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1 Abstract 
Human platelets are constantly regulated by activating and inhibitory effectors. Thrombin, 

the most potent platelet agonist, induces signaling through the protease-activated receptors 

(PARs) 1 and 4 which in turn convey their signal by coupling to G-proteins. Nitric oxide (NO) 

is a potent platelet inhibitor continuously formed by the endothelium exerting its effect by 

increasing cGMP through activation of soluble guanylyl cyclase (sGC). The purpose of this 

work has been to investigate how NO would affect platelets already activated by PAR-

agonists. To examine the different contributions of the PAR1- and PAR4-signals, the selective 

agonist peptides SFLLRN and AYPGKF-NH2 were utilized. Aggregation, Ca2+-mobilization and 

phosphorylation of threonine 696 in myosin phosphatase target subunit 1 (MYPT1) were 

analyzed. Intriguingly PAR1-, but not PAR4-, agonist provoked aggregation was rapidly 

reversed upon NO exposure. PAR-agonist induced Ca2+-mobilization was markedly reduced 

after exposure to NO, however this Ca2+-suppression did not cause the disaggregation of 

PAR1-agonist evoked platelet aggregation. The reversal of aggregation was suspected to be 

caused by a cGMP-mediated inhibition of the Rho-kinase/ROCK-signaling pathway. This was 

supported by Westen blot analysis where a marked decrease of MYPT1 phosphorylation 

compared to basal levels could be observed. In conclusion, NO was found to reverse human 

platelet aggregation evoked by PAR1-activation by inhibition of a Rho-kinase/ROCK-signaling 

pathway. 

 

Keywords: Platelet, nitric oxide, PAR1, Rho-kinase, ROCK 

2 List of abbreviations 

[Ca2+]i - Intracellular Ca2+ concentration 

AP - Activating peptide 

ACD - Acid-citrate-dextrose 

AM - Acetoxymethylester 

ASA - Acetyl salicylic acid (Aspirin) 

BSA - Bovine serum albumin 

cAMP - Cyclic adenosine monophosphate 

cGMP - Cyclic guanosine monophosphate 

COX - Cyclooxygenase 

DAG - Diacylglycerol 

DMSO - Dimethyl sulfoxide 

GTP - Guanosine triphosphate 

GPCR - G-protein coupled receptor 

HRP - Horseradish peroxidase 

IP3 - Inositol triphosphate 

KRG - Krebs-Ringer glucose 

MLC - Myosin light chain 

NO - Nitric oxide 

O/N - Over night 

PAR - Protease-activated receptor 

PGI2 - Prostaglandin I2 

PLC - Phospholipase C 

PRP - Platelet-rich plasma 

ROCK - Rho-associated, coiled-coil contain-

ing protein kinase 

RT - Room temperature 

sGC - Soluble guanylyl cyclase 

SNAP - S-nitroso-N-acetylpenicillamine 

TXA2 - Thromboxane A2 
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vWF - von Willebrand faktor 

3 Introduction 
The same processes responsible for hemostasis in the event of an injury also cause morbidity 

in cardiovascular diseases such as thrombosis. Central in both of these reactions is activation 

of platelets. The most potent platelet-agonist known is thrombin, which acts by cleaving the 

protease-activated receptors, PARs, present on the platelet surface. There are 4 subtypes of 

PARs known; thrombin can bind to and cleave PAR1, 3 and 4 whereof PAR1 and 4 are 

present on human platelets. The PARs are coupled to G-proteins (making them GPCRs) and 

have a unique mechanism of activation; the protease, in this case thrombin, cleaves of a 

peptide fragment of the receptor N-terminal unmasking a new N-terminal part. This new N-

terminus acts as a tethered ligand triggering an internal signal activating the platelet. (1), (2)   

Both PAR1 and PAR4 activate signaling via G12/13 and Gq. G12/13 affect several signaling 

pathways among which the Rho-kinase/ROCK-mediated pathway is the best established 

inducing MLC phosphorylation and subsequent platelet shape change. Gq activates PLC 

leading to higher IP3 and DAG concentrations which in turn mobilize Ca2+ promoting both 

platelet shape change and degranulation. (3) Activated platelets signal in an auto-/paracrine 

manner by formation of TXA2 and secretion of ADP, reinforcing activation and spreading of 

platelets. TXA2 bind to its receptors, TPα and TPβ, on the platelet surface and signal primarily 

by coupling to Gq (4). ADP activate its 2 surface receptors, P2Y12 and P2Y1, conveying their 

signal through coupling to Gq and Gi, respectively. Gi signals mediate a decrease in cAMP, 

granule secretion and conformation change of αIIbβ3 into its high affinity state. (3) PAR1 has 

also been shown to induce Gi-mediated signaling (5).  

Fibrinogen, which is the primary inter-platelet connecting molecule, acts by binding to the 

αIIbβ3-integrin at its high affinity state on adjacent platelets linking them to each other 

enabling the formation of a haemostatic plug. Upon activation platelets secrete, among 

others, α-granules containing fibrinogen and vWF which is another protein mediating 

platelet adhesion (6). In this study isolated platelet suspensions were used for all tests, as a 

consequence; α-granule secretion was the only endogenous fibrinogen source enabling 

aggregation.  

The most important endothelial derived platelet inhibitors PGI2 (also known as prostacyclin) 

and NO which exert their effects primarily by increasing the intracellular levels of cAMP and 

cGMP, respectively (3), (7). Upon binding to sGCs prosthetic haem-group NO provoke a 

conformation change in sGC enabling it to convert GTP to cGMP which cause a cGMP rise 

(8). Even though the cGMP rise accounts for most of the platelet effects of NO, other 

mechanisms of action have been proposed, for example protein S-nitrosylation of 

methionine and cysteine residues (9), (10). The NO/cGMP mediated inhibitory effects 

include reduced aggregatory response upon agonist stimulation, decreased ability to adhere, 

repression of Ca2+-mobilization and reduction of the high affinity conformation of αIIbβ3-

integrin on activated platelets (11), (12), (13). The inhibitory effects when subjecting 

platelets to NO prior to agonist stimulation has been well studied. However, the aim of this 

study was to examine how platelets would respond to NO exposure after PAR-agonist 

exposure, an area where the research is more scarce.  
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4 Materials and methods 

4.1 Reagents 
SFLLRN, agonist peptide activating PAR1, was acquired from the Biotechnology Centre of 

Oslo at Oslo University (Norway). AYPGKF-NH2, agonist peptide activating PAR4, was 

obtained from JPT Peptide Technologies GmbH (Berlin, Germany). Aspirin, apyrase, BSA, 

Fura-2/AM, fibrinogen, NS2028, BAPTA/AM and thrombin from bovine plasma (Cat# T6634) 

were all purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Y27632 and HA1100 were 

bought form Tocris Bioscience (Ellisville, MO, USA). SNAP was synthesized by ALEXIS (San 

Diego, CA, USA). GEA 3175 was a gift from GEA Pharmaceuticals (Copenhangen, Denmark). 

12% NuPAGE® Novex Bis-Tris gels, MOPS running buffer and MagicMark™ XP Western 

Protein Standard were produced by Invitrogen (Stockholm, Sweden). Immun-Blot™ PVDF 

membranes (0.2µm) were acquired from Bio-Rad (Hercules, CA, USA) Nonfat dry milk was 

produced by Carl Roth (Karlsruhe, Germany). Anti-phospho-MYPT1 (thr696) antibody (Cat# 

07-251), anti-β-tubulin antibody (clone AA2, Cat# 12-301) and Immobilon™ Western 

Chemiluminescent HRP Substrate solution came from Millipore (Billerica, MA, USA). HRP-

conjugated goat anti-rabbit IgGs were bought from Jackson ImmunoReserach Europe Ltd. 

(Suffolk, UK). HRP-conjugated goat anti-mouse IgGs (Cat# sc2005) were a product of Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). 

4.2 Human platelet isolation 
Heparinised human blood was collected from the blood bank at Linköpings University 

Hospital and mixed with ACD-solution (5:1 v/v blood to ACD) (85mM trisodium citrate, 

71mM citric acid and 111mM glucose, pH 4.4-4.6). The blood was centrifuged for 25 minutes 

at 220g to acquire PRP. 100µM ASA (incubated ≥15 minutes) and 0.5U/ml apyrase were 

added to the PRP except for experiments using platelets with active COX to which only 

apyrase was supplemented. This to prevent TXA2-  or ADP-derived platelet activation during 

later events of the isolation process. 

To render a pellet of platelets the PRP was centrifuged for 25 minutes at 520g. After 

supernatant removal platelets were washed with Ca2+-free KRG-solution (120mM NaCl, 

4.9mM KCl, 1.2mM MgSO4, 1.7mM KH2PO4, 8.3mM Na2HPO4 and 10mM glucose, pH 7.3). 

Thereafter the platelets were carefully resuspended in KRG-solution (120mM NaCl, 4.9mM 

KCl, 1.2mM MgSO4, 1.7mM KH2PO4, 8.3mM Na2HPO4, 1mM CaCl2 and 10mM glucose, pH 

7.3) and new apyrase (1U/ml) was added. 

4.3 Intracellular Ca2+ fluctuation 
PRP was incubated with 2µM Fura-2/AM (DMSO solved stock solution 4mM) for 1h at RT. 

Thereafter the loaded platelets were pelleted and resuspended according to the scheme in 

section 4.2 Human platelet isolation. Prior to agonist exposure platelets (approximately 

5x107/ml) were allowed to incubate 5 minutes at 37°C. When used; calcium chelator 

BAPTA/AM and sGC-inhibitor NS2028 were incubated 5 minutes before activation. 

Fluorescence emission at 510nm was measured after excitations at 340nm and 380nm using 

a Hitachi F-7000 fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan) designed for 

[Ca2+]i quantification. The ratio of the emissions at those wavelengths is directly correlated 

to the cytosolic Ca2+ concentration. 
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4.4 Aggregation 
To measure aggregation a Chrono-Log dual channel aggregometer (Model 560-CA, Chrono-

Log Corp., Haverston, PA, USA) and a Bio/Data four channel aggregometer (Model PAP-4, 

Bio/Data Corp., Horsham, PA, USA) were used. The suspended platelets (2.5x108/ml) were 

equilibrated at 37°C with constant stirring (900rpm) prior to agonist activation by Thrombin, 

PAR4AP or PAR1AP. The aggregation was measured as % light transmittance compared to 

KRG-buffer alone (=100%). The NO-donor drugs SNAP and GEA 3175 were added 2 minutes 

after agonist activation except in some time-studies and control experiments. Calcium 

chelator BAPTA/AM, sGC-inhibitor NS2028 and the Rho-kinase/ROCK inhibitors Y27632 and 

HA1100 were all incubated with the platelets at 37°C for 15 minutes before activation. Some 

samples were supplemented with 100µg/ml fibrinogen. Extracellular ATP concentration was 

determined by using a luciferine/luciferase bioluminescent assay (Chrono-Log Corp., 

Haverston, PA, USA). 

4.5 SDS-PAGE and Western blotting 
Platelet suspension samples (2.5x108/ml), total volume 200μl, were incubated at 37°C in 2ml 

round-bottom tubes rotating at 500rpm in a thermoshaker. 50μl 5x SDS sample buffer (10% 

SDS, 1.43M β-mercaptoethanol, 20% glycerol, 26% urea, 125mM Tris-HCl, pH 6.8 (all w/v 

solutions)) was added to stop the reactions. Thereafter proteins were denaturated by 

heating at 95°C for 5 minutes. 10µL was used for SDS-PAGE from each sample. Proteins were 

separated at RT applying a constant voltage of 140V using 12% NuPAGE® Novex Bis-Tris gels 

in MOPS running buffer. MagicMark™ XP Western Protein Standard was used for protein 

mass determination. The SDS-PAGE gels were subjected to Western blotting using a Bio-Rad 

Mini Trans-Blot cell. The proteins were transferred onto Immun-Blot™ PVDF membranes 

(0.2µm) by applying a constant current of 125mA per gel/membrane for 2h at 4°C in transfer 

buffer (192mM Glycin, 27mM Tris, 20% (v/v) Methanol, 0.015% (w/v) SDS). For washing and 

blocking procedures and also for antibody dilutions TBS-T (10mM Tris-HCl pH 8.0, 150mM 

NaCl, 0.1% (w/v) Tween-20) was used. Membranes were gently agitated during all steps of 

the procedure. Excess protein binding sites were saturated by blocking membranes for 2h at 

RT in 5% (w/v) nonfat dry milk. The membranes were incubated with the anti-phospho-

MYPT1 (thr696) antibody at 1:4000 in 5% BSA at 4°C O/N. HRP-conjugated goat anti-rabbit 

IgGs were applied at 1:4000 for 2h at RT. To visualize protein bands Immobilon™ Western 

Chemiluminescent HRP Substrate solution was used. The technique is based on the 

chemiluminescence (light emission) produced when the substrate is oxidized by H2O2 in the 

presence of HRP coupled to the secondary antibody. This chemiluminescence was recorded 

by a Fuji LAS 1000 system and densitometric analysis of the protein bands was performed 

using Image Gauge 4.0 software (both Fuji Photo Film, Tokyo, Japan). 

To make certain the electrophoresis gels were loaded with equal protein quantities the 

Western blots were re-probed using an antibody recognizing unmodified β-tubulin. The 

primary and secondary antibodies were stripped off by incubating membranes with 2% (w/v) 

SDS, 62.5mM Tris-HCl pH 6.8, and 0.8% (v/v) β-mercaptoethanol for 45 minutes at 50°C 

gently agitated. The Western blots membranes were thoroughly washed with distilled water, 

re-equilibrated with TBS-T, and then blocked with 5% nonfat dry milk. Thereafter the 

membranes were incubated with the anti-β-tubulin antibody (clone AA2) at 1:1000 in 5% 

nonfat dry milk followed by HRP-conjugated goat anti-mouse IgGs at 1:1000. 
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4.6 Statistical analysis 
GraphPad PrismTM v. 5.0 for Windows was used to evaluate collected data (GraphPad 

Software, San Diego, CA, USA). * p < 0.05, ** p < 0.01 and *** p < 0.001 

5 Results 
Suitable concentrations of the NO-donor drugs and the PAR-agonists were based on earlier 

work conducted at the Division of Pharmacology, Linköping’s University. (11), (14) 

5.1 The effect of NO on thrombin-induced platelet aggregation 
One of the primary aims of this project was to investigate what effect NO would have on 

already aggregated platelets. Therefore tests were performed with platelets exposed to 

thrombin, incubating with SNAP 2 minutes prior to or 2 minutes post thrombin-stimulation. 

As shown in Fig. 1 with a moderate thrombin concentration (0.1U/ml) preincubation with 

NO completely abolished aggregation, but at 0.3U/ml thrombin this inhibition was fully 

overcome. Exposing already aggregated platelets to NO had almost no effect on the 

aggregation induced by thrombin. Generally, when SNAP was introduced during the 

thrombin-evoked aggregation phase the aggregation slowed down but eventually reached 

the same degree of aggregation as platelets not subjected to NO.  

 

Fig. 1 Aggregation of aspirinated platelets provoked by thrombin, the effect of SNAP 

(10µM) exposure prior to and after thrombin stimulation. Platelets were untreated, 

pretreated (2 minutes prior to thrombin stimulation) or post-treated (2 minutes after 

thrombin stimulation) with SNAP. The aggregation was measured as % light transmittance. 

n=3, results presented as means +SEM. 

5.2 Effect of NO on PAR-agonist induced platelet aggregation 
To further elucidate the effect of NO on PAR-stimulated platelet aggregation tests were 

performed using PAR1AP (SFLLRN), PAR4AP (AYPGKF) alone or in combination to provoke 

platelet aggregation and subsequently expose these platelets to SNAP. When PAR1AP-

evoked platelet aggregation, which is of a rather transient nature compared to aggregation 

induced by PAR4AP (see Fig. 3 A), was subjected to SNAP a rapid and very distinct reversal of 

aggregation was observed. PAR4AP-induced aggregation was generally reversed to some 

extent and in some cases a pronounced disaggregation was observed. This disaggregating 

effect of SNAP was largest at low concentrations (100µM - 150µM) of PAR4AP and much 

smaller at higher PAR4AP concentrations (200µM - 300µM). When using different delays 
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before SNAP addition it was seen that platelets activated by PAR1AP, PAR4AP or a 

combination of them aggregated to a lesser extent and the aggregation tended to be more 

transient than if they were exposed to SNAP at a later time point. Since most of the 

aggregation phase and secretion was completed 2 minutes after PAR-agonist stimulation it 

was decided to continue testing with 2 minutes as a fixed delay after stimulation prior to 

SNAP exposure. Representative original traces of these observations are shown in Fig. 2. 

SNAP induced a significantly more rapid disaggregation phase both at 10µM PAR1AP, which 

is slightly above the aggregation threshold, and at 30µM PAR1AP which is by far exceeding 

the aggregation threshold (Fig. 3). Given that PAR4AP or thrombin-induced aggregation was 

not reversed in the same rapid way as PAR1AP-aggregated platelets it was interesting to test 

how SNAP would affect PAR1AP-stimulated platelets simultaneously activated by increasing 

concentrations of PAR4AP (Fig. 3 C). The aggregation reversal effect of SNAP on PAR1AP 

activated platelets was overcome in a concentration-dependent manner by simultaneous 

PAR4AP stimulation. 100µM and higher doses of PAR4AP by themselves provoke 

aggregation of platelets while lower concentrations only induce shape change. 2 minutes 

after PAR agonist stimulation (i.e. the time point SNAP was introduced) the platelets had 

reached a mean aggregation ranging from 70.3±3.8% to 74.3±5.1% achieved by 30µM 

PAR1AP + SNAP and  30µM PAR1AP + 50µM PAR4AP + SNAP, respectively. 
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Fig. 2 Original traces showing the aggregation of aspirinated platelets stimulated by 30µM 

PAR1AP, 200µM PAR4AP alone or in combination exposed to 10µM SNAP. The traces 

marked “3” were treated only with PAR-agonist. Traces marked “4”  were treated with the 
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same PAR-agonist and were 2 minutes thereafter exposed to SNAP. Aggregation measured 

as % light transmittance. 

 

Fig. 3 Aggregation of aspirinated platelets stimulated by PAR1AP, PAR4AP and PAR1AP 

combined with increasing concentrations of PAR4AP exposed to 10µM SNAP.  Platelets 

were PAR-agonist-stimulated 2 minutes prior to SNAP exposure. A and C) Aggregation 

measured as % light transmittance. B) Rate of aggregation reversal measured as % 
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decreased light transmittance/min during the first 2 minutes after SNAP addition. Statistical 

evaluation was performed with paired t-tests. For 10µM PAR1AP tests n=5, 30µM PAR1AP 

tests n=6, 200µM PAR4AP tests n=3 and PAR1AP + PAR4AP tests n=4. Results presented as 

means in A and C and as means +SEM in B. 

5.3 Evaluation of the effect of TXA2 signaling and fibrinogen release on PAR1AP-activated 
platelet aggregation subjected to NO 

 

Fig. 4 Non-aspirinated platelet aggregation stimulated by PAR1AP subjected to 10µM 

SNAP. Platelets were PAR1AP-stimulated 2 minutes prior to SNAP exposure. A) Aggregation 

expressed as % light transmittance. B) Rate of aggregation reversal measured as % 

decreased light transmittance/min during the first 2 minutes following subjection to NO. 

Paired t-tests were used for statistical analysis. For 10µM PAR1AP tests n=5 and for 30µM 

PAR1AP tests n=6, results presented as means in A and as means +SEM in B. 

The rapid aggregation reversal observed with PAR1AP-stimulated platelets was further 

investigated. To evaluate if the rapid reversal effect was dependent on the absence of TXA2 

signaling, tests with non-aspirinated platelets capable of TXA2 signaling were performed (Fig. 

4). At both the intermediate (10µM) and the high concentration (30µM) of PAR1AP platelet 

stimulation SNAP induced a more rapid disaggregation phase than the one observed in 

untreated samples. These results suggested the aggregation reversal effect was not due to 

lack of TXA2-signaling. It was also of interest to see the effect of externally added fibrinogen 

since NO is known to inhibit secretion when introduced prior to agonist stimulation (15). 

Therefore the platelet suspensions were supplemented with 100µg/ml fibrinogen, activated 

by PAR1AP stimulation and subsequently exposed to NO. (Fig. 5) Also with the PAR1AP-

aggregated platelets supplemented with fibrinogen SNAP was able to reverse the 

aggregation in a rapid manner. Tests combining fibrinogen supplementation and active COX 

were also conducted in which the fast disaggregation was still present upon SNAP exposure 

(data not shown). 
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Fig. 5 Aggregation of aspirinated platelets stimulated by PAR1AP exposed to 10µM SNAP 

in the presence of fibrinogen. Platelets were PAR1AP-stimulated 2 minutes before SNAP 

exposure. A) Aggregation measured as % light transmittance. B) Rate of aggregation reversal 

measured as % decreased light transmittance/min during the first 2 minutes after SNAP 

addition. Statistical analysis using paired t-tests after one–way ANOVAs. For 10µM PAR1AP 

tests n=5 and for 30µM PAR1AP tests n=6, results presented as means in A and as means 

+SEM in B. 
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5.4 Role of NO and cGMP 

 

Fig. 6 Aggregation of aspirinated platelets activated by PAR1AP exposed to the two NO-

donor drugs SNAP (10µM) and GEA 3175 (10µM). PAR1AP stimulation occurred 2 minutes 

prior to NO-donor exposure (at t=0 and t=2, respectively). A)  Aggregation expressed as % 

light transmittance. B) Study of the rate of aggregation reversal measured as % decreased 

light transmittance/min during the first 2 minutes after nitric oxide introduction. Statistical 

analysis with one–way ANOVA and thereafter Dunnett's multiple comparison test. For all 

experiments n=3, results are presented as means in A and as means +SEM in B. 

GEA 3175, a more long-acting NO-donor that differs in chemical structure compared to 

SNAP, was used to examine if the rapid aggregation reversal was a drug-specific effect or 

due to NO (Fig. 6). GEA 3175 was able to produce a fast disaggregation phase similar to the 

one achieved by SNAP. This indicates that the fast aggregation reversal is relying on NO-

donation. NO is an endogenous activator of sGC (the enzyme converting GTP to cGMP) 

which upon activation causes a rise in cGMP concentration (8). Tests using platelets 

incubated with the sGC-inhibitor NS2028 were performed to investigate if the rapid 

disaggregation effect was due to a cGMP rise caused by NO activation of sGC (Fig. 7). With 

sGC-inhibited platelets the SNAP effect (fast initial reversal pace) was abolished; the SNAP 

treated platelets disaggregated at the same pace as untreated platelets when sGC-inhibited. 
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Experiments without fibrinogen supplementation were carried out with the same results 

(data not shown).  

 

Fig. 7 Aggregation of aspirinated, sGC-inhibited platelets provoked by PAR1AP exposed to 

10µM SNAP in the presence of fibrinogen. SGC-inhibited platelets were incubated with 

10µM NS2028 15 minutes, PAR1AP-activated and 2 minutes later SNAP was added. A)  

Aggregation expressed as % light transmittance. B) Rate of aggregation reversal measured 

as % decreased light transmittance/min during the first 2 minutes following NO-donor 

exposure. Statistical analysis using one-way ANOVA and Tukey´s multiple comparison test. 

Results are presented as means in A and as means +SEM in B, n=3. 

5.5 Role of Ca2+-mobilization and inhibition of rises in [Ca2+]i 
The PARs are known to promote Ca2+/Calmodulin-signaling mediating MLC phosphorylation, 

cytoskeleton rearrangement and subsequent platelet shape change (16). NO inhibits calcium 

mobilization and platelet preincubation with NO reduces the [Ca2+]i rise caused by thrombin 

(15), (11). Therefore it was appealing to test how [Ca2+]i would respond if platelets were 

PAR-agonist activated and subsequently exposed to NO (Fig. 8). The overall finding was that 

NO reduced the cytosolic calcium concentration when introduced after PAR-activators. This 
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[Ca2+]I lowering effect was detectable when NO was introduced 2 minutes after thrombin, 

PAR4AP and with combined PAR1AP + PAR4AP stimulation (see representative traces in Fig. 

8 A,C and D). The [Ca2+]I rise provoked by PAR1AP stimulation alone was back at basal levels 

2 minutes after stimulation and no NO-donor effect could be seen, however, when NO was 

introduced only 15 seconds after activation a [Ca2+]I reduction was observed (Fig. 8 C). When 

sGC was inactivated the calcium mobilization inhibitory effect of NO was abolished (I.E. Ca2+-

inhibition is cGMP-dependent); this was true for all PAR-agonists and PAR-agonist 

combinations shown in Fig. 8. To investigate if this suppression of Ca+2-signaling was 

responsible for the fast disaggregation phase observed; tests with calcium-chelated platelets 

were performed (Fig. 9), even though the results seen in Fig. 8 made it unlikely. Ca+2-

chelated platelets are very unpredictable, sometimes platelet suspensions aggregated 

normally upon PAR1AP stimulation, while on other occasions failing to aggregate at all. 

Chelating cytosolic Ca+2 thus makes the platelets less sensitive to activators. After pilot runs 

only platelet suspensions stimulated with 30µM PAR1AP supplemented with fibrinogen were 

used to avoid aggregation failure. The graphs in Fig. 9 are based on runs where a normal 

aggregation phase was observed. BAPTA/AM treated platelets aggregated to a lesser extent 

than platelets with unchelated calcium, however the faster disaggregation phase was only 

apparent in SNAP treated samples. As seen in Fig. 8 the inhibition of [Ca2+]i mobilization was 

a cGMP-dependent effect, however calcium inhibition does not interfere with NO-mediated 

aggregation reversal of PAR1AP-stimulated platelets. The fura-2 method was utilized to 

confirm that the platelet cytosolic calcium was readily chelated by BAPTA/AM when PAR-

agonist activated (data not shown). 
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Fig. 8 Representative cytosolic calcium ratio traces obtained from PAR-activated 

aspirinated platelets loaded with fura-2 exposed to SNAP. Prior to PAR-agonist activation 

sGC-inhibited platelets were incubated with 10µM NS2028 for 5 minutes. A) Thrombin-

stimulated platelets subjected to 10µM SNAP 2 minutes afterwards. B) PAR1AP-stimulated 

platelets 15 seconds subsequently subjected to 10µM SNAP. C) PAR4AP-activated platelets 2 

minutes thereafter exposed to 10µM SNAP. D) PAR1AP and PAR4AP-activated platelets 

exposed to 10µM SNAP 2 minutes thereafter. 

 

 

Fig. 9 Aggregation of aspirinated, Ca
+2

-chelated platelets induced by PAR1AP subjected to 

10µM SNAP in the presence of fibrinogen. Chelated platelets were incubated with 20µM 

BAPTA/AM 15 minutes, PAR1AP-stimulated and 2 minutes thereafter SNAP was added. A)  

Aggregation expressed as % light transmittance. B) Rate of aggregation reversal measured 

as % decreased light transmittance/min during the first 2 minutes after SNAP addition. 

Statistical analysis was carried out with Tukey´s multiple comparison test after one-way 

ANOVA. n=3, results are presented as means in A and as means +SEM in B. 

5.6 Rho-kinase/ROCK-inhibited platelets exposed to NO after PAR1AP-evoked aggregation 
Activation of the PARs is also known to stimulate Rho-kinase/ROCK-signaling which in turn 

induce MLC phosphorylation, shape change and secretion (2), (17), (18). The next step was 

to investigate if the Rho-kinase/ROCK-signaling pathway could be involved in the observed 

disaggregation of PAR1AP stimulated platelets exposed to NO. When assessing the effect of 

Rho-kinase/ROCK-inhibition using two different Rho-kinase/ROCK-inhibitors (Y27632 and 

HA1100) on PAR1AP-stimulated platelet aggregation (Fig. 10) an interesting observation was 

made; the Rho-kinase/ROCK-inhibited platelets disaggregated in a comparable fashion to the 

SNAP exposed platelets. Rho-kinase/ROCK-inhibited platelet aggregation induced by PAR1AP 

was reversed also when no external fibrinogen had been supplemented (data not shown). 

These results made it even more intriguing to test how NO would affect Rho-kinase/ROCK-

inhibited platelets aggregated by PAR1AP stimulation (Fig. 11). There was no additive effect 

when combining SNAP and Rho-kinase/ROCK-inhibitors. Experiments with platelets inhibited 

by Y27632 or HA1100 without supplementation of fibrinogen had the same result (data not 
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shown). To confirm that this aggregation reversal was not interfered with by the sGC-

inhibitor used, tests with PAR1AP-evoked aggregation using platelets incubated with both 

NS2028 and HA1100 or Y27632 were performed. It was observed that Rho-kinase/ROCK-

inhibited platelet aggregation reversal was not affected by NS2028 (data not shown). 

 

Fig. 10 Aggregation of aspirinated, Rho-kinase/ROCK-inhibited platelets stimulated by 

PAR1AP in the presence of fibrinogen. Platelets were incubated with 10µM Y27632 or 30µM 

HA1100 15 minutes and subsequently PAR1AP-stimulated. A)  Aggregation expressed as % 

light transmittance. B) Examination of the rate of aggregation reversal recorded as % 

decreased light transmittance/min between t=2 and t=4. Statistical evaluation carried out 

with paired t-tests. n=3, results shown as means in A and as means +SEM in B. 
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Fig. 11 Aggregation of aspirinated, Rho-kinase/ROCK-inhibited platelets stimulated by 

PAR1AP subjected to 10µM SNAP in the presence of fibrinogen. Platelets were incubated 

with 10µM Y27632 or 30µM HA1100 15 minutes, PAR1AP-stimulated and 2 minutes 

thereafter SNAP was added. A)  Aggregation expressed as % light transmittance. B) 

Examination of the rate of aggregation reversal expressed as % decreased light 

transmittance/min the first 2 minutes following SNAP addition. Statistical analysis was 

carried out with paired t-tests. n=3, results presented as means in A and as means +SEM in B. 

5.7 The effect of NO on basal Rho-kinase/ROCK-mediated MYPT1 thr696 phosphorylation 
One specific mechanism of the Rho-kinase/ROCK-signaling pathway is to induce 

phosphorylation of threonine 696 in myosin phosphatase target subunit 1 (MYPT1) which 

inhibit this enzyme (19). To investigate if SNAP was acting as an inhibitor of the Rho-

kinase/ROCK-signaling pathway SDS-PAGEs and Western blots analysing phosphorylation of 

MYPT1 were performed (Fig. 12). SNAP caused a decrease in MYPT1 phosphorylation, 

smaller than the one observed when incubating with the Rho-kinase/ROCK-inhibitors Y27632 

or HA1100 but substantially reduced compared to the basal phosphorylation level in buffer-

treated platelets samples. The NS2028-pretreated, SNAP incubated platelets had a higher 

level of MYPT1 phosphorylation than the buffer treated platelets.  
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Fig. 12 Western blot and densitometry investigating how aspirinated platelets basal  

MYPT1 phosphorylation was affected by different treatments. Platelet samples were 

incubated with 10µM Y27632, 30µM HA1100, 10µM SNAP, 10µM NS2028 or buffer (to 

produce the same final volume) for the above mentioned periods of time. Representative 

Western blot cut-outs showing phosphorylated myosin phosphatase target subunit 1 (thr696) 

and β-tubulin (after reprobing). Densitometric analysis of Western blot, n=3, results 

presented as means +SEM. 

5.8 The effect of aggregation provoked by PAR1AP and increasing concentrations of 
PAR4AP on Rho-kinase/ROCK-inhibited platelets 
Suggesting NO inhibits a Rho-kinase/ROCK-signaling pathway that is overcome by 

simultaneous PAR4 stimulation; it was compelling to test if Rho-kinase/ROCK-inhibited 

platelet aggregation induced by PAR1AP was also stabilized by concomitant PAR4 activation. 

(Fig. 13) The disaggregation observed on PAR1AP-activated Y27632- or HA1100-inhibited 

platelets was likewise overcome in a concentration-dependent manner when PAR4 was 

concurrently stimulated. The Y27632-inhibited platelets had achieved a mean aggregation 

spanning from 67.5±3.4% to 83.3±2.9% attained by Y27632 + 30µM PAR1AP and Y27632 + 

30µM PAR1AP + 100µM PAR4AP, respectively. HA1100-inhibited platelets had mean 

aggregations ranging between 71.5±3.1% and 80.5±1.8% evoked by HA1100 + 30µM PAR1AP 
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and HA1100 + 30µM PAR1AP + 100µM PAR4AP, correspondingly. Tests without fibrinogen 

supplementation showed comparable results using both Rho-kinase/ROCK-inhibitors (data 

not shown). 

 

Fig. 13 Aggregation of aspirinated, Rho-kinase/ROCK-inhibited platelets stimulated by 

PAR1AP and PAR4AP simultaneously in the presence of fibrinogen. Platelets were 

incubated with 10µM Y27632 or 30µM HA1100 for 15 minutes and subsequently stimulated 

by PAR1AP and increasing concentrations of PAR4AP. The aggregation was measured as % 

light transmittance. n=4, results are presented as means. 

6 Discussion 
NO is a well-known endogenous platelet inhibitor primarily functioning by activation of sGC 

leading to cGMP synthesis even though other signaling mechanisms, such as S-nitrosylation, 

have been suggested (9). Aggregation, activation of αIIbβ3 to its high affinity state, adhesion 

and calcium mobilization evoked by PAR-stimulation have all shown to be reduced by 

preincubating platelets with NO (11), (12), (13). The initial aim of this study was to 

investigate how platelets already aggregated by PAR-agonists would respond when exposed 

to NO. As seen in Fig. 1 preincubation with NO rendered the platelets irresponsive to a 

moderate thrombin concentration (0.1U/ml) but this suppression was overcome at a higher 

thrombin concentration (0.3U/ml). However, when the platelets were NO-treated after 

thrombin exposure only a weak retarding effect on aggregation was observed.  

Thrombin activates human platelets through cleavage of the PAR1 and PAR4 receptors and 

probably using the membrane-bound GPIbα as a cofactor (20). The activation of these 

receptors has been described as having a biphasic behavior; thrombin initially cleaves the 

apparent high affinity receptor PAR1 and subsequently cleaves the lower affinity PAR4, 

when still bound to PAR1, inducing a second platelet signal response. This model is foremost 

based on the intracellular calcium response observed when the different receptors are 

activated; PAR1 stimulation inducing a rapid Ca2+-spike with a rapid decline while PAR4 

activation promotes a much more sustained calcium elevation (21), (22). Therefore PAR1 

and PAR4 specific APs SFFLRN and AYPGKF-NH2 were used to elucidate how NO would affect 

platelets activated by either PAR1- or PAR4-signaling. Most interestingly PAR1, but not PAR4, 

provoked aggregation was reversed in a rapid and marked fashion (Fig. 3). This NO-

promoted disaggregating effect of PAR1AP-evoked platelet aggregation was counteracted in 
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a concentration-dependent manner by concomitant stimulation of PAR4 (Fig. 3). This implies 

that NO is far more effective in counteracting PAR1 than PAR4 provoked platelet 

aggregation. 

Both SNAP and the structurally different NO-donor drug GEA 3175 significantly increased the 

rate of aggregation reversal for PAR1AP-stimulated platelets which means that the faster 

aggregation reversal is due to NO donation rather than a drug specific effect of the primarily 

used NO-donor SNAP (Fig. 6). Tests using sGC-inhibited PAR1AP-provoked platelet 

aggregates showed no rapid disaggregation (Fig. 7). This suggests that the NO/cGMP 

signaling pathway can act and inhibit platelets already activated by PAR1. Furthermore, the 

reversal of aggregation by NO is apparently not due to nitrosylation or other cGMP-

independent mechanisms.  

One hypothesis was that NO-mediated suppression of TXA2 signaling may cause 

disaggregation of PAR1AP-stimulated platelets. However, the rapid disaggregation effect of 

PAR1AP-evoked platelet aggregation by NO was unaffected by the presence or absence of 

TXA2 signaling (Fig. 3, Fig. 4). NO has been shown to cause desensitization of TPα (one of the 

TXA2 receptors) (4), but in respect to the results above TPα-desensitization is not the cause 

of the NO-induced fast disaggregation phase. Another hypothesis was that the fast 

disaggregation was due to an insufficient amount of extracellular fibrinogen to maintain 

aggregation. The only source of fibrinogen in isolated platelet suspensions is the one 

released from platelet α-granules, but when using platelet suspensions supplemented with 

fibrinogen the PAR1AP-stimulated platelets still disaggregated when exposed to NO (Fig. 5). 

This indicates that inadequate secretion of fibrinogen did not account for the disaggregatory 

effect of SNAP. Hence, there had to be another mechanism for this aggregation reversal 

phenomenon. 

This SNAP-promoted disaggregating effect of PAR1AP-evoked platelet aggregation was 

overcome by simultaneous stimulation of PAR4 in a concentration-dependent manner. Both 

receptors activate G12/13- and Gq-signaling leading to calcium mobilization in the cytosol of 

platelets (2), (23). This Ca2+ elevation in turn triggers the MLC phosphorylation and 

cytoskeleton rearrangement preceding platelet shape change. These are all initial platelet 

responses prior to an eventual aggregation. As such, could calcium inhibition be the cause of 

the rapid disaggreagation of PAR1AP-evoked aggregation and would concomitant PAR4-

stimulation raise the calcium levels and in that way stabilize the aggregation?  

The fura-2 method results (Fig. 8) showed that NO suppressed calcium elevation in PAR-

activated platelets, but 2 minutes after PAR1AP stimulation the [Ca2+]i was back at its basal 

level and was therefore not affected by NO. In compliance with these observations platelets 

with chelated calcium disaggregated in the same manner as platelets untreated with calcium 

chelator upon SNAP exposure (Fig. 9). If the rapid disaggregation was due to inhibition of 

Ca2+ mobilization, platelets treated with only BAPTA/AM would most likely have 

disaggregated rapidly as well. Furthermore, NO should have been without effect in 

BAPTA/AM pre-treated platelets. Consequently, this work provides further evidence for NO-

mediated inhibition of Ca2+-mobilization in platelets, but this mechanism is not responsible 

for the reversal of aggregation.  

Since the calcium repression was not accountable for NOs reversal of PAR1AP-evoked 

aggregation the Rho-kinase/ROCK-signaling pathway came under evaluation. Both PAR1 and 
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PAR4 activate Rho-kinase/ROCK-signaling which in turn mediates MLC phosphorylation, 

platelet shape change and secretion making it a possible target for a cGMP-mediated NO 

effect (17), (18). Intriguingly Rho-kinase/ROCK-inhibited platelets also reversed PAR1AP 

mediated aggregation (Fig. 10) in a comparable manner to the reversal observed when 

PAR1AP-provoked platelet aggregates were subjected to SNAP. No additive effect was seen 

when Rho-kinase/ROCK-inhibition and SNAP was combined, which may suggest that a similar 

or that same pathway is affected.  

Thr696 phosphorylation of MYPT1 is exclusively Rho-kinase/ROCK regulated; therefore 

MYPT1 phosphorylation of thr696 is used as a very specific target for analyzing Rho-

kinase/ROCK activity (19). The Western blot analysis revealed that the NO/cGMP-signaling 

also inhibits the Rho-kinase/ROCK pathway (Fig. 12). This further support the idea of NO-

mediated inhibition of the Rho-kinase/ROCK signaling pathway. Along this line, the 

disaggregation observed when Rho-kinase/ROCK-inhibited, PAR1AP-activated platelets 

aggregated was abolished when PAR4 was stimulated simultaneously in accordance to the 

behavior of PAR1AP-activated platelets aggregated that were subsequently exposed to NO 

(Fig. 13). Rho-kinase/ROCK-inhibited platelet disaggregation was overcome by lower PAR4AP 

concentrations than NO exposed platelet aggregation. This is probably due to that HA1100 

and Y27632 quite selectively inhibit the Rho-kinase/ROCK-signaling pathway while NO inhibit 

a variety of other cellular responses as well. 

Albeit previous observations are rare, NO has previously demonstrated to inhibit Rho-

kinase/ROCK-activity and decrease thr696 phosphorylation of MYPT1 in rat endothelial 

muscle (24), (25), (26). Platelets primary connect via fibrinogen linkage between activated 

αIIbβ3-integrins (GPIIb/IIIa) (27). NO research has revealed that this small, highly diffusible 

molecule can inhibit platelet adhesion and spreading through inactivation of αIIbβ3-integrins 

and regulation of MLC (28), (29). In accordance, this study suggest that NO mediates a 

downregulation of the αIIbβ3-integrins fibrinogen-binding conformation in this study 

featuring itself in a marked PAR1AP-evoked platelet aggregation reversal by inhibition of the 

Rho-kinase/ROCK-signaling pathway. Investigating if, and if so how, this Rho-kinase/ROCK-

signaling is actually conveyed to the αIIbβ3-integrin might be a suitable prospect for future 

research. 
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