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Distribution of pulmonary cholinergic nerves in the
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ABSTRACT Investigations of the nerves of the rabbit lung, by light and electron microscopy,
showed a dense acetylcholinesterase-positive innervation of the bronchi through the bronchiolar
level. Large nerve bundles were found to decrease in size as they progressed from extrachondral
to subchondral connective tissue, forming complex networks of mostly terminal fibres in the
muscle layer. In several instances single fibres penetrated the submucosal layer and approached
the mucosa. Gangliocytes, which also reacted positively for cholinesterase, were visible in the
vicinity of the large peribronchial bundles. Gangliocytes rarely were seen in association with the
vasculature. Blood vessels received a much less dense cholinesterase-positive nerve supply than
the bronchi. Single, non-terminal fibres were noted at the adventitiomedial junction of the
pulmonary artery and vein. In addition, segments of nerve fibres (networks) were observed in the
arterial and venous smooth muscle layers. Cholinesterase-positive innervation was even less

extensive in the veins than in the arteries.

The mammalian pulmonary innervation is derived
from sympathetic fibres and vagal rami.! Various
histochemical and histological techniques have been
utilised to study the pattern and type of innervation
of the lung in different species, such as the rat, dog,
cat, and monkey.?”® Pulmonary reactions in human
lungs may be similar to those found in rabbits. For
example, vagotomy has been found to decrease the
ventilatory response to severe hypercapnia in both
rabbits and man.”® By contrast, variable responses
to hypercapnia occur in cats and dogs.*” "2

A thorough understanding of pulmonary reac-
tions requires a complete anatomical mapping of the
innervation of the lung and its vessels. Only limited
studies of this type have been carried out on the
rabbit. These studies have concentrated on showing
the presence of catecholamines in the lung, particu-
larly in the vasculature,' ' with less emphasis on
cholinergic innervation.'* '

The purpose of this study was to delineate the
distribution of acetylcholinesterase-positive nerves
as an indication of cholinergic innervation through-
out the rabbit lung.

Address for reprint requests: Dr Al-Walid I El-Bermani,
Department of Anatomy and Cellular Biology, Tufts University
School of Medicine, 136 Harrison Avenue, Boston, Massachusetts
02111, USA.

Methods

LIGHT MICROSCOPY
Albino rabbits, weighing an average of 3 kg, were
injected intraperitoneally with sodium pentobar-
bitol. The lungs, judged to be free of disease on
macroscopic  examination, were placed on
aluminium foil and frozen on dry ice (—70°C).
Serial frozen sections of 20-30 um were collected
on coverslips, air-dried for a few minutes, and fixed
in 4% neutral formol-saline solution for 15 minutes.
The sections were incubated at 37°C for 90 minutes,
according to the procedure of Karnovsky and
Roots'® as modified by El-Badawi and Schenk."”
The substrate for the specific cholinesterase reaction
was acetylthiocholine iodide; tetraisopropyl-
pyrophosphoramide (iso-OMPA) at a concentration
of 80 mmol/l was used to inhibit non-specific
cholinesterase.

ELECTRON MICROSCOPY

A modification of the procedure described by
Kokko et al'® was used to demonstrate acetyl-
cholinesterase for electron microscopy. After a
saline washout of the pulmonary circulation the left
lung was perfused with a solution of 3% formal-
dehyde and 1% glutaraldehyde in Sorensen’s phos-
phate buffer (pH 7-0) through the pulmonary artery
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and trachea. The excised lung was cut into 2-mm®
pieces and placed in the same fixative for four hours.
After an overnight rinse in 0-1 moVl/l phosphate buf-
fer (pH 7-0) the tissue pieces were preincubated for
30 minutes at room temperature in a solution of 4
mmol/l iso-OMPA in maleate buffer (pH 6-8). They
were then incubated in a medium containing 50
mmol/l maleate buffer, 2 mmol/l acetyl-3 methyl-
thiocholine bromide, 3 mmol/l cupric sulphate, 0-5
mmol/l potassium ferricyanide, and 60 mmol/l
sodium tartrate for two hours at 4°C. The tissue was
rinsed in maleate buffer for two hours, rinsed in
phosphate buffer, then post-fixed in 1% osmium tetr-
oxide in phosphate buffer for one hour. The lung
pieces were dehydrated in a graded series of ethanol
solutions and embedded in Epon.

Thin sections were placed on formvar-coated
copper slot grids (1 X 2 mm), stained with uranyl
acetate and lead citrate, and observed on a Philips
200 electron microscope.

Results

Bundles of nerves, forming the pulmonary plexus,
can be found at the hilum both anteriorly and post-
eriorly to the entering bronchi and pulmonary blood
vessels. The plexus is organised into small bundles
that diverge in many directions, coursing through
hilar connective tissue towards the bronchi, pulmo-
nary blood vessels, and bronchial blood vessels.
Large, heavily stained, acetylcholinesterase-positive
nerve bundles are mainly associated with the bron-
chial tree. They are located in the extrachondral
connective tissue of the bronchial wall, and are of
mixed fibre types. Thick (myelinated) fibres are
more prevalent in hilar bundles; thin (non-
myelinated) fibres are abundant deeper in the lung.
Small bundles, stained positively for acetylcholines-
terase, are found in the subchondral connective tis-
sue of the bronchial wall (fig 1).

Round or ovoid gangliocytes, either single or
accumulated in ganglia, are present in peribronchial
connective tissue. In the hilar area these cells are
located near the large peribronchial nerve bundles.
Fibres appear to arise from the gangliocytes and to
contribute to the bundles. Ganglia also are present
deeper in the lung, again in association with bron-
chial fasciculi (fig 1). Very few gangliocytes were
detected in relation to the pulmonary vessels.

Dense networks of randomly distributed fibres,
which stained positively for acetylcholinesterase,
were found in and around the bronchial muscle layer
(fig 2). By light microscopy these fibres are charac-
teristically delicate and thin, with a beaded appear-
ance. Some of these varicose perimuscular nerves
can be traced to subchondrial nerve bundles (figs 1
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Fig 1 Cross-section of a small bronchiole with a
subchondral nerve bundle (single arrow) and a single
submucosal nerve fibre (double arrow) stained positively for
acetylcholinesterase. C — chondral plate; G —
acetylcholinesterase-positive ganglion cells; L —lumen; M —
muscularis with acetylcholinesterase-positive nerve plexus.
(Original magnification x 220.)
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and 2). With the electron microscope most of these S
fibres are seen to be composed of about three to snxa
neurones surrounded by a Schwann cell (fig 3).%
Where the neurone approaches the muscle cell, the3
Schwann cell no longer covers the neurone com-g
pletely and there is usually an accumulation of clearo
vesicles (approximately 38 nm in diameter) at this >
site. Commonly a single terminal of one neuroneS
may contact two or more muscle cells with synaptlc.c
specialisations occurring in both muscle and nerve at=:
each site of contact (fig 4). The neuromuscular cleft=
averages about 40 nm wide. In most cases a very ﬁne
precipitate indicative of the presence of acety-
Icholinesterase can be seen within and around the®
neuromuscular cleft and at the perimusculai2
borders. No precipitate is seen mtracellularly It is2
also evident that more than one neurone in a bundlefD
may have a synaptic connection with a single muscle”
cell (fig 3).

The submucosa shows two types of fibres. One=
type travels from the muscle plexus into the sub-2
mucosal layer and appears to terminate at the baseg
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Fig 2 Oblique section of a bronchiole showing an
acetylcholinesterase-positive network of fibres between
muscular bundles. This network extends from the
perimuscular bundle (single arrow) running parallel to the
lumen in the submucosal area (double arrow). L —lumen; m

— mucosa. (Original magnification x 220.)
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of the mucosa (figs 2 and 5). The other follows a
partially circumferential path around the bronchial
lumen before ending (fig 1). Both types appear
beaded and react positively for acetylcholinesterase.

Isolated myelinated neurones are found in the
submucosa (fig 6). These neurones contain many
mitochondria, neurotubules, and neurofilaments.
There is an absence of any type of vesicle. The
myelin sheath, which is some 20-25 layers thick,
ends abruptly at some distance from the mucosa,
and the neurone presumably continues on, to end on
or near the mucosa. A search of about 200 sections
of this area produced no evidence of nearby gang-
lion cells. These neurones showed no reaction for
acetylcholinesterase.

At the bronchiolar level, acetylcholinesterase-
positive fibre bundles were present in the adventitial
layer. Contributions to the perimuscular and sub-
mucosal fibres originate from these bundles (fig 2).
Innervation of the bronchi continues uninterrupted
to the terminal bronchiolar level, as well as extend-
ing throughout the layers of bronchial wall; bron-
chial innervation appears completely interwoven.

Acetylcholinesterase-positive nerves associated
with blood vessels are less dense than the bronchial
innervation. No fasciculi have been found in direct
relation to the vasculature, but a few unbeaded,
single, acetylcholinesterase-positive fibres can be
found in the adventitiomedial junction of pulmonary
arteries and veins.

Fig 3 A single muscle
cell showing
neuromuscular contacts
with two neurones from
a varicose perimuscular
nerve bundle. The fine
precipitate indicates

the presence of
acetylcholinesterase
(arrow head). V
—clear vesicles; M -
muscle cell; NB — nerve
bundle; S - synaptic
specialisations.
(Original magnification
x 19 570.)
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Fig 4 A terminal neurone contacting two
muscle cells in the muscularis of a terminal
bronchiole. The fine precipitate indicates the
presence of acetylcholinesterase (arrow
heads). M — muscle cell; N — nerve bundle;
S - synaptic specialisations; V - clear
vesicles. (Original magnification x 29 500.)
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Fig 6 An isolated myelinated neurone in the submucosa.
Note the absence of vesicles and the large number of
Fig5 Cross-section of a bronchiole showing a submucosal  mitochondria and microtubules, as well as the absence of
nerve fibre terminating at the base of the mucosa (double Schwann cell and myelin at dendritic terminal (double
arrow) and a perimuscular nerve (single arrow). L —lumen;  arrow). N — myelinated neurone; sm — submucosa; M —
M — muscularis with acetylcholinesterase-positive nerve muscularis; m — mucosa. (Original magnification X
plexus; m — mucosa. (Original magnification x 430.) 10 500.)
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Fig 7 Tangential section of the medial layer of a
medium-size pulmonary artery with networks of
acetylcholinesterase-positive beaded nerve fibres (double
arrow). L —lumen of pulmonary artery; Br — adjacent
bronchiole. (Original magnification x 210.)

A relatively dense  acetylcholinesterase-
containing nerve population is evident along the
wall of the pulmonary artery. Intermeshed networks
of beaded fibres are visible in tangential section in
the periphery of the medial layer of the artery (fig
7). These networks are reminiscent of their counter-
parts in the bronchial muscle layer, but are less
extensive and more loosely interconnected. Fibres in
the media occasionally seem directed toward the
tunica intima but none were observed in this layer.

Large pulmonary veins show less dense inter-
meshed networks of beaded fibres positive for
acetylcholinesterase. The venous networks often
appear segmented (fig 8). Innervation is concen-
trated in areas of venous bifurcation.

Discussion

Acetylcholinesterase-positive staining has often
been taken as an indication of the presence of
cholinergic neurones.'”? Although problems of
non-specificity have been noted,?' 2 we consider the
cholinesterase staining method to be the most prac-
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Fig 8 Cross-section of a large pulmonary vein showing
varicose networks of acetylcholinesterase-positive nerve
fibres (double arow). L —lumen. (Original magnification X
430.)

ticable and reliable means of identifying cholinergic
nerves in the peripheral nervous system, particularly
in the lungs. Catecholamine fluorescence was not
demonstrable in alternate sections of the nerves that
stained positively for acetylcholinesterase. We
believe therefore that an acetylcholinesterase-
positive reaction in neurones examined in these
experiments indicates that these neurones are
cholinergic. Since pulmonary nerves originate in
either the sympathetic chain or the vagus,' the
acetylcholinesterase-positive fibres are probably in
vagal rami.

Cholinergic hilar bundles in the rabbit lung are
concentrated in the connective tissue around the
bronchi, and contain myelinated and unmyelinated
nerves. Studies of the rat lung showed similar peri-
bronchial as well as perivascular bundles,*?* while
investigation of the monkey lung showed nerve
bundles that were not associated with any pulmo-
nary structures until deep in the lung.®

The cholinergic nerve supply of the bronchi
through the level of the bronchioles is dense;
acetylcholinesterase-positive bundles appear in the
adventitia and form an elaborate plexus in the tunica
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muscularis. This finding is in agreement with results
reported by Mann.'* The non-varicose fibres found
in the bundles in the connective tissue and in the
periphery of pulmonary structures are probably
axons of a non-terminal type. The nerves forming
the plexuses in the muscular coat are often charac-
terised by varicosities. Varicose fibres described in
the bronchial muscle and submucosal layers are
most likely to represent nerve terminals. This con-
cept of terminals has been well accepted, and was
used in studies of the rabbit, rat, and cat by Hon-
jin,2*2% Spencer and Leof,?* and El-Bermani et al.*
Knight et al*” described nerve terminals of
cholinergic nature in the bronchial smooth muscle of
dogs, monkeys, and baboons.

It is clear from the present study that each muscle
cell may be innervated by more than one cholinergic
neurone; it is also clear that each neurone may
innervate more than one muscle cell. This may have
some physiological importance in view of the
amount of control the nerves exert on the degree of
muscular contraction, and may be an important fac-
tor determining whether smooth muscle cells in var-
ious locations have differential excitability.

The cholinergic perimuscular fibres are important
in that they represent the efferent pathways for
bronchoconstriction caused by the hypoxic
reflex.”® #* In studies of circadian rhythms in asthma-
tic patients, these nerves have been shown to be
responsible for the control of airway. calibre.*® They
also appear to exert some control over the antigenic
response in asthmatics.*! * This innervation is also
important in relation to the severe decrease in vital
capacity, attributed to microatelectasis, of patients
with neuromuscular diseases.*

Some single varicose fibres are present in the
submucosa of the bronchi. Some were observed
approaching the epithelial layer. This conflicts with
Mann’s'® report that no acetylcholinesterase-
positive fibres are present in rabbit mucosa. The
perimucosal fibres of the rabbit are comparable to
those found in association with the bronchial
epithelium of the rat,* cat,>* and mouse.?s*¢ These
fibres are less extensive than those seen in the sub-
mucosa of the monkey.

The perimucosal nerves of the rabbit may have
either a sensory or a motor function. Since the paths
of these fibres were not traced to their terminations,
we cannot determine whether they possess endings
characteristic of sensory fibres. In addition, we are
dealing exclusively with cholinesterase-containing
nerves; yet it has not been established that sensory
fibres contain cholinesterase. Sensory receptors in
the lungs have been characterised physiologically by
many investigators,>” *® but few anatomical descrip-
tions are available.
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If the perimucosal nerves are efferent they could =
be either preganglionic or postganglionic vagal rami, %
since both preganglionic and postganglionic para-U
sympathetic nerves show acetylcholinesterase. If = =
they are preganglionic, they may be related in some 2
way to the neuroepithelial bodies or amine precur-
sor uptake and decarboxylation (APUD) cells of the $
mucosa.”®* The neuroepithelial bodies show a
decreased intensity of fluorescence and increased
secretion and fragmentisation of dense-core vesicles (,"3
under the influence of hypercapnia,* and vagotomy 2
in rabbits depresses the ventilatory response to X
severe hypercapnia. Since acetylcholinesterase- ¥
positive fibres were noted in the mucosal area of the o
rabbit, the site of the neuroepithelial bodies and X
APUD cells, possibly these cells are innervated by
the mucosal fibres. If the nerves are postganghomc =
parasympathetic, the fibres may innervate the -
mucosal glands, and have a secretomotor function.* §
Further investigation is needed for definitely estab-
lishing the contacts and function of these fibres.
The extrachondral gangliocytes noted in this study §
are definitely cholinergic. They are similar to the
gangliocytes described in the peribronchial connec- 8
tive tissue of the rat and monkey.*® Acetyl- ™
cholinesterase-positive ~ ganglia also may beY
present between the bronchi and arteries of cats and g
dogs.*? Scattered gangliocytes were seen in associa- &
tion with arteries in the rabbit in the present studies. &
Cholinergic innervation of the pulmonary blood &
vessels in the rabbit is less dense than bronchial =
cholinergic innervation, although more extensive g
than the vascular innervation noted in the rat.?> The =
pulmonary innervation of the dog** seems compar-S
able to that of the rabbit. In both species nerves =
supplying the bronchial tissue show greater cholines- o 3
terase activity than those supplying the arteries. In 93
the dog, however, no enzyme actmty has been: cr
observed in the pulmonary vein, while in the rabbit a 3.
positive reaction was seen.
Varicose terminal fibres form a loosely intercon- 3
nected plexus in the muscle layer of the pulmonary 9
artery of the rabbit. This plexus is present in the > >
peripheral half of the muscle, and may extendS
throughout the entire layer. Cech' reported that it
penetrates only the outer half. Venous innervation S
consists of beaded, discontinuous plexuses. These [
plexuses are most apparent on the surface of the §
tunica media, and penetrate the wall less than do g
arterial plexuses. This finding differs from the results
obtained from the studies on the rat, which showed g
that cholinergic venous innervation is heavier than &
the arterial innervation.* No nerves were observed - o
in the intimal layer of the pulmonary vein of the S
rabbit. Such nerves have been found in the mouse, g
and are thought to have a motor function.* 45
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