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ABSTRACT. Neutrophils (PMN) from newborn calves
generate significantly less superoxide anion (O,™) than do
their adult counterparts after stimulation with direct pro-
tein kinase C agonists. To better understand this observa-
tion, we compared the activity and kinetics of NADPH
oxidase in membrane fractions from phorbol 12-myristate
13-acetate-stimulated adult and newborn PMN. After
phorbol 12-myristate 13-acetate stimulation, PMN were
sonicated and the membranes assayed for O, production
with increasing concentrations of NADPH. O,~ production
was calculated 1 and 2 min after the beginning of the
reaction. At all concentrations of NADPH used, there was
no difference (p > 0.05) in O, production between adult
(n = 8) and newborn (n = 9) PMN membrane preparations.
Enzyme kinetics calculations revealed no differences (p >
0.05) between age groups in Km and Vmax or in the
velocity of the reactions. Determination of the protein
content in the membrane pellet, however, showed that adult
PMN yielded significantly (p < 0.01) higher amounts of
protein (2.82 % 0.14 mg/mL) than did newborn PMN (1.78
% 0.07 mg/mL). This difference could be partly attributed
to cell size; flow cytometric analysis showed that newborn
PMN had a significantly (p < 0.01) smaller diameter
(10.94 = 0.07 pm) than did adult PMN (11.65 % 0.06 xm),
and calculated cell volume and surface area were also both
significantly less (p < 0.01) in newborn PMN. These data
collectively showed that the observed difference in O,
production between newborn and adult bovine PMN stim-
ulated with protein kinase C agonists was not due to a
difference in the activity or the kinetics of the enzyme
NADPH oxidase, and that PMN from newborn calves had
a significantly smaller diameter, volume, and surface area
than did adult PMN. These size differences could play a
role in the O, generating deficit of newborn bovine PMN.
(Pediatr Res 28: 327-331, 1990)
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Immaturity or abnormality of both humoral and cellular sys-
tems of defense is believed to play a significant role in the
increased incidence of life-threatening bacterial infections in
newborn humans and animals (1-3). Among the professional
phagocytes involved in cellular defense, PMN are especially
important in bacterial infections, and their various defensive
functions must be well coordinated to effectively combat infec-
tion. Any impairment of the functional capabilities of PMN
from neonates could potentially reduce their protective effects.

Several disparities in the functional state of PMN isolated from
cord blood of neonates have been documented in man, including
differences in their motility (4, 5), chemotactic response (6),
adherence (7, 8), aggregation (9), and bactericidal activity (10).
One of the most important features of PMN microbicidal activity
is the ability to generate toxic oxygen radicals such as Q,~, H,O,
and OH' through the metabolic process known as “the respiratory
burst.” Conflicting reports exist on the state of activity of the
respiratory burst of PMN from human newborns, and data
documenting either comparable (10, 11), diminished (12), or
increased (13, 14) production of O,~ by newborn PMN stimu-
lated with various agonists have been reported.

Elevated morbidity and mortality resulting from opportunistic
bacterial infections are also common in newborn calves (15, 16)
and, as in man, are likely due to immaturity of immunologic
and cellular mechanisms of defense. As for human neonatal
PMN, studies of newborn calf PMN have revealed functional
abnormalities such as enhanced shape change responses to com-
plement fragments (17), and decreased ability to generate O, in
response to direct PKC agonists (17-19).

The enzymatic complex responsible for the generation of free
radicals in PMN 1is an oxidase that transfers electrons from
intracellular NADPH to reduce molecular oxygen to produce
the first oxidant, O,”. The enzyme, NADPH oxidase, is located
in the plasma membrane and is believed to consist of at least
three components, a low potential cytochrome, a flavoprotein,
and possibly a quinone (20). To investigate the biochemical basis
for the difference in respiratory burst activity in human neonates,
Ambruso et al. (21) studied the activity of this enzyme in
membrane-rich fractions of PMA-stimulated PMN and reported
increased production of O,~ by newborn PMN and differences
in both the apparent Km and the V., of the reaction between
adult and newborn PMN.

O,~ generation also appears to depend on cell size. It has
recently been shown, for example, that human peripheral blood
could be separated into at least six volume-dependent fractions,
and that volume was positively correlated with O, release when
PMN were stimulated with either the chemotactic peptide for-
myl-methionyl-leucyl-phenylalanine or the phorbol ester tumor
promoter PMA (22, 23).

To better understand the diminished production of O,~ ob-
served in PMN from newborn calves stimulated with PKC
agonists, the activity and kinetics of the plasma membrane
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enzyme NADPH oxidase were compared between PMA-stimu-
lated bovine newborn and adult PMN. In addition, diameter,
volume, and surface area of neonatal and adult PMN were
determined to see if the disparity in O, production could be due
to differences in cell size.

MATERIALS AND METHODS

Animals. Two age groups of clinically normal Holstein-Frie-
sian cattle were used, including adult females (>2 y of age) and
newborn calves (<24-h-old) of either sex. All adult animals were
fed a normal diet, given water ad libitum, and received no drugs
during the course of the study. Newborn calves were allowed to
nurse.

Hematology. Total and differential leukocyte counts and hem-
atocrit values were obtained for each sample as an indicator of
the normalcy of the samples using routine hematologic methods
as described (17, 18). Only samples within established normal
limits were used in these studies.

Neutrophil isolation. Blood (60-120 mL) was collected by
Jjugular venipuncture using acid citrate dextrose as the anticoag-
ulant (1:10, acid citrate dextrose:blood ratio). PMN were isolated
by differential centrifugation combined with hypotonic lysis of
the red blood cells as previousty described (17, 18). Briefly, blood
was centrifuged (730 X g for 15 min) and the plasma, buffy coat,
and the top half of the red cell layer were aspirated and discarded.
Red blood cells were lysed by addition of 20 mL of cold, sterile,
distilled water and isotonicity restored with 10 mL of cold sterile
saline (2.7% NaCl). PMN were pelleted by centrifugation (200
X g for 10 min) and washed twice with cold HBSS without Ca**
and Mg?*. The final cell suspension was adjusted to a concentra-
tion of 4 X 107 cells/mL in HBSS containing Ca®* and Mg** for
the NADPH oxidase experiments and to a concentration of 1 X
10° cells/mL for the cell size experiments. Purity of the cell
suspension was verified by Wright-Giemsa stained cytocentrifuge
preparations and cell viability was determined by trypan blue
exclusion.

Neutrophil stimulation. PMN isolated from adult animals (n
= 8) and newborn calves (n = 9) were preincubated at 37°C for
5 min and then stimulated with prewarmed PMA (0.8 ug/mL)
for 5 min. The reaction was stopped by placing the tube on ice
for 10 min, and the cells were subsequently pelleted by centrif-
ugation (500 X g, 7 min) at 4°C. PMN were resuspended to a
concentration of 4 X 107 cells/mL in 5 mL of cold 0.34 M
sucrose.

Membrane preparation. PMN membranes were prepared ac-
cording to the method previously described by Tauber (24).
Briefly, cells suspended in cold 0.34 M sucrose were disrupted
on ice with a sonicator (Braun-sonic 1510, Braun Melsungen,
Melsungen, FRG) by two cycles of 15 s at 60 W and one cycle
of 10 s at 40 W. The degree of cell disruption was monitored
after each cycle and was usually greater than 95% after the last
cycle. Unbroken cells and nuclei were pelleted by centrifugation
(260 X g, 10 min) and the supernatant containing the membranes
was subsequently centrifuged at 27 000 X g for 20 min in a J2-
21 centrifuge (Beckman Instruments, Inc., Fullerton, CA) at 4°C.
The resulting membrane pellet was resuspended in 2 mL of cold
0.34 M sucrose, gently homogenized with a Teflon pestle, and
the protein content of the final preparation was determined by
the Coomassie Brilliant Blue technique using BSA as the protein
standard. To confirm the presence of plasma membrane in the
preparations, the activity of the plasma membrane marker al-
kaline phosphatase was measured by following the hydrolysis of
p-nitrophenyl phosphate by the enzyme, yielding p-nitrophenol
and inorganic phosphate (Sigma Chemical Co., St. Louis, MO).
High levels of alkaline phosphatase (>167 IU) were found in the
membrane preparations tested.

NADPH oxidase assay. O,~ production was routinely meas-
ured at room temperature by following the SOD-inhibitable
reduction of ferricytochrome C in a double-beam recording
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spectrophotometer (ACTA MIV, Beckman Instruments, Inc.) at
550 nm wavelength. The sample cuvette contained the mem-
brane-rich fraction (140-320 png), ferricytochrome C (1.5 mg/
mL), NADPH (0-250 uM), and 0.13 M potassium phosphate
buffer in a total volume of 1 mL. The reference cuvette contained
the same reagents plus SOD (0.4 mg/mL). O, production was
determined 1 and 2 min after starting the reaction by adding
NADPH, and was calculated using an extinction coefficient for
ferricytochrome C of 21 mM™' ¢cm™'. Results were expressed as
nmoles O, /min/mg protein. Km and V., of the reaction were
calculated using the computer program (Plot Data Analysis and
Graphing Program, New Unit, Inc., Ithaca, NY).

Neutrophil size determination. PMN from adults (n = 12) and
newborns (n = 12) were suspended to a concentration of 1 X 10°
cells/mL in HBSS containing Ca** and Mg?*, kept in siliconized
tubes to prevent cell activation, and analyzed shortly after isola-
tion. PMN from at least one adult and one newborn were
analyzed on the same day. Cell diameter was determined by
measuring the log forward angle light scattered of >10 000 PMN
with an EPICS Profile Analyzer flow cytometer (Coulter Corp.,
Hialeah, FL). The flow cytometer was calibrated before each
experiment with polystyrene beads of known diameter (5.1, 9.79,
14.16, and 19.64 pm, EPICS Division of Coulter Corp.). For
each experiment, diameter was determined on fresh samples and
on samples after fixation in 2.5% glutaraldehyde. In addition,
fixed samples from all experiments were saved, stored at 4°C,
and reanalyzed on the same day. Cell volume and surface area
were also calculated using the following formulas: V = 1D%/6
and S, = 1D?, where V = volume, D = diameter, and S, =
surface area.

Statistical analysis. All results are expressed as mean = SEM.
Data from two groups were compared using a ¢ test. In cases of
more than two groups, one-way analysis of variance and Dun-
can’s multiple range tests were used to determine which means
were significantly different.

Reagents. PMA, SOD, ferricytochrome C, NADPH type 111,
BSA, and potassium phosphate dibasic were purchased from
Sigma Chemical Co. Potassium phosphate monobasic and su-
crose were obtained from Fisher Scientific Co., Fair Lawn, NJ.
Coomassie Brilliant Blue used for the protein determination was
purchased from Bio-Rad, Richmond, CA. PMA was dissolved
in DMSO, aliquoted, and kept frozen at —70°C. SOD and
ferricytochrome C were prepared in sterile distilled water, ali-
quoted, and kept frozen at —~20°C. Lyophilized NADPH was
kept in the dark at —20°C and was prepared daily in sterile
distilled water immediately before use.

RESULTS

Hematology. Newborn calves had an elevated total white cell
count compared with adult cows (14 483 = 1209 versus 10 082
+ 573 cells/uL, respectively) and a higher percentage of neutro-
phils (PMN) (78 =+ 2 versus 38 + 3%, respectively), as previously
reported (25). This difference is classically attributed to a release
of corticosteroids by the calf during parturition (26, 27). This
phenomenon was reflected in the higher percentage of PMN in
the final suspensions from newborn calves (99 + 0%) as com-
pared with those of adult cows (93 + 1%). Viability assessed by
trypan blue exclusion was always high (>98%).

Protein determination. The results in Figure 1 show the
amount of protein in the membrane preparations of both new-
born and adult PMN. Membrane preparations resulting from
the lysis of 2 X 10® PMN from newborn calves consistently
yielded a significantly reduced amount of protein (1.78 + 0.07
mg/mL, p < 0.01) when compared with those from adult animals
(2.82 + 0.14 mg/mL).

Activity of NADPH oxidase. Production of O, was calculated
1 and 2 min after starting the reaction with the addition of
NADPH and was expressed as the amount of nmol of O,
produced per mg of membrane protein (Figs. 2 and 3). No
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Fig. 1. Protein content in the membrane preparations resulting from
the disruption of 2 X 10® neutrophils from adult cows (n = 8) and
newborn calves (n = 9).
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Fig. 2. O,~ production by PMA-stimulated membrane fractions of
bovine adult and newborn neutrophils 1 min after starting the reaction
by adding NADPH. Data represent the mean = SEM from eight separate
experiments for adults and nine experiments for newborns, run in
duplicate. )
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Fig. 3. O,” production by PMA-stimulated membrane fractions of
bovine adult and newborn neutrophils 2 min after starting the reaction
by adding NADPH. Data represent the mean + SEM from eight separate
experiments for adults and nine experiments for newborns, run in
duplicate.

generation of O,~ was observed with preparations of membranes
isolated from unstimulated cells (data not shown). At all concen-
trations of NADPH tested, there were no significant differences
in the amount of O,~ produced by membranes of PMN from
newborn calves and adult cows stimulated with PMA. Also,
when production of O,” was calculated per 1 X 107 cells, no
significant differences were observed between the two groups
(data not shown).

Kinetic parameters of the reaction. The Km and the Vi, of
the reaction were calculated to compare the enzyme kinetics in
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newborn and adult PMN. No significant differences were present
in the Km of the enzyme in PMN membranes of newborn calves
and adult cows or in the V., of the reaction in newborn and
adult PMN (Table 1). We also estimated the velocity of the
reaction according to the equation previously reported by Am-
bruso et al. (21) for human PMN where the calculated rate of
O, production is based on measured kinetic parameters and on
an estimated intracellular concentration of NADPH of 90 uM.
According to this equation, membrane fractions from newborn
calves produced O, at a similar rate to membranes isolated
from PMN of adult animals (Table 1).

Determination of cell size. The diameters of newborn and
adult PMN were estimated using flow cytometry by measuring
the log forward angle light scattered of both populations of cells.
The average diameter of live PMN from newborn calves (10.94
+ 0.07 um) was significantly smaller (p < 0.01) than the diameter
of PMN from adult cows (11.65 = 0.06 um). The same obser-
vation was made with fixed PMN analyzed the day of the
experiment and with fixed samples that were saved and analyzed
on the same day (Table 2). Calculated volume and surface area
of live PMN were also significantly smaller in PMN from new-
born calves compared with adult cows (Table 2).

DISCUSSION

Oxidative metabolism is an important component of the mi-
crobicidal activity of PMN. Abnormalities of the respiratory
burst of PMN from human neonates have been described (10—
14), but their physiologic significance is still unclear and their
biochemical basis poorly understood. Several reports have indi-
cated that PMN from newborn infants produce significantly
more O, than control PMN from healthy adults when stimu-
lated with PMA (10, 13) or with opsonized zymosan (11, 14). In
accord with data obtained from whole PMN (11, 14), signifi-
cantly increased production of O,~ by membranes from newborn
PMN and a higher V..., and apparent Km of their oxidase system
consistent with a 30% greater rate of O,~ production by newborn
PMN have also been reported (21).

In the bovine species, the opposite phenomenon has been
observed. Newborn bovine PMN generate significantly reduced
amounts of O,~ compared with adult PMN when stimulated
with the phorbol esters or with the synthetic diacylglycerol ana-
logue 1,2-dioctanoyl-sn-glycerol (17-19). This impaired O, re-
sponse of newborn calf PMN may be due to abnormalities at
any one of several levels of the activation and signal transduction
process. The exact biochemical events leading to activation of
the respiratory burst enzyme in PMN have not yet been fully
characterized, and may be stimulus-specific. With phorbol esters,
it has been shown that activation of PKC is tightly involved in
the activation of NADPH oxidase (28-30). Intermediary steps
believed to play an important role include the phosphorylation
of a group of 47- to 49-kD proteins that are notably absent in
PMN of patients with chronic granulomatous disease (31-33).

Possible explanations for the age-related difference observed
in the bovine species might include deficient or abnormal activity
of the PKC system of newborn PMN, defective phosphorylation
of their intermediate proteins, or abnormality or deficiency of
the enzyme NADPH oxidase itself. External influences from the
blood microenvironment must also be considered because the
0, deficit present in newborn calves represents a perinatal
phenomenon; PMN isolated from late term bovine fetuses did
not show a similar deficit (18). It must also be noted that newborn
calves exhibit a significant neutrophilic leukocytosis in the first
few hours after birth, probably due to high levels of corticoster-
oids in the circulation (26). It is therefore likely that the matu-
ration stage of these PMN newly released from the bone marrow
is somewhat different from circulating PMN of adult cows.

Our present study revealed no differences in the distal portion
of the activation pathway of the enzyme NADPH oxidase. On a
protein basis, membrane fractions from PMA-stimulated new-
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Table 1. Kinetic parameters of NADPH oxidase from bovine neutrophils

Km V max Calculated velocity*

(uM NADPH) (nmol O7,/min/mg protein) (nmol O~;/min/mg)
Adults (n = 8) 54.20 £ 11.20 18.53 + 2.54 11.38 £ 0.99
Newborns (n = 9) 66.18 £ 5.50 2453 +2.77 14.15 £ 1.63

* Velocity calculated using mean values for Km and V.., and the equation V = V,,,,[NADPH]/Km + [NADPH] (ref. 21).

Table 2. Morphometric parameters of bovine neutrophils
measured by flow cytometry

Adults Newborns
(n=12) (n=12)
Diameter (um)
Live cells 11.65 £ 0.06 10.94 £+ 0.07*
Fixed cells 11.62 + 0.04 11.24 + 0.02*
Fixed cells ana- 11.49 = 0.05 11.20 £ 0.07*
lyzed on the
same day
Volume (um®)f 829.40 + 13.20 685.50 = 12.60*
Surface area (um?)t 426.76 + 4.53 333.29 + 4.69*

* Significantly different from adult neutrophils, p < 0.01.
1 Calculated using the diameter of live cells.

born PMN produced as much O, as did membranes isolated
from adult PMN. The kinetics of the reaction were also similar
in both age groups, as no differences were seen in either the Km
or the V... of the reaction. The calculated Km of adult and
newborn oxidases (54.20 and 66.18 uM, respectively) were also
both inferior to 90 uM, which is the estimated intracellular
concentration of NADPH previously reported for human PMN
(21, 34), indicating that the oxidase is probably saturated in adult
and newborn PMN. It therefore appears that the activity and
kinetics of the enzyme NADPH oxidase of bovine newborn
PMN is not different from the enzyme of adult cells. It could
also be hypothesized that PMN from newborn calves have defi-
cient intracellular supplies of NADPH. If the intracellular con-
centration of NADPH was less than the Km of the enzymatic
reaction, NADPH oxidase would work at a suboptimal rate in
intact cells. Qualitative or quantitative differences in the activity
of the PKC system could also exist between adult and newborn
PMN, inasmuch as decreased O,~ generation by newborn bovine
PMN has been observed with direct PKC agonists.

The reduced production of O,” by newborn calf PMN (17—
19) might be understood if intact PMN from newborn calves
possessed less total enzyme than adult PMN. Berkow and Baeh-
ner (22) have reported that circulating human PMN were heter-
ogenous with respect to size, and that increased size correlated
with increased oxidative burst and granule contents. It has also
been shown that cell sonicates derived from the larger PMN
fractions contained significantly more total cellular NADPH-
dependent oxidase activity than did smaller PMN fractions (23).
Our data would support the hypothesis that a similar heteroge-
neity in size and NADPH oxidase activity in circulating PMN
exists between newborn and adult bovine PMN. Differences in
cell size between human newborn and adult PMN have not been
reported, but Anderson et al. (7) reported morphometric evalu-
ations of human newborn and adult PMN membrane perimeters,
revealing that both resting and formyl-methionyl-leucyl-phenyl-
alanine-activated neonatal PMN exposed significantly less
plasma membrane than did their adult counterparts.

The consistently inferior protein content noted in membrane
preparations from PMN of newborn calves indicated a possible
size difference between adult and newborn bovine PMN. The
cell diameter of adult and newborn PMN estimated by flow
cytometry in this study were in the range of cell size previously
reported for bovine PMN (25). Determination of cell size re-
vealed that PMN from newborn calves had a significantly smaller
diameter and therefore also a significantly smaller calculated
volume and surface area than did PMN from adult cows. The

surface area is probably the most important parameter, as it may
be correlated with differences in the amount of plasma mem-
brane and, by inference, quantity of enzyme. PMN from new-
born calves had an average of 22% less calculated surface area
than adult PMN. In keeping with published human data (22,
23), it is possible that the observed difference in cell size between
newborn and adult bovine PMN would be reflected by a differ-
ence in their oxidative metabolism. The observed 22% difference
in PMN size, however, can probably not fully account for the
41-49% difference in O, generation noted between newborn
and adult bovine PMN (19).

Comparisons of the forward angle light scattered by live and
fixed cells also revealed that fixation in 2.5% glutaraldehyde
influenced this parameter. The difference observed was probably
due to changes in membrane permeability related to fixation and
to a consequent modification of the refractile index of the cells.
To avoid such artefactual changes, all calculations of cell volume
and surface area were made using the diameters obtained with
live PMN.

A reduced production of O, as observed in PMN of newborn
calves can potentially contribute to impairing their microbicidal
activity and therefore help to explain the increased susceptibility
to infections of neonates. Alternatively, one can also speculate
that a diminished respiratory burst in newborn calves represents
a protective mechanism to prevent PMN-induced tissue injury
inasmuch as newborn calves are born in an environment where
opportunities for bacterial infections are numerous.

Our study showed that the activity and kinetic parameters of
the enzyme NADPH oxidase do not differ between adult and
newborn bovine PMN, and that PMN size differences between
the two age groups exist that could play a role in altered whole-
cell oxidative metabolism. Further studies will be needed to
clarify the basis for the age-related difference in respiratory burst
activation between newborn and adult bovine PMN.
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