0031-3998/86/2009-0828%$02.00/0
PEDIATRIC RESEARCH
Copyright © 1986 International Pediatric Research Foundation, Inc.

Vol. 20, No. 9, 1986
Printed in U.S.A.

Association of Changes in Bombesin
Immunoreactive Neuroendocrine Cells in Lungs of
Newborn Infants with Persistent Fetal Circulation

and Brainstem Damage Due to Birth Asphyxia

J. E. GILLAN,

K. E. PAPE, AND E. CUTZ

Department of Pathology, Rotunda Hospital, Dublin, Ireland [J.E.G.] and Department of Pathology [(E.C.] and
Department of Neonatology [K.E.P.], The Hospital for Sick Children, Toronto, Canada

ABSTRACT. The pulmonary neuroendocrine (NE) cells,
from 16 term infants dying at 1-4 days of age from birth
asphyxia, were immuno stained for bombesin-like immu-
noreactivity by the immunoperoxidase method. The distri-
bution and frequency of bombesin-immunoreactive NE
cells were quantified morphometrically and correlated with
the presence or absence of brainstem function and persist-
ent fetal circulation (PFC). In infants with loss of brainstem
function, the frequency of bombesin immunoreactive NE
cells was significantly increased compared to infants with
intact brainstem function, /.e. meconium aspiration with
PFC. Infants with brainstem injury, with one exception,
failed to develop PFC. Pathological changes in the tegmen-
tum of the brainstem, i.e. containing the respiratory center,
correlated in nine of 10 cases with loss of brainstem
function. These data suggest an inverse relationship be-
tween brainstem function, release of bombesin-like peptide
from the pulmonary NE cells and the functional state of
the pulmonary vasculature. Intact brainstem function ap-
pears to be essential for both the release of bombesin-like
peptide from the NE cells and for pulmonary vasoconstric-
tion leading to PFC; absence of brainstem function is, on
the other hand, associated with failure to release bombesin-
like peptide and loss of PFC type reactivity in the pulmo-
nary vasculature. However, it appears unlikely that bom-
besin itself is a direct mediator of pulmonary vasoconstric-
tion. (Pediatr Res 2(): 828-833, 1986)

Abbreviations

NE, neuroendocrine
NEB, neuroepithelial bodies
PFC, persistent fetal circulation

The pulmonary NE system consists of a population of special-
ized cells located in the epithelial lining of the conducting airways
where they are thought to exert local paracrine influence. Pul-
monary NE cells occur singly, in twos and threes, and in larger
clusters referred to as NEB. While these cells were first described
by Feyrter (1) in 1938 as clear cells with possible paracrine
function, it was not until recently that their potential functional
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significance received attention. The first ultrastructural study of
the NE cells was reported by Bensch et al (2) in 1965 who
described cells with neurosecretory granules in the bronchial
mucosa of adult lung. Subsequent electron microscopic and
histochemical studies (3-5), revealed that pulmonary NE cells
exhibit many of the features of the APUD cells of Pearse (6),
which prompted the suggestion that these cells might secrete
vasoactive peptides (7). A tetradecapeptide bombesin was the
first peptide reported in human neonatal lungs (8). This was
subsequently followed by a report of two additional peptides
namely calcitonin and leu-enkephalin in human neonatal and
adult lungs (9). The term NE cells has gained general acceptance
not only because of the presence of cytoplasmic neurosecretory
granules, but also because these cells NEB appear to be inner-
vated in both man, other mammals, and amphibians (10, 11).
The strategic location of NEB at airway bifurcations (5, 12), their
sensory innervation (10), and their degranulation with release of
serotonin in response to hypoxia suggests a chemoreceptor func-
tion, sensing the composition of inhaled air. The purpose of the
present study was to investigate the possible role of the brainstem
in regulating the content of bombesin-like peptide in pulmonary
NE cells of infants sustaining birth asphyxia with and without
brainstem injury.

CASE SELECTION

Coded cases of neonatal deaths in term infants due to intra-
partum asphyxia were obtained from the medical records at The
Hospital for Sick Children, Toronto. The clinical and patholog-
ical data were reviewed with particular reference to pregnancy,
delivery, the cause of asphyxia, postnatal neurological status, and
respiratory function (See Tables 1-4). All infants required resus-
citation following delivery. Those in whom breathing was estab-
lished by 20 min and had an Apgar score greater than 6 at 10
min were considered to have intact brainstem function. Persistent
ventilator dependence because of central apnea, absent brainstem
reflexes, and a low Apgar score were accepted as brainstem
damage. The presence of persistent fetal circulation was estab-
lished indirectly from arterial blood gas levels while the infants
were being ventilated on 60% or more oxygen. Cases with hyaline
membrane disease, pulmonary hypoplasia, pulmonary embo-
lism, primary persistent fetal circulation, or congenital malfor-
mation were excluded. Routine blocks of brain tissue taken at
the time of autopsy and stained with hematoxylin and eosin were
reviewed. Sections of the medulla, pons, hippocampus, thalamus,
basal ganglia, and cerebral cortex from each case were examined.
The gross description of the brain tissue in the autopsy report
was reviewed to exclude malformations, inflammatory disease,
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Table 1. Clinical laboratory and morphometric data from cases with meconium aspiration alone

%
Post- Immuno- Immuno-
mortem Gestation Birth  Age Pao, Cause of positive  positive
Case interval (wk) Sex Delivery wt (g) (hy PFC Fi0; (mm Hg) death airways ratio
1 4 40 F  CS* for fetal bradycardia 4045 52 + 79 40 Cardiac arrest 83.0 0.52
2 17 43 F  CS for failed induction 2740 15 + 92 28 Bradycardia 789 0.40
of postmaturity Hypotension
3 24 38 F  VV{ meconium staining 2725 32 + 90 23 Bradycardia 78.0 0.54
of liquor
4 16 41 M VV meconium staining 2690 78 + 81 40 Cardiac arrest 57.0 0.20
of liquor
5 18 40 M VV meconium staining 3950 50 + 98 29 Cardiac arrest 81.0 0.55
of liquor
6 24 40 M VV irregular fetal heart 3360 36 + 78 40 Cardiac arrest 85.0 0.42
rate
Mean 17.2 40.4 32517 438 86.3 33.3 172 0.4
+7.3 +1.6 +629.8 +21.5 +7.4 +6.9 +9.3 +0.12

* Caesarian section.
+ Vaginal vertex.

Table 2. Clinical laboratory and morphometric data from cases with meconium aspiration and brainstem damage

%
Post- Immuno- Immuno-
mortem Gestation Birth  Age PAO; positive  positive
Case interval (wk)  Sex Delivery wt(g) (h) PFC Fio, (mm Hg) Cause of death airways ratio
7 56 39 M  VV*umbilical cord tight 3420 5 + 94 25 Withdrawal of active life 85 0.43
around neck support
8 18 39 M VYV fetal bradycardia 3200 144 - 30 81 Withdrawal of active life 97 1.05
forceps delivery support
9 18 38 F  CSf for failed forceps 3500 120 - 36 113 Withdrawal of active life 93 1.49
support
10 12 40 F  CS for fetal distress 3125 30 - 31 111 Bradycardia 98 0.76
11 16 4] M VV; asphyxia at birth 4500 25 - 72 77 Withdrawal of life sup- 85.5 0.29
port
Mean  24.0 394 3549 64.8 51.6 78.0 91.7 0.80
*18.1 +1.1 +553.4 +62.6 +0.1 £32.38 #5.5 +0.43
* Vaginal vertex.
+ Caesarian section.
Table 3. Clinical, laboratory, and morphometric data from cases with brainstem damage only
%
Post- Immuno- Immuno-
mortem Gestation Birth  Age PAO; positive  positive
Case interval (wk)  Sex Delivery wt(g) (h) Fio, (mm Hg) Cause of death airways ratio
12 10 42 F  VV* birth asphyxia 3100 29 21 85 Withdrawal of life support 98 1.11
13 12 40 F  CSt for fetal bradycardia 3175 3 42 140 Withdrawal of life support 96 0.83
14 17 40 M CS after fatal collapse of 2990 45 51 76 Withdrawal of life support 93 1.30
mother
15 22 40 M VV; absent fetal heart 3160 34 3t 75 Withdrawal of life support 84 0.42
for 5 min before deliv-
cry
16 22 42 M VYV, prolonged 2nd stage 3230 13 50 109 Withdrawal of life support 86 0.48
midtransverse arrest
Mean  16.6 40.8 3131 248 39.0 97.0 91.4 0.83
£5.5 +1.1 +91.4 x16.8 x£11.5 +247 +35.5 a

0.34

* Vaginal vertex.
t Caesarian section.
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Table 4. Clinical, laboratory, and morphometric data from cases with hypoplastic left heart syndrome

%
. Immuno-
Case Pc;ﬁ::)\gfm Ge(svtv:i;t;on Sex Delivery Birth (g) Age (h) F102 (mfzg(;-llg) ng:hof IgloTirir\:(e) posit‘ive
airways TR
17 30 42 M VV* 3300 62 21 50 CCF} 65.4 0.45
18 12 41 M \'A% NRit 63 77 64 CCF 72.5 0.14
19 18 41 F vV 3300 48 28 99 CCF 81.0 0.28
20 20 41 M Vv 4470 43 30 NR CCF 66.3 0.29
21 NR* 40 M \'A 3170 96 83 51 CCF 84.0 0.53
22 13 41 M Vv NR 84 20 105 CCF 71.6 0.58
23 22 40 M \'A' 3210 72 49 83 CCF 86.5 0.32
Mean 19.2+6.6 409+0.7 3490 £ 550.8 669+ 189 413x204 753+21.8 75379 0.37x0.14

* Vaginal vertex.
1 Congestive cardiac failure.
f Not recorded.

and space occupying subdural hematomata. Lung tissue from
seven cases of autopsied infants who died from hypoplastic left
heart syndrome in the neonatal period were used as controls.
These were chosen because they had a history of minimal clinical
intervention, intact brainstem function, and absence of lung
disease.

Analysis of variance of birth weights, gestational ages, survival
time, and postmortem interval showed no significant differences
between various patient groups (Tables 1-4).

METHODS

Two to three lung samples, each representing an area of 1-2
cm?, were fixed in 10% neutral buffered formalin and embedded
in paraffin. Sections stained by routine histological methods were
used for general microscopic assessment, i.e. the presence or
absence of meconium and the exclusion of other pathological
changes. NE cells were identified by immunohistochemical stain-
ing for bombesin using the indirect immunoperoxidase method
with the same antibodies and techniques as previously described
(9). The degree of immunostaining for bombesin was quantified
in two ways (13, 14). First, airways containing immunopositive
cells in each case were counted and expressed as a percentage
immunopositive airways. The count was performed by moving
stepwise from field to field in a linear fashion from one edge to
the opposite edge of the section. A minimum of 100 airways
were counted per case and each count was commenced from the
largest bronchus in the section, i.e. usually a mainstem bronchus.
An airway was defined as a tubular structure in either longitu-
dinal, oblique, or cross-section, lined by columnar epithelium
and surrounded by a cuff of connective tissue with a variable
amount of smooth muscle, i.e. a bronchiole. Where cartilage
plates were associated with the surrounding cuff of connective
tissue the airway was considered a bronchus. Second, the degree
of bombesin staining was determined by measurement of im-
munoreactive area within the airway epithelium, i.e. both single
cells and clustered cells, in airways ranging from 50-250 u in
diameter. The measurement was performed by projecting the
positive areas onto paper, using a projecting microscope with an
x40 objective to give a final magnification of X1200. The outline
of the immunopositive cytoplasm was drawn on paper and the
area then measured with a semiautomatic image analyzer (Leitz
ASM). The total immunopositive area for the individual airway
cross-section was then related to the epithelial length, i.e. the
circumference. The airway circumference was measured by trac-
ing the length of the basement membrane of the bronchiolar
epithelium with a map rotometer at the stated magnification.
Where the epithelium had lifted off the basement membrane
region, the length of epithelium was measured instead, the pri-
mary aim being to quantify the length of epithelium. The total
immunoreactive area was divided by the circumference or epi-

thelial length to give the immunoreactive ratio for the epithelium.
The airway diameter was calibrated using the map rotometer, by
measuring the distance between opposite lumenal epithelial sur-
faces on the short axis of the cross-section of the airway. A
minimum of 30 airways were measured per case, from which the
mean and SD were calculated. For statistical evaluation of data,
one-way analysis of variance and Duncan’s multiple range test
were used (15).

RESULTS

Microscopic examination of lung sections and morphometric
analysis of bombesin immunoreactive pulmonary NE cells re-
vealed distinct differences between infants with meconium aspi-
ration alone compared to those who had sustained brainstem
damage only (Fig. 14 and B and 2). The number of airways
containing bombesin immunoreactive cells, expressed as per-
centage of immunopositive airways, was significantly (p < 0.01)
increased in patients with brainstem damage compared to those
who had sustained meconium aspiration only (Table 5). Similarly
the frequency of bombesin immunoreactive NE cells within the
individual airways, expressed as immunopositive ratio, showed
significantly (p < 0.05) increased mean values among patients
with brainstem damage compared to those with meconium as-
piration only (Table 2, Fig. 2); although there did exist a slight
overlap in the actual range of values recorded. Plotted data
expressing both percentage immunopositive airways and immu-
nopositive ratio clearly demonstrate the effect of brainstem dam-
age on bombesin-containing cells (Fig. 2). There were no signif-
icant differences either in percentage of immunoreactive airways
or immunopositive ratio between cases with meconium aspira-
tion alone versus those with hypoplastic left heart syndrome
(controls).

Differences in ventilation pressures appeared not to effect the
bombesin immunoreactivity of the NE cells. There was no
significant difference between the cases with PFC receiving high
ventilation pressures (mean, 23.5/5 mm H,O; range, 20/4-34/
6) compared to cases of hypoplastic left heart syndrome, i.e.
controls, of whom five were not ventilated and two of whom
were ventilated at 17/5 and 20/5 mm H;O. The ventilation
pressures used in the cases of brainstem damage were low (mean
13/4 mm H,O; range 12/2-18/7)} and similar to the levels used
in the ventilated controls. Those cases with combined brainstem
damage and meconium aspiration were more variable (mean,
23/3 mm H,O; range 12/2-34/4) presumably due to the patchy
obstructive effect of meconium in the airways.

The histological examination of brain tissue from infants
without clinical evidence of brainstem insult demonstrated pon-
tosubicular necrosis associated with microglial activation in all
instances but showed no evidence of necrosis in the tegmental
region containing the reticular activation system and the dorsal
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Fig. 1. Bombesin staining neurcendocrine cells in bronchioles. 4, an
infant with damage to the tegmentum of the brainstem and B an infant
who died from meconium aspiration syndrome, but in whom brainstem
function was intact. There are distinctly greater numbers of bombesin
immunopositive NE cells in associated with brainstem damage (magni-
fication, x200).

PERCENT 1007

L ] ° L ]
L]
AIRWAY . .
50"
val [ ]
* .n ‘A
Py A
80 ry A
& o BRAINSTEM
a DAMAGE
707 & MECONIUM
» ASPIRATION
= 4 CONTROLS
.
A
50~
I 3 1 1
4] 05 10 15

IMMUNO-REACTIVE RATIO
Fig. 2. The percentage immunopositive airways (vertical axis) related
to immunoreactive ratio for individual cases of (@) brainstem damage
with or without meconium aspiration; (A) meconium aspiration alone,
i.e. with intact brainstem function and (A) controls, i.e. cases of hypo-
plastic left heart syndrome.

nucleus of the vagus nerve. A focus of microglial activation was
also present in the tegmentum in one case (case 3). Nine of the
10 infants with clinical evidence of brainstem injury had patho-
logical changes in brain tissue. These included neuronal necrosis
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of the tegmentum in seven cases; gliosis of the tegmentum in
two patients; pontosubicular necrosis in six; and isolated pontine
necrosis in three, One patient (case 6) who lived only 5.5 h
expectedly did not show evidence of neuronal necrosis or mi-
croglial activation.

A second unanticipated finding concerning PFC was noted
when the clinical histories were correlated. PFC which invariably
complicates meconium aspiration was strikingly absent in four
of five patients with brainstem damage accompanied by meco-
nium aspiration (Tables 2 and 5). Similar blood gases were also
present in asphyxial brain damage which was unaccompanied by
meconium aspiration as documented in Tables 3 and 5.

DISCUSSION

The pulmonary NE cells have been termed NE because of
their intimate association with nerve fibers which appear simul-
taneously with the developing NE cells between the 8th and 10th
week of gestation (16). This innervation was first described by
Froelich in 1949 (17) and has since been well documented in
experimental animals (18-20). On the other hand, however, there
has been little published information on the innervation of the
NE cells in human lungs (10-12). Recent ultrastructural studies
have demonstrated adrenergic, cholinergic, and possible sensory
innervation of human NE cells (21), while vagotomy studies in
newborn rabbits have pointed to a significant sensory innervation
derived from the Nodose ganglion (10).

In this study the effect of brainstem damage due to birth
asphyxia in a group of term infants has been examined as a
model of vagal denervation of the lung and its effect on bom-
besin-like immunoreactivity in pulmonary NE cells. Intrapartum
asphyxia ranges in severity from fetal distress associated with
meconium aspiration only, to widespread hypoxic damage ef-
fecting the brain, kidneys, lungs, and heart. In this series of cases
there were six infants with meconium aspiration and 10 infants
with brainstem damage, six of whom also had meconium aspi-
ration, Morphometric analysis of the bombesin immunoreactive
pulmonary NE cells showed a significant quantitative difference
between the lungs of infants with brainstem damage versus those
with intact brainstem function sustaining meconium aspiration
alone. In patients with both clinical evidence of brainstem injury,
and pathological changes in the tegmentum of the brainstem,
the frequency and distribution of bombesin immunoreactive NE
cells in lung tissue was significantly increased compared to infants
with intact brain stem structure and function. The dorsal nucleus
of the vagus, which is the final common pathway for efferent
innervation by the brainstem to the lung, is located in the
tegmentum. The correlation of these two findings indicates an
inverse relationship between the brainstem activity in the area
of the respiratory center and the bombesin content of the pul-
monary NE cells. These findings suggest that brainstem stimuli
to the lung cause release of bombesin whereas the lack of brain-
stem stimulus may be associated with retention of bombesin-like
peptide in the cytoplasm of NE cells.

The significance of this observation is heightened because of
its association with the functional state of the pulmonary vas-
culature, i.e. the connection between PFC and brainstem func-
tion. Normally after birth, the high fetal pulmonary vascular
resistance falls with expansion and oxygenation of the lungs (11,
22). In persistent fetal circulation this reduction either does not
occur or the resistance increases. Subsequently the pulmonary
artery pressure becomes either equal to or exceeds that of the
systemic artery pressure. This results in right-to-left shunting of
cardiac output through the foramen ovale and ductus arteriosus
causing severe hypoxia (23, 24). PFC may be caused by birth
asphyxia, neonatal lung disease including meconium aspiration
(25), and metabolic abnormalities such as acidosis (26), hypogly-
cemia, and hypocalcemia (24), all of which frequently complicate
birth asphyxia. In this study PFC occured only in those infants
with isolated meconium aspiration alone, and with one excep-
tion, it did not occur when the meconium aspiration was asso-
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Table 5. Mean (£8D) values and statistical analysis of morphometric evaluation of bombesin-like immunoreactivity in airways,
oxygen requirements (F10,) and blood levels (PAo,) for different patient groups

? Immunopositive Immunopositive Pao,

Diagnostic n Age airways ratio F10; (mm Hg)
MAS* 6 438 £21.5 77.2+£93 0.44 £0.12 863+ 7.4 333+69
MAS + BD¥ 5 64.8 + 62.6 91.7£5.5 0.80 = 0.43 51.6 0.1 78.0 = 32.8
BD 5 24.8 + 16.8 914 +£55 0.83 £0.34 590+ 11.5 97.0 £ 24.7
HLH} 7 66.9 + 18.9 753+£7.9 0.37+0.14 41.3 +£20.4 75.3+£21.8

Statistical Analysis—p values (Duncan’s multiple range test)

MAS VS MAS + BD NS <0.01 <0.05 <0.01 <0.01
MAS VS BD NS <0.01 <0.05 <0.001 <0.01
MAS VS HLH NS NS NS <0.001 <0.01
MAS + BD VS BD NS NS NS NS NS
MAS + BD VS HLH NS <0.01 <0.05 NS NS
BD VS HLH NS <0.01 <0.05 NS NS

* Meconium aspiration.
t Brainstem damage.
I Hypoplastic left heart syndrome.

ciated with brainstem damage. The explanation for the single
exception was not apparent on review of the clinical or patho-
logical data; however, the morphological assessment of the pul-
monary NE cells was of “borderline” score lying between cases
with and without brain damage, suggesting that despite the
clinical evidence of neurological insult, the neurones responsible
for pulmonary innervation survived. The data strongly suggest a
functional relationship between vagal nuclei of the brainstem,
control of bombesin secretion by the pulmonary NE cells, and
control of pulmonary arterial blood pressure. Damage to the
vagal nuclei may cause failure to discharge bombesin-like peptide
from the NE cells and loss of the reflex controlling pulmonary
arterial constriction. It is unlikely that bombesin itself is the
direct mediator of pulmonary vasoconstriction, as there was no
significant difference in bombesin content between infants with
PFC associated with meconium aspiration and the control series,
1.e. cases with hypoplastic left heart syndrome. This contention
1s further supported by recent experimental work in which ad-
ministration of bombesin into pulmonary artery in lambs and
rats failed to cause pulmonary vasoconstriction (25, 28). How-
ever, two substances, serotonin and the peptide leu-enkephalin,
both known to be present in pulmonary NE cells, are strong
pulmonary vasoconstrictors (27) and therefore represent more
likely mediators of vasoconstriction. Bombesin on the other hand
has been shown to cause bronchiole constriction in guinea pigs
(29).

The findings in this study also suggest that the respiratory
center of the brainstem coordinates local pulmonary vascular
perfusion and ventilation in part by bombesin-mediated control
of bronchiole smooth muscle tone. It is likely that such coordi-
nation originates in the dorsal nucleus of the vagus, transmitting
impulses to vagally innervated NE cells, stimulating secretion of
peptides which in turn exert a local control on both pulmonary
vasculature and bronchiole smooth muscle. Apart from auto-
nomic motor innervation suggested by this study and others (13);
there is now convincing evidence from studies in neonatal rabbits
that NEB cells have vagal sensory innervation (10). These com-
bined afferent and efferent innervations suggest the presence of
a reflex arch system connecting the brainstem via the vagus to
at least part of the pulmonary NE cell system. The afferent arm
of the reflex being sensitive to the level of oxygen (30) and
possibly other qualitative aspects of inspired air; the efferent
response stimulating the secretion of serotonin (16, 30-32) and
peptides which mediate the local tissue response. This hypothet-
ical reflex clearly confines itself to the role of vagal innervation
of the NE cells and as with any reflex, would be subject to
augmentary and inhibitory influences. It makes no attempt to

explain the role of recently described adrenergic nerve junctions
within NE cell bodies (11) and is open to the criticism that the
recently described sensory innervations (10) arise in the Nodose
ganglion in the neck rather than the brainstem. However, the
latter work was performed in neonatal rabbits which appear to
have NE cell bodies which are morphologically different from
those of humans (34).

The proposed homeostatic role of bombesin and the NE cells
does not preclude the recent suggestion that bombesin acts as a
lung growth factor (35). Low oxygen tension in the airways is
known to increase the rate of alveolar growth (36) and cause
degranulation of the NE cells (31). It is therefore possible that
bombesin may in fact be the mediator of increased lung growth
in response to hypoxia. These suggestions are clearly speculative
and require further investigations.
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