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Abstract--Previous studies have indicated a possible role for polymorphonuclear leukocytes (PMNLs) 
in the maintenance of hemostasis and vascular tone. We now demonstrate that unstimulated isolated 
PMNLs maintained at 37 ° inhibited human platelet aggregation in a concentration- and time-dependent 
fashion. In addition, PMNLs increased platelet cyclic GMP concentrations. The platelet aggregation 
inhibitory effect of PMNLs was potentiated by superoxide dismutase and attenuated by hemoglobin 
and methylene blue. This inhibitory effect of PMNLs was not observed in 48-hr-old killed cells and 
was not modulated by aspirin treatment or by adenosine deaminase. These observations suggest that 
human PMNLs maintained at 37 ° produce a substance with biological characteristics similar to those 
of the endothelium-derived relaxing factor. 

Several investigators have suggested that leukocytes, 
in particular polymorphonuclear leukocytes 
(PMNLs), play an important role in the maintenance 
of hemostasis and vascular tone [1-7]. PMNLs 
appear in the thrombus early in the formation of a 
clot and may participate in non-plasmin-mediated 
thrombolysis [1]. PMNLs also inhibit platelet 
activation by the release of elastase [2]. On the other 
hand, oxygen-derived free radicals released from 
activated PMNLs stimulate platelet aggregation and 
release reaction [3,4], and may have a role in 
platelet-induced thrombosis. PMNLs also participate 
in tissue injury and in the extension of myocardial 
damage following acute coronary occlusion and 
reperfusion [5, 6]. We have shown recently an 
important smooth muscle relaxant effect of unstimu- 
lated human PMNLs mediated via release of a 
relaxing factor which is qualitatively similar to 
endothelium-derived relaxing factor (EDRF)  [7]. In 
the present study, we examined the findings of 
unstimulated PMNLs on human platelet aggregation. 
Our findings indicate that PMNLs inhibit platelet 
aggregation in a concentration- and time-dependent 
fashion and that the inhibition of platelet aggregation 
may be via release of the same factor that relaxes 
vascular smooth muscle. 

MATERIALS AND METHODS 

Blood collection. Peripheral venous blood was 
collected from normal, healthy volunteers in 3.8% 
sodium citrate (9 : 1; v/v) for separation of platelet- 
rich plasma (PRP). Blood was also collected in 
heparin (10units/mL) for separation of PMNLs. 

* Address reprint requests to: J. L. Mehta, M.D., Ph.D., 
University of Florida, College of Medicine, Box J-277, 
JHMHC, Gainesville, FL 32610. 

None of the volunteers had taken any drugs over 
the 10 days prior to blood donation. 

Preparation of PRP, PPP and PMNLs. To obtain 
PRP, blood was centrifuged at 150g at 25 ° for 
10min. The remaining blood was centrifuged at 
1200g for 15min to obtain platelet-poor plasma 
(PPP). Platelet count in PRP was adjusted to 
approximately 300,000 per mm 3. Heparinized blood 
was layered over 3 mL of mono-poly resolving 
medium (Ficoll-hypaque, sp. g. 1.114) and centri- 
fuged at 500 g at 25 ° for 30 min to obtain PMNLs. 
The PMNL-rich layer was separated and diluted 
with an equal volume of Hanks'  Buffered Salt 
Solution (HBSS) without Ca 2+, Mg 2÷ but containing 
0.1% bovine serum albumin and then centrifuged at 
800 g at 25 ° for 15 min. Red blood cells were lysed 
by briefly (20 sec) suspending the PMNL-rich layer 
in hypotonic saline solution. Then the PMNL-rich 
layer was removed and washed with HBSS with Ca 2+ 
and Mg 2+ by centrifuging at 800 g at 4 ° for 15 min. 
PMNLs were suspended in HBSS containing Ca 2+ 
and Mg 2+, and the suspension (5 × 107 cells/mL) 
consistently contained more than 98% PMNLs and 
their viability, as determined by trypan blue 
exclusion, was more than 95%. 

Platelet aggregation. Platelet aggregation was 
performed in a dual channel aggregometer (Chron- 
olog, model 540) and recorded on a Fisher 5000 
chart recorder. Platelet aggregation was induced 
with adenosine diphosphate (ADP) used in threshold 
concentration, which varied from 2 to 5/zM. PRP 
(---PMNLs) were stirred continuously at 700rpm. 
In each experiment, the ADP threshold was kept 
constant. PRP aggregation was checked repeatedly 
to ensure that threshold concentration did not change 
throughout the experiment. 

Experimental protocols. PMNLs were incubated 
with PRP at 37 ° in concentrations ranging from 
1 x 106 to 1 × 107/mL, prior to addition of ADP.  
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In other experiments, the concentration of PMNLs 
(5 x 106/mL) in PRP was kept constant, but the 
incubation time with PRP was varied from 1 to 
60 min. 

To determine the mechanism of the effects of 
unstimulated PMNLs on platelet aggregation, 
PMNLs were incubated with superoxide radical 
scavenger superoxide dismutase (SOD, 50/~g/mL), 
hemoglobin (1/~M), methylene blue (10#M), 
adenosine deaminase (5units/mL), or catalase 
(1000units/mL). Each agent was incubated with 
PMNLs at 37 ° before their suspension in PRP and 
addition of ADP to induce platelet aggregation. In 
five experiments, PMN Ls were taken from individuals 
who were given aspirin (650 rag) by mouth 12 hr 
earlier, but the PRP was taken from subjects who 
had not taken aspirin. 

To determine if the effects of PMNLs on platelet 
aggregation were due to physical properties of 
PMNLs, 48-hr-old PMNLs (40% alive), and killed 
PMNLs (heated at 50 ° for 60 rain or treated with 
100% ethanol), were incubated with PRP. In other 
experiments, aliquots of the supernatant from 
1 x 107 fresh PMNLs/mL were incubated with PRP 
at 37 ° for 30 min before addition of ADP to initiate 
platelet aggregation. 

Measurements of thromboxane B2 (TxB2), 6-keto- 
prostaglandin FI~ (6-keto-PGFj~) and cyclic GMP 
concentrations. Immediately after platelet aggre- 
gation, indomethacin (5 raM) and EDTA (30 mM) 
were added to the PRP (+- PMNLs) suspension to 
stop the metabolism of arachidonic acid. PRP was 
centrifuged at 1200g for 15min at 4 ° and the 
supernatants were stored at - 7 0  °. On the day of the 
assay, the supernatants were acidified, extracted 
with ethyl acetate, and dried under nitrogen. TxB 2 
and 6-keto-PGFt~ were measured by radio- 
immunoassay (RIA) in the extracted samples. The 
minimum reliable detection limits of TxB 2 and 6- 
keto-PGFl~ is 100pg/mL in this assay [8]. To 
measure cyclic GMP, 1 mL of 10% trichloroacetic 
acid was added to PRP at 5min after onset of 
aggregation. The PRP (-+ PMNLs) suspension was 
then homogenized to disrupt the platelet membranes 
and extracted with ether three times. The residue 
was acidified with acetic anhydride, and cyclic GMP 
was measured by RIA in the extracted samples. The 
extraction efficiency for this method was 90-+ 5% 
(N = 12). The supplies for RIA were obtained from 
New England Nuclear, Boston, MA. 

Measurement of adenosine levels. To determine if 
adenosine is released by PMNLs when in contact 
with PRP, aliquots of PMNLs (1 x 107/mL) alone 
and of PRP plus PMNLs both incubated together 
for 30 min were collected. The samples were then 
centrifuged at 1200 g and frozen at - 70  °. Adenosine 
content was measured using HPLC with the detector 
set to measure adenosine peaks at a wavelength of 
254nm. The methodology for measurement of 
adenosine is described elsewhere [9]. The detection 
limit of the assay is 10 -s M. 

Supplies. Mono-poly resolving medium and HBSS 
were obtained from Flow Laboratories, Inc., 
McLean, VA. Bovine serum albumin, human 
oxyhemoglobin, adenosine deaminase, methylene 
blue and trypan blue were purchased from the Sigma 

Chemical Co., St. Louis, MO. Human recombinant 
SOD (activity: 4000 units/mg) was obtained from 
Grunenthal GmbH, Stolberg, Federal Republic of 
Germany. 

Statistical analysis. Statistical comparison of the 
differences between platelet aggregation in PRP 
alone and the effects of various PMNL con- 
centrations incubated for different times was made 
by Student's t-test. The effects of various modulators 
of PMNL function were analyzed by analysis of 
variance and t-test, as appropriate. 

RESULTS 

PMNL-induced inhibition of human platelet aggre- 
gation. PMNLs inhibited ADP-induced platelet 
aggregation in all subjects. The inhibition of platelet 
aggregation was dependent on the concentration of 
PMNLs in PRP. In addition, the inhibition of platelet 
aggregation was dependent on the period of incu- 
bation of PRP with PMNLs (Table 1, Fig. 1). A high 
concentration of PMNLs (1 x 107/mL) incubated for 
30-60 min with PRP caused total inhibition of plate- 
let aggregation. ADP alone (up to 10/~M) had no 
effect on PMNL aggregation or in other PMNL 
functional parameters, such as chemotaxis or oxy- 
gen-derived free radical generation. 

Nature of the PMNL-derived inhibitory substance. 
SOD in nine of ten experiments enhanced (P < 0.01) 
the inhibitory effect of PMNLs on platelet aggre- 
gation (Fig. 2). This effect of SOD was observed 
more consistently when SOD was added to the PRP 
just prior to addition of PMNLs. When SOD was 
incubated with PMNLs for 30min or longer, the 
potentiation of the platelet aggregation inhibitory 
effect of PMNLs was less marked. The inhibitory 
effect of PMNLs was attenuated consistently when 
oxyhemoglobin and methylene blue were incubated 
with PMNLs for 30 min (P < 0.01) (Table 2). In all 
these experiments, SOD, oxyhemoglobin or methyl- 
ene blue had no effect on PRP aggregation in the 
concentration which modulated the effects of 
PMNLs. Adenosine deaminase or catalase did not 
affect aggregation of platelets whether or not PMNLs 
were present. Furthermore, PMNLs from aspirin- 
treated subjects inhibited platelet aggregation in the 
same fashion as those from non-aspirin-treated sub- 
jects (data not shown). 

Forty-eight-hour-old PMNLs did not inhibit plate- 
let aggregation. Similarly, killed PMNLs or PMNL 
supernatants (separated within 5 min) had no effect 
on platelet aggregation. In all these experiments, 
fresh PMNLs caused marked inhibition of platelet 
aggregation (Table 3). 

TxB2, 6-keto-PGFl~, cyclic GMP and adenosine 
concentrations. TxB 2 was not affected by the addition 
of PMNLs to PRP (6.1 + 1.7 vs 4.3 -+ 0.9 ng/mL; 
P = NS). 6-keto-PGFl~was below the detection limit 
in all PMNL supernatants and in PRP plus PMNL 
aliquots. Cyclic GMP increased in PRP in response 
to 1 x 10 v PMNLs (0.149 +- 0.010 vs 0.090 +- 0.008 
pmol/100#L; P <  0.02). Adenosine was not 
detected in either the PMNL supernatants or the 
PRP plus PMNL suspension. 



Neutrophils and platelet aggregation 

Table 1. Inhibition of human platelet aggregation by PMNLs 

Piatelet aggregation 
(%) 

Concentration-dependence 
PRP alone 

+ 106 PMNLs/mL 
+5 x 106 PMNLs/mL 
+ 107 PMNLs/mL 

Time-dependence 
PRP alone 

+5 × 106 PMNLs/mL (Inc. time: 1 min) 
+5 × 10 ~ PMNLs/mL (Inc. time: 30 rain) 
+5 x 106 PMNLs/mL (Inc. time: 60 min) 

69 ± 13 (8) 
50 ± 8" (6) 
35 ± 15t (7) 
24 ± 10t (5) 

67 ± 7 (5) 
52 ± 7* (5) 
37 ± 7t (4) 
26 ± 6t (4) 

Values are means ± SD; numbers in parentheses are the number of experi- 
ments. Inc. = incubation. 

* P < 0.05, when compared with PRP alone. 
t P < 0.01, when compared with PRP alone. 
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Table 2. Modulation of the effects of PMNLs on human platelet aggregation by SOD, 
adenosine deaminase, hemoglobin and methylene blue 

Platelet aggregation Inhibition 
(%) (%) 

PRP alone 61 -+ 6* 
+PMNLs 42 ± 9 31 
+SOD 59 + 7 
+SOD + PMNLs 29 -+ 11 51t 

PRP alone 60 ± 9 
+PMNLs 34 - 8 44 
+Oxyhemoglobin 61 ± 9 
+Oxyhemoglobin + PMNLs 50 -+ 13 18t 

PRP alone 68 ± 6 
+PMNLs 41 -+ 6 40 
+Methylene blue 65 -+ 4 
+Methylene blue + PMNLs 54 --- 11 17t 

PRP alone 62 +- 12 
+PMNLs 36 - 13 41 
+ Adenosine deaminase 66 - 8 
+Adenosine deaminase + PMNLs 39 - 9 41 

The concentration of PMNLs was 5 × 106/mL in each experiment. Concentrations 
of SOD, oxyhemoglobin, methylene blue and adenosine deaminase were 50 #g/mL, 
1/~M, 10/~M and 5 units/mL respectively. 

* Values are means - SD, N = 4-10 experiments. 
t P < 0.01 vs inhibition caused by PMNLs. 

Table 3. Effect of old and killed PMNLs, and PMNL supernatant on human 
platelet aggregation 

Platelet aggregation 
(%) 

PRP alone 
+5 × 106 Fresh PMNLs/mL 
+5 × 106 48-hr-old PMNLs/mL 
+5 × 106 killed PMNLs/mL 
+Supernatant fresh PMNLs (1 × 107/mL) 

57 - 5 (9) 
32 ± 4* (6) 
57 --- 3 (4) 
41 ± 11 (5) 
55 _ 5 (5) 

Values are means --- SD; numbers in parentheses are the number of experi- 
ments. 

* P < 0.001 vs PRP alone. 
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Fig. 2. Potentiation of inhibitory effects of PMNLs on 
platelet aggregation by SOD. 

DISCUSSION 
This study indicates that unstimulated human 

PMNLs inhibit ADP-induced platelet aggregation 
in PRP in a concentration-dependent fashion. The 
inhibitory effect of PMNLs was proportional to the 
duration of contact between PMNLs and PRP at 
37 ° . Furthermore,  SOD significantly potentiated the 
inhibitory effects of PMNLs on platelet aggregation, 
whereas both oxyhemoglobin and methylene blue 
attenuated this effect. Our studies also show that the 
inhibition of platelet aggregation by PMNLs was not 
related to the release of platelet inhibitors, adenosine 
and prostaglandin I2 (PGI2), from PMNLs, since the 

treatment of PMNLs with adenosine deaminase or 
use of PMNLs from aspirin-treated subjects did not 
modify the aggregation inhibitory effects of PMNLs. 
Furthermore, adenosine or 6-keto-PGFl~ was not 
detectable in the PMNL supernatant. 

The potentiation of activity of the aggregation 
inhibitory factor from PMNLs by SOD was more 
pronounced when SOD was present in the incubate 
for a short period (less than 5 min). Since SOD has 
a relatively short half-life [10], it is possible that SOD 
when present in the incubate for long periods loses 
its efficacy. Potentiation of the bioactivity of PMNL- 
released aggregation inhibitory factor by SOD sug- 
gests that this factor may be degraded by superoxide 
radicals. Inhibition of the aggregation inhibitory 
effects of PMNLs by oxyhemoglobin or methylene 
blue, both of which inhibit intracellular increase in 
cyclic GMP [11], suggests that the aggregation inhibi- 
tory factor may act by increasing cyclic GMP levels. 
Indeed, our studies show that PMNLs cause an 
increase in cyclic GMP in PRP. 

In our previous studies, we showed that unstimu- 
lated human PMNLs relax vascular smooth muscle, 
and this relaxant effect is potentiated by SOD and 
captopril, and attenuated by oxyhemoglobin and 
methylene blue [7]. In this context, it appears that 
the biological effects of PMNLs on human platelets 
are related to the release of the same smooth muscle 
relaxing factor. EDRF has also been identified to 
inhibit platelet aggregation and relax smooth muscle 
[12]. These effects of E D R F  are potentiated by SOD 
and inhibited by oxyhemoglobin and methylene blue 
[11]. Taken together, these observations indicate 
that the PMNL-derived relaxing factor is quali- 
tatively similar to the EDRF.  

A recent study indicates that human PMNLs gen- 
erate nitric oxide when incubated at 37 ° [13]. E D R F  
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has also been identified to be nitric oxide, derived 
from the amino acid l-arginine [14]. Interestingly, 
stimulation of PMNLs with serum opsonized 
zymosan, formyl-methionyl- leucine-phenylalanine 
(f-MLP) or  phorbol  myristate acetate (PMA),  while 
inducing respiratory burst and lysosomal release, 
causes no additional nitric oxide production [13]. 

These studies indicate that unstimulated human 
PMNLs inhibit platelet  aggregation in PRP. Similar 
observations have been made by Salvemini et al. 
[15] in washed platelet  suspension with thrombin as 
stimulus for platelet  aggregation. Our studies extend 
these observations in human PRP. We now also show 
that the inhibition of platelet  aggregation was not 
due to release of prostaglandins or adenosine from 
the PMNLs.  In addition, the degree of inhibition of 
platelet aggregation seems to be dependent  on the 
duration of incubation of PMNLs and PRP. 
Al though elastase release from PMNLs may inhibit 
platelet aggregation [2], it is unlikely that a significant 
amount  of elastase is released by unstimulated 
PMNLs to inhibit platelets. The most likely nature 
of the inhibitory factor based on the biological 
characteristics appears to be nitric oxide. 
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