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ystemic and cerebral inflammatory response to umbilical
ord occlusions with worsening acidosis in the ovine fetus
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BJECTIVE: We hypothesized that repetitive umbilical cord occlusions
UCOs) with worsening acidosis will lead to a fetal inflammatory response.

TUDY DESIGN: Chronically instrumented fetal sheep underwent a se-
ies of UCOs until fetal arterial pH decreased to �7.0. Maternal and fe-
al blood samples were taken for blood gases/pH and plasma interleu-
in (IL)-1B and IL-6 levels. Animals were euthanized at 24 hours of
ecovery with brain tissue processed for subsequent measurement of
icroglia and mast cell counts.

ESULTS: Repetitive UCOs resulted in a severe degree of fetal aci-
emia. Fetal plasma IL-1B values were increased �2-fold when mea-
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ured at maximal fetal acidosis and again at 1-2 hours of recovery. Fetal
icroglia cells were increased �2-fold in the white matter and hip-

ocampus, while mast cells were increased �2-fold in the choroid
lexus and now evident in the thalamus when analyzed at 24 hours
ecovery.

ONCLUSION: Repetitive UCOs leading to severe acidemia in the ovine
etus near term will result in an inflammatory response both systemi-
ally and locally within the brain.

ey words: fetal hypoxia, interleukin-I�, interleukin-6, mast cells,
icroglia
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irth asphyxia with severe fetal
acidemia, defined as an umbilical

rtery pH �7.00, is associated with in-
reased risk for newborn hypoxic-isch-
mic encephalopathy (HIE), although
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he majority of these infants will still be
ithout noted complications.1-4 This in-
icates that birth asphyxia with resultant
rain injury in most instances is multi-
actorial in basis with gestational age at
irth, duration of hypoxic acidemia,
etal/newborn compensatory capacity,
nd newborn resuscitation also likely to
e contributory.3,5,6

There is now considerable epidemio-
ogic and clinical evidence that increases
n inflammatory cytokines during the
ourse of infection play a contributing
ole in the increased risk for brain injury,
hether intrauterine with chorioamnio-
itis preterm or at term, or postnatal in

he neonate (see review7). This has re-
ulted in a number of animal-based
tudies with the induction of perinatal
nfection and/or inflammatory response
y bacterial products further implicating
contributory role for an increase in fe-

al inflammatory cytokines along with an
ncrease in inflammatory cells within the
rain, in resultant brain injury.7-9 These
nimal-based studies furthermore show
n interactive effect whereby bacterial
ndotoxin sensitizes the immature brain
o hypoxic-ischemic injury indicating
hat infection and hypoxic acidemia may
ave a synergistic role in causing fetal
MONTH 2009 Ame
rain injury.7,10,11 There is also consid-
rable clinical and experimental evi-
ence that increases in inflammatory
ediators play a contributory role in the

athogenesis of newborn HIE in the ab-
ence of overt infection, although most
ases of histopathologic chorioamnioni-
is will be subclinical especially at
erm.7,12-14 In addition, hypoxia and hy-
operfusion both lead to increases in cy-
okine expression and/or production
ithin the placenta15,16 supporting the

ontention that reduced uterine or um-
ilical blood flow with contractions
hrough labor might lead to an increase
n inflammatory cytokines as well as
orsening fetal acidosis.
Variable-type fetal heart rate (FHR)

ecelerations due to umbilical cord
ompression with acute reduction in fe-
al oxygenation are the most common
onreassuring FHR pattern observed in-

rapartum.17 Although these short-term
ypoxic episodes are generally well toler-
ted, when more frequent and/or severe
hey have been associated with an in-
reased incidence of neonatal acidosis,
ow Apgar scores, and nuchal cord in-
olvement at the time of delivery.18,19

e have therefore used the chronically
atheterized ovine fetus near term to test
rican Journal of Obstetrics & Gynecology 1.e1
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he hypothesis that repetitive cord occlu-
ions with worsening acidosis as might
e seen clinically during labor will lead to
n inflammatory response both system-
cally and locally within the brain. The
roinflammatory cytokines interleukin
IL)-1B and IL-6 have been determined
s measures of systemic inflammation
ecause these cytokines play a promi-
ent regulatory role in the inflammatory
esponse and have been shown to in-
rease as part of the fetal/neonatal in-
ammatory response to infection and
ith HIE.7,12-14 The distribution of mi-

roglia and mast cells within the brain
ave been determined as measures of lo-
al inflammation because these cells also
lay a prominent role in the inflamma-
ory response and likewise have been
hown to increase with fetal/neonatal in-
ection and/or hypoxia.7-9,20

ATERIALS AND METHODS
urgical preparation
en near-term (125 � 1 days’ gestation)

etal sheep of mixed breed were surgi-
ally instrumented (term � 145 days).
he anesthetic and surgical procedures
nd postoperative care of the animals
ave previously been described.21

riefly, using sterile technique under
eneral anesthesia, the upper body of the
etus and proximal portion of the umbil-
cal cord were exteriorized through an
ncision in the uterine wall. Polyvinyl
atheters (Bolab, Lake Havasu City, AZ)
ere placed in the right and left brachio-

ephalic arteries, and the right brachio-

FIGURE 1
Experimental protocol

nimals were studied through 1- to 2-hour contr
ecovered for �24 hours. Arrows indicate 3-mL
D, putdown.

rout. Inflammation with fetal asphyxia. Am J Obstet Gynec
ephalic vein. Stainless steel electrodes

.e2 American Journal of Obstetrics & Gynecology
ere implanted biparietally on the dura
or the recording of electrocortical activ-
ty and over the sternum for recording
lectrocardiographic (ECG) activity.
n inflatable silicone occluder cuff

OCHD16; In Vivo Metric, Healdsburg,
A) was positioned around the proximal
ortion of the umbilical cord and se-
ured to the abdominal skin. Once the
etus was returned to the uterus, a cath-
ter was placed in the amniotic fluid cav-
ty and subsequently in the maternal
emoral vein.

Animals were allowed a 3- to 4-day
ostoperative period before experimen-
ation, during which antibiotics were
iven and catheters were flushed with
eparinized saline to maintain patency.
nimal care followed the guidelines of

he Canadian Council on Animal Care
nd was approved by the University of

estern Ontario Council on Animal
are.

xperimental protocol
nimals were studied through a 1- to
-hour control period and an experi-
ental period of repetitive umbilical

ord occlusions (UCOs) with worsening
cidemia, and were then allowed to re-
over overnight (Figure 1). A computer-
zed data acquisition system was used to
ecord pressures in the fetal brachioce-
halic artery and amniotic cavity, and
he electrical signals for electrocortical
nd ECG activities, which were moni-
ored continuously through the control
nd experimental periods, and first 2

eriod; �3 hours of mild, moderate, and severe r
al and/or maternal blood samples.

09.
MONTH 2009
ours of the recovery period (Chart 5 for
indows; AD Instruments Pty Ltd).
After the baseline control period that

egan at �0800 hours, repetitive UCOs
ere performed with increasing severity
ntil severe fetal acidemia was detected
arterial pH �7.00), at which time the
COs were stopped. UCO was induced
y complete inflation of the occluder
uff with �5 mL of saline solution that
as previously determined by visual in-

pection and testing at the time of sur-
ery. During the first hour a mild UCO
eries was performed consisting of cord
cclusion for 1-minute duration every 5
inutes. During the second hour a mod-

rate UCO series was performed consist-
ng of cord occlusion for 1-minute dura-
ion every 3 minutes. During the third
our a severe UCO series was performed
onsisting of cord occlusion for
-minute duration every 2 minutes and
his series was continued until the tar-
eted fetal arterial pH was attained. Fol-
owing the mild and moderate UCO se-
ies a 5- to 10-minute period with no
CO was undertaken, during which fe-

al arterial blood was sampled and arte-
ial blood pressure, ECOG, and ECG
ata were recorded in the absence of
HR decelerations. After attaining the
argeted fetal arterial pH �7.00 and
topping the repetitive UCOs, animals
ere allowed to recover for �24 hours.
Fetal arterial blood samples were ob-

ained during the baseline control period
3 mL), at the end of the first UCO of
ach UCO series (1 mL), and �5 min-
tes after each UCO series (3 mL). In ad-

titive umbilical cord occlusions (UCOs); and then
ol p epe
fet

ol 20
112
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ition, fetal arterial blood samples were
btained between UCOs at �20 and 40
inutes of the moderate and severe
CO series (1 mL), and at 1, 2, and 24
ours of recovery (3 mL). Maternal ve-
ous blood samples were also obtained
uring the baseline control period, and
t 1 and 24 hours of recovery (3 mL). All
etal blood samples were analyzed for
lood gas values, pH, glucose, and lactate
ith an ABL-725 blood gas analyzer (Ra-
iometer Medical, Copenhagen, Den-
ark) with temperature corrected to

9.0°C. Fetal and maternal 3-mL blood
amples at selected time points (Table)
ere spun at 4°C (4 minutes, 4000g

orce; Beckman TJ-6; Fullerton, CA) and
he plasma decanted and stored at – 80°C
or subsequent cytokine analysis.

After the 24-hour recovery blood sam-
le, the ewe and the fetus were killed by
n overdose of barbiturate (30 mg of so-
ium pentobarbital intravenously; MTC
harmaceuticals, Cambridge, Ontario,
anada) and a postmortem examination
as carried out during which time fetal
ender and weight were determined, and
he location and function of the umbili-
al cord occluder cuff were confirmed.
he fetal brain was then perfusion fixed
ith 500 mL of cold saline followed by
00 mL of 4% paraformaldehyde and
rocessed for histochemical analysis as
e have previously reported.22 To obtain
rain tissue from control animals for
omparative purposes to that of the
epetitive UCO animals, 2 noninstru-
ented twins of instrumented experi-
ental group animals and 4 instru-
ented control animals from a separate

tudy were used. These latter animals
ere similarly instrumented and of the

ame gestational age as the repetitive
CO animals and all animals underwent

he same perfusion-fixation procedure
nd brain tissue processing for histo-
hemical study.

lasma cytokine and tissue
istochemical analysis
n enzyme-linked immunosorbent as-

ay was used to analyze in duplicate the
oncentrations of IL-1� and IL-6 in fetal
rterial and maternal venous plasma
amples. IL-1� and IL-6 standards were
urchased from the University of Mel-
 d
ourne, Center of Animal Biotechnol-
gy (Melbourne, Australia). Mouse an-
iovine IL-1� (MAB 1001) and IL-6
MAB 1004) monoclonal antibodies and
abbit antiovine IL-1� (AB 1838) and
L-6 (AB 1889) polyclonal antibodies
ere purchased from Chemicon Inter-
ational (Temecula, CA). Separate 96-
ell plates were coated with mouse
onoclonal ovine IL-1� or IL-6 anti-

ody (1:200, in 0.1 mol/L of NaCO3, pH
o 9.6) and incubated overnight at 4°C.
he following day, plates were washed 3

imes with wash solution (1X phos-
hate-buffered saline [PBS] with 0.05%
ween, pH to 7.4) to remove excess
onoclonal antibody. Plates were then

locked with assay diluent (555213, BD
ptEIA, BD Biosciences) at room tem-
erature for 1 hour. Wells were then
insed 3 times with the wash solution fol-
owed by aliquoting standards (40,000-
56 pg/mL and blanks) and samples, and
ncubation on the shaker at room tem-
erature for 2 hours. Subsequently, wells
ere rinsed 3 times with washing solu-

ion and the appropriate rabbit anti-
vine polyclonal antibody (IL-1� or
L-6, 1:500) was added to each well and
ncubated on the shaker for 1 hour. Fol-
owing �5 washes, HRP-donkey anti-
abbit IgG (AP182p, 1:10,000; Chemi-
on International) was added to each
ell and incubated on the shaker for 1
our. The wells were then washed 7
imes with wash solution to remove all
nbound secondary antibody, followed
y the addition and 30-minute incuba-
ion with substrate solution (51-2606KC
nd 51-2607KC; BD Biosciences) in the
ark. Stop solution (1N H SO ) was ap-

TABLE
Plasma cytokine measurements (p
Fetal

..........................................................................................................

IL-1� 525 � 96 1068 �
..........................................................................................................

IL-6 429 � 50 460 �
...................................................................................................................

Maternal
..........................................................................................................

IL-1� 379 � 64
..........................................................................................................

IL-6 563 � 160
...................................................................................................................

IL, interleukin.
Data are presented as means � SEM.
a P � .05 vs respective baseline values.

Prout. Inflammation with fetal asphyxia. Am J Obstet Gy
2 4 D

MONTH 2009 Ame
lied and each well was read using a spec-
rophotometer at 450 nm, with 575-nm
avelength correction.
The presence of microglia in brain tis-

ue was determined by avidin-biotin-
eroxidase complex enhanced immuno-
istochemistry (Vectastain Elite; Vector
aboratories, Burlingame, CA). To re-
uce staining variability, all immunohis-
ochemistry was performed on the same
ay with the same batch of antibody and
olutions. Tissue sections were deparaf-
nized in 3 sequential xylene baths for 5
inutes each and subsequently rehy-

rated in a series of alcohol baths (100%,
0%, 70%) each lasting 2 minutes fol-
owed by a 5-minute rinse in tap water
nd equilibration in PBS. Antigen re-
rieval was performed by incubation of
he sections in boiling citrate buffer (2.1
of citric acid/1 L of water; pH 6.0 with

oncentrated NaOH) in a steamer for 30
inutes followed by a 35-minute cool-

ng period in the citrate buffer outside of
he steamer and a 5-minute rinse in tap
ater. Sections were then washed 3 times

n PBS before and after endogenous per-
xidases were quenched by a 10-minute
ath in 3% hydrogen peroxide in PBS.
vidin-biotin blocking was performed
ith a 15-minute incubation first with

vidin followed by biotin. Nonspecific
rotein binding was blocked with a 10-
inute incubation in background sniper

locking serum (Biosource Medical,
oncord, CA). Sections were then incu-
ated with an anti-ionized calcium-
inding adaptor molecule (IBA)1 rabbit
olyclonal antibody (1:500; Wako In-
ustries, Richmond, VA) diluted in
ako diluent solution (Dako Cytoma-

L)

..................................................................................................................

7a 967 � 152a 640 � 143
..................................................................................................................

446 � 58 440 � 102
..................................................................................................................

..................................................................................................................

294 � 64
..................................................................................................................

682 � 243
..................................................................................................................

l 2009.
g/m

.........

16
.........

78
.........

.........

.........

.........

neco
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ion, Carpinteria, CA) overnight at 4°C,
hich has been reported to be a robust
arker for microglia in human and ani-
al studies.23,24 Sections were subse-

uently rinsed 3 times for 5 minutes in
BS and then incubated with secondary
ntibody (1:200, biotinylated antirabbit
mmunoglobulin G; Vector Laborato-
ies) at room temperature for 30 minutes
nd rinsed as described earlier. Sections
ere then incubated with streptavidin/
iotin/peroxidase/reagent (Vectastain
BC Elite; Vector Laboratories Inc) at

oom temperature for 45 minutes. The
etection of bound antibody was ob-
ained with a 2-minute incubation in
ardassian DAB Chromogen (Biocare
edical, Concord, CA) at room temper-

ture. Sections were rinsed with running
ap water for 5 minutes, then dehydrated
n 5 brief alcohol baths of increasing con-
entration (1 bath in 70% alcohol, 2
aths in 90%, and 2 baths in absolute al-
ohol), followed by 3 xylene baths of 5
inutes each before being cover slipped

n Permount (Fisher Scientific, Ottawa,
ntario, Canada). To demonstrate non-

pecific binding, additional negative
ontrol sections were processed as de-
cribed, with the exception that the pri-

ary antibody was omitted.
The presence of mast cells in brain tis-

ue was determined using histologic and
orphologic assessment techniques.
issue sections were deparaffinized in 3

equential xylene baths for 5 minutes
ach and subsequently rehydrated in a
eries of alcohol baths (100%, 90%,
0%) each lasting 2 minutes followed by
5-minute rinse in tap water and equil-

bration in PBS. Sections were then
tained in 0.1 mol/L of HCL with tolu-
dine blue (pH � 2) for 10 minutes and
hen rinsed with running tap water for 5

inutes. Sections were quickly rinsed in
cetic acid, then dehydrated in 5 brief al-
ohol baths of increasing concentration
1 bath in 70% alcohol, 2 baths in 90%,
nd 2 baths in absolute alcohol), fol-
owed by 3 xylene baths of 5 minutes
ach before being cover slipped in
ermount.
Brain regions that were selected from

ach animal for analysis were taken from
coronal section of blocked cerebral

emisphere tissue at the level of the
 o

.e4 American Journal of Obstetrics & Gynecology
amillary bodies and included the para-
agittal and convexity cerebral gray mat-
er and leptomeninges, periventricular
hite matter, thalamus, choroid plexus,

nd the combined CA2 and CA3 regions
f the hippocampus. Each of the gray

FIGURE 2
●●●

hotomicrographs showing A, microglia in hippo
daptor molecule 1 contiguous cytoplasmic staini

dentified by toluidine blue staining and characte
atic secretory granules filling cytoplasm and un

rout. Inflammation with fetal asphyxia. Am J Obstet Gynec
r

MONTH 2009
atter regions was further divided into
ubregions combining layers 1, 2, and 3
nd layers 4, 5, and 6. After showing no
ignificant difference between these sub-
egions, all layers were combined to rep-
esent the gray matter. Image analysis

pus identified by anti-ionized calcium-binding
bar � 20 �m) and B, mast cell in choroid plexus
c morphology with presence of large metachro-
ular ovoid nucleus (bar � 10 �m).
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as performed with a transmitted light
icroscope (Leica DMRB; Leica-Micro-

ystems, Wetzler, Germany) at �40
agnification. Positive microglia cell

mmunostaining was quantified with an
mage analysis program (Image Pro Plus
.0; Media Cybernetics, Silver Spring,
D). The image analysis system was first

alibrated for the magnification settings
hat were used, and thresholds were es-
ablished to provide even lighting and no
ackground signal. Six high-power field
HPF) photomicrographs (HPF area � 7
m2) per brain region/subregion per an-
mal were collected as a 24-bit RGB color

odeled image. The same illumination
etting was applied to all images for all of

FIGURE 3
●●●

etal arterial blood gases and pH at baseline; a
eries of UCOs, for each of mild, moderate, and s
re means � SEM. *P � .05 compared with re
rout. Inflammation with fetal asphyxia. Am J Obstet Gynec
c

he brain regions, therefore allowing for
omparison within each brain region (ie,
ontrol vs repetitive cord occlusion ani-
al groups), and between brain regions

ie, gray matter vs white matter). For the
icroglia analysis, and using the Image

ro Plus’ RGB color range selection tool,
olor sampling of positive DAB-stained
reas were obtained from multiple brain
egions of control and UCO animals,
nd tested for specificity against the neg-
tive control. Appropriate ranges of
olor were selected showing positive
ontiguous cytoplasmic staining as crite-
ia for microglia cell count scoring,
hich were then applied uniformly to

alibrated images for all brain regions

d of first umbilical cord occlusions (UCOs) and
re (sev) UCO series; and during recovery. Values
ctive baseline values.
09.
P
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Figure 2). Scoring was performed in a
linded fashion to experimental groups.
or mast cell analysis, scoring was per-
ormed manually based on positive stain
nd characteristic morphology with the
resence of large metachromatic secre-
ory granules filling the cytoplasm due to
he presence of sulfonated proteoglycans
uch as heparin, and a unilobular ovoid
ucleus (Figure 2). Scoring was again
erformed in a blinded fashion to exper-

mental groups.

ata analysis
lood gas and pH measurements in re-

ponse to repetitive cord occlusion were
ompared to the corresponding baseline
alues by 1-way repeated measures
nalysis of variance with Student-New-
an-Keuls post hoc correction. For the

nzyme-linked immunosorbent assay
ytokine measurements analysis was
erformed using Wilcoxon (signed
ank) test with Holm correction of P val-
es for multiple comparisons. For anal-
sis of microglia and mast cell numbers
cross brain regions and between control
nd cord occlusion animal groups, a
-way repeated measures analysis of
ariance was performed with Holm-
idak post hoc correction. Correlation
nalyses were performed using Spear-
an correlation coefficient (SigmaStat;

ystat Software Inc, San Jose, CA). All
alues are expressed as means � SEM.
tatistical significance was assumed for P

.05. The cardiovascular, electrocorti-
al, and metabolic results from these an-
mals have, or will be, reported
eparately.25

ESULTS
epetitive cord occlusion insults as stud-

ed resulted in fetal arterial blood gas and
H changes with each cord occlusion
nd cumulative changes over the course
f study (Figure 3). UCO of 1-minute
uration produced a large decrease in fe-
al arterial PO2 and to a similar extent as

easured at the end of the first UCO of
ach of the mild, moderate, and severe
CO series from a baseline value of 18.3
0.8-10.4 � 0.8 mm Hg on average (P
.05). UCO of 1-minute duration also

roduced an increase in fetal arterial
CO and to a similar extent as measured
t en
eve
spe
ol 20
2

rican Journal of Obstetrics & Gynecology 1.e5
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rom a baseline value of 52.7 � 0.9-57.5
0.9 mm Hg on average (P � .05). Fetal

rterial pH was variably decreased as
easured at the end of the first UCO of

ach of the mild, moderate, and severe
CO series, from the baseline value of

.36 � 0.01, but with a cumulative de-
rease in pH after each of the UCO series
lso evident.

Fetal arterial PO2 values were not sig-
ificantly different from that of the ini-

ial baseline value of 18.3 � 0.8 mm Hg
hen again measured at 5 minutes fol-

owing completion of each of the mild,
oderate, and severe UCO series, indi-

ating that fetal oxygenation returned to
reocclusion levels after the occluder re-

ease with no cumulative change in this
easurement over successive occlusions

hroughout the study (Figure 3). PCO2

alues were likewise similar to the initial
aseline value of 52.7 � 0.9 mm Hg
hen again measured at 5 minutes fol-

owing completion of the mild and mod-
rate UCO series. However, these values
ere significantly increased when mea-

ured following completion of the severe
CO series at 77.3 � 9.3 mm Hg (P �

05), and indicating a respiratory com-
onent to the maximal fetal acidosis at
his time. Fetal arterial pH values showed

FIGURE 4
●●●

ar graph of microglia immunoreactivity ex-
ressed as number of identified microglia cells
taining ionized calcium-binding adaptor mole-
ule positive (see “Methods”)/high-power field
HPF) in different regions of control (open bars)
nd umbilical cord occlusion (UCO) (shaded bars)
roup animals. Values are means � SEM. Hippo

hippocampus. *P � .05.
rout. Inflammation with fetal asphyxia. Am J Obstet
ynecol 2009.
s

.e6 American Journal of Obstetrics & Gynecology
progressive decrease from that of the
nitial baseline value of 7.36 � 0.01 when
gain measured following completion of
he mild, moderate, and severe UCO se-
ies at 7.32 � 0.03, 7.19 � 0.04 (P � .05),
nd 6.90 � 0.05 (P � .05), respectively,
nd indicating a worsening fetal acidosis
hat was greatest during the severe UCO
eries (Figure 3). Fetal arterial base ex-
ess values likewise showed a progressive
ecrease from that of the initial baseline
alue of 3.7 � 0.5 mmol/L when mea-
ured following completion of the mild,

oderate, and severe UCO series at 0.7
1.4, – 6.0 � 2.2 (P � .05), and –16.6 �

.0 mmol/L (P � .05), respectively, and
ndicating a predominant metabolic
omponent to the worsening acidosis
hroughout the study. Of note, 2 animals
eached the target pH � 7.00 during the
oderate UCO series, whereas the re-
aining 8 animals took between 20 and

00 minutes during the severe UCO se-
ies to reach the target pH.

The animal with the lowest arterial pH
t 6.64 died shortly after stopping the re-
etitive cord occlusion insults. In the re-
aining 9 animals PCO2 values were back

o baseline when again measured at 1
our of recovery, however, pH and base
xcess values were still significantly de-
reased at 7.26 � 0.02 and –5.4 � 0.7
mol/L, respectively, from that at base-

ine when measured at 2 hours of recov-
ry (both P � .05) (Figure 3). When
gain measured at 24 hours of recovery,
H and base excess values were now back
o baseline.

Fetal arterial PO2, PCO2, and pH values
or the 4 instrumented control animals
hat were used for brain tissue compari-
ons measured 19.8 � 1.5 mm Hg, 50.1

1.9 mm Hg, and 7.36 � 0.01, respec-
ively, which were similar to that of the
nitial baseline values for the 10 UCO ex-
erimental animals.

lasma cytokine measurements
lasma cytokine measurements as ob-

ained at selected time points from fetal
rterial and maternal venous blood sam-
ling are shown in the Table. Fetal IL-1�
alues were significantly increased from
he baseline value of 525 � 96 pg/mL
hen again measured at the end of the

evere UCO series when fetal acidosis
 c

MONTH 2009
as maximal and at 1-2 hours of recov-
ry, by �100% and �80%, respectively,
both P � .05). Although fetal IL-1� val-
es were still increased by �20% when
easured at 24 hours of recovery, this
as no longer significant. Conversely, fe-

al IL-6 values remained little changed
rom that at baseline when again mea-
ured at the end of the severe UCO series
nd at 1-2 and 24 hours of recovery, and
verall averaged 439 � 68 pg/mL. Ma-
ernal IL-1� and IL-6 values also re-

ained little changed from that at base-
ine when again measured at 1-2 hours of
ecovery and overall averaged 337 � 64
nd 622 � 189 pg/mL, respectively.

istochemical scoring for microglia
nd mast cells
icroglia immunoreactivity was ana-

yzed at 24 hours recovery as a measure
f local inflammatory response within
he brain. In the control group animals
he average microglia cell count across all
rain regions was 14 � 2 cells/HPF and
his was not significantly different re-
ardless of the region (Figure 4). In the
etuses subjected to repetitive UCOs, the

icroglia cell counts remained un-
hanged compared to their respective
ontrol levels in the cerebral gray matter

FIGURE 5
●●●

ar graph of mast cell distribution expressed as
umber of identified mast cells staining toluidine
lue positive and with characteristic morphology
see “Methods”)/high-power field (HPF) in differ-
nt regions of control (open bars) and umbilical
ord occlusion (UCO) (shaded bars) group ani-
als. Values are means � SEM. *P � .05.

ippo, hippocampus.

rout. Inflammation with fetal asphyxia. Am J Obstet
ynecol 2009.
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nd the thalamus (Figure 4). However,
he microglia cell count was significantly
ncreased to 31 � 5 and 36 � 12 cells/

PF in the white matter and hippocam-
us, respectively, when compared to
ontrol levels (both P � .05) (Figure 4).

Mast cell distribution was analyzed at
4 hours recovery as a second measure of
he local inflammatory response within
he brain. In the control group animals
he mast cell count across the brain re-
ions overall was extremely low ranging
rom 0.4 � 0.1 cells/HPF in the choroid
lexus to being absent in the white mat-
er, hippocampus, and thalamus, al-
hough none of these regional differ-
nces were significant (Figure 5). In the
CO group animals the mast cell count,

lthough little changed in the gray mat-
er, white matter, hippocampus, and lep-
omeninges, was significantly increased
n the thalamus and choroid plexus to
.3 � 0.1 and 1.0 � 0.2 cells/HPF, re-
pectively, when compared to control
evels (both P � .05) (Figure 5).

Individual animal findings for those
xposed to repetitive UCO were corre-
ated to further assess the relationship of
he degree of maximal acidosis and time
o reach such to the cytokine and inflam-

atory cell outcomes. Although the de-
ree of maximal fetal acidosis attained
hether using pH or BE did not relate to

he associated IL-1� findings, the total
uration of repetitive UCOs did show a
ositive correlation to the increase in
L-1� at this time, r � 0.66, P � .05.
ikewise, the total duration of repetitive
COs was highly correlated to the white
atter/hippocampus microglia cells/
PF, r � 0.90, P � .02. However, there
as no correlation found between the

L-1� findings at maximal fetal acidosis
nd either the microglia or mast cell
ndings as studied.

OMMENT
n this study, we have used the chroni-
ally catheterized ovine fetus near term
ubjected to repetitive UCOs of increas-
ng frequency thereby leading to worsen-
ng acidosis as might be seen clinically
uring labor. All animals attained the
argeted arterial pH �7.00 and thereby a
evere degree of fetal acidemia that was
 m
redominantly metabolic in nature with
ase excess values down to –16 mmol/L
n average, although the total duration
f repetitive UCOs required was variable
anging from 100-220 minutes.

Fetal plasma IL-1B values were in-
reased by �2-fold when measured at
aximal fetal acidosis and again at 1-2

ours of recovery, indicating that a sys-
emic inflammatory response is initiated
ith repetitive UCOs leading to severe

cidemia. Although the cellular origin
nd stimulus for the increase in this
roinflammatory cytokine are un-
nown, in vitro study of the isolated per-
used human placenta has demonstrated
ncreased production of inflammatory
ytokines in response to hypoperfu-
ion15 as would be seen with repetitive
COs. In addition, hypoxia induces ex-
ression of several cytokines in the pla-
enta including IL-1B16 and hypoxic-
schemic tissue response/injury will
esult in cytokine production by leuko-
ytes, endothelium, and other cells
hrough autocrine and paracrine mech-
nisms.7,12-14 Fetal IL-1B values were
ack toward baseline levels when mea-
ured at 24 hours of recovery, which is to
e expected with blood gas and pH val-
es now normalized, and given the short
alf-life of cytokines and need for re-
eated stimuli for continued produc-
ion.7 Conversely, fetal IL-6 values re-

ained relatively unchanged as studied,
hich is somewhat surprising since IL-6

s a major mediator of the acute-phase
esponse to tissue injury7 and has been
hown to increase in the cord blood of
ewborn infants with perinatal as-
hyxia.13,14 Although this may relate to
pecies-specific differences, it is also pos-
ible that IL-6 has been increased, but at
later time point than 1-2 hours of re-

overy because IL-1B is known to stim-
late expression of IL-6.7 Maternal IL-1B
nd IL-6 values also remained un-
hanged, indicating that if the produc-
ion of these cytokines is in fact increased
ithin the placenta, then they are not re-

eased into the maternal circulation or
he amount is insufficient to impact on

aternal levels.
Fetal microglia cell counts were in-

reased by �2- and 2.5-fold in the white
atter and hippocampus, respectively,
 c

MONTH 2009 Ame
hen analyzed at 24 hours recovery, in-
icating that a local inflammatory re-
ponse within the brain is also initiated
ith repetitive UCOs leading to severe

cidemia. Anti-IBA1, as used in the cur-
ent study, is an affinity purified rabbit
olyclonal antibody raised against IBA1,
calcium-binding protein that is specif-

cally expressed in microglia/macro-
hages and up-regulated during the ac-
ivation of these cells.23,24 As such, the
resent findings likely indicate an in-
rease in activated microglia in these
rain regions. This finding would be ex-
ected with evolving inflammation in re-
ponse to a noxious stimulus, in this case
ypoxic ischemia as previously shown
ostnatally.26 It is of note that the in-
rease in brain microglia was in the white
atter, which is also seen in the ovine

etus after chronic endotoxin exposure
nd relates to the degree of white matter
njury,8 and in the hippocampus, a brain
egion that is particularly vulnerable to
euronal loss in response to hypoxic-

schemic insult in the ovine fetus near
erm.27 Furthermore, the finding of the
ncreased microglia cell counts at 24
ours of recovery and before the time of
xpected brain injury with overt cell
eath from induced hypoxic asphyxia28

ould implicate a role for microglial ac-
ivation in the mechanisms of injury.

Mast cells are now widely recognized
s key cellular components of inflamma-
ory processes, storing a range of biologic

ediators and capable of making addi-
ional ones when stimulated.7,20 Most
tudy in the developing brain has been in
ewborn rat pups where they are initially
oncentrated in the leptomeninges and
horoid plexus, later entering the brain
arenchyma and predominantly the
halamus, along penetrating blood ves-
els.20,29 Notably, after hypoxic-ischemic
nsult there is increased migration of

ast cells into the thalamus, cingulate
ortex, and hippocampus, and evident
egranulation,20 which supports the
ontention that mast cells might also
lay a contributory role in the pathogen-
sis of newborn HIE. To our knowledge,
his is the first study in the developing
vine fetal brain where the mast cells,
lthough sparse, again appeared to be
oncentrated in the choroid plexus and
rican Journal of Obstetrics & Gynecology 1.e7
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eptomeninges in the control group ani-
als. At 24 hours after repetitive UCOs
ith severe fetal acidemia, mast cells
ere increased in the choroid plexus and

vident in the thalamus, findings similar
o that in the newborn rat pup20 and fur-
her supporting a causal role for mast
ells in newborn HIE.

In this study, we have determined that
epetitive UCOs leading to severe aci-
emia in the ovine fetus near term will
esult in an inflammatory response both
ystemically with an increase in plasma
L-1B levels at the time of maximal aci-
osis, and locally within the brain with
n increase in microglia and mast cells as
easured 24 hours thereafter. Although

here was no correlation found between
he IL-1B findings and either the microg-
ia or mast cell findings as studied, it is
ertainly possible that the increase in cir-
ulating cytokines has modulated the lo-
al inflammatory response within the
rain given their ability to increase
lood-brain permeability to macro-
hages and other inflammatory media-
ors7,8 and the time course for these
vents. There is now considerable evi-
ence that inflammation both systemi-
ally and locally within the brain in re-
ponse to perinatal infection7-11 and
ypoxic asphyxia at birth12-14 plays a
ausal role in brain injury of the new-
orn. The present findings in an animal
odel relevant to human labor with re-

etitive UCOs leading to severe fetal aci-
emia and in the absence of infection,
dds to this evidence. Most importantly,
etal (neonatal) inflammation, whether
riggered by hypoxic acidemia alone
uring labor, or in association with re-

ated events such as placental hypoperfu-
ion or a degree of chorioamnionitis,
hould be considered as a cofactor in as-
essing risk for brain injury with severe
cidemia at birth. It is of note that the
otal duration of repetitive UCOs as
erein studied was well correlated to the
ystemic and brain inflammatory re-
ponses, suggesting that the duration of
ny inflammatory stimulus during hu-
an labor may be more important in de-

ermining outcome than the actual in-
ensity of the stimulus. It is also of note
hat UCO-variable FHR decelerations
elate to chemoreceptor-mediated vagal
 e

.e8 American Journal of Obstetrics & Gynecology
ctivation, which has been shown in
dult studies to modify inflammatory re-
ponses through cholinergic anti-in-
ammatory pathway mechanisms.30 As
uch, the degree of vagal activation with
epetitive UCOs and worsening aci-
emia may also impact on the cumula-
ive inflammatory response over time
nd warrants further study. f
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00 Systemic and cerebral inflammatory response to umbilical cord
occlusions with worsening acidosis in the ovine fetus
Andrew P. Prout, MSc; Martin G. Frasch, MD, PhD; Ruud A. W. Veldhuizen,
PhD;
Rob Hammond, MD; Michael G. Ross, MD; Bryan S. Richardson, MD
Repetitive umbilical cord occlusions leading to severe acidemia in the ovine fetus near

term will result in an inflammatory response both systemically and locally within the

brain.


