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ABSTRACT. Membrane properties associated with 
chemoattractant-mediated cellular responsiveness of neo- 
natal polymorphonuclear leukocytes (PMN) were analyzed 
using n-formylmethionyl-leucyl-phenylalanine. Inasmuch 
as aliphatic alcohols as a membrane fluidizer can enhance 
the chemoattractant binding and affect subsequent cellular 
responsiveness in adult PMN, neonatal PMN were studied 
for such properties by their treatment with iso-propyl 
alcohol, an aliphatic alcohol. The alcohol (~2.5%) treat- 
ment enhanced the N-formylmethionyl-leucyl-phenylala- 
nine binding to adult PMN, but there were no changes in 
the N-formylmethionyl-leucyl-phenylalanine binding to 
neonatal PMN. Although the N-formylmethionyl-leucyl- 
phenylalanine-induced subsequent responsiveness includ- 
ing migration, lysosomal enzyme release and superoxide 
anion production were modulated by the alcohol treatment 
in adult PMN, there was no such modulation in neonatal 
PMN. Because membrane fluidity is largely involved in 
the regulation of the receptor functions, the membrane 
fluidity of neonatal PMN was next measured by an exci- 
mer-forming lipid technique in flow cytometry. The mem- 
brane fluidity value (0.45 f 0.037) of neonatal PMN was 
lower than that (0.74 + 0.072) of adult PMN (p  < 0.01). 
Although the aliphatic alcohol enhanced the membrane 
fluidity of adult PMN, it did not affect the membrane 
fluidity of neonatal PMN. We conclude that there is ab- 
normal membrane fluidity as a cause of impaired functional 
dynamics of the chemoattractant receptors, which appears 
to underlie the defective modulation of cell functions by 
the membrane fluidizer in neonatal PMN. (Pediatr Res 24: 
442-446,1988) 
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In neonates, PMN are impaired in the chemotaxis (1-3) and 
are defective in the deformability and adhesiveness (4, 5). In 
addition, defective oxidative metabolism in neonatal PMN has 
been described by some investigators (6-9). These functional 
defects of PMN appear to be largely responsible for the hyper- 
susceptibility to bacterial infections in neonates (10-12), and the 
precise mechanism for such a variety of functional defects awaits 
further investigations. 

Synthetic N-formylated peptides such as FMLP induce a va- 
riety of neutrophil responses including chemotaxis, lysosomal 
enzyme secretion, and superoxide anion production (1 3). PMN 
chemotactic responses are initiated by the binding of the chemo- 
attractant to its specific receptors on the cell membrane (14, 15). 
Chemoattractants at higher doses can also stimulate PMN to 
secrete lysosomal enzymes and produce superoxide anion (1 3). 
Such divergent alteration in the biologic activities to the same 
stimulant can be initiated by occupancy of the chemoattractant 
receptors that appears to be regulated by physical properties of 
the cell membrane ( 16). 

Chemoattractant receptors for N-formylated peptides exist in 
more than one affinity state and the receptor affinity reflects its 
functional activity (17). PMN can modulate the chemoattractant 
receptors in a dynamic fashion by changing the affinity of the 
binding sites depending upon the environment (18). There are 
many agents that can modulate the receptors in various ways 
(18). Of the agents, aliphatic alcohols can, as a membrane 
fluidizer, augment membrane fluidity and decrease membrane 
microviscosity of cells, affecting the chemoattractant accessibility 
of the receptors and biologic activities (19). The treatment of 
PMN with these alcohols leads to increases in their chemoattrac- 
tant binding and the subsequent chemotactic responsiveness and 
decreases in their enzyme release and superoxide anion produc- 
tion (19, 20). Our studies were conducted to examine the mod- 
ulation of the chemoattractant receptors of neonatal PMN by a 
membrane fluidizer. For the purpose, we have analyzed the 
membrane fluidizer-mediated modulation of the FMLP receptor 
binding, subsequent responsiveness such as chemotaxis, secretory 
function and respiratory burst, and membrane fluidity in neo- 
natal PMN. 

MATERIALS AND METHODS 

Cell preparation. Heparinized cord blood samples were ob- 
tained from healthy full-term neonates. The neonates were of 
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between 38 and 42 wk of gestation, of appropriate size for 
gestational age ( f  2 SD from the mean), and free of stress and 
asphyxia. PMN were isolated from the blood samples by a 
modification of the method of Boyum (21). The cells were 
washed twice with Dulbecco's phosphate-buffered saline (pH 7.4) 
and resuspended at appropriate concentrations in RPMI 1640 
with 10% calf serum for motility assays and in the buffer for 
assays of chemoattractant receptors, secretory functions, respi- 
ratory burst, and membrane fluidity. They were used as neonatal 
PMN. For comparison, heparinized venous blood samples were 
drawn from normal infants (1-8 months of age), children (1-6 
years old) and healthy adults, and PMN suspensions were pre- 
pared in the same fashion as described above; they were used as 
infant, child, and adult PMN, respectively. The purity of PMN 
was more than 95 % as judged by Giemsa stain smears. For some 
experiments, neonatal and adult lymphocytes were prepared 
from the heparinized blood samples by the conventional Ficoll- 
Hypaque density centrifugation. 

Treatment of PMN with aliphatic alcohol. PMN were incu- 
bated with various concentrations of iso-propyl alcohol, an ali- 
phatic alcohol, at 25" C for 30 min. After the incubation, the 
cells were assayed for the FMLP binding, FMLP-induced cellular 
functions, and membrane fluidity. The alcohol was persistently 
present during the assays. 

Assay of 3H-FMLP binding to PMN. 3H-FMLP, with specific 
activity 49.4 Ci/mmol, was purchased from New England Nu- 
clear (Boston, MA). The FMLP binding was assayed by a mod- 
ification of the method of Snyderman and Fudman (22) as 
previously reported (23). The binding of 3H-FMLP was camed 
out with 1.5 x lo6 cells in 0.15 ml in the absence (total binding) 
and presence (nonspecific binding) of 1000-fold unlabeled FMLP 
at 25" C for 30 min. The specific binding was defined as the total 
binding minus the nonspecific binding. Each experiment was 
done in duplicate or triplicate. SE of the binding were less than 
5% in all cases. 

Assay of motility. PMN motility was measured by the agarose 
plate method (24) using lo-' M FMLP (Sigma Chemical Co., St. 
Louis, MO). The center well on the plate received a 10 pl volume 
of cell suspension containing 1.0 x 108/ml PMN untreated or 
treated with isopropyl alcohol, and the outer and inner wells 
received an equal volume of a chemoattractant and nonchemo- 
tactic culture medium, respectively. After the incubation at 37" 
C for 3 h, migration was evaluated by measurement of linear 
distance in the direction for the chemoattractant (chemotaxis) 
compared with those for control medium (random migration). 
The values were represented as migration distance (x  0.3 mm). 

Assay of lysosomal enzyme secretion by PMN. PMN were 
suspended at 2.0 x 106/ml in the buffer and incubated for 30 
min in the absence or presence of isopropyl alcohol. The PMN 
suspension was then incubated at 37" C with cytochalasin B (10 
pM) for 15 min and then cultured for another 15 min with 
addition of FMLP (1  pM). The reaction was terminated by 
immersion in an ice bath followed by centrifugation. Superna- 
tants were assayed for lysozyme and P-glucuronidase activities 
by the methods previously described (25). 

Assay of superoxide anion release by PMN. Superoxide anion 
was measured by the determination of SOD-inhibitable ferricy- 
tochrome c (Sigma) reduction assay (9). Cells were suspended at 
1.0 x 106/ml in the buffer and preincubated for 30 min in the 
absence or presence of isopropyl alcohol. The total volume of all 
reaction mixtures was 1 ml; they contained 100 p1 of PMN 
suspension (1.0 x 107/ml), 50 p1 of 2 mM femcytochrome c, 
and 25 p1 of buffer (sample tube) or SOD (reference tube). After 
the reaction mixture was temperature equilibrated (37" C), the 
reaction was started by adding stimuli (FMLP; lo-' M). After 
incubation for 6 min, the tubes were immersed in an ice bath 
and centrifuged. Supernatants of duplicate samples were assayed 
spectrophotometrically at 550 nm; absorbance was converted to 
nanomoles of cytochrome c reduced (nmol 02/106 PMN), which 
was determined by using a molar extinction coefficient of 2 1 x 
103/cm/mol/liter. 

Assay of membranefluidity. The membrane fluidity was meas- 
ured according to the method described previously (26), which 
was the excimer-forming lipid technique introduced into the flow 
cytometry using bandpass filters. PMN treated with isopropyl 
alcohol and lymphocytes were fluorescently labeled by incubat- 
ing them with 15 pM pyrenedecanoic acid (Molecular Probes) 
for 15 min at 25" C, and then they were applied to flow cytometry. 
Fluorescence intensity of monomer and excimer pyrenedecanoic 
acid was determined by a flow cytometer (FACS 111; Becton 
Dickinson, Sunnyvale, CA) equipped with a 5 W argon ion laser 
(360 nm emission, 20 mW output) and bandpass filters of 400 
and 450 nm (70 nm bandwidth). At least 1 x lo4 cells were 
examined in each sample. Membrane fluidity was expressed as a 
fluorescence intensity ratio of excimer to monomer pyrenede- 
canoic acid (IE/IH ratio), which was calculated by the following 
expression: 

total of [channel number (450 nm) 
x PMN count on each channel] 

total of [channel number (400 nm) 
x PMN count on each channel] 

Assay of PMN volume. The volume of PMN was determined 
by comparing the forward light scatter on a flow cytometer 
(FACS 111). 

Statistical analysis. Statistical significance of differences be- 
tween groups was performed using Student's t test. A p value of 
<0.05 was considered significant in all cases. 

RESULTS 

Saturability of 3H-FMLP binding sites on PMN. The specific 
bindings of 3.3-50 nM 3H-FMLP to neonatal, infant, child, and 
adult PMN (30 min, 25" C) were obtained. Interpretation of 
ligand binding by living cells must be made with caution because 
the cell-associated radioactivity represents the sum of binding, 
internalization, and degradation. With this caution in mind, we 
attempted to calculate a KD and binding sites/per cell in every 
case; the KD of neonatal PMN (n = 10) was 22.40 + 2.91 nM 
with 53,800 k 7,000 receptors/cell as compared with that of 
infant PMN (n = 8), child PMN (n = lo), and adult PMN (n = 
10) of 24.50 + 3.35 nM with 55,000 + 3,000 receptors/cell, 
25.52 + 4.50 nM with 52,000 + 6,000, and 25.60 f 3.59 nM 
with 53,300 k 6,000 receptors/cell, respectively. There were no 
statistical differences in the number and dissociation constant of 
FMLP binding sites/cell between any pair of the PMN samples. 

The effect of isopropyl alcohol on the 'H-FMLP binding to 
PMN was tested. Figure 1 shows the results of the 3H-FMLP 
binding to neonatal PMN and adult PMN pretreated with the 
alcohol at 25" C for 30 min. In the control experiments, isopropyl 
alcohol enhanced the FMLP binding to adult PMN incubated 
with lower concentrations of 3H-FMLP: the specific binding 
reached equilibrium at a lower concentration of 3H-FMLP (n = 
5), and its binding to adult PMN exposed to 2.5% iso-propyl 
alcohol was augmented to 2.4-fold of that to the control cells 
without the alcohol treatment at 10 nM 3H-FMLP. In contrast, 
there were no such changes in the 3H-FMLP specific binding to 
neonatal PMN (n = 5). In the comparative experiments, there 
was the isopropyl alcohol enhancement of the 3H-FMLP binding 
in child PMN but not in infant PMN (data not shown). 

Motility of PMN. Random migration and chemotaxis under 
agarose of neonatal PMN were assessed in 15 newborns, com- 
paring with those of infant PMN (n = 8), child PMN (n = lo), 
and adult PMN (n = 15). Random migration of neonatal PMN 
was normal. The migration value (mean k SD) was 4.82 f 0.28 
as compared to the adult value of 5.05 + 0.42 (p = 0.1); the 
values was not different from those of infant PMN (4.75 f 0.35) 
and child PMN (4.95 + 0.46). Chemotaxis of neonatal PMN was 
defective; the migration value was 8.14 f 0.48 as compared to 
the adult value of 11.49 f 1.01 (p < 0.01). For comparison, 
chemotaxis of infant PMN (8.75 f 0.95, p < 0.01) was also 
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30 min and then applied to chemotaxis assay under agarose. Migration 
values represent the migration distance (X 0.3 mm). Results represent 
means + SD of five independent determinations. 

Table 1. Efect of alcohol on lysosomal enzyme release by 
neonatal and adult PMN* 

% release of enzymes contained by cells 

Alcohol Adult PMN Neonatal PMN 
(%) lysozyme @-glucuronidase lysozyme @-glucuronidase 

0 40+  10 2 2 + 5  38 + 7 24 + 5 
1.0 3 2 + 8  18+4 38 + 6 22 k 4 
2.5 21 + 7 t  16 + 5 33 & 6 28 & 7 

I I I I 5.0 15 t 57 12 t 3 t  35 + 9 21 + 4  
0 10 2 0  3 0  4 0  * Results represent mean + SD of five samples. 

3H-FMLP(nM) t p < 0.05 control experiment versus alcohol treatment. 
Fig. 1. Specific bindingof 'H-FMLP to adult ( a )  and neonatal PMN 

(b) untreated (a) or treated with 0.5% (A), 1.5% (4,2.5% 0, and 5.0% ent depression of the 0; production by adult PMN, whereas the 
(W) isopropyl alcohol. Paired Student's t tests of the data obtained from treatment with lower concentrations of the alcohol ( ~ 2 . 5 % )  had 
five duplicated experiments revealed no significant difference. no significant effect on the function of neonatal PMN. 

Membrane fluidity of PMN. Table 2 shows results of the 
membrane fluidity as IE/IM ratios of neonatal, infant, child, and defective, but that PMN + p = 0.75) was adult PMN and the effect of iso-propyl alcohol on the fluidity. normal as compared to the adult PMN value. The 1 ~ 1 1 ~  ratio of neonatal PMN was lower than that of adult (3emotaxis of neonatal, infant, child, and adult PMN was PMN; the ratio was also lower than the values ofinfant and child further analyzed by their treatment with isopropyl alcohol (Fig. PMN. To examine the alcohol effect, PMN were treated with 2)' The peak chemotactic response PMN (n  = 5) was 1.0-5.0% isopropyl alcohol for 30 min at 25" C and processed 

elevated by their treatment with low concentrations of isopropyl for measuring the fluorescence intensity. Although the IE,IM alcohol: the value increased from 9.80 + 0.42 without treatment ratios of infant, child, and adult PMN increased with increasing 
12.52 + 0.35 with 2.5% treatment ( p  < In concentrations of the alcohol, that of neonatal PMN did not 

contrast, there was no change in the chemotactic response of change by the alcohol treatment. a comparative experiment, neonatal PMN (n  = 5) when treated with equal ccn-,centrations lymphocytes were studied for the fluidity. 
of the The random migration was not affected the The IE/IM ratio of neonatal lymphocytes (0.365 + 0.1 17, n = 6) 
alcohol treatment in each sample- The inhibition of PMN was lower than that of adult lymphocytes (0.644 f 0.036, = 6, chemotaxis by higher concentrations of isopropyl alcohol < O.O1). (>5.0%) was presumably due the volume of PMN. when examined by the forward 
toxicity of the alcohol. light scatter on a flow cytometer, there was no difference in the Lysosomal enzyme secretion by PMN. Neonatal PMN released cell distribution between neonatal PMN and adult PMN. 
normal amounts of lysozyme and (3-glucuronidase activities as 
compared to the respective adult values (Table 1). The alcohol 
treatment decreased the release of both lysosomal enzymes by DISCUSSION 

adult PMN, but it did not change that by neonatal PMN. The chemoattractant-induced cellular responses are initiated 
Superoxide anion production by PMN. The 0 2  production by by the binding of a chemoattractant to its specific cell surface 

neonatal and adult PMN was examined and the results are shown receptors (14, 15). In analyzing abnormalities in the chemoattrac- 
in Figure 3. Neonatal PMN produced 13.4 -1- 1.3 nmol O?/1O6 tant-induced functions of neonatal PMN, it is of importance to 
cells16 min as compared to the adult value of 11.8 + 2.0 nmol learn the nature of interaction of a chemoattractant with its 
02/106 cells16 min. The alcohol treatment yielded dose-depend- membrane receptors. We measured here the isothermal 3H- 
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FMLP binding by neonatal PMN, but failed to demonstrate the 
abnormal binding of the chernoattractant by the cells. In fact, 
neonatal PMN were normal in the receptor numbers and binding 
affinity of the chernoattractant receptors, and this was inconsist- 
ent with the previous reports (27, 28). 

In recent years, attention has been focused on the dynamic 
nature of formyl peptide chernoattractant receptors on PMN 
membrane. PMN can modulate the expression of the chemo- 
attractant receptors by increasing or decreasing the affinity of 
the binding sites, depending on their environment (18). The 
modulation of the receptors plays an important role in control- 
ling the subsequent PMN responsiveness such as chemotaxis, 
secretory functions, and respiratory burst. It still remains un- 
known if the dynamic modulation of FMLP receptors can occur 
in a normal fashion in neonatal PMN. 

Plasma membrane fluidity affects the degree of exposure of 
receptor proteins and the accessibility of receptors (29, 30). 
Therefore, membrane fluidity is largely involved in the modu- 
lation of the chernoattractant receptors and the subsequent cel- 
lular responsiveness (31). In this regard, aliphatic alcohols can 
change cell rigidity and decrease the membrane microviscosity 
through alteration of lipid fluidity of the membrane (19), result- 
ing in an increase in the membrane fluidity. The alcohol-induced 
increase in PMN membrane fluidity is accompanied by augmen- 
tation of the affinity level of chernoattractant receptors followed 
by an increase in the cell motility and a decrease in the lysosomal 
enzyme release and superoxide anion production (19). 

In our studies, although the alcohol ( ~ 2 . 5 % )  treatment en- 
hanced the FMLP binding to adult PMN, there were no changes 

iso-propyl a lcohol  (%) 
Fig. 3. Dose-dependent effect of isopropyl alcohol on superoxide 

anion production by neonatal PMN (0) and adult PMN (0). Cells were 
incubated at 25" C for 30 min and then applied to superoxide anion 
production assay. Results represent means f SD of five independent 
determinations. The values represent nmol 02/106 cells/6 min. 

in the FMLP binding to neonatal PMN. In this respect, similar 
results were obtained with another membrane fluidizer, butanol 
(data not shown). Such failure in enhancing the accessibility of 
FMLP receptors by isopropyl alcohol indicates that the func- 
tional modulation of the receptors by the membrane fluidizer is 
impaired in neonatal PMN. Based on these results, we thought 
that the alcohol treatment may not change the FMLP-mediated 
subsequent cellular functions in neonatal PMN and this was 
indeed the case. In adult PMN, the higher accessibility state of 
the receptors induced by the alcohol was efficient in the enhance- 
ment of chemotaxis but adversely led to the depression of the 
receptor-mediating enzyme secretion or superoxide anion pro- 
duction. However, there was no such functional changes in 
neonatal PMN. These results certainly provide evidence that the 
dynamic modulation by the membrane fluidizer of the chemo- 
attractant receptors is impaired, resulting in the failure in con- 
trolling the subsequent cellular responsiveness. 

Inasmuch as membrane fluidity is largely involved in the 
modulation of the chernoattractant receptor functions (31) as 
described above, we next measured the membrane fluidity of 
PMN and examined its changes by isopropyl alcohol using an 
excimer-forming lipid technique in flow cytometry (26). The low 
IE/IM ratio of neonatal PMN demonstrated a decrease in their 
membrane fluidity levels. The treatment with low concentrations 
of isopropyl alcohol increased the membrane fluidity of adult 
PMN, but did not change that of neonatal PMN. It is likely, 
therefore, that the abnormal membrane fluidity largely contrib- 
utes to the impaired functional dynamics of FMLP receptors in 
neonatal PMN. In this regard, membrane fluidity of neonatal 
lymphocytes was also decreased, which is inconsistent with the 
previous work (30). These findings indicate that the abnormal 
membrane fluidity is not a selective defect for PMN in neonates. 
A cholesterol/phospholipid ratio markedly affects membrane 
fluidity and cellular rigidity (32). Any quantitative change in 
membrane lipid composition of neonatal leukocytes may con- 
tribute to these phenomena. More detailed information, how- 
ever, will be needed concerning this matter. 

PMN provide an effective host defense against bacterial infec- 
tions. In the defense process, PMN first migrate to the sites of 
inflammation by their chemotactic ability. Once they reach these 
sites, PMN stop the chemotactic migration and release lysosomal 
enzymes and produce superoxide anion after ingesting the invad- 
ing microorganisms. Discrete signals for different biologic re- 
sponses to the same stimulant appear to be generated by the 
particular transduction unit to which the receptors are linked. In 
this respect, neonatal PMN are impaired in the dynamic func- 
tions of chernoattractant receptors, which may result in the 
failure in controlling the chemoattractant-mediated subsequent 
cellular functions. This may explain the paradox of abnormal 
cell functions in the presence of normal numbers of chemoattrac- 
tant receptors in neonatal PMN. Such a defect of the membrane 
properties of neonatal PMN appears to be related with abnormal 
cell functions, leading to the increased susceptibility to bacterial 
infections in neonates. The membrane fluidity of PMN was still 

Table 2. Effect of isopropyl alcohol on membranejluidity of PMNa 
Membrane fluidity (IE/IM ratio) 

Alcohol Adult PMN Child PMN Infant PMN Neonatal PMN 
(%) (n = 6) (n = 5) (n = 6) (n = 6) 

0 0.74 & 0.072t 0.62 + 0.062t$ 0.58 + 0.081t$ 0.45 + 0.037$ 
1 .O 0.86 + 0.104§ 0.7 1 t 0.0574 0.62 & 0.070 0.47 + 0.054 
2.5 0.96 + 0.153 11 0.75 * 0.06311 0.66 + 0.090 0.48 + 0.068 
5 .O 1.16 + 0.25111 0.83 + 0.08011 0.69 + 0.1295 0.43 + 0.082 

"Results represent mean + SD of five or six samples. 
t p < 0.01 significantly different from neonatal PMN. 
$ p < 0.01 significantly different from adult PMN. 
9 p < 0.05 control experiment versus alcohol treatment. 
11 p < 0.0 1 control experiment versus alcohol treatment. 
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decreased during infancy and early childhood, although it was 
increased compared to that of neonatal PMN, which may be 
related to the development of PMN functions during the early 
period of life. 
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