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ABSTRACT: The purpose of the present study was to determine
whether experimental intrauterine inflammation could induce necro-
tizing funisitis, a severe, chronic inflammation of the umbilical cord.
Fetuses, randomly divided into four groups (n = 4 each), were
infused with 50 ug/d of granulocyte-colony stimulating factor
(G-CSF) intravenously on d 125-129 of gestation (G-CSF group), 20 mg
of endotoxin into the amniotic cavity on d 127 gestation (endotoxin
group), both G-CSF and endotoxin (G-CSF + endotoxin group), or
only saline (control group). On d 130 of gestation, the umbilical
cords were processed for histologic analysis, scored for degree of
inflammation, and compared statistically. At birth, the blood poly-
morphonuclear leukocyte counts in G-CSF and G-CSF + endotoxin
groups were significantly higher than those in endotoxin and control
groups (p < 0.05). The inflammatory score of the umbilical cord in
G-CSF + endotoxin group was significantly higher than those in the
other three groups (p < 0.05). All the fetuses in G-CSF + endotoxin
group had necrotizing funisitis, but none of the fetuses in the other
three groups developed this condition. An increase in blood poly-
morphonuclear leukocytes before their activation in the umbilical
cord is probably essential for experimentally inducing necrotizing
funisitis. (Pediatr Res 62: 670-673, 2007)

Ithough intrauterine inflammation is well known as a
major cause of preterm labor and premature rupture of
the fetal membranes (1), recent reports have also noted a
relation to the development of cerebral white matter injuries or
chronic lung disease (CLD), which are serious risk factors for
adverse outcomes in premature infants (2). Clinical and ex-
perimental studies suggest that inflammation in utero, such as
chorioamnionitis and funisitis, directly affects premature fetal
organs and their development in a manner that is independent
from prematurity (3—6). However, the pathophysiological in-
volvement of intrauterine inflammation in the genesis of fetal
organ injuries has not been fully clarified.
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Necrotizing funisitis is a chronic and severe inflammation
of the umbilical cord in which numerous neutrophils migrate
and infiltrate from the vascular space toward the amniotic
cavity and old necrotic exudate is concentrically deposited in
a ring-like fashion around the vessels, frequently with calci-
fication (7-9). We previously reported that necrotizing funisi-
tis was significantly associated with the development and
exacerbation of CLD in premature infants and indicated that
an increased polymorphonuclear leukocyte (PMNL) count in
the fetal blood and the existence of some inflammatory in-
ducer in the amniotic fluid appeared to have important roles in
the genesis of CLD (10). To analyze the antenatal effects of
inflammatory intensity or duration on fetal lung injury, how-
ever, an experimental animal model of necrotizing funisitis
was needed. If such a model could be used to improve our
understanding of these effects, the development of preventive
and therapeutic measures for CLD in premature infants might
be advanced.

The aim of the current study was to develop an experimen-
tal animal model of necrotizing funisitis using chronically
instrumented fetal sheep. To induce a more exacerbated in-
flammation in utero than that observed in previous experi-
ments (11-13), the fetuses were intravenously treated with
granulocyte-colony stimulating factor (G-CSF) to increase
their blood PMNL counts before endotoxin infusion into the
amniotic cavity, thereby activating the PMNL in utero.

METHODS

Animal preparation. With the approval of the Animal Care and Use
Committee of the Hokkaido (No. 2058) and the Tohoku (No. 15-128)
University School of Medicine, this study was carried out from April 2001 to
April 2004. The preparations for this experiment were mostly the same as
those for our previous studies (14). In brief, a total of 16 Suffolk ewes with
timed pregnancies underwent surgery on d 123 of gestation. The ewes were
anesthetized with intrathecal tetracaine hydrochloride and intravenous ket-
amine hydrochloride during all the procedures. After a laparotomy and
hysterotomy, polyvinyl catheters were placed into the fetal carotid artery and
vein and into the amniotic cavity. All catheters were exteriorized through a
small incision in the flank of each ewe. After surgery, the ewes were
unrestrained and housed in individual cages, with free access to water and

Abbreviations: CLD, chronic lung disease; G-CSF, granulocyte-colony
stimulating factor; PMNL, polymorphonuclear leukocyte
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food throughout the study period. A recovery period of at least 2 d was
allowed before starting the experiments; during that time, antibiotics were
administered to the mother, fetus, and amniotic cavity based on the results of
Gram’s stain tests using amniotic fluid smears.

Experimental protocol. At least 48 h after surgery on d 125 of gestation,
the fetuses were randomly divided into four groups. The fetuses in the G-CSF
group (n = 4) were given a bolus infusion of 50 ug of G-CSF (Neutrogin R;
Chugai Co. Ltd, Tokyo, Japan) solublized in 2 mL of saline into the carotid
vein daily from d 125 to d 129 of gestation. Fetuses in the endotoxin group
(n = 4) were injected with 20 mg of endotoxin (Escherichia coli 055:B5
endotoxin; Sigma Chemical Co., St. Louis, MO) solubilized in 2 mL of saline
into the amniotic cavity once on d 127 of gestation. Fetuses in the G-CSF +
endotoxin group (n = 4) were treated with both G-CSF and endotoxin in the
manners described above, whereas those in the control group (n = 4) were
treated with only saline.

Histopathologic examination. On d 130 of gestation, cesarean sections
were performed and the fetuses were weighed. The umbilical cord, roll of
membrane (amnion and chorion), and placentomes were placed in 10%
neutralized buffered formalin for fixation. Histopathologic evaluation was
performed using 4-pum sections stained with hematoxylin and eosin. The
influx of inflammatory cells into the tissues was graded by scoring the total
fields of view in more than three sections and applying the inflammatory
grading system reported by Salafia et al. (15), to which we added necrotizing
funisitis defined using the criteria of Navarro and Blanc (8) (Table 1). All
assessments were made by the same observer (Y.K.) in a blinded fashion.

Measurements of physiologic parameters. Fetal heart rates and arterial
and amniotic pressures were continuously monitored using a polygraph and
recorded on a personal computer throughout the study. All fetal arterial
pressure values were corrected for the amniotic fluid pressure. The total
leukocyte counts (Celtac MEK-5254; Nihon-Koden Co, Tokyo, Japan) and
PpH, base excess, Pco ,, and Po , (Blood Gas System 860; Bayer Medical Co.,
Sudbury, UK) were measured in blood samples (0.5 mL) taken from the fetal
carotid artery every 12 h during the experiment. PMNLSs were identified using
differential staining (May-Giemsa) and counted microscopically relative to
the total leukocyte count. The blood gas data were corrected using the
maternal rectal temperature.

Statistical analysis. All values were expressed as the mean = SEM. The
fetal body weight, PMNL counts, and histologic inflammatory scores among
the four groups were statistically compared using the two-way Kruskal-Wallis
test; if a significant difference was suggested, the Scheffé test was performed
for multiple comparisons between the groups. Changes in the PMNL counts
over time within each group were assessed using the Dunnett test. A p < 0.05
was considered to be statistically significant.

RESULTS

Continuous monitoring of all the parameters showed that all
16 fetuses were in good condition; there were no occasions
when the mean blood pressure was under 35 mm Hg or the
heart rate was less than 100 beats per minute over 3 min
during the study period. Fetal pH was never under 7.25, and
the Po, was never less than 10 mm Hg. Neither intrauterine
infection nor threatened preterm labor occurred. All of the

Table 1. Inflammatory scoring system for umbilical cord
and fetal membrane

Scores for umbilical cord
0 = No focus of PMNL in the umbilical cord
1 = PMNL within the inner third of the umbilical vein wall
2 = PMNL within the inner third of at least two umbilical vessel walls
3 = PMNL in the perivascular Wharton’s jelly
4 = Panvasculitis and funisitis extending deep into the Wharton’s jelly
5 = Necrotizing funisitis
Scores for fetal membranes (amnion and chorion-decidua)
0 = No focus of PMNL in the amnion and chorion-decidua
1 = One focus of at least five PMNLs
2 = More than one focus of scorel inflammation or one focus of five to
20 PMNLSs
3 = Multiple and/or confluent foci of score 2
4 = Diffuse and dense acute inflammation
5 = Subacute or chronic inflammation with necrotic changes
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Figure 1. Changes in PMNL counts in fetal carotid artery blood during the
study period in the four groups. The fetuses in the G-CSF group (®, n = 4)
were infused with 50 ug of G-CSF daily from d 125 to d 129 of gestation.
Fetuses in the endotoxin group (A, n = 4) were injected with 20 mg of
endotoxin into the amniotic cavity once on d 127 of gestation. Fetuses in the
G-CSF + endotoxin group (@, n = 4) were treated with both G-CSF and
endotoxin in the same manners described above, whereas those in the control
group (L, n = 4) were treated with only saline. All data are expressed as the
mean = SEM. *p < 0.05 (Dunnett test), compared with the value on d 125
of gestation in each group. fp < 0.05 (Scheffé test), compared with the values
of the control and endotoxin groups on d 130 of gestation.

umbilical cords, placentomes, and fetal membranes were
available for pathologic examination.

No significant difference in the body weight at birth was
seen among the four groups (control group, 2.99 * 0.48 kg;
G-CSF group, 3.49 = 0.27 kg; endotoxin group, 4.20 = 0.50
kg; G-CSF + endotoxin group, 3.50 = 0.45 kg).

Figure 1 shows the changes in fetal PMNL counts over time
in the four groups during the study period. The PMNL counts
in the G-CSF group continuously increased and, after d 129 of
gestation, reached significantly higher values compared with
those measured before the G-CSF administration (p < 0.05).
While those in the G-CSF + endotoxin group also signifi-
cantly increased after d 126 of gestation, but then transiently
decreased for 1 d immediately after the endotoxin injection on
d 127 of gestation and then resumed increasing. No significant
changes in the fetal PMNL counts over time were observed in
the endotoxin and control groups. At birth, the PMNL counts
in the G-CSF (30.8 = 8.0 X 10%/uL) and the G-CSF +
endotoxin (18.2 + 1.4 X 10*/uL) groups were significantly
higher than those in the endotoxin (0.8 *= 0.3 X 10*/uL) and
control groups (0.9 + 0.3 X 10*/uL), respectively (p < 0.05).

Histopathologic examinations of the umbilical cords dem-
onstrated that all of the fetuses in the G-CSF + endotoxin
group exhibited necrotizing funisitis, the infiltration of numer-
ous PMNLs from the vascular space toward the amniotic
cavity, degeneration, and the accumulation of basophilic ne-
crotic debris in the form of ring-like or crescent-shaped bands
around the umbilical vessels (Fig. 2, A and B). These charac-
teristics were not observed in the other three groups. The
umbilical cords in the endotoxin group had moderate vascu-
litis but did not show necrotic changes, while those in the
G-CSF and control groups exhibited little infiltration of
PMNLs in the vascular wall. In the fetal membranes, severe
chorioamnionitis with necrotic changes (Fig. 2C) was found in
two of the four fetuses in the endotoxin group and three of the
four fetuses in the G-CSF + endotoxin group, whereas only
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Figure 2. Hematoxylin and eosin-stained sections in the G-CSF + endotoxin
group showing necrotizing funisitis (A and B) and chorioamnionitis (C). A
large degree of PMNL infiltration from the vascular space (v) toward the
amniotic cavity (af) and numerous degenerating neutrophils and abundant
basophilic debris (arrows), accumulated in the form of ring-like bands around
the umbilical artery (A and B) and within the epithelial layer in the membrane
(C) are visible. (A and B: short-axis cross-section of the umbilical cord,
original magnification, A: X40; B: X200. C: cross-section of fetal membrane,
original magnification X200.)

mild infiltration of PMNLSs was found in the other two groups.
PMNL infiltration or degenerative changes were not found in
the fetal cotyledon and interdigitated villi of any of the
placentomes in all four groups.

Table 2 shows the results of the statistical analysis of the
inflammatory scores of the umbilical cords and fetal mem-
branes in the four groups. The inflammatory scores of the
umbilical cords in the G-CSF + endotoxin group were sig-
nificantly higher than those in the other three groups (p <
0.05). The inflammatory scores of the fetal membranes in the
endotoxin and G-CSF + endotoxin groups were significantly
higher than those in the control and G-CSF groups (p < 0.05),
whereas no significant difference in the inflammatory score
was observed between the endotoxin and G-CSF + endotoxin
groups.

DISCUSSION

In the current experiment, fetuses were treated with G-CSF
to increase their blood PMNL counts before activation in
utero by an intra-amniotic infusion of endotoxin to induce
necrotizing funisitis, a chronic and severe inflammation of the
umbilical cord. The G-CSF pretreatment was thought to be
necessary because the development of necrotizing funisitis
may be associated with an increased G-CSF level in the fetal
blood, though this has not yet been proven in a clinical study.
Premature infants who suffered from chorioamnionitis were
reported to have significantly higher G-CSF levels in their
umbilical cord blood than those without chorioamnionitis
(16). In addition, as we have reported, premature infants who

had chorioamnionitis with necrotizing funisitis at birth had
significantly higher blood PMNL counts than those without
this condition (10).

The blood PMNL counts in the G-CSF and G-CSF +
endotoxin groups were significantly higher, as expected
(Fig. 1). The transient decrease in the blood PMNL counts
in the G-CSF + endotoxin group just after the endotoxin
infusion probably reflected the regional migration and in-
filtration of massive numbers of activated PMNLs from the
vascular space toward the amniotic cavity in the fetal
membrane and the umbilical cord, as previously reported in
experiments on intra-amniotic endotoxin infusion in preg-
nant sheep (12,13).

Histopathologically, necrotic changes in the umbilical
cord were observed only in all of the fetuses in the G-CSF +
endotoxin group, in which degenerated PMNLs and ne-
crotic debris were concentrically accumulated in the form
of ring-like or crescent-like bands around the vessels (Fig.
2, A and B). The characteristics of these changes were quite
similar to necrotizing funisitis, though no calcification
along the necrotic lesion was found. The quick necrotizing
response after endotoxin exposure for 3 d was interesting,
though the duration might be too short to have induced
calcified changes in the umbilical tissue. The fetuses in the
endotoxin group exhibited acute funisitis to some degree,
but necrotic changes in the umbilical tissue were not ob-
served, and none of the fetuses in the G-CSF group had
funisitis, whereas necrotic changes in the fetal membrane
were observed both in the endotoxin and G-CSF + endo-
toxin groups (Table 2). Therefore, the experimental induc-
tion of necrotizing funisitis was thought to require an
increase in fetal blood PMNLs before their activation in
utero by the intra-amniotic infusion of endotoxin, though in
the fetal membrane, the intra-amniotic endotoxin was ca-
pable of inducing necrotic inflammation without an in-
crease in blood PMNLs.

Differences in the anatomic or histologic structures of the
fetal membranes and the umbilical cord might explain the
importance of an increase in blood PMNLSs for the induction
of necrotizing funisitis. First, the vasculitis in the umbilical
cord may have been more difficult to extend and accelerate in
Wharton’s jelly than in the fetal membranes because Whar-
ton’s jelly, surprisingly, has fewer macrophages than amni-
otic, chorionic, and decidual tissues (17). Second, PMNLSs in
the umbilical cord would move faster than those in the fetal
membrane because Wharton’s jelly contains only two main

Table 2. Comparison of inflammatory scores of umbilical cords and fetal membranes in the control, G-CSF, endotoxin, and G-CSF +
endotoxin groups

Control group G-CSF group Endotoxin group G-CSF + endotoxin group
n=4) (n=4) (n=4) (n=4)
Umbilical cord 03*03 0.0 £0.0 35+03 5.0 = 0.0%
Fetal membrane 1.5*+0.6 23=*05 4.5 £ 0.3%* 4.8 £0.3%*

All data are expressed as themean *= SEM.

* p < 0.05, compared with the values of the control, G-CSF, and endotoxin groups (Scheffé test).
** p <0.05, compared with the values of the control and G-CSF groups (Scheffé test).
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arteries and two veins, but no blood or lymphatic capillaries
(9). Consequently, the PMNLs in the umbilical cord might
have fewer chances or a shorter time during which they can be
stimulated by the intra-amniotic endotoxin, compared with
those in the fetal membranes. In this context, the increase in
blood PMNL in the G-CSF + endotoxin group probably
compensated for the weak and short period of stimulation by
the activated macrophages, thereby exacerbating the inflam-
mation in the Wharton’s jelly.

This study demonstrated a clear causative role of an in-
crease in blood PMNL before intra-amniotic endotoxin infu-
sion in the genesis of necrotizing funisitis in premature fetal
sheep. This experimental animal model is thought to corre-
spond to clinical chorioamnionitis with necrotizing funisitis.
Because few reports have analyzed the effects of the intensity
and duration of intrauterine inflammation on the development
of fetal organ injuries, such as cerebral white matter injuries
(18) and CLD (19,20), our experimental system is quite
promising in terms of understanding the effects of exacerbat-
ing inflammation in utero on fetal cerebral hemodynamics, the
premature oligodendrocytes system, and the lung surfactant
system and alveolarization. Such studies are now in progress
in our laboratory.
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