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ABSTRACT. Neutrophils rely on active reorganization of
the cytoskeleton during movement, and functional deficien-
cies in the cytoskeletal elements may result in impaired
neutrophil-mediated host defense. We have compared and
quantitated actin polymerization in neonatal (<48 h old)
and adult bovine peripheral-blood polymorphonuclear leu-
kocytes (PMN) using fluorescence flow cytometry. Base-
line filamentous actin (F-actin) content of neonatal and
adult PMN at time zero differed slightly but were not
statistically different (p > 0.05). F-actin content of recom-
binant human C5a (1077 M)-stimulated neonatal PMN
increased rapidly within 10 s of stimulation to 59.0% over
baseline, then declined. F-actin in adult recombinant hu-
man C5a-stimulated PMN continued to increase for 30 s
and was elevated 87.3% over baseline before subsequently
declining. When stimulated with zymosan-activated bovine
serum (10%), neonatal (120.7% increase) and adult PMN
(115.1% increase) had similar profiles with no significant
differences, and both groups reached peak F-actin levels
at 30 s after stimulation. Neonatal PMN stimulated with
platelet-activating factor (107° M) attained peak F-actin
values at 10 s (72.0% increase over baseline), but actin
rapidly depolymerized by 30 s poststimulation (reduced to
29.0% increase). Adult PMN stimulated by platelet-acti-
vating factor also attained peak values by 10 s (97.6%
increase over baseline), but in contrast to neonatal PMN
the F-actin remained elevated at 30 s in the adult PMN
(still increased 79.5%; p < 0.0.5 compared to neonatal F-
actin). Our results suggest that stimulus-specific variation
may exist between responses of neonatal and adult bovine
PMN to different agonists, but actin polymerization is
rapid and PMN were stimulus-responsive in both age
groups. (Pediatr Res 32: 509-513, 1992)
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provide one of the first lines of defense against invading orga-
nisms (1). PMN respond quickly and in large numbers to many
stimuli and use potent microbicidal armament such as reactive
oxygen species, phagocytosis, and degradative granule enzymes
to disable microbial invaders (2). To respond to the presence of
tissue invaders, the PMN execute a programmed series of events
that include sensing a chemotactic agent or inflammatory stim-
ulus, adhering to the vascular endothelium, migrating through
the vessel wall, moving within the extracellular matrix of tissue
toward the inflammatory focus, and finally reacting directly to
the offending agent (3). The encounter of PMN with the agent
may include attempted phagocytosis of particulate material, such
as in the case of bacteria or fungi. Most of these PMN responses
involve cellular movement or change of cellular shape, and
dynamic involvement of the cellular cytoskeleton is requisite for
movement of PMN (4). The predominant components of the
cytoskeleton of PMN are actin microfilaments (5), which cycle
between a nonpolymerized, monomeric form and a polymerized
or filamentous form designated F-actin. These dynamic micro-
filaments contribute to plastic form and function of PMN.

Host defense of neonates is an area of considerable concern,
and investigations have focused on the ability of neonatal PMN
to effectively respond to inflammatory stimuli. PMN derived
from human neonates have been reported to have diminished
ability to up-regulate the integrin adhesion molecule Mac-1
(CD11b/CD18) (6, 7), comparable or decreased ability to gen-
erate antimicrobial reactive oxygen species (8), defective chemo-
taxis toward inflammatory signals (9), and variation in actin
content as compared to PMN derived from adults (9, 10). Bovine
neonatal PMN have been demonstrated to have a decreased
respiratory burst (11, 12) and decreased Fc receptor expression
(13) when compared with adult bovine PMN. Alterations in the
ability of neonatal PMN to mobilize actin, as reflected by actin
polymerization and total cellular content of F-actin, may also be
a contributing factor in diminished capability of PMN to perform
movement-reliant operations such as chemotaxis, emigration out
of blood vessels, and phagocytosis.

Because PMN are critical to effective host defense and need
exists for a better understanding of factors contributing to the
resistance of neonatal humans and animals to infectious agents,
we have compared actin polymerization of neonatal and adult
bovine PMN. An increase in cellular F-actin content, which is
often concomitant with development of membrane ruffles and
lamellipodia, is also of importance to PMN research because it
is an early, sensitive indicator of PMN activation. Some differ-
ences were found in these studies in the magnitude of the
response (i.e. total F-actin content) and kinetics of actin polym-
erization and depolymerization between neonatal and adult
PMN, and our results also suggest that actin polymerization is
rapid and responsive in PMN of both age groups.

MATERIALS AND METHODS

Neutrophil isolation. Blood (30-60 mL) was collected from
clinically normal, colostrum-fed, newborn bovine calves within
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48 h of birth and from nonparturient cows greater than 2 y of
age by jugular venipuncture using acid citrate dextrose (1:10) as
the anticoagulant. Neutrophils were isolated by differential cen-
trifugation combined with flash hypotonic lysis of the red blood
cells as previously described (11, 14). Blood was centrifuged (730
X g for 15 min), and the plasma, the buffy coat, and the top one
half of the erythrocyte layer were removed and discarded. Eryth-
rocytes were destroyed (hypotonic lysis) by addition of 20 mL of
cold, sterile, pyrogen-free distilled water. Isotonicity was imme-
diately restored by adding 10 mL of cold, sterile, pyrogen-free
saline (2.7% NaCl). Neutrophils underwent centrifugation (200
X g for 10 min) and were washed twice with cold Hanks’ buffered
salt solution without Ca** and Mg?*. Final cell suspensions were
diluted in HBSS-CM. Preparations of PMN used in these studies
were composed of an average of 85.86 = 2.42% PMN for adults
and 95.17 + 1.77% for neonates. The other leukocytes were
primarily lymphocytes and eosinophils as determined by Wright-
Giemsa-stained cytocentrifuge preparations. Cell viability was
high (=98%) as judged by trypan blue dye exclusion. Only
samples with total and differential leukocyte counts and hema-
tocrit values within established normal limits were used in these
studies. Protocol for blood collection was approved by an animal
care committee at this institution, and animals serving as blood
donors received the highest level of care.

Labeling of polymerized actin and fluorescence flow cytometric
analysis. PMN preparations in suspension (3.0 X 10°/mL in
HBSS-CM) were prewarmed for 5 min at 37°C, then stimulated
with rhC5a (1077 M; Sigma Chemical Co., St. Louis, MO), PAF
(107¢ M; Sigma), or ZAS (10%; zymosan A, Sigma Chemical
Co.), or unstimulated control cells were maintained in HBSS-
CM. rhC5a is a chemotactic agent with stimulatory effects on
bovine PMN (15), as with human PMN. Some PMN were treated
with 5 ug/mL of the microfilament-interfering agent cytochalasin
B (Sigma Chemical Co.) for 10 min at 4°C before stimulation as
a control. At time intervals of O (unstimulated PMN), 5, 10, 30,
120, and 300 s after stimulation, the PMN were fixed with [ %
paraformaldehyde at 22°C and gently mixed for 10 min. PMN
were centrifuged and washed with HBSS-CM, then resuspended
in lysophosphatidylcholine (100 pg/mL; Sigma Chemical Co.)
with Bodipy-labeled phallacidin (10~% M; Molecular Probes,
Eugene, OR) for 30 min at 4°C with constant slow mixing in the
dark. The PMN were subsequently centrifuged, washed, and
resuspended in PBS (pH 7.3) for fluorescence flow cytometric
analysis. Fluorescence analysis to detect F-actin was performed
using a Becton-Dickinson FACScan. Analysis gates quantitated
the fluorescence associated with PMN, and 10000 cells were
counted per treatment. Cellular autofluorescence was subtracted
from relative fluorescence values before data analysis. Data were
compared using absolute values of relative fluorescence (RFU)
and the two-sample ¢ test (two-tailed) for comparisons between
neonates and adults and the paired ¢ test for comparisons within
age groups. Positive fluorescence stain of PMN was visually
verified using Zeiss epifluorescence microscopy.

ZAS. Bovine blood was collected from multiple animals, al-
lowed to clot, and centrifuged (200 X g for 15 min). Serum was
collected and pooled, and the alternate complement pathway
activated by using zymosan A at 2.0 mg/mL of serum, incubated
for 30 min at 37°C with constant agitation (14). Serum was
cooled to 4°C, centrifuged for 10 min at 2 000 X g, and decanted
from the zymosan pellet. Serum was clarified by ultracentrifu-
gation at 20 000 X g for 10 min. The ZAS was tested for PMN
stimulatory activity by aggregometry (16) and frozen at —70°C
until use.

RESULTS

Neonatal and adult bovine PMN stained avidly for F-actin
with Bodipy phallicidin, but heterogeneity of staining intensity
was observed within PMN populations in the same treatment
groups. This may indicate differential ability to respond to stim-
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uli {(i.e. mobilize the cytoskeleton), which could be due to sub-
populations of PMN or may correspond to fluctuations in indi-
vidual cellular F-actin content occurring nonharmoniously with
the group of PMN. Mean fluorescence averages obtained with
flow cytometry do not reflect this heterogeneity. The increased
cell-associated fluorescence associated with agonist-stimulated
PMN detected in these experiments was inhibitable with cyto-
chalasin B, indicating that fluorescence was related to F-actin
content.

The baseline value of F-actin in neonatal and adult control
PMN was similar at time zero (224.3 and 211.8 RFU, respec-
tively), differing by only 5.9% (Fig. 1). Baseline F-actin values of
neonatal and adult PMN also differed little (p > 0.05) at subse-
quent incubation time points of 5, 10, 30, 120, and 300 s, with
percent differences of 4.2%,' 12.6%,' 8.3%,> 6.0%,” and 4.9%"
for these time points, respectively. Both neonatal and adult PMN
responded rapidly to rhCSa, and cellular F-actin content rose
quickly within 5 s of stimulation (Fig. 1). Neonatal PMN reached
maximal actin polymerization at 10 s poststimulation (59.0%
increase over basal level, 459.8 RFU), and F-actin content de-
clined progressively thereafter until content approached that of
control cells by 300 s poststimulation. F-actin content of adult
PMN was similar to that of neonates at 10 s poststimulation
(481.21 RFU) but increased to maximal F-actin content at 30 s
poststimulation (87.3% increase, 499.06 RFU). In contrast, F-
actin content was decreasing in neonatal PMN at 30 s. The
average maximal F-actin content of adult PMN was greater than
that of neonatal PMN when expressed as a percentage of increase
over baseline values and when expressed as absolute RFU, but
there was no significant difference (p > 0.05) between data of
neonatal and adult PMN at any time point when using rhC5a as
a stimulus. Although increases for stimulated adult PMN were
greater than those of neonates when expressed as a percentage of
increase over baseline values, this was due in part to the slightly
lower baseline F-actin content of adult PMN in the 0-, 5-, and
10-s time points and corresponding higher baseline values of
neonatal PMN (e.g. 211.77 RFU adult and 224.26 RFU neonate,
at time zero). Baseline F-actin content of both neonatal and
adult PMN (control/unstimulated PMN) also increased slightly
during the incubation period at 37°C, compared with PMN at
time zero. Data were also acquired using ZAS (10%), which
contains complement fragments (e.g. C5a) as well as other serum
factors, as a stimulus. The results using ZAS were qualitatively
similar to those with purified rhC5a, except that neonatal PMN
reached their peak F-actin content at 30 s poststimulation, as did
adult PMN (Fig. 2).

The kinetics of actin polymerization when using PAF as a
stimulus were different than those of the previous two stimuli
(Fig. 3). Both neonatal and adult PMN reached maximal cellular
F-actin content at only 10 s poststimulation, and net cellular
actin depolymerization occurred beyond the 10-s time point.
Peak F-actin values of neonatal PMN were 72.0% (497.37 RFU)
greater than resting PMN, and values were 97.6% and 507.66
RFU for adult PMN. By 30 s poststimulation, F-actin in neonatal
PMN had fallen to only 29.0% (317.30 RFU) above the baseline
fevel. F-actin content in the adult PMN was still 79.5% (478.24
RFU) above the baseline value at 30 s poststimulation, and the
total cellular F-actin content of neonatal and adult PMN popu-
lations were significantly different (p < 0.05) at this time. How-
ever, by 120 s poststimulation, the F-actin content in both
neonatal and adult PMN was low and nearly identical, and
remained so at 300 s poststimulation.

Some variation was observed in the effect of the three different
stimuli on actin polymerization in neonatal (Fig. 44) and adult
PMN (Fig. 4B). Preliminary investigations indicated that the
concentrations of rhC5a (1077 M), PAF (107° M), and ZAS
(10%) were maximal stimulatory concentrations for bovine

' Neonate value higher.
? Adult value higher.
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Fig. 1. Comparison

of rhC5a-induced actin polymerization in neonatal and adult bovine PMN. Time-dependent F-actin content is shown at

time zero and at 5, 10, 30, 120, and 300 s after stimulation with 1077 M rhC5a. Values are means + SEM: # = 6 neonates and n = 7 adults.
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Fig. 2. ZAS-induced actin polymerization in neonatal and adult bovine PMN. Content of F-actin is shown at time zero and after stimulation
with 10% ZAS. Values are means + SEM; n = 6 neonates and n = 7 adults.

PMN, but definitive comparisons of stimuli require expanded
dose-response studies to be conclusive.

DISCUSSION

An important cause of mortality of human and animal neo-
nates is bacterial infection, and increased susceptibility of new-
borns to infection may be due to developmental defects or
immaturity of components of the immune system (17-19). Hu-
man neonatal PMN have been reported to have deficiencies that
could impair host defense (6, 8, 9), including abnormalities in
chemotaxis (20, 21) and differences in neonatal PMN actin
polymerization (10) and microtubule organization (22). These
latter observations may help to explain diminished ability of
human neonatal PMN to undergo chemotaxis and orientation
responses similarly to adult PMN. Like human newborns, bovine
neonatal calves are also susceptible to a variety of bacterial
infections (19). Comparative research of bovine PMN from
neonates and adults also reports some functional differences.
Neonatal bovine PMN generate decreased superoxide anion as
compared to adult PMN with the protein kinase C activator

phorbol myristate acetate (11, 12), but there is an increased
neonatal PMN response to opsonized zymosan (14). Neonatal
bovine PMN stimulated with zymosan-activated plasma undergo
cellular shape change more rapidly and to a greater extent than
adult PMN, as defined by development of membrane ruffles and
lamellipodia within a percentage of the total PMN population
(14). The ability of bovine PMN to aggregate in vitro is similar
between the two age groups with either PAF or activated plasma
as stimuli, but plasma-stimulated neonatal PMN had limited
ability to deaggregate (23, 24). We undertook these studies to
determine whether detectible differences exist between neonatal
and adult bovine PMN in the kinetics and extent of actin
polymerization.

Our data indicate that the kinetics of actin polymerization, as
interpreted from total cellular F-actin content was, in general,
similar between neonatal and adult bovine PMN. The data failed
to demonstrate a remarkably deficient response from neonatal
bovine PMN. The results corroborate with the reported chemo-
tactic response of neonatal bovine PMN toward C5a, zymosan-
activated plasma, and endotoxin as measured in microchemo-
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Fig. 3. Actin polymerization in neonatal and adult bovine PMN after stimulation with PAF (107° M). An asterisk indicates significant difference
(» < 0.05) between these two points. Values are means + SEM; n = 6 neonates and n = 7 adults.
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Fig. 4. A, F-actin data acquired using different stimuli with neonatal
bovine PMN are compared on the same graph; thC5a (1077 M), ZAS
(10%), and PAF (107® M). An asterisk indicates significant difference (p
< (.05) between these data points and all other data at the same time
point. Values arc means + SEM; n = 6. A comparison appears in B for
adult PMN. An asterisk in brackets indicates that values for ZAS and
PAF (and control) are significantly different (p < 0.05) at 30 s (values
for ZAS and CSa are not). An asterisk with no brackets indicates
significant difference (p < 0.05) between ZAS data and all other data at
120 s. Values are means = SEM; n = 7.

taxis chambers by other investigators (23). Neonatal bovine PMN
did not display impaired chemotaxis and instead migrated in
greater numbers than did adult PMN. Similarly, in a study
comparing shape change of stimulated neonatal and adult bovine
PMN, investigators found that greater numbers of neonatal PMN
underwent a more rapid change than adult PMN (14), which
was maintained throughout the 5-min incubation period. Shape
change of PMN refers to rapid, stimulus-induced development
of membrane ruffles and lamellipodia and occurs concomitantly
or subsequent to actin polymerization in PMN (25). Our results
in this study with F-actin do not demonstrate increased F-actin
content of bovine neonatal PMN that might correlate with the
other reports of neonatal bovine PMN response. In another
study, investigators report that neonatal bovine PMN mobilize
calcium as efficiently as adult PMN (15). This is in contrast to
data from human PMN, where significant differences have been
reported between the age groups for free intracellular calcium
after stimulation, chemotaxis, and F-actin content (9). For each
of these parameters, response of human neonatal PMN was less
than adult PMN, contrary to findings with neonatal bovine
PMN. Other investigators have found that F-actin content of
stimulated human neonatal and adult PMN were similar, but
that neonatal PMN have higher baseline F-actin content (10).
Comparison indicates that species variation exists between re-
sponses of neonatal human and bovine PMN, and this may
reflect innate differences or differences in the perinatal environ-
ment.

The cytoskeleton of PMN is a necessary component of directed
cellular movement and is therefore important for normal func-
tion of PMN in host defense. Our results in this study of actin
polymerization and other studies conducted by researchers who
have investigated neonatal bovine PMN chemotaxis (23, 26) do
not indicate that hypofunction of the neonatal bovine PMN
actin network is likely to be a predisposing factor in susceptibility
of newborn calves to microbial pathogens.
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