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IL-8, leukotriene B, (LTB,), and platelet-activating factor 
(PAF) are potent neutrophil chemoattractants that have been 
identified in inflammatory conditions of the newborn such as 
chronic lung disease of extreme prematurity. The aims of this 
study were to determine the relative potency and combined 
effects of these mediators on chemotaxis of polymorphonuclear 
leukocytes (PMN) from the newborn and to compare the effect of 
combining all three mediators on chemotaxis of PMN from 
newborns and adults. Neutrophils were isolated from cord blood 
(n = 17) or healthy adults (n = 4) and incubated in a 3-tier, 
48-well chemotaxis chamber. For PMN from newborns, using 
chemoattractant concentrations ranging from 0.01 to 100 nM, we 
found that there were significant differences in potency: IL-8 > 
LTB, > PAF. Migration to each of these mediators was almost 
completely due to chemotaxis as opposed to chemokinesis. At 
submaximal chemotaxis, using equally effective doses of IL-8 
(0.2 nM), LTB, (1.0 nM), and PAF (10 nM), the combination of 
all three mediators increased chemotaxis 2.4-fold above the 

average individual responses. Further studies indicated this in- 
crease in chemotaxis was due to the combination of IL-8 and 
PAF or IL-8 and LTB,; but there was no increase in chemotaxis 
when PAF and LTB, were combined. The combination of all 
three submaximal doses of chemoattractants resulted in PMN 
chemotaxis that was still 36% of the adult response. We conclude 
that for neutrophils from the newborn: 1) IL-8 is a potent 
stimulus that has additive effects on chemotaxis in combination 
with either LTB, or PAF, 2) the combination of LTB, and PAF 
did not have an additive effect on chemotaxis, and 3) in spite of 
enhanced chemotaxis by more than one stimuli, the response is 
still significantly lower than for neutrophils from adults. (Pediatr 
Res 38: 11-16, 1995) 

Abbreviations 
LTB,, leukotriene B, 
PAF, platelet-activating factor 
PMN, polymorphonuclear leukocyte 

Inflammatory disorders in the newborn, such as chronic lung 
disease of extreme prematurity, necrotizing enterocolitis, and 
sepsis, are important causes of mortality and morbidity in 
neonatal intensive care units today (1). Neutrophil chemotaxis 
plays a central role in these disorders, leading to host defense 
or neutrophil-mediated tissue injury (2, 3). Potent neutrophil 
chemoattractants that have been implicated in the pathophysi- 
ology of these inflammatory disorders include IL-8, LTB,, and 
PAF. Increased concentrations of all three mediators have been 
measured in extremely low-birth-weight infants with chronic 
lung disease and these chemoattractants can be produced lo- 
cally by lung cells or neutrophils recruited into the lung (4-7). 
In addition, there are known biochemical interactions between 
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these mediators in terms of their production by neutrophils and 
other cells (8-10). Therefore, in chronic lung disease the 
neutrophil is exposed to several structurally dissimilar signals 
that are integrated into a chemotactic response. The relative 
chemotactic potency of each mediator, individually or in com- 
bination, for neutrophils from the newborn, has not been 
previously studied. 

The focus of the present study was on neutrophil chemotaxis 
in the newborn, which is known to be decreased compared with 
the adult when a single chemoattractant is tested (11-13). The 
overall hypothesis was that neutrophil chemoattractants may 
have a wide variation in potency, and yet together they could 
produce an additive effect which could partially correct the 
impaired chemotaxis previously observed for the neutrophil of 
the newborn when a single chemoattractant was used. The aims 
were to determine: 1) the relative chemotactic potency of IL-8, 
LTB,, and PAF, 2) whether the chemotactic response was 
additive or synergistic in the presence of combinations of these 
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mediators, and 3) whether combined mediator stimulation phonuclear leukocytes were 93% for the newborn and 97% for 
resulted in chemotaxis that approached the adult response. the adult. 

In pilot studies we found that PAF in Hanks' solution did not 

METHODS result in chemotaxis unless a carrier protein such as 0.1% 
albumin was added to the solution. Therefore, all chemoattrac- 

Materials tant solutions contained 0.1% albumin. 

Recombinant human IL-8 (R&D Systems, Minneapolis, 
MN), LTB, (Biomol, Plymouth Meeting, PA), and PAF (L-a- Chemotaxis Assay 
pho~phatidylcholine ~-acetyl-y-~-hexadecyl ,~igma chemical 
Co., St. Louis, MO) were dissolved in Hanks' balanced salt 
solution containing 0.1% bovine albumin (endotoxin-free, 
Sigma Chemical Co.). A 3-tiered 48-well microchemotaxis 
chamber was used (Neuro Probe, Cabin John, MD). 

Blood Samples 

Eight milliliters of blood were obtained from healthy, adult 
human volunteers or from the umbilical vein of the placentas 
from healthy full-term infants immediately after delivery by 
elective cesarean section without general anesthesia. Blood 
samples were drawn into heparinized, preservative-free tubes. 
The study was approved by the Human Subjects Review 
Committee of Long Island Jewish Medical Center. 

Neutrophil (Polymorphonuclear Leukocyte) Isolation 

We used a modification of the method described by Boyum 
(14). Eight milliliters of blood from an individual subject was 
gently layered over 5 mL of Ficoll 1077 (Sigma Chemical Co.) 
in a 15-mL conical tube and centrifuged at 400 X g for 25 min. 
The plasma was discarded and the lower red cell layer was 
diluted with Hanks' minus solution (no calcium or magnesium) 
to a volume of 10 mL at 4OC. This cell suspension was then 
mixed with 3 mL of 5% Dextran T500 (Pharmacia Biotech 
Inc., Piscataway, NJ) in a 50-mL tube and left to settle by 
gravity for 40 min. The supernatant was transferred (without 
disturbing the red cell layer) to a 15-mL tube and centrifuged 
at 400 X g for 5 min. The supernatant was poured off, and a 
white pellet with a small amount of residual fluid remained in 
the bottom of the tube. The pellet was resuspended in the 
residual fluid followed by the addition of 4.2 mL of sterile 
water. After 20 s of mixing, 1.8 mL of 3% NaCl were 
immediately added to restore isotonicity. After thoroughly 
mixing, Hanks' minus solution (4°C) was added to make a 
volume of 13 mL. This cell suspension was centrifuged at 400 
X g for 5 min and the pink supernatant (lysed red cells) was 
discarded. Washing and centrifugation were repeated twice. 
After the last centrifugation, the pellet and residual fluid was 
then resuspended in 2 mL of 0.1% BSA (endotoxin-free) in 
Hanks' solution at 4OC. Cell concentration was determined by 
counting cells in a hemocytometer, and a final cell concentra- 
tion of 1 X lo6 cells/mL in 0.1% BSA (Hanks' solution, 4°C) 
was made. Cell viability was determined by the trypan blue 
(Sigma Chemical Co.) exclusion method. A neutrophil differ- 
ential count was determined by staining cells with Diff Quik 
(Baxter Scientific Products, McGaw Park, IL). The viability of 
neutrophils before chemotaxis was 98% for newborns and 
adults. The percentages of neutrophils identified as polymor- 

The 3-tiered microchemotaxis chamber was composed of 
three plates with 48 through holes. This chamber was used to 
correct for possible differences in neutrophil drop-off from the 
counting filter for different chemoattractants. The top plate 
contained the upper wells where the neutrophil suspensions of 
50 p L  (5 X lo4  neutrophils) were placed. ~ e u & o ~ h i l s  mi- 
grated through a 3-pm pore polycarbonate filter that was 
layered over the chemoattractant reservoirs held in the middle 
plate (15). A 0.2-pm pore polycarbonate filter was placed 
between the bottom and the middle plate to trap any neutro- 
phils that dropped off the underside of the 3-pm pore polycar- 
bonate filter. After assembly, the chamber was placed in a 
humidified incubator at 37OC for 60 min. 

After incubation, the top plate was removed along with the 
top filter. The underside of the filter contained cells that have 
migrated through the filter. Cells on the top side of the filter 
(that did not migrate) were wiped off along a firm rubber 
straight-edge (Neuroprobe, Cabin John, MD), and cells on the 
underside of the filter were stained with Diff Quik. This 
procedure left only a negligible number of cells on the top side 
of the filter. The filter was mounted on a glass slide for 
counting under the microscope. Cell counts were expressed as 
the number of cells per square millimeter. 

Drop-off of cells from the underside of the top filter was 
determined for all experiments. These cells were recovered by 
centrifuging the chamber at 400 X g for 15 min, thereby 
forcing liquid but not cells through the bottom filter (0.2-pm 
filter pore size). The percent drop-off in this study was never 
greater than 3.9% with a mean of 2.1 ? 0.31% (SE). The 
number of cells that dropped off were added to the number of 
cells counted on the underside of the upper filter. 

Protocols 

All assays to a specific chemoattractant concentration were 
performed in triplicate wells, and the counts were combined as 
a mean value. An assay on cells from a single newborn subject, 
exposed to a variety of chemoattractants, was performed within 
one 48-well chamber. When chemoattractant was placed only 
in the middle chamber below the filter with the 3-pm pores, 
cell movement was described as total migration. Total migra- 
tion was defined as the sum of random (undirected) migration 
and directed migration that is chemokinesis and chemotaxis, 
respectively. Chemokinesis was determined after adding the 
same concentration of chemoattractant into both the neutrophil 
reservoir and the chemoattractant reservoir, above and below 
the filter, respectively. Chemotaxis was determined by sub- 
tracting the chemokinesis value (mean of triplicate) from total 
migration. 
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The specific protocols were undertaken in the following 
order. 

Protocol 1: Relative potencies of individual chemoattrac- 
tants. To determine the relative potencies of IL-8, LTB,, and 
PAF on total migration, dose responses were established for 
albumin blank (baseline), 0.01, 0.1, 1, 10, and 100 nM. The 
three smallest concentrations are the most likely to be observed 
in airway fluid of infants with chronic lung disease (4-6). 

Protocol 2: Effect of combining three chemoattractants at 
submaximal and maximal efective doses. Based on data from 
protocol 1, we determined the dose of IL-8 (0.225 nM), LTB, 
(1 nM), and PAF (10 nM) that yielded a submaximal (approx- 
imately 10 X baseline) but equal level of total migration. Total 
migration, chemokinesis, and chemotaxis were determined for 
the individual chemoattractants and the combination of all 
three. To determine whether there was a maximal neutrophil 
chemotactic response for the newborn, we combined the max- 
imal IL-8 dose (10 nM) with submaximal doses of LTB, (1 
nM) and PAF (10 nM). The same assays described above for 
submaximal stimulation were performed. 

Protocol 3: Contribution of individual chemoattractants to 
total efect of three combined. Total migration for mixtures of 
IL-8 and LTB,, IL-8 and PAF, and LTB, and PAF were 
examined at the submaximal effective concentrations of the 
individual mediators described in Protocol 2. 

Protocol 4: Comparison of total migration to combined 
chemoattractants with neutrophils from newborns versus 
adult. Neutrophil isolation and chemotactic assays were run 
simultaneously for adult and newborn subjects. We compared 
total migration to cells from newborns versus adult when the 
combination of the three submaximal concentrations of che- 
moattractants were used as described in Protocol 2. 

Statistical Analysis 

Changes in total migration from baseline for an individual 
mediator at progressively increasing concentrations were de- 
termined by analysis of variance. Comparisons of total migra- 
tion or chemotaxis under different conditions of chemoattrac- 
tion were made by analysis of variance and the unpaired t test 
or Mann Whitney test (based on distribution of data) followed 
by a Bonferroni correction for multiple comparisons. The 
overall significance value before correction was 0.05. 

RESULTS 

The dose-response curves for the three chernoattractants as 
measured by total migration of PMN from newborns is dem- 
onstrated in Figure 1 (n = number of subjects). The order of 
chemoattractant potencies was IL-8 > LTB, > PAF. At the 
peak of the IL-8 dose-response curve (10 nM), total migration 
was significantly lower for LTB, and PAF, i.e. 59% and 32% 
of the IL-8, respectively. At the highest concentration of 
chemoattractant (100 nM), total migration decreased for IL-8 
but not LTB, and PAF, compared with the respective total 
migration levels at 10 nM. The dose-response curves indicated 
that the following doses of each chemoattractant produced an 
equal, submaximal total migration response that could be used 
in the next experiments: IL-8 (0.2 nM), LTB, (1 nM), and PAF 

2500 IL-8 t 0 LTB4 
0 PAF * 

ALBUMIN ALONE T 

1500 
TOTAL PMN 
MIGRATION 

DIFFERENCES (P<0.05) 

CHEMOATTRACTANT (nM) 

Figure 1. Dose-response comparison of three chemoattractants on total mi- 
gration (chemotaxis plus chemokinesis) of polymorphonuclear leukocytes 
from newborns. 

(10 nM). Figure 1 shows that equal total migration was the 
same for LTB, (1 nM) and PAF (10 nM); the physiologically 
equivalent dose for IL-8 (0.2 nM) was interpolated from the 
IL-8 dose-response curve. In addition, the peak total miagra- 
tion at 10 nM for IL-8 suggested a maximum migratory 
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AND 600 

CHEMOKINESIS 
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Figure 2. Effect of combining three chemoattractants on chemotaxis and 
chemokinesis, at concentrations that produce individually equal submaximal 
migration of polymorphonuclear leukocytes from newborns. Chemotaxis and 
chemokinesis combined equals total migration for studies involving IL-8, 
LTB,, and PAF. 
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response for the neutrophil of the newborn which could be 
tested using a combination of chemoattractants. 

The combined effect of the three chemoattractants, at doses 
which separately produce an equivalent submaximal total mi- 
gratory response, is shown in Figure 2. There were no differ- 
ences in total migration for IL-8 (0.2 nM), LTB, (1 nM), and 
PAF (10 nM). In addition, total migration for each of these 
chemoattractants could be explained almost totally by chemo- 
taxis as opposed to chemokinesis. The combination of the three 
mediators would have been expected to give a mean total 
migration of approximately 1445 + 236 P M N / ~ ~ '  if the 
response was completely additive. A mean total response of 
1069 + 44 was observed and the difference compared with the 
expected value was marginally significant (0.08); the trend 
suggesting that the combination of the 3 mediators did not have 
an additive effect. 

When the combined effect of pairs of chemoattractants was 
studied, it was demonstrated that total migration of neutrophils 
from newborns did not increase when submaximal, equally 
effective doses of PAF (10 nM) and LTB, (1 nM) were 
combined (Fig. 3). There 'were additive effects 'observed for 
PAF + IL-8 and LTB, + IL-8 compared with their individual 
effects on total migration; however there was no difference in 
total migration between these two combinations and total 
migration in response to all three mediators. 

The increased effect of the three mediators (versus a single 
mediator) on total migration of neutrophils of the newborn was 
observed at submaximal but not maximal doses of IL-8 as 
shown in Figure 4. When a submaximal dose of IL-8 (0.2 nM) 
was used, the addition of submaximal equally effective doses 
of LTB, (1 nM) and PAF (10 nM) produced an increase in 
chemotaxis. However, when the dose of IL-8 that gave the 
greatest total migration (10 nM) was used, the addition of 
LTB, (1 nM) and PAF (10 nM) had no effect on total migra- 
tion. 

The effects of submaximal doses of IL-8 (0.2 nM), LTB, (1 
nM), and PAF (10 nM) on total migration of neutrophils from 

TOTAL 
MIGRATION 

P<0.05, MEAN + SE, N=4 

ALBUMIN PAF LTB4 11-8 PAF PAF LTBq PAF 
LTB4 IL-8 IL-8 LTB4 

11-8 
CHEMOATTRACTANTS 

Figure 3. Interaction of different pairs of chemoattractants on total migration 
(chemotaxis plus chemokinesis) of polymorphonuclear leukocytes from new- 
borns when equally effective, submaximal concentrations of individual che- 
moattractants are used. 
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Figure 4. Total migration (chemotaxis plus chemokinesis) of polymorphonu- 
clear leukocytes from newborns after addition of equally effective submaximal 
concentrations of LTB, and PAF to submaximal and maximally effective 
concentrations of IL-8. 
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Figure 5. Total migration of PMN (chemotaxis and chemokinesis) to a 
combination of three chemoattractants, at submaximal concentrations: new- 
born vs adult. 

newborns versus adults are shown in Figure 5. The response of 
PMN from newborns was 36% of the adult response (p = 

0.005). 

DISCUSSION 

Although it has been well established that neutrophil che- 
motaxis is lower in the newborn compared with the adult 



NEUTROPHIL CHEMOTAXIS IN THE NEWBORN 15 

(10-13), there have been no previous studies which have 
examined the relative potency and combined effects of IL-8, 
LTB,, and PAF on chemotaxis of neutrophils of the newborn. 
The present studies provide new information related to neutro- 
phi1 migration into an inflammatory site of the newborn where 
multiple chemotactic substances have been described (4-6), 
e.g. the airway fluid from newborns with acute lung injury or 
chronic lung disease. We found that the order of chemotactic 
potency was IL-8 > LTB, > PAF. Work with neutrophils 
from adults suggests the same order of chemotactic potency. In 
adults, significant neutrophil chemotaxis has been observed for 
IL-8 at levels of below 1 nM in blood vessel wall constructs 
(16). Using a skin window preparation in adults, neutrophil 
migration to LTB, was greater than to PAF, with responses 
observed using solutions containing concentrations of these 
mediators at greater than 1 nM (17). 

Conditions in vivo are likely to modulate the potency of the 
mediators examined in the present study (18). We used cord 
blood neutrophils from term infants after elective cesarean 
section. However, recent work indicates mode of delivery does 
not affect chemotaxis of cord blood neutrophils (19). It should 
also be noted that, in our pilot studies, PAF had very little 
chemoattractant activity unless it was prepared in a solution 
with albumin; this has also been shown by other workers (17). 
However, PAF and albumin are found together at inflammatory 
sites because of the important edemogenic properties of PAF. 
LTB,, another lipid chemoattractant, does not require albumin 
to have an appreciable effect on neutrophil chemotaxis (11, 
20). 

The rationale for examining the effect of combining IL-8, 
LTB,, and PAF on neutrophil chemotaxis for newborns was 
not only because they are identifiable together in an inflam- 
matory condition, but additionally because there are known 
biochemical interactions between these mediators (8-10). 
Each of the mediators produced neutrophil migration that was 
almost completely accounted for by chemotaxis as opposed to 
chemokinesis; this did not change when neutrophil migration 
increased in the presence of all three mediators. However, the 
level of chemotaxis, which was expected when submaximal, 
equally effective doses of the three chemoattractants where 
combined, did not appear additive or synergistic. This was 
unexpected based on previous biochemical work. For example, 
PAF stimulates neutrophil LTB, production (8), IL-8 stimu- 
lates LTB, production (9), and LTB, stimulates neutrophil 
IL-8 production, although the last reaction usually requires 
hours (10). The failure to see a definitive, additive, or syner- 
gistic effect in the present study was not limited by the total 
capacity of the newborn neutrophils to migrate based on the 
protocol design. It is possible that in vivo conditions may be 
more favorable for modulatory interactions between these che- 
moattractants. For example, PAF-induced LTB, production by 
neutrophils is greatly enhanced by the granulocyte-monocyte 
colony-stimulating factor (8). 

When the interaction of chemotactic mediators were studied 

each mediator alone. Taken together, these results suggest that 
PAF and LTB, may be specifically linked by a negative 
feedback or saturation mechanism which limits chemotaxis. 
Studies confirming these results in vivo may provide important 
information regarding mechanisms that control early, neutro- 
phil-induced inflammation by these lipid mediators. 

In spite of the increase in chemotaxis observed for newborn 
neutrophils after combining the three submaximal, equally 
effective doses of IL-8, LTB,, and PAF, a maximal level of 
chemotaxis was observed if a dose of IL-8 (10 nM) was 
substituted into the combination of mediators. Furthermore, the 
increase in chemotaxis observed with the combined submaxi- 
ma1 dose was still 36% of the level observed for adult neutro- 
phils under the same conditions. Explanations for limited 
chemotaxis in the newborn have included a large subpopula- 
tion of immobile cells (21) with decreased actin polymerization 
(22, 23), decreased membrane fluidity or deformability ( l l ) ,  
and decreased interferon-y-induced calcium entry (24). Al- 
though we found an appreciable difference in chemotaxis 
between the two age groups, our study suggests that motile 
neutrophil subpopulations may be greater than previously con- 
sidered for the newborn if more than one chemoattractant is 
used at submaximal doses or a single but maximal chemoat- 
tractant dose is used. It would be of interest to determine, in 
future studies, whether there are different subpopulations of 
neutrophils from newborns that respond differently to IL-8, 
LTB,, and PAF. 

In summary, we found that for neutrophils from the new- 
born: 1) IL-8 was a potent stimulus that, when combined with 
LTB, or PAF, produced additive effects on chemotaxis; 2) 
LTB, and PAF, together, did not have an additive effect on 
chemotaxis; and 3) in spite of enhanced chemotaxis by more 
than one stimulus, the response is still significantly lower than 
for neutrophils from adults. Our study supports increasing 
evidence that IL-8 may have a particularly important chemo- 
tactic role in neonatal inflammatory disorders such as broncho- 
pulmonary dysplasia. Rapidly produced lipid mediators such as 
LTB, and PAF may play an important initial role in recruiting 
neutrophils into the airway; then neutrophil production of IL-8 
(25) in the lungs of newborns with chronic lung disease may 
enhance a positive feedback cycle for the development of 
chronic inflammation. The present study also suggests that the 
neutrophil of the newborn may also have a down-regulatory 
mechanism for chemotaxis that may be addressed with future 
studies of the interaction between LTB, and PAF. 
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