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Abstract

Neuroepithelial bodies (NEBs) are complex sensory receptors dispersed
throughout the intrapulmonary airways. They are composed of pulmonary
neuroendocrine cells (PNECs) which have a large amount of dense-core vesicles
containing calcitonin gene-related peptide (CGRP), serotonin (5HT'), substance
P (SP) and y-aminobutyric acid (GABA). NEBs are densely innervated by
vagal sensory terminals, dorsal root afferents and intrinsic motor fibres. Their
location, neurochemical composition and dense innervation make NEBs a key
component for the regulation of lung homeostasis.

Pulmonary arterial hypertension is a rare disease characterized by mor-
phological alterations in the microcirculation of the lungs causing a wide array
of complications and high mortality. Spontaneously hypertensive rats (SHRs)
are a common model for essential hypertension, that may develop secondary
pulmonary hypertension and thus can be used as an animal model to study
pulmonary pressure changes.

The present study focuses on the immunohistochemical demonstration of
GABA in the NEBs and its potential role in the regulation of the pulmonary
pressure. Two groups of SHRs were used and age-matched normotensive Wistar
Kyoto (WKY) rats served as controls. We found single PNECs and clusters of
GABA-immunoreactive cells protruding into the lumen of the intrapulmonary
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airways in all examined groups of SHRs and in the normotensive WKY rats.
However, the expressional levels statistically differed within the two age groups
of SHRs and the controls. Specifically, the NEBs and PNECs in 1-month-
old SHRs and particularly in 3-month-old SHRs showed more intense GABA-
immunostaining compared to the WKY rats.

In conclusion, NEBs and PNECs react to the alterations of the pulmonary
pressure homeostasis by an increased GABA expression as a preventive or re-
active regulation mechanism against developing pulmonary hypertension.

Key words: neuroepithelial bodies, GABA, pulmonary hypertension,
spontaneously hypertensive rats

Introduction. Neuroepithelial bodies (NEBs) are complex multifunctional
sensory receptors, most commonly found at the bifurcations of smaller intrapul-
monary airways [1]. They are composed of innervated clusters of pulmonary
neuroendocrine cells (PNECs) which are covered by Clara-like cells (CLC) and
together they form the so-called NEB microenvironment [2]. A striking feature of
PNECs is the large number of dense-core vesicles in their cytoplasm that contain
a wide array of vasoactive neurochemicals such as calcitonin gene-related peptide
(CGRP), serotonin (5HT), substance P (SP) and y-aminobutyric acid (GABA)
[3]. Another key feature of NEBs is their extensive innervation which includes
vagal sensory terminals, dorsal root afferents and intrinsic motor efferent fibres
[1,4].

The location, neurochemical composition and dense innervation make NEBs
a strategic structure for sensing changes in the airway gas concentration, for the
coordination of local blood flow to local aeration and also for many other functions
in normal and pathological conditions. In particular, NEBs participate in the
control of breathing, play a role in calcium homeostasis, and their dysfunction is
implicated in pulmonary hypertension, bronchial asthma and cancer development
[1,5,6]. Recent evidence also suggests their role as stem cell niche in the lungs [7].

Pulmonary arterial hypertension is a relatively rare disease with a wide array
of complications and high mortality, affecting all vessels and cells of the lungs [8,9].
Literature data show that pulmonary hypertension is associated with systemic
arterial hypertension because the higher blood pressure affects not only the left
ventricle but also the right ventricle and the pulmonary circulation [10]. Indeed,
a recent study has demonstrated an association of pulmonary hypertension with
systemic arterial hypertension in patients with apparently normal left ventricular
diastolic function [11].

Spontaneously hypertensive rats (SHRs) are one of the most common exper-
imental models for essential hypertension. However, SHRs could also be used as
an animal model of pulmonary hypertension which they may develop secondary
to essential hypertension and wherein all other respiratory pathologies can be
excluded [12].
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Materials and methods. For the present study two age groups of male
SHRs — 1-month-old rats and 3-month-old rats (n = 6, per group) were used.
Age-matched normotensive Wistar Kyoto (WKY) rats served as controls. All
animals were provided by the vivarium to the Medical University of Sofia with
the approval of the Research Ethics Commission of the Medical University of
Sofia. The animals were fed on a standard diet and allowed free cage activities.
All SHRs were monitored and their levels of blood pressure corresponded to the
reference levels for hypertension (> 150/90 mmHg). WKY rats were also followed
up and their blood pressure was measured as equal or less than 120/80 mmHg.
The animals were deeply anesthetized with an intraperitoneal injection of sodium
pentobarbital (70 mg/kg). The chest was opened and a transcardial perfusion
with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 was carried out.
The lungs were additionally fixed by an intratracheal infusion of paraformaldehyde
through a cannula. Afterwards, the lungs were quickly removed and proceeded to
vacuum deaeration, postfixed in the same fixative overnight at 4 °C, embedded in
paraffin, and cut into 8 pm thick sections.

The lung samples were then deparaffinized with xylene and ethanol and pro-
cessed for avidin-biotin-horseradish peroxidase complex immunohistochemistry.
All sections were passed through the immunohistochemical procedures simulta-
neously to avoid variations in staining intensity. The endogenous peroxidase was
blocked with 1.2% hydrogen peroxide in absolute methanol. After washing in
PBS, the samples were preincubated for 1 hour at room temperature in 5% nor-
mal goat serum. Thereafter, they were incubated in a humid chamber overnight
at 4 °C with the following primary antibody provided by Invitrogen: rabbit anti-
GABA (PA5-32241, working dilution 1:200). After rinsing in PBS, the sections
were incubated for 1 h at room temperature with complementary secondary anti-
body, i.e. biotinylated goat anti-rabbit IgG (Dianova, Hamburg, Germany) at a
dilution of 1:250, respectively. After rinsing the tissue sections, the ABC complex
(Vectastain Elite Kit 6100, Vector Laboratories) was applied and colour develop-
ment with diaminobenzidine as a chromogen was done for 3-5 min. Thereafter,
the slides were washed in tap water, dehydrated in a graded series of alcohols,
cleared in xylene and coverslipped with Entellan (Merck, Darmstadt, Germany).

The slides were observed and photographed using a Nikon Eclipse 80i (Japan)
light microscope. Photomicrographs were analyzed using the ImageJ software by
measuring the mean gray value of the NEBs which corresponds to their expres-
sional level of GABA. We reversed the results in a such a way that 0 corresponds
to white (lack of expression) and 255 corresponds to black (highest possible ex-
pression). The expressional levels of the GABA-immunoreactive NEBs were de-
termined by GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). The
data followed a standard Gaussian distribution, and the D’Agostino-Pearson om-
nibus normality test passed. The one-way analysis of variance ANOVA followed
by post-hoc pairwise multiple comparison Tukey’s Honest Significant Difference
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(Tukey’s HSD) tests were used. Differences were considered statistically signifi-
cant if p-values were < 0.05.

Results. The light microscopy examination of the lungs revealed numer-
ous GABA-immunostained NEBs of different caliber in the intrapulmonary air-
ways, including larger bronchi, terminal and respiratory bronchioles and alveolar
ducts. They appeared as clusters of cells protruding into the lumen of the air-
ways in all examined groups of SHR and also in the normotensive WKY controls.
We also observed a large number of individual PNECs dispersed throughout the
bronchial tree. The NEBs and PNECs in 1-month-old SHRs and particularly in
3-month-old SHRs showed more intense GABA-immunostaining compared to the
WKY rats (Fig. 1). We compared the mean gray value of the NEBs and PNECs
using the ImagelJ software and the gathered data was used for consecutive sta-
tistical analysis. A one-way ANOVA was performed to compare the expression
of GABA in PNECs in WKY, 1-month-old SHRs and 3-month-old SHRs (Fig.
2). The test revealed that there was a statistically significant difference in mean
value between groups [F(2,42) = 370.4, p < 0.0001]. Tukey’s HSD post hoc test
showed that GABA expression in the NEBs of 3-month-old SHRs was statisti-
cally significantly higher compared to 1-month-old SHRs (****p < 0.0001, 95%
C.I. = [-26.68, —20.44]) and normotensive WKY animals (***p < 0.0001, 95%
C.I. = [-37.25,—31.01]). The grayscale intensity for GABA in 1-month-old SHRs
was significantly higher than its expressional levels in normotensive WKY rats
(***p < 0.0001, 95% C.I. = [—13.69, —7.453]). The mean and standard devia-
tion values in the groups were as follows: WKY (mean = 169.1, SD = 4.166),
1-month-old SHRs (mean = 179.6, SD = 3.281) and 3-month-old SHRs (mean =
203.2, SD = 2.995).

Discussion. Pulmonary hypertension is characterized by morphological
changes in the microcirculation of the lungs [13]. It is believed that such changes
and the maintenance of pulmonary pressure homeostasis are mediated through a
wide array of neurotransmitters including GABA [14, 15]. The effects of GABA
on the circulatory system are yet to be fully understood. Some authors suggest
a role for GABA as a vasoconstrictor while others claim that it is a vasodilator
[16,17].

GABA is a known secretory product of NEBs and PNCEs and a potential
factor for the regulation of pulmonary hypertension [3]. In addition, the NEBs are
capable of registering mechanical and chemical stimuli and actively participate in
the regulation of pulmonary homeostasis, including pulmonary pressure [14,15].
Herewith, we studied the potential role of NEBs and GABA immunoreactivity in
them for the regulation of pulmonary hypertension. It seems that SHR develop
secondary pulmonary hypertension, and therefore other lung pathologies can be
dismissed [12]. Nonetheless, pulmonary hypertension that develops as a conse-
quence of essential hypertension should be at an early stage in the younger age
groups of SHR [12]. Thus, it is likely that the alterations in the GABA expres-
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Fig. 1. Immunohistochemical staining for GABA in rat lungs. (A, B) NEB (arrows) in bronchus
(A) and alveolar duct (B) in WKY rats showing relatively weak immunoreactivity. (C) Sin-
gle PNCEs in terminal bronchiole (arrows) from a 1-month-old SHR. (D) NEB in respiratory
bronchiole (arrow) from a 1-month-old SHR. (C and D) show more intense immunoreactivity
compared to the WKY rats (A and B). (E) NEB in terminal bronchiole (arrow) from a 3-
month-old SHR. (F) Several PNECs in terminal bronchiole of a 3-month-old SHR. Please note
the highest immunoreactivity in a 3-month-old SHR (E, F') compared to a 1-month-old SHR (C,
D) and WKY controls (A, B). Scale bar: 50 pm
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Fig. 2. A vertical bar graph showing a statistical comparison of the staining intensity for GABA

in NEB of WKY rats (blue column), 1-month-old SHRs (red column) and 3-month-old SHRs

(green column). Data are presented as Mean £ Standard deviation (SD) and compared by one-

way analysis of variance ANOVA followed by post-hoc pairwise multiple comparison Tukey’s
HSD tests, where ****p < 0.0001

sional levels in NEBs and PNECs could be ascribed to a preventive mechanism.

Our present results show a statistically significant increase in the expressional
levels of GABA between normotensive WKY rats and SHRs and also within the
1-month-old and 3-month-old SHR groups. Such a finding corresponds to the
assumption that NEBs could react to the changes in the lung homeostasis with
alterations in the systemic and pulmonary circulation. Our findings are also in
agreement with the literature data stating that GABA is more commonly a va-
sodilator causing a decrease in the blood pressure, mainly by suppressing the
sympathetic nervous system [15]. NEBs as complex and multimodal receptors are
able to detect even the slightest changes in the lung homeostasis. This could be a
plausible explanation of our findings on the increase in GABA expressional levels
even in the younger group of SHRs, wherein the lung pressure alterations should
be minimal and no morphological changes are as yet present. If so, then NEBs
would react preemptively by increased GABA expression, which has already been
reported in other pulmonary hypertension rat models [15].

In conclusion, NEBs and PNECs react to the alterations of the pulmonary
pressure homeostasis by an increased GABA expression as a preventive or reac-
tive regulation mechanism in developing pulmonary hypertension. Further ex-
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periments could potentially reveal new diagnostic and therapeutic approaches
referring to pulmonary hypertension and its relation to GABA.
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