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Aggregation of rat platelets, when stimulated by adenosine diphosphate (ADP) or fluoride, is impaired by zinc 
deficiency, and the defect is associated with a decreased uptake of external Cd + . Zinc deficiency also impairs 
the aggregatory response of platelets to phorbol myristate acetate (PMA), an activator of protein kinase C, but 
low zinc status decreases the PMA response only when calcium is added to the external medium. The purpose 
of this study was to determine the role of protein kinase C in rat platelet function and its relationship to the zinc 
deficiency pathology observed in platelets stimulated by thrombin (THR). The percent of maximal aggregation 
and the concentration of cytosolic-free Ca2+ were measured in washed platelets stimulated by THR and PMA. 
For the protein kinase C experiments platelets were obtained from rats fed a grain-based diet, and for the 
thrombin experiments they were from rats fed purified diets. In the latter experiments, immature male rats were 
fed for 2 weeks a low zinc diet (<I mglkg) ad iibitum or a zinc adequate (100 mglkg) diet either ad libitum or 
pair-fed. Zinc deficiency impaired the aggregation of platelets stimulated by 0.045 UImL of THR by approxi- 
mately 40%, and the external calcium uptake (0.03 UImL of THR) was decreased by approximately 30%. 
Staurosporine, a protein kinase C inhibitor, decreased thrombin-induced aggregation in a concentration- 
dependent manner, but it had no effect on the external calcium uptake. While PMA had a synergistic effect with 
thrombin in the stimulation of platelet aggregation, it actually decreased the cytosolic-free calcium response to 
thrombin. It is concluded that zinc deficiency impairs thrombin-stimulated platelet aggregation and calcium 
uptake and that protein kinase C activity is essential for rat platelet aggregation. Protein kinase C does not 
stimulate calcium uptake and must act downstream of the calcium uptake defect. A model of rat platelet activation 
is presented depicting impaired Cd’ uptake as the primary defect in zinc deficiency. (J. Nutr. Biochem. 6: 

661-666, 1995.) 
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Introduction 

Bleeding time is prolonged in zinc-deficient rats,’ and the 
defect is accompanied by impaired platelet aggregation.* 

This research was supported in part by NRICGP/USDA grant No. 91- 
37200-6286. 
Address reprint requests to Prof. Boyd L. O’Dell at 112 Animal Science 
Research Center, University of Missouri, Columbia, MO 65211, USA. 

The rate of aggregation of both platelet-rich plasma and 
washed platelets stimulated by several agonists is de- 
creased.2*3 The impairment is not due to lack of or defective 
receptors since impaired aggregation occurs when plasma 
membrane receptors are bypassed by the use of fluoride 
(F-), an aggregating agent that stimulates a G-protein di- 
rectly.4 Impaired platelet aggregation, whether stimulated 
by ADP or F-, is associated with decreased uptake of ex- 
ternal calcium.4*5 An increase in the concentration of cyto- 
solic free calcium, [Ca* +li, is essential for platelet aggre- 
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Although thrombin is a commonly used stimulant of 
platelet aggregation in vitro, its effect on zinc-deficient rat 
platelets has not been tested. Its mechanisms of activation 
differs from that of adenosine diphosphate (ADP) in that it 
uses different signal transduction pathways.7*8 Thrombin 
activates both phospholipase C (PLC) and phospholipase 
A,, but it is equivocal whether ADP receptors are linked to 
phospholipase C.’ While both agents induce calcium influx 
across the human platelet plasma membrane, the rate of 
influxlgroduced by thrombin is slower than that induced by 
ADP. 

Recent results in this laboratory show that phorbol 
myristate acetate (PMA), a protein kinase C (PKC) activa- 
tor, stimulates the aggregation of rat platelets and that the 
response is impaired by zinc deficiency.” The rate of 
PMA-stimulated aggregation was increased by the addition 
of calcium to the external medium of control platelets but 
not by its addition to platelets from zinc-deficient rats, i.e., 
aggregation was lower in platelets from zinc-deficient rats 
only when calcium was added to the medium. Low zinc 
status also significantly decreased the binding of phorbol 
dibutyrate to platelet membranes but only when the platelets 
were pretreated with Ca2+, again suggesting that the pri- 
mary effect of zinc deficiency is to decrease the availability 
of external Ca* + for PKC activation. l1 PKC is a serine and 
threonine kinase that plays a ke 

Y 
signal transduction role in 

human platelet aggregation. 12*’ It catalyzes the phosphor- 
ylation of a 40-kD protein whose function is unknown but 
appears to regulate dense granule release.‘4915 PKC is acti- 
vated in vivo by Ca2 + and diacylglycerol but it can be 
activated exogenously by other compounds such as phorbol 
esters. l6 Phorbol esters initiate aggregation of human plate- 
lets. In contrast to the commonly used agonists, they sup- 
press the rise in [Ca2+]i induced by thrombin.15 

The purpose of this study was to determine the role of 
PKC in rat platelet function and its relationship to the mech- 
anism by which zinc deficiency affects platelet aggregation 
and calcium uptake by thrombin-stimulated platelets. The 
results show that thrombin-stimulated aggregation and ex- 
ternal calcium uptake are impaired by zinc deficiency and 
that PKC activity is required for rat platelet aggregation. A 
schematic model of the mechanism involved in rat platelet 
aggregation is presented, showing that the basic defect in 
zinc deficiency is impaired calcium uptake, a condition that 
limits PKC activity. 

Methods and materials 

Materials 

ADP, tbrombin, rat fibrinogen, bovine serum albumin (BSA), 
staurosporine, dimethyl sulfoxide (DMSO), and phorbol 12- 
myristate 13-acetate (PMA) were purchased from Sigma Chemical 
Co. (St. Louis, MO USA), and fura 2-AM from Molecular Probes 
(Eugene, OR USA); other reagent were reagent grade. 

Animals and diets 

For the zinc status experiments, immature (140 to 160 g) male rats 
of Wistar origin and from the departmental colony were housed 
individually in suspended stainless steel cages in a room main- 
tained at 22°C and with a 12 hr 1ightAark cycle. Diet and deion- 

ized water were supplied ad libitum for a period of 2 weeks unless 
otherwise specified. The basal diet was the same as previously 
described17 except that EDTA-treated soybean protein was used as 
the amino acid source, and 0.4% DL-methionine was added. Ex- 
perimental blocks of three rats were started on a staggered time 
basis so that measurements were made on one rat from each di- 
etary treatment group on the same day. One dietary treatment 
group consumed the basal low-zinc diet (<l mg/kg) ad libitum 
(- ZNAL), one the control zinc-supplemented diet (100 mg/kg) ad 
libitum ( + ZNAL) , and one the control diet restricted to the intake 
of those fed the basal low zinc diet, i.e., pair-fed (+ ZNPF). For 
the PKC studies, the rats were fed a grain-based diet. The number 
of rats per experiment is indicated in the respective tables and 
figures. 

Preparation of washed platelets 

Washed platelets were prepared as previously described.3 Briefly, 
blood was drawn from the abdominal aorta into a 0.1 volume of 
sodium citrate in phosphate-buffered saline (PBS; pH 7.4) to pro- 
vide a final citrate concentration of 10 mmol/L. Platelet-rich 
plasma was obtained by centrifugation at 400 g for 10 min. The 
platelets were then sedimented at 600 g for 15 min and washed 
with a buffer (HEPES 5.0, MgCl, 1.05, KC1 2.68, NaHCO, 11.9, 
NaCl 137, NaH,PO, 0.36, and glucose 5.5 mmol/L; BSA 3.5 g/L) 
at pH 6.5.3 After 5 min, the platelets were pelleted at 400 g for 10 
min and resuspended in the same buffer at pH 7.4. 

Platelet aggregation 

Aggregation of washed platelets was monitored3 in a dual channel 
aggregometer (Model 340, Chrono-Log Corp., Haverton, PA 
USA). Aggregation was initiated by addition of 10 kg of rat fi- 
brinogen (0.5 mL of platelet suspension) and 1 mmol/L CaCl, 
followed by thrombin (0.02 to 0.045 U/mL) or PMA (80 nmol/L). 
Maximal aggregation was then determined by further addition of 
0.2 U/mL of thrombin. When used, staurosporine or PMA was 
added 1.5 min before the first addition of thrombin. The aggre- 
gatory response was expressed as the percent of maximum. 

Cytosolic calcium 

Fluorescence measurements for determination of cytosolic calcium 
concentration, [CaZf Ii, were carried out as previously described.5 
Washed platelets were loaded with fura 2-AM by the addition of 1 
mmol/L to the medium,3 collected by centrifugation at 600 g for 
10 min, and resuspended in the pH 7.4 buffer described above. 
Fluorescence was measured in a Spex CM System dual- 
wavelength fluorometer (Spex Industries, Edison, NJ USA) using 
excitation at 340 and 380 nm and measuring emission at 505 nm. 
Internal release of calcium was determined as the increase in 
[Ca2:li in stimulated platelets that were suspended in the buffer 
contammg 0.1 rnmol/L of EGTA. External uptake was calculated 
as the difference between the total increase in [Ca2+li when the 
buffer contained 1 mrnol/L calcium and the increase due to internal 
release. When used, staurosporine or PMA was added 1 min be- 
fore the fluorescence scan. 

Statistical analysis 

Data are presented as the mean 2 the standard error of the mean 
(SEM). They were analyzed by ANOVA using Crunch software 
(Intractive statistical package, Crunch Software Corp., San Fran- 
cisco, CA USA) followed by a post hoc t-test. P values less than 
0.05 were considered significant. 
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Results 
The nutritional status of the rats used in this study was 
evaluated by weight gain during the 2-week experimental 
period and by the plasma zinc concentration at the end of 
the period. As shown in Table 1, both the rate of weight 
gain and plasma zinc concentration were remarkably re- 
duced in rats fed the low zinc basal diet, indicating distinct 
zinc deficiency. 

2 
80 

b .- j 
3 704 - 

Thrombin stimulated aggregation of rat platelets at a 
minimal concentration of approximately 0.03 UlmL, and 
the concentration range that produced submaximal aggre- 
gation was narrow. A concentration of 0.045 U/mL of 
thrombin gave 40 to 70% of maximum, depending upon the 
zinc status. As shown in Figure I, platelets from zinc- 
deficient rats showed a lower aggregatory response to 
thrombin than those from controls. The percentage of max- 
imal aggregation of platelets from zinc-deficient rats was 
39% compared with 61% for pair-fed and 73% for ad libi- 
turn-fed controls. 

As observed for other aggregatory stimulants,2-4 throm- 
bin increased the cytosolic free calcium concentration in rat 
platelets, but the rate of the increase was slower than that 
stimulated by ADP (data not shown). Thrombin at concen- 
trations of 0.02 to 0.045 U/mL stimulated calcium uptake 
linearly. The effect of zinc status on the transient increase in 
[Ca2+li in response to various concentrations of thrombin is 
shown in Table 2. There was no dietary effect on internal 
calcium release at any thrombin concentration. However, 
the uptake of extracellular calcium by zinc-deficient plate- 
lets was impaired in response to both 0.02 and 0.03 U/mL 
of thrombin. At higher thrombin concentrations, the differ- 
ences due to low zinc status decreased and became insig- 
nificant. 

-ZnAL +ZnPF +ZnAL 
DIETARY TREATMENT 

Figure 1 Zinc status and thrombin-stimulated (0.045 UlmL) plate- 
let aggregation. The bars and extensions represent the mean t 
SEM; n = 8 to 9. All of the values are expressed as a percentage of 
the maximal aggregation induced by 0.2 U/mL of thrombin. Different 
letters above the bars indicate statistically significant differences, P 
< 0.05. 

aggregation, the percentage of maximal aggregation was 
inhibited 98 and 90% by 440 and 880 nmol/L staurosporine, 
respectively. 

To determine whether PKC plays a direct role in the 

As reported earlier,” the phorbol ester PMA stimulated 
platelet aggregation at a concentration of 80 nmol/L, and 
there was a long lag time compared with the thrombin re- 
sponse. PMA and thrombin had a synergistic effect on ag- 
gregation (data not shown). To explore the role of PKC 
activity in the aggregation of rat platelets, graded levels of 
staurosporine, a PKC inhibitor, were added to platelet sus- 
pensions along with three different concentrations of throm- 
bin. As shown in Figure 2, graded levels of staurosporine 
progressively inhibited aggregation, and at a concentration 
of 220 nmoYL totally blocked aggregation induced by 0.045 
U/n& of thrombin. At thrombin concentrations of 0.1 and 
0.2 U/mL, concentrations that normally induced maximal 

Table 2 Effect of zinc status on the change in cytosolic calcium 
concentration in rat platelets stimulated by thrombin” 

Thrombin 
level 
(UlmL) 

Dietary 
group 

Internal Ca 
releaset 
(nmol/L) 

External Ca 
uptake* 
(nmol/L) 

Table 1 Weight gain and plasma zinc concentration as indices of 
zinc status 

0.020 

0.030 

0.045 

0.200 

- ZnAL 15.8 * 3.5 214 2 20.8’ 
+ZnPF 14.6 2 2.2 304 + 21.6’ 
+ ZnAL 18.4 !I 5.0 324 f 14Bb 
- ZnAL 69.2 5 10.2 390 f 34.8’ 
+ ZnPF 47.0 ” 8.8 534 I?I 31 .a* 
+ ZnAL 50.7 * a.7 535 2 30.5b 
- ZnAL 82.2 2 17.5 694 Ifr 65.6 
+ ZnPF 66.0 k 12.6 772 2 73.3 
+ ZnAL 54.8 2 6.4 878 )- 56.0 
- ZnAL 119 + 13.8 1301 2 45.9 
+ ZnPF 94.2 k 13.7 1403 2 117 
+ ZnAL 110 f 7.3 1532 2 107 

Dietary group 

- ZnAL 
+ ZnPF 
+ ZnAL 

Weight gain 
(NW 

0.3 +- 0.18 
1.9 ” o.ib 
4.4 2 0.2” 

Plasma Zn 
(pmol/L) 

8.1 2 o.38 
17.0 r+_ O.?b 
15.5 2 o.36 

*Means * SEM. n = 5 to 6 per group. 
Within columns, values obtained with the same thrombin concen- 
tration that have different superscripts are significantly different at P 
< 0.05 as determined by ANOVA followed by a post hoc t-test. 
tlnternal calcium release is the increase in cytosolic-free calcium 
induced by stimulation of platelets in the buffer containing 0.1 
mmol/L of EGTA. 

Means 2 SEM. n = 20 for each group. *External calcium uptake is the calculated difference between in- 
Within a column, values with different letters are significantly differ- ternal release and the increase in cytosolic-free calcium induced by 
ent at P < 0.05 as determined by ANOVA followed by a post hoc the stimulation of platelets in the buffer containing 1 mmol/L of cal- 
f-test. cium. 
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Thrombln Added 

0 0 045 U/mL 

0 0 10 U/ml, 

i. 0 20 II/rnL 

-4 

0 200 400 600 600 1000 

Staurosporine, nrnol,/L. 

Flgure 2 Inhibitory effect of graded levels of staurosporine on the 
percent of maximal platelet aggregation induced by three concen- 
trations of thrombin. Staurosporine was added 90 set prior to throm- 
bin; n = 3 to 5. 

calcium uptake process, the effect of staurosporine on cy- 
tosolic calcium concentration was determined in platelets 
stimulated with 0.045 U/mL of thrombin. The results are 
summarized in Table 3. Staurosporine, at concentrations 
that inhibited platelet aggregation, had no effect on the 
maximal increase in [Ca*+]i. Neither internal release nor 
uptake of external calcium was affected. However, the rate 
of decay of the peak levels of [Ca2+li in platelets stimulated 
with thrombin was less in the presence of staurosporine 
(data not shown). 

Although PMA induced aggregation, it inhibited the 
transient increase in [Ca2+li observed when platelets were 
stimulated by 0.045 U/mL of thrombin alone. The cyto- 
solic-free calcium data are presented in Table 4. Both the 
internal release of calcium and the uptake of external cal- 
cium induced by thrombin were decreased when PMA was 
present at concentrations of 80 and 160 nmoVL. In the 
absence of thrombin, PMA had no effect on the [Ca2+li 
(data not shown). 

Discussion 
In agreement with earlier studies2-4 that used ADP and F- 
as agonists, zinc deficiency in rats had a detrimental effect 

Table 3 Effect of staurosporine on the change in cytosolic calcium 
concentration of platelets stimulated by thrombin 

Treatment 

Internal Ca External Ca 
release uptake 

(nmol/L) (nmol/L) 

Control (vehicle) 
Staurosporine (nmol/L) 

55 
220 
880 

82.5 f 20.0 763.0 k 21.6 

76.0 2 17.6 718.5 k 45.5 
73.3 ” 15.1 688.8 2 46.4 
81.8 f 15.1 785.7 f 53.5 

Mean 2 SEM. n = 6 for each group. The thrombin concentration 
was 0.045 U/mL. The DMSO concentration in the vehicle (the sol- 
vent for staurosporine) was 0.5% for all trials. The platelets were 
from rats fed a grain-based diet. No statistically significant differ- 
ences were observed. 
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Table 4 Effect of phorbol myristate acetate (PMA) on the change 
in cytosolic calcium concentration of platelets stimulated by throm- 
bin 

Treatment 

Internal Ca 
release 
(nmol/L) 

External Ca 
uptake 

(nmol/L) 

Control (vehicle) 
PMA (nmol/L) 

69.3 f 9.7’ 767 -+ 55.2e 

80 21.3 s 4.36 274 t 30.6b 
160 8.0 f 2.3b 131 f 34b 

Mean -+ SEM. n = 3 for all values. Thrombin concentration was 
0.045 UlmL. Within a column values with different letters are signif- 
icantly different at P < 0.05 as determined by ANOVA followed by a 
post hoc t-test. Platelets were from rats fed a grain-based diet. 

on the aggregation response of platelets stimulated with 
thrombin. Also in agreement is the observation that zinc 
deficiency decreases the uptake of external calcium result- 
ing from stimulation with thrombin. Since a sharp transient 
increase in cytosolic-free calcium is required to initiate ag- 
gregation, the impaired cytosolic calcium response provides 
strong evidence that the basic defect in platelets from zinc- 
deficient rats resides in the function of a plasma membrane 
calcium channel. The effect of low zinc status on calcium 
uptake was observed at a lower concentration (0.03 U/mL) 
of thrombin than the concentration (0.045 U/mL) used to 
induce aggregation, suggesting different sensitivities of the 
two systems. The platelets used for measurement of cyto- 
solic-free calcium were loaded with fura- and conse- 
quently had been mechanically manipulated more and for a 
longer time than those used for aggregation. Fibrinogen is 
added during the aggregation but not during the calcium 
uptake assay. These factors may have made the fura-loaded 
platelets more sensitive. In preliminary experiments we ob- 
served that the aggregation response of fura-loaded platelets 
to thrombin stimulation is significantly greater (P < 0.05, n 
= 6) than that of an unloaded aliquot of the same platelets. 
It is possible that the chelation of cytosolic calcium by 
internalized fura depletes the internal calcium store and 
thereby potentiates the opening of calcium channels. Cal- 
cium depletion of a lymphocyte cell line causes a messen- 
ger, termed calcium influx factor (CIF), to be released from 
intracellular organelles . ’ * When applied to other cells CIF 
causes calcium influx. Because of the differences in the two 
platelet systems used in this study-fura-loaded and not- 
loaded--differences in the concentration of thrombin re- 
quired to elicit a linear response is to be expected. 

Aggregation of rat platelets is more sensitive to the ex- 
ternal calcium concentration than is the aggregation of hu- 
man platelets” because rat platelets release less internal 
calcium when stimulated.*’ Rat platelets have a smaller 
internal calcium pool and depend largely upon the uptake of 
external calcium to initiate aggregation. The ratio of inter- 
nal release to external calcium uptake in the rat platelets 
stimulated with 0.045 U/mL of thrombin was approxi- 
mately 0.09; this is appreciably less than the ratio (0.37) 
observed in human platelets.*l Only external uptake is af- 
fected by zinc deficiency in the rat. 

The increase in [Ca2+li induced by ADP is more rapid 



Zinc deficiency and rat platelet function: Xia and O’Dell 

ADP 

- Ca 
Release 

&x+A 

Staur sporine 

1 
(4 

Thrombin- f- - 

-Zn V 
than that induced by thrombin in both rat and human plate- 
lets,** suggesting that ADP-evoked calcium influx involves 
a different transduction system than that used by thrombin. 
Thrombin activates PLC, an enzyme that catalyzes the for- 
mation of diacylglycerol (DG) and inositol trisphosphate 
(IP,). DG activates PKC, and IP, stimulates the release of 
calcium from internal stores. Since the increase in [Ca*+]i 
in response to all agonists tested is impaired by zinc defi- 
ciency, it is likely that a calcium channel, rather than a 
transduction mechanism, is defective. Nevertheless, the ba- 
sic biochemical defect involved, the mechanism by which 
calcium uptake is impaired, remains unknown. 

Exposure of fibrinogen binding sites is regulated by pro- 
tein phosphorylation catalyzed by PKC, a zinc metalloen- 
zyme. 23 The glycoprotein IIb-IIIa complex at the binding 
site is not only involved with fibrinogen binding but is also 
associated with calcium uptake.24 PKC activation requires 
both Ca*+ and DG or a DG analog such as phorbol esters. 
PKC activation of human platelets leads to shape change, 
secretion, as well as the exposure of fibrinogen binding 
sites.23 These are all camp onents of the platelet aggregation 
process but they do not depend upon an increase in cyto- 
solic-free calcium. 25 

PKC is essential for platelet aggregation but it does not 
increase [Ca*+];. In rat platelets PMA by itself had no 
effect on [Ca*+h; it reduced the transient calcium increase 
produced by thrombin. The PKC inhibitor, staurosporine, at 
concentrations that inhibited platelet aggregation (55 to 880 
nmol/L), had no effect on the peak value of [Ca*+]i that 
resulted from thrombin stimulation. However, staurospo- 
rine slowed the rate at which [Ca2+li returned to the basal 
level, confirming the observation made with human plate- 
lets using a structural analog of staurosporine.26 While stau- 
rosporine inhibits the aggregation of human platelets,27 its 
effect on [Ca2+li in thrombin-stimulated platelets is con- 
troversial . 28*29 Differences in published results may have 
arisen because a single concentration of staurosporine was 
used and the concentration differed between studies. 

Based on this study and our previous results,2-5’1’ a 
model that depicts the role of zinc in rat platelet aggregation 
is presented in Figure 3. The three agonists, ADP, F- , and 
thrombin, stimulate platelet aggregation by a mechanism 
involving an increase in the cytosolic calcium concentra- 

-Zn u 

Figure 3 Model of rat platelet aggregation 
depicting the effect of zinc deficiency. PKC 
plays a key role in aggregation, and its in 
vivo activitv is dependent upon increases in 
calcium and diacyglycerol. ‘In platelets from 
zinc-deficient rats. PKC activitv is de- 
creased secondary to impaired cal’cium up- 
take. The vertical hollow arrows with [-Zn] 
indicate decreased concentration, activity, 
or function in platelets from zinc-deficient 
rats. 

tion. The increase in [Ca2+li is impaired by zinc deficiency, 
leading to decreased PKC activity and subsequently to im- 
paired platelet aggregation. Uptake of external calcium is 
subnormal but release of calcium from internal stores is 
unaffected by zinc deficiency. PKC activity is essential for 
platelet aggregation and its in vivo activation requires both 
calcium and DG in addition to the phospholipid in or re- 
leased from membranes. Stimulation of platelet aggregation 
by the three agonists is a calcium-dependent process that is 
impaired by zinc deficiency. 

How zinc deficiency affects the calcium channel in plate- 
lets is unknown. Whether GPIIb-IIIa serves as a calcium 
channe124,30 and whether a voltage-gated calcium channe131 
exists in platelets remain moot. Based on our observations 
with platelets and the fact that zinc deficiency decreases 
voltage-gated calcium channel calcium uptake by brain syn- 
aptosomes as we1L3* we speculate that the defect in platelets 
is due to the decreased activity of a voltage-gated calcium 
channel, the; 
is unproven. 47 

lr,the existence of such a channel in platelets 
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