in the presence (A) and absence ([J) of STO-609). (E) Liver kinase Bl (LKBI) activity was determined in anti-LKBI
immune complexes isolated from 1 mg of platelet lysate after stimulation with 0.1 U mL™! thrombin for 1 min prior to cell lysis. The data are

expressed as mean = SEM of three independent experiments.

AP) and for PAR4 (PAR4-AP) showed that maximal
ACC phosphorylation was observed at concentrations of
0.3 um PARI1-AP and 300 um PAR4-AP, confirming that
PARI is the main mediator of thrombin-induced signaling
in human platelets (Fig. S1). Other platelet agonists —
U46619, a potent and stable TXA, receptor agonist, colla-
gen, and ADP — barely affected ACC phosphorylation as
compared with thrombin (Fig. 1C). CaMKKf, an
upstream kinase of AMPK, is an obvious candidate for
mediating thrombin-induced AMPK activation in plate-
lets. In human platelet extracts, anti-CaMKKp antibody
recognized two bands at ~ 65 kDa, probably correspond-
ing to distinct isoforms encoded by splice variants
(Fig. S2A). Moreover, the presence of this AMPK kinase
in platelets is supported by the study of Rowley er al. [17]
on mouse and human platelet transcriptomes. STO-609
(10 pum), a selective CaMKKQP inhibitor, completely
blocked AMPK activation by thrombin, as demonstrated
by reduced AMPK and ACC phosphorylation on Thr172
and Ser79, respectively (Fig. 1D). In contrast, STO-609
did not prevent ACC phosphorylation when platelets were
treated with A-769662, a specific pharmacologic activator
of AMPK, making a direct inhibitory effect of STO-609
on AMPK unlikely (Fig. S2B). LKBI, the other AMPK
kinase, was not activated in response to thrombin
(Fig. 1E), and therefore cannot be responsible for the
thrombin-induced AMPK activation and the subsequent
ACC phosphorylation.

CaMKKf-dependent platelet aggregation is induced by
thrombin in human platelets

STO-609 inhibited thrombin-induced platelet aggregation
(Fig. 2A,B) but did not affect aggregation induced by low
concentrations of U46619 (0.3 and 1 pm), collagen (2.5
and 5 pg mL™"), or ADP (2.5 and 10 pum) (Fig. S3). It
also significantly suppressed PAC-1 binding in response
to thrombin (Fig. 2C), indicating reduced activation of
onpPs integrin on the platelet surface. This might be
attributable to a reduction in secretion. Therefore, a-gran-
ule and dense granule release were evaluated by measur-
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ing P-selectin (CD62P) on the platelet surface and ATP
secretion, respectively. STO-609 significantly inhibited
CD62P exposure on platelets and ATP secretion after
stimulation with thrombin (Fig. 2D,E), but not in
response to other agonists (Fig. S3). This inhibitory effect
did not result from an alteration of Ca®’ signaling.
Indeed, this compound did not modify the increase in
Ca®" concentration in response to thrombin (Fig. S4A).
Moreover, STO-609 did not affect thrombin-induced
TXB, production (Fig. S4B).

CaMKK f-dependent phosphorylation of MLCs, VASP and
cofilin in human platelets is stimulated by thrombin

The CaMKKB-AMPK-al pathway tightly regulates actin
cytoskeletal contraction and organization. The latter is
crucial for platelet aggregation. Accordingly, the phos-
phorylation state of cytoskeletal targets downstream of
CaMKKB-AMPK, namely, MLCs, cofilin, and VASP,
was studied after stimulation with thrombin. MLC phos-
phorylation on Serl9 was detected at 30 s, and reached a
maximum 2 min after thrombin addition (Fig. 3A). STO-
609 significantly reduced MLC Serl9 phosphorylation
(Fig. 3A). In endothelial cells treated with thrombin,
AMPK controls VASP by phosphorylating Thr278 [13].
In purified human thrombin-stimulated platelets, VASP
Thr278 phosphorylation increased transiently from 30 s
until 2 min, and returned to control values after 10 min
(Fig. 3B). This phosphorylation was significantly reduced
in the presence of STO-609 (Fig. 3B). Finally, Fig. 3C
shows that thrombin led to increased cofilin phosphoryla-
tion on Ser3, which persisted for 10 min. A decrease in
cofilin phosphorylation was observed in the presence of
STO-609 (Fig. 3C). Taken together, these findings show
that the phosphorylation state of cytoskeletal targets was
clearly affected by pharmacologic inhibition of CaM-
KKB-AMPK-al.

Actin cytoskeletal rearrangements upon thrombin stim-
ulation include actin polymerization. To investigate the
influence of CaMKKZf on actin polymerization, we mea-
sured the F-actin/free globular actin ratio in platelets
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Fig. 2. The Ca®" /calmodulin-dependent kinase kinase f-AMP-activated protein kinase-ol pathway regulates thrombin-induced human platelet
aggregation and secretion. (A) Washed platelets were incubated for 2 min with 10 um STO-609, prior to thrombin stimulation (0.03 U mL™").
Percentage of light transmission was measured by aggregometry (Chrono-Log). (B) Quantification of data from 10 independent experiments,
expressed as mean =+ standard error of the mean (SEM). ***P < 0.001 as compared with corresponding control values. (C—E) Effect of STO-
609 on thrombin-induced o5 activation (C), a-granule secretion (D), and ATP secretion (E). Washed platelets were incubated with 10 pm
STO-609 for 2 min prior to stimulation with 0.03 U mL~! thrombin. The results are the mean + SEM, n = 5. **P < 0.01 and ***P < 0.001 as
compared with corresponding control values; P < 0.01 and ##P < 0.001 represent a statistical difference between the treatment with throm-
bin in the presence and absence of STO-609. DMSO, dimethylsulfoxide; FITC, fluorescein isothiocyanate; MFI, mean fluorescence units.

treated with thrombin in the presence or absence of STO-
609. Figure 3D shows that inhibition of CaMKKJf pre-
vented the increase in F-actin induced by thrombin stimu- Both catalytic subunits of AMPK, namely AMPK-al and
lation. These results were confirmed by detecting F-actin AMPK-a2, are expressed in murine platelets, as described
with flow cytometry (Fig. 3E). previously [18] (Fig. 4A). ACC was phosphorylated upon

Reduced aggregation of AMPK-o1-deficient murine platelets

Fig. 3. The Ca®" /calmodulin-dependent kinase kinase f-AMP-activated protein kinase-al pathway contributes to thrombin-induced phosphor-
ylation of cytoskeletal proteins and actin polymerization in human platelets. Purified platelets were incubated with 0.1 U mL™" thrombin in
the presence (A) or absence ((J) of 10 um STO-609, and lysates were harvested for western blotting. (A—C) Representative blots showing myo-
sin light chain (MLC) (A), vasodilator-stimulated phosphoprotein (VASP) (B) and cofilin (C) phosphorylation states are shown in the left pan-
els. Quantitative results are shown in the right panels. The data are mean + standard error of the mean (SEM), n = 6. *P < 0.05, **P < 0.01
and ***P < 0.001 as compared with corresponding control values. P < 0.05 and ##P < 0.01 represent a statistical difference between the treat-
ment with thrombin in the presence and absence of STO-609). (D) Globular actin and filamentous actin (F-actin) were detected with actin anti-
body, and the percentage of F-actin was quantified. Bars represent mean + SEM, n = 4. **P < (.01 as compared with corresponding control
values. 7P < 0.01 represents a statistical difference between the treatment with thrombin in the presence and absence of STO-609). (E) Platelets
were stained with 10 pm fluorescein isothiocyanate (FITC)—phalloidin and and analyzed with flow cytometry. Data are expressed as percentage
of control of resting platelets that were incubated with vehicle alone. Bars represent mean + SEM, n = 4. *P < 0.05 as compared with corre-
sponding control values. *P < 0.05 represents a statistical difference between the treatment with thrombin in the presence and absence of STO-
609). P-cofilin, phospho-cofilin; P-MLC, phospho-MLC; P-VASP, phospho-VASP.
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major contribution to mediating ACC phosphorylation in
response to thrombin and to other platelet agonists as
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Fig. 4. Role of AMP-activated protein kinase (AMPK)-a1 in murine platelet aggregation and secretion. (A) Platelet lysates from wild-type
(WT) and AMPK-al knockout (KO) mice were immunoprecipitated with anti-AMPK-al and anti-AMPK-a2 antibodies, and analyzed by wes-
tern blotting with total anti-AMPK antibody. Human platelets, mouse mesenchymal stem cells (MSCs) and rat heart extracts were positive
controls for the detection of AMPK-a1 and AMPK-a2, respectively. (B, C) Washed murine platelets were incubated with increasing doses of
(B) thrombin (0.05; 0.2 U mL™") or (C) U46619 (2.5: 10 pum), collagen (1; 5 pg mL~") and ADP (5; 20 pm) for 2 min prior to cell lysis and
western blot analysis for acetyl-CoA carboxylase (ACC) phosphorylated on Ser79. Representative blots are shown in the left panel, and data
quantification for phospho-ACC (P-ACC) is shown in the right panel. The results are the mean + standard error of the mean (SEM )of six
separate experiments. *P < 0.05 as compared with control values. (C) Washed platelets were stimulated with thrombin (0.05 U mL™") before
measurement of aggregation. A representative aggregation tracing is shown in the lower panel. The results are represented as mean + SEM,
n=4.*P <0.05 as compared with the WT value. (D, E) a-Granule secretion (D) and oy,f3 activation (E). Washed platelets were incubated
for 5 min with thrombin (0.05 U mL™") before analysis with flow cytometry. Quantification of the respective data is presented as

mean + SEM, n = 5. **P < 0.01 and ***P < 0.001 as compared with control WT values. “P < 0.05 represents a statistical difference between
platelets from WT and AMPK-a1 KO mice treated with thrombin. IB, immunoblotting; IP, immunoprecipitation.

compared with AMPK-02 (Fig. S5). On the basis of this
observation and on our demonstration that AMPK-al
accounted for all of the AMPK in human platelets,
we measured thrombin-induced platelet aggregation
and secretion in AMPK-o1 KO mice. At 0.05 U mL™"
thrombin, platelets from KO mice had a clear aggregation
defect, implicating the al catalytic subunit in platelet func-
tion (Fig. 4D). AMPK-al deficiency inhibited platelet
secretion after thrombin stimulation (Fig. 4E) and reduced
the amount of activated oyp,ps (Fig. 4F). A slight aggrega-
tion defect was detected upon U46619 and collagen stimu-
lation in platelets from AMPK-a1 KO mice (Fig. S6A,B),
and was associated with a decrease in ATP secretion
(Fig. S6C). However, after stimulation with 5 um U46619
and 2.5 ug mL™" collagen, a-granule secretion and subse-
quent P-selectin exposure on the platelet surface were not
sufficiently increased under static conditions for a differ-
ence between WT and KO platelets to be detected
(Fig. S6D).

Regulation of MLC, VASP and cofilin phosphorylation by
AMPK-a1 and its impact on actin polymerization in
thrombin-stimulated murine platelets

The experiment illustrated in Fig. SA shows that the
increase in thrombin-induced ACC phosphorylation was
reduced by ~ 75% in platelets from AMPK-al KO mice
as compared with those from WT mice, meaning that the
residual phosphorylation resulted from AMPK-o2 activa-
tion. Altered function of platelets isolated from KO mice
was associated with changes in MLC, VASP and/or cofi-
lin phosphorylation. As in human platelets, 0.05 U mL~"
thrombin induced increases in MLC, VASP and cofilin
phosphorylation in mouse platelets. The phosphorylation
was significantly reduced in platelets from AMPK-al KO
littermates (Fig. 5SB-D), and was associated with abroga-
tion of thrombin-dependent F-actin formation, as demon-
strated by flow cytometry (Fig. S7). Platelet spreading
and fibrin clot retraction are both dependent on the actin
cytoskeleton. We therefore examined the mean area cov-
ered by the adhering platelets and the formation of filo-
podia and lamellipodia after immobilization on
fibrinogen-coated coverslips and stimulation with throm-
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bin for 60 min. Whereas the surface areas of the spread
WT and KO platelets were similar at this time point, the
percentage of platelets able to form lamellipodia was sig-
nificantly reduced in the absence of AMPK-al (Fig. SE-
G), indicating altered cytoskeletal reorganization in
spread KO platelets. More importantly, clot retraction
was slower and less effective in KO platelets (Fig. SH).

In vivo activation of the AMPK pathway by thrombin in
human platelets from patients undergoing major surgery

In order to determine whether the AMPK pathway was
also activated in vivo by thrombin, we studied ACC phos-
phorylation in platelets from patients undergoing major
cardiac surgery. Under these conditions, the coagulation
cascade is fully activated. During cardiac surgery, patients
were subjected to CPB requiring heparin administration
to block thrombin generation. This gave us a unique
opportunity to assess ACC phosphorylation in the same
patients, under two extreme conditions, in terms of
thrombin generation: CPB (in the presence of heparin),
and postsurgery in the ICU (normal coagulation). During
CPB, the mean ACT was 568 + 65 s, and the APTT and
TT were over 180 s and 120 s, respectively. The ability to
coagulate was restored 4 h after surgery (APTT,
30 £ 2s; TT, 25 £+ 3 s). The International Normalized
Ratio and fibrinogen level were normal (not shown), and
the platelet count was > 10° mm > for each patient. ACC
phosphorylation increased significantly postsurgery (with
normal coagulation) as compared with during CPB
(under high-dose UFH) (Fig. 6A,B).

Discussion

With pharmacologic and genetic approaches, our study
demonstrates that inhibition of the CaMKK-AMPK-al
pathway in both mice and humans is associated with
altered platelet aggregation in response to thrombin.

This pathway controls the phosphorylation of cytoskel-
etal targets and actin polymerization, which are known to
be crucial in platelet contraction and shape change. More
importantly, we show, for the first time, that the AMPK
pathway is activated in human platelets.
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ing that PARI is the main receptor for thrombin in
human platelets. In contrast, mouse platelets express
PAR3 and PAR4. Activation of mouse platelets by
thrombin completely depends on PAR4, as demonstrated
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Fig. 5. The AMP-activated protein kinase-o1 pathway contributes to thrombin-induced phosphorylation of cytoskeletal proteins, actin poly-
merization, spreading and clot retraction in murine platelets. (A—D) Washed platelets were incubated with 0.05 U mL~" thrombin for the indi-
cated times. Representative blots of phospho-acetyl-CoA carboxylase (P-ACC) (A), phospho-myosin light chain (P-MLC) (B), phospho-
vasodilator-stimulated phosphoprotein (P-VASP) (C) and phospho-cofilin (P)-cofilin (D) are shown in the left panels. Quantitative results are
plotted in histograms (right panels). The data are mean =+ standard error of the mean (SEM), n = 5. *P < 0.05 and **P < 0.01 as compared
with control wild-type (WT) values. $P < 0.05 as compared with control knockout (KO) values. *P < 0.05, #P < 0.01 and P < 0.001 repre-
sent a statistical difference between platelets from WT and AMPK-al KO mice treated with thrombin. (E-G) Washed platelets were plated on
fibrinogen-coated coverslips for 60 min, in the presence or absence of 0.05 U mL ™" thrombin. (E) Cells were fixed, permeabilized, and stained
with rhodamine—phalloidin to visualize actin. Scale bar: 5 pm. (F) Quantification of platelet surface area outlined by computer analysis. (G)
The percentage of platelets showing lamellipodia (black bar) and/or filopodia (gray bar). Histograms represent the mean values from 250 plate-
lets. (H) Clot retraction assessed at 1 h after addition of thrombin. The images in upper panel show a representative result. Data are presented

as mean &= SEM, n = 3. ##P < 0.001 represents a statistical difference between platelets from WT and AMPK-o1 KO mice treated with

thrombin.
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Fig. 6. Clinical evidence of AMP-activated protein kinase activation
in human platelets after major cardiac surgery. Blood samples were
drawn from six patients during cardiopulmonary bypass (CPB) sur-
gery and 4 h after surgery. Human platelet lysates were analyzed by
western blotting with antibody against phospho-acetyl-CoA carbox-
ylase (P-ACC) (Ser79) (A) and quantified by densitometry after nor-
malization to glyceraldehyde-3-phosphate dehydrogenase expression
(B). The data are expressed as mean =+ standard error of the mean,
n=06. *P < 0.05 as compared with CPB values. CABG, coronary
artery bypass graft.

by the absence of response to thrombin of platelets from
PAR4 KO mice, despite the presence of PAR3 [19]. This
could explain, at least in part, the different responses to
agonists in human and mouse platelets.

The hypothesis that AMPK is involved in platelet func-
tion has been advanced in a previous study [18]. The
authors reported that AMPK-02 appears to be more
important than AMPK-al in the regulation of platelet
function. We cannot exclude the possibility that both
AMPK catalytic isoforms control platelet aggregation in
mice by acting on different targets. However, only
AMPK-al was detected in highly purified human platelets
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according to the Optiprep protocol. More importantly,
our finding is strongly supported by Rowley, who identi-
fied both conserved and differential expression patterns in
human and mouse platelet transcriptomes [17]. This study
indicates that the gene encoding AMPK-02, PRKAA2,
belongs to the list of genes expressed in mouse platelet
samples, but is not expressed in human platelets. We have
thus confirmed that AMPK-02 is not present in human
platelets. This observation supports the concept that sig-
naling events taking place in mouse platelets can diverge
from those in human platelets.

LKBI1 was proposed to be the main AMPK kinase in
platelets [18]. Phosphorylation on Thrl189 was indeed
increased upon thrombin stimulation. However, LKBI is
a constitutively active kinase whose activity is set in cells
by the relative levels of its two partners, STRAD and
MO25 [16]. We measured LKBI activity after coimmuno-
precipitation of the enzymatic complex from platelet
extracts. Our data show that there is no LKBI activation
after thrombin stimulation. Therefore, we used the STO-
609 inhibitor to demonstrate that CaMKKSp is the main
AMPK kinase involved in AMPK activation in this con-
dition. Several studies on platelet signaling have shown
that short preincubation periods (60 s to 5 min) are
mostly sufficient for maximal inhibition of kinases by
pharmacologic inhibitors [20,21]. Indeed, a 2-min preincu-
bation with 10 pm STO-609 completely blocked the
thrombin-induced ACC phosphorylation and platelet
aggregation. Again, these data are in disagreement with
those of Randriamboavonjy et al. [18], who showed that
STO-609 even tended to potentiate the thrombin-induced
aggregation of human platelets. However, the duration of
preincubation with the inhibitor before thrombin stimula-
tion differed between our respective studies (2 min vs.
30 min). We have verified that a 30-min period of prein-
cubation with STO-609 does not inhibit platelet aggrega-
tion (data not shown).

It was surprising to find that AMPK-al was mainly
activated downstream of thrombin in human platelets,
whereas the other agonists also induced an increase in the
cytosolic Ca®* concentration. Although the Ca®" level is
obviously a determinant factor for CaMKKp activation,
there should be additional Ca”"-independent mechanisms
involved in its regulation. In this respect, Green et al. [22]
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recently reported a novel type of regulation of CaMKKf
activity, i.e. by multisite phosphorylation. Further investi-
gations should therefore consider the phosphorylation
status of this AMPK kinase, in order to obtain a better
understanding of its regulation in response to the differ-
ent platelet agonists, and particularly in response to
thrombin, in addition to the classic CaM binding.

We have already reported that the CaMKKp-AMPK-
ol pathway triggers actin cytoskeletal remodeling in epi-
thelial cells via indirect MLC and cofilin phosphoryla-
tion [12]. In platelets, RhoA signaling causes MLC
phosphorylation. The molecular mechanism involves
phosphorylation and inhibition of myosin phosphatase-
targeting subunit-1 (MYPT1) by Rho kinase [23]. It is
tempting to speculate that AMPK could indirectly regu-
late MLC phosphorylation in platelets by stimulating
RhoA or via direct inhibition of MYPTI, a protein
from the PPPIR12 family of protein phosphatase regula-
tory subunits. The latter hypothesis is supported by the
work of Banko et al. [24], who identified MYPTI and
MBSS85 as direct in vivo substrates of AMPK. In the
same study, p2l-activated protein kinase 2 (PAK2) was
also described as a direct substrate of AMPK that is
able to regulate MLC phosphorylation. The involvement
of MBS85/MYPT! and PAK2 in AMPK-dependent
MLC phosphorylation in thrombin-treated platelets
remains to be elucidated.

Besides RhoA, Ca”-dependent Racl activation has
been implicated in regulating aggregation in human
platelets treated with thrombin, notably by stimulating
rapid cofilin dephosphorylation/activation through a
cofilin phosphatase [5,25]. This rapid first phase of cofi-
lin dephosphorylation can only be detected from
0.2 UmL™" thrombin, and is followed by a second
phase of LIM domain kinase 1 (LIMK1)-mediated slow
cofilin rephosphorylation/inactivation [5]. Regulation of
Racl/LIMK1 by AMPK could explain the significant
increase in cofilin phosphorylation that we observed
upon thrombin stimulation. Supporting this hypothesis,
Racl activation downstream of AMPK has already been
described in various cell types [26,27]. Very recently,
AMPK was shown to activate Tiam-1, a Rac guanine
nucleotide exchange factor, in C2C12 cells [28]. As
preincubation with STO-609 did not completely abolish
the phosphorylation of cytoskeletal targets in human
platelets, we cannot exclude the possibility that AMPK-
independent pathways might also play a role in this reg-
ulation.

AMPK has also been recognized as a VASP kinase
responsible for Thr278 and Ser322 phosphorylation
[9,13]. VASP phosphorylation regulates VASP-driven
actin filament formation and subcellular targeting of the
protein in vivo [8]. In this regard, AMPK-mediated VASP
phosphorylation on Thr278 and Ser322 interferes with F-
actin accumulation, but has a minor impact on subcellu-
lar targeting. When platelets are activated, the extension

of filopodia is a rapid and transient phenomenon that is
quickly superseded by the formation of lamellipodia,
resulting in platelet spreading. Phosphorylation and rapid
inhibition of VASP anticapping activity by AMPK might
be crucial for the regulation of these dynamic structures
in an adequate time range. Our results demonstrating that
the percentage of platelets showing lamellipodia was sig-
nificantly reduced in thrombin-stimulated KO platelets,
after spreading on fibrinogen-coated coverslips, support
this hypothesis. In consequence, it was not surprising to
find that this altered cytoskeletal response was associated
with slower and less effective clot retraction in KO plate-
lets. However, we have to mention that Rand-
riamboavonjy et al. [18] failed to show a significant
difference in thrombin-induced clot retraction between
platelets from AMPK-al KO and WT mice.

Finally, we took advantage of the specific action of
thrombin on ACC phosphorylation to demonstrate that
the AMPK pathway was activated in vivo in platelets
from patients undergoing cardiac surgery, a clinical situa-
tion associated with thrombin generation. Our prelimin-
ary clinical data clearly indicate that ACC
phosphorylation is a potential indicator of thrombin
response in vivo.

In conclusion, we have delineated a CaMKK p-AMPK-
ol-dependent pathway contributing to murine and human
platelet aggregation upon thrombin stimulation, via
MLC, VASP and cofilin phosphorylation and cytoskeletal
reorganization. This pathway is activated in a heparin-
sensitive manner in platelets of patients undergoing major
cardiac surgery.
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