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Summary 

In this study, we have investigated the possible role of the pro- 
aggregatory arachidonic acid (AA) metabolite thromboxane, in 
the impaired function of neonatal platelets. In platelet-rich 
plasma thromboxane production (measured by radioimmunoas- 
say of thromboxane B2) was not different between neonates and 
adults when stimulated by thrombin (at 0.1 or 1.0 U/ml) or 
collagen (70 pg/ml) although neonatal platelets produced de- 
creased thromboxane (TBXZ) postepinephrine stimulation. In 
response to 1 U/ml thrombin, adult and neonatal platelet-rich 
plasmas produced mean values of 3.41 + 0.35 (SEM) and 3.11 
f 0.49 pmol of TXB2/106 platelets, respectively. Production of 
TXB2 in response to 0.1 U/ml thrombin was not dissimilar 
between neonates (1.01 + 0.46 pmol) and adults (1.04 + 0.38 
pmol). When collagen was used as the aggregating agent, TXB2 
production was also not significantly different with values of 2.44 
2 0.48 and 1.90 + 0.46 pmol/106 platelets produced by adult and 
neonatal platelet-rich plasma, respectively. In response to 200 
pM epinephrine, adult platelets produced 1.03 f 0.39 pmol 
TXB2/106 platelets while neonatal platelet TXBz production was 
significantly decreased (0.15 + 0.04; P < 0.05). Thromboxane 
production in response to AA, however, was markedly elevated 
in neonatal platelet-rich plasma. When 200 and 400 pM concen- 
trations of AA were used as the aggregating stimuli, neonatal 
platelet rich plasma produced 3.17 f 0.77 and 8.0 f 1.47 pmol 
TXB2/106 platelets, respectively. These values were significantly 
elevated P < 0.02 and < 0.005) when compared to mean values 
of 0.41 f 0.10 and 3.32 + 0.15 pmol in adult platelet-rich plasma. 
This elevated thromboxane production was not, however, inher- 
ent in neonatal platelets since when washed platelets were stud- 
ied, results were reversed. Adult platelets produced more throm- 
boxane at all doses of AA evaluated. These results suggest that 
the elevated response to exogenous AA observed in neonatal 
platelet-rich plasma results from as yet undetermined plasma 
factors. The reported deficiencies in platelet function in the 
newborn clearly do not result from deficient thromboxane pro- 
duction poststimulation with the physiologic aggregating agents 
collagen and thrombin. Moreover, our study introduces a new 
and possibly important difference between adult and neonatal 
plasma, namely, the differential response to exogenous arachi- 
donic acid. 

Abbreviations 

AA, arachidonic acid 
TXB2, thromboxane Bz 
PRP, platelet-rich plasma 

Received December 2, 1983. 
This work was supported by United States Public Health Service Grant HD- 

14405 and by Clinical Research Grant 6-282 from The National Foundation, The 
March of Dimes. 

Address correspondence to: Marie J. Stuart. Professor of Pediatrics, SUNY, 
Upstate Medical Center. 750 East Adams Street, Syracuse, NY 13210. 

An impairment in platelet function is well recognized in the 
neonate, and includes abnormalities in the release of storage pool 
adenine nucleotides, and aggregation responses to a variety of 
stimuli (2, 3, 10). A previous evaluation of exogenous [I4C]AA 
metabolism in the platelet of the neonate did not suggest that 
neonatal platelet dysfunction is related to any specific abnor- 
mality in this pathway (1 3). We observed an increased release of 
endogenous AA from neonatal platelet membrane phospholip- 
ids, and decreased activity of neonatal platelet cyclooxygenase. 
These two effects counteracted each other resulting in similar 
conversion of prelabeled arachidonic acid to TXBz in adult and 
neonatal platelets. The present study was undertaken to evaluate 
endogenous radioimmunoassayable TXB? production by neo- 
natal platelets in response to a variety to physiologic stimuli. Our 
results provide evidence that although there is no difference in 
TXB2 production between adult and neonatal platelet-rich plas- 
mas when thrombin and collagen are used as aggregating agents, 
neonatal TXB? production is decreased in response to epineph- 
rine, and markedly increased in the presence of low doses of 
exogenous arachidonic acid. No such enhanced response by 
neonatal platelets to arachidonic acid was seen in a washed 
platelet system. Abnormalities in thromboxane production by 
neonatal platelets in response to epinephrine persisted in the 
washed platelet system. 

MATERIALS AND METHODS 

Prepartion of platelet-rich plasma or washed platelets. Umbil- 
ical cord blood samples were obtained at the time of delivery 
from 16 neonates (nine males and seven females). All infants 
weighed more than 2500 g and were born to healthy mothers 
after normal full-term pregnancies. No mother had ingested 
aspirin or other drugs known to affect platelet thromboxane 
production within 2 weeks prior to delivery. Immediately after 
delivery, clamps were placed on the umbilical cord, and an 18- 
gauge needle was inserted into the umbilical vein near its placen- 
tal insertion. Blood was also obtained from 13 normal healthy 
adults (six males and seven females) who had taken no medica- 
tions for 2 weeks prior to evaluation. The study was approved 
by the Institutional Human Experimentation Committee. 

Following informed consent, blood was drawn into a plastic 
syringe and immediately anticoagulated with 10% by volume of 
0.1 M buffered citrate anticoagulant. After correction for hema- 
tocrit, PRP was prepared by centrifuging the citrated blood at 
200 x g for 15 min. Platelet-poor plasma was obtained by 
centrifugation of the remaining blood for 15 min at 1800 x g. 
For the aggregation studies, PRP was adjusted with autologous 
platelet-poor plasma to a platelet count of 2.5 to 3 x 108/ml. 
Platelet counts were performed using a Technicon platelet ana- 
lyzer. For the experiments using washed platelets, following the 
washing procedure previously described (14), platelets were re- 
suspended in Hanks' balanced salt solution containing 0.5 mM 
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calcium chloride at a concentration of 2.5 to 3 x 10"ml. Platelet 
aggregation was evaluated at 37°C using aliquots of 0.25 ml/ 
aggregation experiment. The aggregating agents used in PRP 
included thrombin ( 1 and 0.1 unitslml; Parke-Davis, Kalama- 
zoo, MI), acid-soluble bovine collagen (70 pg/ml; Sigma), epi- 
nephrine (200 pM final concentration), and varying concentra- 
tions of arachidonic acid (200 pM, 400 pM, and 2 mM; Nucheck 
Prep, Elysian, MN). Aggregating agents evaluated in the washed 
platelet system included epinephrine (200 pM) and 10, 30, and 
50 pM arachidonic acid. Higher concentration of AA were used 
in platelet-rich plasma since protein-bound arachidonic acid does 
not promote platelet aggregation and thromboxane formation. 
Following stimulation of platelet-rich plasma, or the washed 
platelet suspension for 5 min to allow for maximum TXB2 
formation, the samples were diluted 1:3 with 25 mM Tris-Hanks, 
pH 6, to which indomethacin at a final concentration of 30 pM 
was added. The mixture was centrifuged in an EppendorfMicro- 
fuge at 17,000 x g for 2 min, and the supernatants were stored 
at -20C" until analyzed for the determination of radioimmu- 
noassayable TXBI. 

Radioimmunoassay of Thromboxane B2. The radioimmu- 
noassay of TXB2 was performed directly on thawed aliquots 
essentially as described by Granstrijm and Kindahl (8). The 
antiserum to TXBl was purchased from Seragen (Boston, MA) 
and used according to the manufacturers' directions except that 
IgG Sorb (The Enzyme Center, Cambridge, MA) was used in the 
final antigen-antibody complex precipitation (9). [3H]TXB2 was 
purchased from Amersham, and standard TXB2 was from Up- 
john, Kalamazoo, MI. This direct radioimmunoassay routinely 
provided linear results for TXB2 versus sample volume, and 
recovery of added standard in stimulated PRP or washed platelet 
suspensions was routinely over 90%. 

Albumin levels were performed on both adult and cord sera 
and statistical evaluations were performed by the unpaired t test. 

RESULTS 

As depicted in Figure 1, no differences in TXB2 production 
by platelet-rich plasma from adults versus full term neonates was 
observed in response to either high or low doses of thrombin or 
collagen although the response to epinephrine was markedly 
decreased in the neonate. In response to 1 unit/ml thrombin, 
adult (n = 13) and neonatal (n = 16) platelet-rich plasmas 
produced mean values of 3.41 + 0.35 (SEM) and 3.1 1 + 0.49 
pmol of TXB2/106 platelets, respectively. Production of TXB2 in 
response 0.1 unit/ml thrombin was not dissimilar between neo- 
nates (1.0 1 f 0.46 pmol; n = 13) and adults (1.04 + 0.38 pmol; 
n = 13). When collagen was used as the aggregating agent, TXB2 
production was also not significantly different with values of 
2.44 + 0.48 and 1.90 + 0.46 pmol/106 platelets produced by 
adult and neonatal platelet-rich plasma, respectively. In response 
to 200 pM epinephrine, adult platelets produced 1.03 f 0.39 
pmol TXB2/10h platelets while neonatal platelet TXB2 produc- 
tion was significantly decreased (0.15 * 0.04; P < 0.05). Values 
of 0.04 + 0.007 pmo1/lO6 platelets were obtained in nonstimu- 
lated platelet-rich plasmas from both adults and neonates (Fig. 
1 ). 

When AA was used as the aggregating stimulus in platelet-rich 
plasma, neonatal TXB2 production in response to low levels of 
exogenous AA was significantly elevated (Fig. 2). When 200 and 
400 pnM AA concentrations were used as the aggregating stimuli, 
neonatal platelet-rich plasma produced 3.17 f 0.77 and 8.0 + 
1.47 pmol TXB J106 platelets, respectively. These values were 
significantly elevated ( P  < 0.02 and < 0.005) when compared to 
mean values of 0.41 + 0.10 and 3.32 + 0.15 pmol in adult 
platelet-rich plasma. At the highest AA concentration used (2 
mM), TXB? production was not dissimilar in neonatal and adult 
platelet-rich plasma (1 6.79 f 0.7 1 versus 14.1 1 f 1.76 pmol, 
respectively). In an attempt to differentiate whether the enhanced 
response to exogenous arachidonic acid by neonatal platelet-rich 

plasma was due to differences in the neonatal platelets themselves 
or to plasma factors, TXB2 production in response to arachidonic 
acid was studied in washed platelets (Fig. 3). Enhanced TXB2 
production was seen in platelets from adults rather than neonates. 
In response to. 50 pM AA, washed platelets from adults (n = 7) 
produced 7.09 + 0.26 pmol TXB2/106 platelets. This value was 
significantly greater ( P  < 0.05) than the mean of 3.36 * 0.76 
pmol obtained in platelets from the neonate (n = 7). Although 
not statistically significant, adult platelets also demonstrated 
elevated TXB2 production at 30 pM AA (2.58 + 0.45 pmol in 
adults versus 1.84 2 0.53 pmol in neonates), and at the lowest 
concentrations of arachidonic acid used (10 pM) differences were 
significant with adult platelets producing 1.22 + 0.30 pmol when 
compared to a mean value of 0.29 + 0.17 pmol by platelets from 
the neonate ( P  < 0.025). Washing, however, did not correct the 
abnormalities in TXB2 production by neonatal platelets in re- 
sponse to epinephrine. Following the washing procedure, adult 
and neonatal platelets produced 0.03 + 0.01 and 0.02 + 0.01 
pmol TXB2/106 platelets, respectively. 

NO STiMULUS THROMBIN THROMBIN COLLAGEN EPINEPHRINE 

Fig. 1. Endogenous production of radioimmunoassayable (RIA) 
thromboxane B2 by adult and neonatal unstimulated control platelet- 
rich plasma, and following stimulation with thrombin (1 and 0.1 units/ 
ml), bovine collagen (70 pg/ml), and epinephrine (200 pM). Results are 
expressed as pmol/ 1 O6 platelets, mean + SEM. 
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Fig. 2. Endogenous production of radioimmunoassayable (RIA) 
thromboxane B2 by adult and neonatal platelet-rich plasma in response 
to various concentrations of exogenous arachidonic acid (200 pM, 400 
pM, and 2 mM). Results are expressed as pmol/106 platelets, mean -I- 
SEM. 
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ADULT NEONATE ADULT NEONATE ADULT NEONATE 

WASHED P L A T E L E T S  

Fig. 3. Endogenous production of radioimmunoassayable (RIA) 
thromboxane B2 by adult and neonatal washed platelets in response to 
varying concentrations of exogenous arachidonic acid (10, 30, and 50 
pM). Results are expressed as pmol/106 platelets, mean + SEM. 

No differences were observed when the adult and cord serum 
albumin levels were evaluated, with values of 4.20 + 0.07 and 
4.09 + 0.1 l g/dl being obtained, respectively. 

DISCUSSION 

Thromboxane A2 is a potent platelet proaggregatory metabolite 
with multisystem effects that include vaso- and bronchoconstric- 
tor activities. Following the release of precursor AA from platelet 
membrane phospholipids, this 20-carbon polyunsaturated fatty 
acid is converted via the cyclic endoperoxides prostaglandins G2 
and H, to thromboxane A2 by the platelet enzymes cyclooxygen- 
ase and thromboxane synthetase. Thromboxane A2 is rapidly 
hydrolyzed to its stable end product, thromboxane Bz, which can 
be used as a measure of TXA2 produced during platelet activation 
by a variety of stimuli. Two previous studies have evaluated the 
formation of the various arachidonic acid metabolites in neonatal 
platelets, and have demonstrated production of both lipoxygen- 
ase and cyclooxygenase products by these cells (4, 13). In our 
present study, we have evaluated the abilities of both neonatal 
and adult platelets to produce TXBz in response to a variety of 
physiologic stimuli including collagen, epinephrine, varying 
doses of thrombin, and arachidonic acid. TXB2 formation in 
platelet-rich plasma was similar when collagen and thrombin 
were used as the aggregating agents. In response to low levels of 
exogenous arachidonic aid (200 and 400 pM), however, neonatal 
TXB, production by platelet-rich plasma was markedly en- 
hanced. Our studies in washed platelets suggest that the cause of 
observed enhancement in neonatal platelet TXBz production in 
response to exogenous arachidonic acid results from differences 
between neonatal and adult plasma. The previous study by Corby 
and O'Barr (4) of thromboxane formation postarachidonic acid 
stimulation did not find differences in metabolite production 
between neonatal and adult platelets. However, their study was 
performed in a washed platelet system. 

The observed enhanced thromboxane production by platelet- 
rich plasma from cord blood in response to low levels of exoge- 
nously provided arachidonate could be due to a variety offactors. 
The differences may be due to the elevated percentage of free 
fatty acid which arachidonate comprises in cord blood. Mean 
levels of endogenous free arachidonic acid in cord blood ap- 

proach approximately 20 pM (1 1). Thus, elevated thromboxane 
production by platelet-rich plasma from cord blood in response 
to low levels of exogenous arachidonic acid may simply reflect 
elevated total (endogenous plus exogenous) free arachidonate 
levels in the neonate when compared with the adult. Since 
protein-bound arachidonate does not promote platelet responses 
(1 l), another possibility is that neonatal plasma has a decreased 
capacity for binding AA when compared to adult plasma. Al- 
though cord blood contains less total free fatty acids than that 
observed in the adult, the levels of free versus protein-bound 
fatty acids have not been reported. 

Previous investigators have shown that hypoalbuminemia en- 
hances platelet malondialdehyde formation (14). Hypoalbumin- 
emia had to be relatively severe, however, with levels <2.76 g/dl 
before this effect was observed. Since we found' no significant 
differences between the full term cord and adult serum albumin 
levels, differences in levels of this protein could not account for 
the elevated TXB2 production we have observed in neonatal 
platelet-rich plasma. Finally, there are other plasma components 
that could elevate the platelet response to exogenous arachidon- 
ate. For example, nonaggregatory levels of catecholamines reduce 
the concentration of arachidonic acid required to elicit aggrega- 
tion in platelet-rich plasma, and enhances thromboxane produc- 
tion from low doses of arachidonic acid (6, 12). Although the 
specific etiology of the differential response between adult and 
neonatal plasma to exogenous arachidonic acid will require 
further elucidation, the observation is an interesting and poten- 
tially important one since arachidonic acid is the precursor of a 
variety of clinically important products of both the cyclooxygen- 
ase and lipoxygenase pathways including numerous important 
compounds, i.e., the prostaglandins, thromboxanes, and leuco- 
trienes. Our finding that the response of platelet cyclooxygenase 
to low levels of arachidonic acid is increased in the plasma of 
the neonate could thus be associated with increased arachidonic 
acid availability for other vasoactive metabolite-producing cel- 
lular systems in the newborn. 

Differences in platelet thromboxane production between adult 
and neonatal platelets were also seen when epinephrine was used 
as an aggregating agent, with persistence of the abnormality in 
the washed platelet system. Previous work by Corby and associ- 
ates had demonstrated that impairment in the platelet aggrega- 
tory response to epinephrine is due to a deficiency of a-adrenergic 
receptor sites in the membrane of the neonatal platelet. Thus, 
the marked impairment in thromboxane production by neonatal 
platelets in response to this catecholamine is a not unexpected 
finding. Since the levels of catecholamines in cord blood increase 
at the time of delivery (7), this markedly impaired response in 
production of proaggregatory platelet thromboxane in response 
to epinephrine may also provide a compensatory mechanism in 
the newborn in whom a prothrombotic tendency already exists. 

Our present findings on endogenous radioimmunoassayable 
thromboxane B2 production are consistent with our previous 
study on exogenous ['4C]arachidonic acid metabolism in the 
neonatal platelet. We had previously observed an increased 
release of arachidonic acid from the neonatal platelet membrane 
in response to thrombin, coupled with a slightly decreased activ- 
ity of neonatal platelet cyclooxygenase (13). These two effects 
counteracted each other resulting in similar conversion of pre- 
labeled arachidonic acid to thromboxane B2 in adult and neo- 
natal platelets. The present observations that endogenous throm- 
boxane production in response to thrombin and collagen is 
similar in adult and neonatal platelet-rich plasma, and that 
thromboxane production is decreased in neonatal platelets in 
response to exogenous arachidonate in a washed platelet system, 
are compatible with the results of our previous study summarized 
above. The additional impairment in thromboxane production 
by the neonatal platelet in response to epinephrine stimulation 
appears to be related to a membrane-associated phenomenon, 
i.e., the deficiency of a-adrenergic receptor sites as previously 
described (5) which causes an abnormal aggregatory response in 
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the neonate and thus a concomitant impairment in thromboxane 
production. 

It is thus clear from the studies to date of arachidonate metab- 
olism in the neonatal platelets that, although subtle differences 
in arachidonic acid mobilization and total cyclooxygenase activ- 
ity occur, these differences do not contribute to the marked 
differences in aggregation and release that have been noted 
between platelets from the adult versus neonate, i.e., the neonatal 
platelet dysfunction is not "aspirin-like" in nature. Moreover, 
our present study introduces a new and possible important 
difference between adult and neonatal plasma, namely the dif- 
ferential response to exogenous arachidonic acid. Since this 
unsaturated fatty acid is the precursor of a variety of cyclooxy- 
genase and lipoxygenase metabolites including leucotrienes pro- 
duced by various cellular systems in both the adult and neonate, 
increased availability of this precursor compound in neonatal 
plasma may be of clinical importance in a variety of neonatal 
pathophysiologic states. 
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Summary 

Soft neurologic signs were evaluated in 101 Barbadian school 
children, ages 4-11 years, who were malnourished in the first 
year of life, and 101 comparison children matched for age, sex, 
and handedness, but who had no history of malnutrition. Previ- 
ously malnourished children performed significantly slower than 
comparison children on several timed motor tasks when using 
the nondominant hand only. Boys were found to perform signifi- 
cantly slower than girls, and younger (4-7 years of age) children 
performed slower than older (8-11 years of age) children. A 
model is presented that displays interrelationships among pre- 
vious malnutrition, soft neurologic signs, classroom behavior, 
intelligence, and physical growth. In summary, slow motor per- 
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formance was associated with lower verbal and performance IQ 
and the presence of attention deficit disorder, as assessed by the 
child's teacher. The time to perform the motor tests was unrelated 
to measures of physical growth. 

Abbreviations 

WISC, Wechsler Intelligence Scale for Children 
MANOVA, multivariate analysis of variance 
MRA, multiple regression analysis 

This report is one of a series describing the long-term effects 
of early malnutrition on the behavioral development of Barba- 
dian school children. The earlier reports in this series demon- 
strated a modest reduction in IQ among the previously mal- 
nourished group (4) and the increased frequency of impaired 
classroom behaviors, including attention deficit disorder, im- 
paired social skills, emotional instability, and impaired physical 
appearance (5). These factors resulted in poor school achieve- 
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