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ABSTRACT: Although apnea is common in premature babies, there
is a paucity of information concerning the pathophysiologic basis of
these episodes and their relationship to other perinatal conditions
such as hyperbilirubinemia. Unconjugated hyperbilirubinemia in pre-
mature infants, even in moderately high levels, may cause encepha-
lopathy affecting brainstem functions and has been linked to in-
creased incidence of apnea in these infants. Thus, there is a need to
clarify mechanisms by which bilirubin may alter respiratory control
and induce apnea of prematurity. In this study, bilirubin or placebo
was infused i.v. in 9-d-old rat pups (n = 36). Serum hyperbiliru-
binemia peaked in the first hours after bilirubin infusion. Twenty-four
hours after bilirubin infusion, respiration was recorded by plethys-
mography at rest and under hypercapnic and hypoxic conditions. In
treated pups, minute ventilation in room air was significantly re-
duced, hyperventilatory response to CO, was blunted, and hypoxic
ventilatory depression was increased, compared with placebo-
injected rat pups. Brainstem bilirubin deposition and immunoreac-
tivity to bilirubin was detected in the brainstem on histologic anal-
ysis. We speculate that high serum bilirubin levels may cause
prolonged inhibition of brainstem autonomic function and that this
could underlie the exacerbation of apnea noted in premature babies
who have experienced jaundice. (Pediatr Res 64: 270-274, 2008)

Apnea is a frequent occurrence in premature babies, af-
fecting up to 84% of infants weighing <1000 g at birth
(1,2). The long-term implications of this phenomenon for
human development are unclear; however, some studies have
suggested an association between apnea of prematurity and
abnormal motor and mental development (3-5). Apneic epi-
sodes are considered to be the consequence of immature
respiratory control by neuronal networks within the brainstem.
However, despite advances in the field of developmental
respiratory neurobiology in recent years, the pathophysiologic
basis of these episodes has not yet been completely elucidated
and there is a paucity of information concerning their rela-
tionship to other widespread perinatal conditions such as
hyperbilirubinemia.

Hyperbilirubinemia of the newborn infant is very common,
and the line separating physiologic and pathologic jaundice has
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been difficult to define (6). In severe cases this condition can be
harmful due to the risk of bilirubin encephalopathy or develop-
ment of kernicterus (7). In premature infants, in particular, bili-
rubin encephalopathy and kernicterus have been shown to occur
at a lower threshold of serum bilirubin, compared with term
babies (8,9). Furthermore, an association between moderate hy-
perbilirubinemia and poorer neurodevelopmental outcomes has
been suggested in a large, retrospective multicenter study of
premature infants (10). A preliminary observation from our
laboratory by DiFiore et al. suggests that a significant relation-
ship exists between apnea of prematurity and the prior occurrence
of hyperbilirubinemia (DiFiore JM et al., Persistent apnea of
prematurity among very low birth weight infants: demographic
and neonatal correlates. 2004, PAS Annual Meeting, May 1-4,
2004, San Francisco, California, Abstract 2991). Amin et al. (11)
have also reported a correlation between bilirubin encephalopa-
thy in premature infants and the subsequent occurrence of apneic
events. Based on these findings, we designed this study to clarify
the possible sustained effect of transient hyperbilirubinemia on
respiratory control and apnea of prematurity in a rat pup model.
We hypothesized that ventilatory control, including the responses
to hypercapnia and hypoxia, would be altered in exposed pups
24 h after the administration of bilirubin. Such an effect could
have implications for management of hyperbilirubinemia in pre-
mature babies.

METHODS

All protocols for research met with the previous approval of the institu-
tional animal care and use committee of Case Western Reserve University in
accordance with the Public Health Services Policy on humane care and use of
animals.

Materials. Bilirubin and BSA were purchased from Sigma Chemical (St.
Louis, MO). Gas mixtures of 5% O, balance N, and 10% CO,, 30% O,,
balance N, were obtained from a commercial supplier and were of medical
grade. Monoclonal anti-bilirubin antibodies (24G7) were purchased from
Shino-Test Company, Tokyo, Japan. Goat anti-mouse 1gG was purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA). Sprague-Dawley rat
pup litters were obtained from Harlan Laboratories, Indianapolis, IN.

Preparation of bilirubin and placebo solutions. Bilirubin was dissolved in
0.1 M NaOH, stabilized with BSA (molar ratio bilirubin:albumin 14:1), and
diluted with Krebs-Ringer buffer, pH 7.4, to a concentration of 3 mg/mL
bilirubin and 24 mg/mL albumin (final pH 7.7-7.9), as described by Hansen
et al. (12). The placebo solution was comprised of BSA, 24 mg/mL in
Krebs-Ringer buffer, pH 7.5.

The rat model. At 9 d of age, the pups were weighed, and then anesthetized
with an intraperitoneal injection of 3-5 mL/kg of a mixture of ketamine and
xylazine (5 and 1 mg/mL, respectively). Anesthesia was maintained through-
out the preparation procedure by supplementary injections of 1-2 mL/kg as
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needed. The internal jugular vein was exposed and a silastic catheter (ID =
0.3 mm, OD = 0.64 mm) was inserted and sutured in place. The pups were
then injected i.v. with either bilirubin 50 mg/kg (in solution, 17 uL/g rat
weight) or the same volume of the placebo solution, over 5 min. The dose of
bilirubin used was based on the studies of Hansen ef al. (12). All bilirubin
containing tubes, syringes, and lines were protected from light.

The pups were subsequently divided into two groups. In one group (n =
18), pups were killed at 10—180 min after the end of the bilirubin infusion for
determination of serum bilirubin levels. Pups in the other group (n = 6 treated
and 6 placebo) were returned to their mother and nursed until the next day,
when respiratory measurements were performed 24 h after bilirubin injection.
At this time, the pups were mobile, and were able to suckle from the mother.
An additional six treated pups were killed with i.v. ketamine and xylazine, 20
mlL/kg, for histologic analysis of the brain. The pups were perfused transcar-
dially with a calcium-free tyrode solution and then with 4% paraformaldehyde
in PBS, pH 7.4. The brain was removed, postfixed in 4% paraformaldehyde,
and cryoprotected for 24 h in 30% sucrose in PBS before further processing.
A subset of six brains was rapidly frozen on dry ice, and sectioned on a
cryostat (Leica 2000S) to optimize visualization of yellow bilirubin pigment
within the tissue.

Analytical methods. Serum bilirubin and albumin were analyzed with the
Dimension RXL clinical chemistry system (Dade Behring, Springfield, IL).
This system uses the Diazo method to determine total serum bilirubin and the
bromocresol purple dye-binding method to determine serum albumin levels.

Measurement of respiration. Twenty-four hours after the i.v. injection of
bilirubin or placebo, pups were placed in a heated, flow-through barometric
plethysmograph (Buxco Electronics, Troy, NY). We chose to perform the
plethysmography at this time after injection of bilirubin to avoid possible
transient effects of anesthesia on respiration. Bilirubin-injected pups (n = 6)
were compared with placebo-injected pups (n = 6). The pups were allowed to
adapt to the plethysmograph until they were quiet with little or no spontane-
ous movement. Then, after baseline respiration was measured for 10 min, the
respiratory responses to hypercapnia and hypoxia were tested. To evaluate the
response of breathing to an increase in inhaled CO, above this level (hyper-
capnia), the inflow to the plethysmograph was switched to the test gas: 10%
CO,, 30% O, balance N, (to prevent bronchoconstriction) (13) for 10 min,
after which the pups were allowed to return to their baseline minute ventila-
tion in room air. To evaluate the response of the rat pup to severe hypoxia, the
pup was exposed to 5% inspired oxygen, balance N, for 5 min. At the
conclusion of the test, the plethysmograph gas flow was returned to room air.
Minute ventilation (the product of respiratory rate and tidal volume) was
calculated. Minute ventilation was averaged over 20-s intervals before and
during the test gas exposure, and expressed as mL/min/g weight of the rat.

Immunohistochemistry. Brain sections were washed for 1 h in PBS (pH 7.4)
to remove traces of fixative and then the tissues were placed in 0.5% hydrogen
peroxide for 30 min to quench endogenous peroxidase. The tissues were washed
in PBS 3 times, 10 min each, and then immersed for 1 h in a solution of 5%
normal goat serum to block nonspecific binding of antibodies. The tissues were
then incubated overnight in mouse MAD to bilirubin (diluted 1:125 in PBS). The
antibody to bilirubin recognizes the conjugated and nonconjugated forms of
bilirubin IXa but not other isobilirubins (14). The sections were then washed in
three changes of PBS and incubated for 2 h at room temperature in a 1:200
dilution of biotinylated goat anti-mouse IgG. This was followed by three changes
of PBS to remove unreacted secondary antibody. The sections were then reacted
for 1 h at room temperature in avidin-biotin complex. The reaction was visualized
by treatment for 2 min in 0.05% 3,3-diaminobenzidine tetrahydrochloride solu-
tion in tris-buffered saline (TBS; pH 7.6) containing 0.05% hydrogen peroxide.
The color reaction was stopped with several washes of TBS. Some sections were
mounted on gelatin-coated glass slides, and lightly counterstained with neutral
red, dehydrated in alcohol series, then cleared in xylene before coverslipping.
Control sections were incubated in PBS containing normal goat serum instead of
primary antibody.

Statistical analysis. Baseline mean minute ventilation in the bilirubin-
treated versus the placebo group was analyzed with a two-tailed unpaired ¢
test. The responses to hypercapnia and hypoxia in the two groups were
analyzed using two-way ANOVA with correction for repeated measures. The
level of significance was p = 0.05. Results are expressed as mean * SEM.

RESULTS

Serum bilirubin and albumin levels. The infusion of bili-
rubin transiently increased bilirubin levels to as high as 25
mg/dL, tapering to <10 mg/dL at 60 min postinfusion, <5
mg/dL at 180 min, and <1 mg/dL at 24 h (Fig. 1). Albumin
levels of all pups were at <1 g/dL (0.2-0.8). The peak serum
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Figure 1. Total serum bilirubin in rat pups. Serum bilirubin level was
maximum at 10 min after injection (mean * SEM).

levels observed were within the range found in infants with
jaundice (15).

Minute ventilation. Twenty-four hours after the injection of
bilirubin or placebo, the pups’ baseline minute ventilation was
measured in room air, after they had adapted to the plethysmo-
graph. The bilirubin-injected group had significantly reduced
minute ventilation at rest, when compared with the placebo-
injected group, 3.20 = 0.51 versus 3.56 % 0.52 mL/min/g,
respectively, p = 0.02. Subsequently, the inflow to the plethys-
mograph was switched to the test gas: 10% CO,, 30% O,,
balance N, for 10 min. As expected, all pups responded to the
resultant hypercapnia by increasing their minute ventilation but
this hyperventilatory response was significantly blunted in the
bilirubin-injected pups (p < 0.001) (Fig. 2). When the pups were
exposed to severe hypoxic conditions (5% O,), we observed an
increase in minute ventilation in the placebo-infused pups, which
lasted 10 min. In the bilirubin-infused pups there was no statis-
tically significant initial increase in ventilation during the first 2
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Figure 2. Hyperbilirubinemia decreased the ventilatory response to hyper-
capnia in 9-d-old rat pups. Hypercapnia began at TO. (A) Placebo-treated
group, (M) bilirubin-treated group, *p < 0.001, mean = SEM.
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min of exposure, and thereafter ventilation decreased to below
the baseline, a response which differed significantly from the
placebo, treated pups (p < 0.001) (Fig. 3).
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Figure 3. Hyperbilirubinemia decreased the ventilatory response to hypoxia
in 9-d-old rat pups. Hypoxia began at TO. (A) Placebo-treated group, (H)
bilirubin-treated group, *p < 0.001, mean = SEM.

Figure 4. On histologic examination, accumulation of bilirubin pigment was
observed in tissue from the ventral surface of the caudal medulla adjacent to
the basillary artery. Scale bar = 20 um.

Histology. Histologic analysis focused on the medulla ob-
longata within which lie neuronal networks involved in car-
diorespiratory control. In this study, yellow bilirubin pigment
and crystals were directly visualized in the brains of pups,
killed 10-30 min after the injection of bilirubin, in nonfixed
sections. Bilirubin accumulation was demonstrated in the
ventral surface of the medulla, adjacent to the basillary artery,
in parapyramidal regions and in the raphe pallidus nucleus
area (Figs. 4 and 5E).

Immunohistochemistry. We immunostained with antibody
to bilirubin to examine its localization within the ventral
surface of the medulla in treated pups. The most intense
binding of antibody to bilirubin was demonstrated during the
acute hyperbilirubinemic stage, 10—30 min after the injection
of bilirubin. Immunostaining for bilirubin was found in neu-
rons, astrocytes, and nerve fibers on the surface and within the
parenchyma of that region (Fig. 5B-D).

DISCUSSION

Preterm infants exhibit immaturity of respiratory control,
exemplified by a high incidence of apnea and periodic breath-
ing. These disorders of autonomic control of breathing appear
to be due to inhibitory influences of central origin in the
premature neonate, which persist from the fetal state. Among
the manifestations of this influence are the lower response to
CO, and paradoxical biphasic response to hypoxia of the
premature infant when compared with the older child. The
diminished ventilatory response to CO, of preterm infants,
especially those with apnea, could be a primary mechanism
contributing to apnea of prematurity (16). Although apnea is a
function of immature development of autonomic control of
breathing, it is unclear if pathophysiologic conditions of pre-
maturity aggravate this disorder by disturbing normal brain-
stem autonomic function.

Neonatal jaundice is a common but potentially harmful
condition due to the neurotoxic effect of bilirubin, which may
cause bilirubin encephalopathy or kernicterus in severe cases.
Bilirubin encephalopathy and kernicterus are associated with
brainstem dysfunction including sensorineural hearing loss
and apnea (11). As evidence of this dysfunction, brainstem-

Figure 5. Examples of bilirubin detected by light
microscopy and immunohistochemistry in the rat
pup caudal medulla. (A) Schematic diagram of the
medulla. Highlighted areas are imaged in panels
B-D. In panels B—D, immunostaining for bilirubin
is visualized with diaminobenzidine (brown). Ar-
rowheads: immunostained neurons; arrows: ves-
sels; asterisks: cell processes. (B) Raphe pallidus.
(C) Raphe obscurus. (D) Ventrolateral medullary
surface. (E) Ventrolateral medullary surface
showing intravascular bilirubin crystals and pig-
ment, 15 min postinfusion (unfixed, nonstained
tissue). Scale bar: B—-D = 20 wm, and E = 10 pwm.
RPa, raphe pallidus nucleus; LRt, lateral reticular
nucleus; Rob, raphe obscurus nucleus; NTS, nu-
cleus tractus solitarius; Amb, ambiguus nucleus.
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evoked response has been shown to be abnormal both in
jaundiced rats (17) and in premature infants with hyperbiliru-
binemia (8,18), in whom it has been proposed as a useful tool
for the clinical assessment of bilirubin-induced neurotoxicity.
Furthermore, in a study on premature infants with hyperbil-
irubinemia, Amin ef al. (11) found more concurrent apneic
events and higher requirement for respiratory support in the
infants with transient bilirubin encephalopathy, as defined by
abnormal auditory brainstem-evoked response. The relation-
ship between hyperbilirubinemia and apnea in their study was
most pronounced during the first week of life. These findings
suggest a potential link between hyperbilirubinemia, abnormal
brainstem function, and apnea in premature infants.

To characterize the relationship between demographic and
neonatal risk factors and apnea of prematurity, DiFiore et al.
performed a multivariate logistic regression analysis based on
12-h cardiorespiratory monitoring and inductance plethys-
mography. This study showed a significant relationship be-
tween apnea and Caucasian race, postconceptual age, and the
occurrence of peak bilirubin (>10 mg/dL), at a mean age of
8.4 wk, long after hyperbilirubinemia had resolved. Based on
these findings, we hypothesized that hyperbilirubinemia could
cause a sustained alteration of respiratory control. Therefore,
we developed the animal model used in this study to investi-
gate the possible correlation between hyperbilirubinemia and
abnormalities of respiratory control in the immature nervous
system. We chose young rat pups at d 9 in whom autonomic
control of breathing is still developing, as in the human
premature infant (19). Hansen et al. (12) have previously
demonstrated rapid elevation of serum bilirubin levels and
acute entry of bilirubin into rat brain cells following an i.v.
infusion of 50 mg/kg of a bilirubin solution. We injected a
similar preparation of bilirubin and documented a similar
surge in serum bilirubin levels, followed by a rapid drop and
resolution of the hyperbilirubinemia within hours after the
injection.

The rat pups in the bilirubin-injected group had diminished
minute ventilation 24 h after bilirubin exposure, compared
with their placebo-injected littermates, a diminished hyper-
ventilatory response to hypercapnia and greater ventilatory
depression in response to hypoxia. These effects represent one
aspect of the encephalopathic responses to bilirubin, whose
severity and duration depend on the persistence of bilirubin in
brain tissues and the cellular and molecular mechanisms im-
pacted. Toxicity may range from mild to severe, depending on
the maturity of the affected individual and the level of biliru-
bin in the brain. Hypothetically, cytopathic effects of bilirubin
could also occur in the peripheral nervous system at the level
of the peripheral chemoreceptors, the carotid bodies, which
are critical for the normal increase in ventilation which occurs
in response to hypoxia (20).

At low levels bilirubin is a potent antioxidant and may be
neuroprotective (21), but at high levels toxicity occurs, includ-
ing glutamate excitotoxicity due to activation of NMDA re-
ceptors, alteration of dopamine uptake and synthesis, mito-
chondrial damage, induction of apoptosis, and cell death
(22-27). The sensitivity and reversibility of each of these toxic
actions in the individual cellular constituents of the brain are

active areas of ongoing investigation. We neither know which
of these processes impact the brain of the human or the rat, nor
the time course of recovery of each. Nor is it known whether
toxic levels of bilirubin could alter the complex balance of
neurotransmission involved in peripheral chemoreceptor func-
tion (28). The survival of the large majority of infants with
jaundice testifies to the reversibility of many of the effects of
bilirubin, but the details of cellular and functional recovery
remain incompletely understood at this time.

Our study was conducted in a developing rat model, which
exhibits some differences from the immature human. Specif-
ically, spontaneous, prolonged apnea does not occur in rat
pups; hence, a direct effect of bilirubin on apnea of prematu-
rity could not be demonstrated in this study. However, abnor-
malities in respiratory control, including an altered hypercap-
nic response, have been observed in apneic infants (16).
Therefore, we speculate that bilirubin-induced damage to
autonomic pathways in the brainstem or peripheral nervous
system could contribute to vulnerability to sleep apnea in
previously jaundiced premature infants.

In this study, measurement of respiratory function occurred
at 24 h after bilirubin injection. It remains to be shown
whether lower doses of bilirubin than that we used could
produce alteration of control of breathing, and whether disor-
dered breathing would persist for a more prolonged period in
the developing rat pup. Furthermore, detailed exploration of
the dose-response to hypercapnia, as well as the response
of the pups to intermittent hypoxia could better define the
alteration in ventilatory control produced by hyperbiliru-
binemia.

In light of our observations, we speculate that there may be
a role for the treatment of hyperbilirubinemia as a mechanism
for diminishing the incidence of apnea in premature infants.
This possible correlation requires further study both in animal
models and in clinical trials.
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