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Abstract: Sympathetic activation plays an important pathophysiological role in the progression of pulmonary artery 
hypertension. Although adrenergic vasomotor fibers are present in the adventitia of pulmonary arteries, the anat-
omy of the peri-arterial pulmonary nerves is still poorly understood. The aim of the current study was to determine 
the sympathetic nerve distribution in canine pulmonary arteries. A total of 2160 sympathetic nerves were identified 
in six Chinese Kunming canines. Nerve counts were greatest in the proximal segment, with a slight decrease in the 
distal segment; the middle segment showed the least number of nerves. In the left and right pulmonary arteries, 
77.61% and 78.97% of the nerves were located within a 1-3-mm range, respectively. The number of nerves in the 
posterior region of the bifurcation and pulmonary trunk outnumbered those in the anterior region. Furthermore, 
65.33% of the nerves were located in the first 2-mm range of the posterior region of bifurcation, and 89.62% of 
the nerves were located within the 1-3-mm range of the posterior region of the pulmonary trunk. In conclusion, a 
great abundance of sympathetic nerves occurred in the proximal and distal segments of the bilateral pulmonary 
arteries. There is a clear predominance of sympathetic nerve distribution in the posterior region of the bifurcation 
and pulmonary trunk. This anatomic distribution may have implications for the future development of percutaneous 
pulmonary artery denervation.

Keywords: Bifurcation of the pulmonary trunk, pulmonary trunk, sympathetic, pulmonary artery, percutaneous 
pulmonary artery denervation

Introduction

Pulmonary artery hypertension (PAH) is a com-
plex vascular remodeling disease [1], charac-
terized by medium-sized and small pulmonary 
arteries with medial and adventitial hypertro-
phy and intimal proliferative changes [2, 3]. It 
contributes to increased pulmonary vascular 
resistance, leading to heart failure and death 
[4]. PAH is multifactorial: It is unlikely that one 
factor or gene mutation can explain all forms of 
PAH [5]. The currently approved therapies nei-
ther improve survival nor reverse the progres-
sion of the disease. Moreover, current thera-
pies lack specificity for pulmonary vessels, as 
all of these therapies originated for the treat-
ment of systemic vascular disease [1]. The 
overall effect of the current therapies on hemo-
dynamics and functional capacity is minimal, 
and thus new therapeutic strategies are urgent-

ly needed in the near future [6]. Velez-Roa et al. 
[7] reported an increase in sympathetic nerve 
activity in patients with PAH, potentially promot-
ing the progression of PAH. Recently, the First-
in-Man PADN-1 study showed that percutane-
ous pulmonary artery denervation (PADN) could 
reduce pulmonary artery pressure (PAP) and 
pulmonary vascular resistance (PVR) due to 
injury to the main pulmonary artery bifurcation 
area, improving cardiac function and functional 
capacity of patients with idiopathic PAH [8]. It 
has been realized that sympathetic activation 
may participate in pulmonary arteriolar remod-
eling. The aim of the present study was to exam-
ine the anatomic characteristics of canine pul-
monary artery nerves with respect to density, 
size, and distance from the pulmonary artery 
lumen intima, and to discuss the potential ther-
apeutic targets for PADN.
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Materials and methods

Experimental design 

The study was approved by the animal experi-
mentation ethics committee of Chongqing 
Medical University, following the guidelines of 
the National Institutes of Health for the care 
and use of laboratory animals. In total, six 
Chinese Kunming male canines, 3 to 3.5 years 
of age and weighing 30 to 35 kg, were used in 
this study. To obtain tissues for the study, after 
the canines were anesthetized with 3% sodium 
pentobarbital by intraperitoneal injection, the 
thoracic cavity was opened, and the bilateral 
lung, heart, trachea, and the surrounding tis-
sues were exposed. The right ventricle, pulmo-
nary trunk, bifurcation of the pulmonary trunk, 
and the bilateral pulmonary arteries were then 
exposed, extracted, and perfusion/fixed ex vivo 
under physiological pressure (80 to 100 mm 
Hg) with 10% neutral buffered formalin. The 
anterior region of the pulmonary trunk and the 
bifurcation of the pulmonary trunk were tagged 
with red tagging. Correspondingly, the other 
side is the posterior region of the pulmonary 
trunk and the bifurcation. A total of 48 seg-
ments, including the pulmonary trunk, bifurca-
tion of the pulmonary trunk, and the equal prox-
imal, middle, and distal segments of the left 
and right pulmonary arteries were collected 
from six canines. 

Histopathology and immunohistochemistry 

A total of 36 pulmonary artery segments, six 
bifurcations of the pulmonary trunks, and six 
pulmonary trunks were fixed by immersion in 
4% paraformaldehyde in phosphate-buffered 
saline. Each paraffin-embedded specimen with 
surrounding soft tissue was sectioned at 1-mm 
intervals, producing three to five segments. 
Every segment was cut into five serial sections 
at a thickness of 5 µm and stained with hema-
toxylin and eosin, tyrosine hydroxylase (TH) [9], 
and choline acetyltransferase (ChAT) for sym-
pathetic and vagus nerve fibers [10], and neu-
rofilament protein (NFP) for nerve size mea-
surements [11].

Paraffin-embedded slides were de-paraffinized 
and hydrated. For antigen retrieval, sections 
were boiled under pressure in EDTA for 10 min-
utes. After rinsing, the sections were incubated 
with rabbit polyclonal anti-TH (1:200; Abcam, 
Cambridge, UK) and rabbit polyclonal anti-ChAT 
(1:400; Abcam), and mouse monoclonal anti-
neurofilament heavy antibody (1:100; Abcam) 
overnight at 4°C. Slides were then incubated 
with a species-specific biotinylated secondary 
antibody for 30 minutes at 30°C. Detection 
was performed using DAB (ZSGB-BIO, Beijing, 
China). The resulting slides were examined via 
light microscopy and analyzed with Image-Pro 
Plus software (Windows version 6.0 Media 
Cybernetics, Rockville, MD).

Figure 1. Immunohistochemistry of sympathetic vs. vagus nerve fibers. A, D. Hematoxylin and eosin staining. B, E. 
Strong staining of tyrosine hydroxylase. C, F. Negative expression of choline acetyltransferase. A-F. Original magni-
fication×40.
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Statistical analysis

Morphometric analysis was conducted on the 
digital scans using Image-Pro Plus software to 

Immunohistochemical staining indicated the 
presence of TH positive sympathetic fibers in 
the adventitial layer of the pulmonary artery, 
bifurcation, and pulmonary trunk; however, 

Figure 2. Nerve counts. A. Compared with the middle segment, the number 
of nerves in the proximal and distal segments was greater. *p<0.01. B. The 
average nerve count in the posterior region was greater than that in the an-
terior region of the bifurcation. *p<0.05. C. The average nerve count in the 
posterior region was greater than that in the anterior region of the pulmonary 
trunk. *p<0.01.

quantify the following param-
eters: number of nerves per 
section (nerve count), dis-
tance of all counted objects 
(nerves) to the lumen intima 
of the vessel, and the diame-
ter of all counted objects. 
Nerve counts were summed 
for each arterial segment 
(proximal, middle, distal, ante-
rior, and posterior regions of 
the bifurcation, and anterior 
and posterior regions of the 
pulmonary trunk) based on 
individual artery lengths. The 
nerve’s smallest diameter 
was used to calculate a theo-
retical sectional area correct-
ing for the frequent oblique 
sectioning of the nerves, as a 
best estimate of nerve diam-
eter. Experimental values are 
expressed as the mean ± SD. 
The Shapiro-Wilk test was 
used to statistically assess 
violations of the normal distri-
bution assumption. For statis-
tical comparison of the nerve 
distribution, mean values of 
nerve counts were derived for 
proximal, middle, and distal 
regions, as well as for the pos-
terior and anterior regions of 
the bifurcation and pulmonary 
trunk, and analyzed using 
paired Student’s t tests. For 
skewed data distribution, a 
matched comparison using 
the Wilcoxon signed rank or 
Friedman test was applied. All 
of the statistical analyses 
were performed with SPSS 
statistical software (version  
18.0, Chicago, Illinois, USA). A 
two-sided p value less than 
<0.05 was regarded as statis-
tically significant.

Results

Immunohistochemistry 
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there were no ChAT-positive vagus fibers (Figure 
1).

From all cross-sections, a significant proportion 
of nerves was identified in the 1-3-mm range 

Figure 3. Nerve distribution by depth. A. Average nerve distribution between 
0 and 5 mm in the bilateral pulmonary arteries. B. Average nerve distribution 
between 0 and 4 mm in the anterior and posterior regions of the bifurcation. 
C. Average nerve distribution between 0 and 4 mm in the anterior and poste-
rior regions of the pulmonary trunk.

Nerve count

The nerve distribution pat-
terns were similar between 
the left and right pulmonary 
arteries, but the average 
number of nerves located in 
the right pulmonary artery 
was greater than that in the 
left pulmonary artery. Cate- 
gorizing the nerves in the 
proximal, middle, and distal 
segments of the pulmonary 
artery, the proximal and distal 
segments displayed compa-
rable nerve counts, whereas 
the middle segment had the 
fewest nerves (Figure 2A). In 
the right pulmonary artery, 
44.28% (76.17 ± 5.31) of the 
nerves were seen in the proxi-
mal segment, with a slight 
decrease in the distal seg-
ment (39.63%, 68.17 ± 4.88), 
and the lowest number of 
nerves was located in the 
middle segment (16.09%, 
27.67 ± 3.01). The numbers 
of nerves in the proximal  
and distal segments of the  
left pulmonary artery were 
43.66% (51.67 ± 6.06) and 
39.01% (46.17 ± 5.38), re- 
spectively, whereas 17.32% 
(20.5 ± 2.81) of nerves were 
found in the middle segment.  

There were more nerves in 
the posterior region (64.66%, 
12.5 ± 1.38) of the bifurca-
tion of the pulmonary artery 
than in the anterior region 
(35.34%, 6.83 ± 0.75) (Figure 
2B). Similarly, the average 
number of nerves in the pos-
terior region of the pulmo- 
nary trunk (70.20%, 35.33 ±  
6.09) was greater than that 
(29.80%, 15 ± 2.76) in the 
anterior region (Figure 2C).  

Nerve distribution by depth 
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away from the lumen intima of the right 
(78.97%, 135.83 ± 9.72) and left (77.61%, 
91.83 ± 10.11) pulmonary artery (Figure 3A). 
According to the distance from the nerve to the 
bifurcation of the pulmonary trunk, there was a 
high innervation in the 0-2-mm range in the 
posterior region (65.33%, 8.17 ± 2.1), and 
more than 50% of nerves existed within the 
1-3-mm range in the anterior region (68.29%, 
4.67 ± 1.59) (Figure 3B). A total of 71.11% 
(10.67 ± 2.08) and 89.62% (31.67 ± 5.41) of 
nerves were found in the 1-3-mm range of the 
pulmonary trunk in both the anterior and poste-
rior regions (Figure 3C). Furthermore, in the 
posterior region of the pulmonary trunk, 
50.94% (18 ± 2.83) of nerves were located in 
the 2-3-mm range (Figure 3C).

Nerve distribution by size

The number of nerves identified by NFP and TH 
immunohistochemical staining correlated well 
(Figure 4). The nerve distribution by size was 
similar between the left and right pulmonary 
arteries (Figure 5A). More than 50% of the 
nerves were between 100-300 μm in diameter: 
68.31% (80.83 ± 8.77) of them were in the left 
pulmonary artery and 69.38% (119.34 ± 8.35) 
were in the right pulmonary artery. In the left 
pulmonary artery, 25.63% (30.33 ± 4.13) of the 
nerves were between 300 μm to 400 μm in 
diameter, whereas 6.06% (7.17 ± 1.33) were 
between 0 and 100 μm in diameter. In the right 
pulmonary artery, 25.19% (43.33 ± 3.50) of 

the nerves were between 300 μm and 400 μm 
in diameter, whereas 5.43% (9.33 ± 1.21) were 
between 0 and 100 μm in diameter. 

Categorizing the nerves in the proximal, middle, 
and distal pulmonary artery segments, the 
nerve distribution pattern was different in each 
segment (Figure 5B and 5C). In the proximal 
segment of the left pulmonary artery, 86.45% 
(44.66 ± 4.82) of the nerves were between 
100 μm and 300 μm in diameter, of which 
53.87% (27.83 ± 2.99) were between 100 μm 
and 200 μm in diameter, with only 8.39% (4.33 
± 1.03) between 300 μm and 400 μm in diam-
eter. In the distal left pulmonary artery seg-
ment, the majority of nerves were between 300 
μm and 400 μm in diameter (48.74%, 22.5 ± 
2.59), 5.78% (2.67 ± 0.52) were less than 100 
μm in diameter, and 45.49% (21 ± 2.45) were 
between 100 μm to 300 μm in diameter (100-
200 μm, 24.91%, 11.5 ± 1.22; 200-300 μm, 
20.58%, 9.5 ± 1.22). In the three segments of 
the right pulmonary artery, the size distribution 
pattern was similar to that in the left, and the 
distal segment demonstrated a higher propor-
tion of nerves of a larger size (300-400 μm, 
49.14%, 33. 5 ± 2.59); conversely, the proximal 
segment showed a significant proportion of 
nerves of a smaller size (0-100 μm, 5.03%, 
3.83 ± 0.75; 100-200 μm, 54.27%, 41.33 ± 
2.73). 

Nerve size was significantly different between 
the anterior and posterior regions of the bifur-

Figure 4. The correlation between the number of nerves identified using tyrosine hydroxylase and neurofilament 
protein staining. A. Tyrosine hydroxylase stain (TH). B. Neurofilament protein (NFP) stain. A and B. Original magnifi-
cation×100.
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cation of the pulmonary trunk 
(Figure 6A). In the anterior 
region, the number of smaller 
nerves was greater than the 
number of larger nerves: 
70.73% (4.84 ± 0.93) were 
100-300 μm size in diameter, 
12.20% (0.83 ± 0.41) were 
300-400 μm in diameter, and 
17.07% (1.17 ± 0.41) were 
400-500 μm in diameter. In 
the posterior region, the 
majority of nerves were larg-
er: 18.67% (2.33 ± 0.52) were 
300-400 μm in diameter, 
49.33% (6.17 ± 1.17) were 
400-500 μm in diameter, 
20% (2.5 ± 0.84) were 200-
300 μm in diameter, and only 
12% (1.5 ± 0.55) were 100-
200 μm in diameter. The 
nerves in the posterior region 
of the pulmonary trunk tend-
ed to be larger: 40.57% 
(14.33 ± 2.07) were 500-600 
μm in diameter, 24.53% (8.67 
± 1.51) were 600-700 μm in 
diameter, and 34.91% (12.33 
± 3.05) were 100-500 μm in 
diameter. In the anterior 
region of the pulmonary trunk, 
the nerve distribution became 
relatively equal across all 
sizes (100-200 μm, 8.89%, 
1.33 ± 0.52; 200-300 μm, 
16.67%, 2.5 ± 0.55; 300-400 
μm, 28.89%, 4.33 ± 0.82; 
400-500 μm, 21.11%, 3.17 ± 
0.41; 500-600 μm, 16.67%, 
2.5 ± 0.55; and 600-700 μm, 
7.78%, 1.17 ± 0.41) (Figure 
6B).

Discussion

In the present study, we exam-
ined the anatomical distribu-
tion of peri-arterial sympa-
thetic nerves around canine 
pulmonary arteries. We ana-
lyzed the nerve distribution in 
the left and right pulmonary 
arteries up to a 5-mm depth 
from the lumen intima, 4 mm 
of the peripheral tissue 

Figure 5. Nerve size of the bilateral pulmonary arteries. A. More than 50% of 
the nerves were between 100-300 µm. B. In the proximal segment, 53.87% 
of nerves were between 100-200 µm, and 48.74% nerves were between 
300-400 µm in the distal segment. C. In the proximal segment, 54.27% 
nerves were between 100-200 µm, and 49.14% of nerves were between 
300-400 µm in the distal segment.
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around the pulmonary trunk intima, and the 
anterior and posterior regions up to a distance 
of 4 mm from the pulmonary arterial bifurca-
tion. Interestingly, we only found TH-positive 
fibers, but no ChAT-positive fibers. Compared 
with the middle segments, the quantities of 
sympathetic nerves were higher in the proximal 
and distal segments of the bilateral pulmonary 

artery [8]. Thus, gaining knowledge of the ana-
tomic distribution of the sympathetic nerves 
may help the development of pulmonary dener-
vation therapies. 

In our study, we examined up to 5 mm of the 
peripheral tissue around the pulmonary artery, 
and up to 4 mm around the bifurcation and pul-

Figure 6. Nerve size of the bifurcation and pulmonary trunk. A. In the poste-
rior region of the bifurcation, 49.33% nerves were between 400-500 µm in 
diameter. B. In the posterior region of the pulmonary trunk, 65.10% nerves 
were between 500-700 µm in diameter.

artery: 77.61% and 78.97% of 
nerves were distributed within 
a 1-3-mm range from the 
lumen intima of the left and 
right pulmonary arteries, re- 
spectively. The total quantity 
of nerves in the posterior 
region of the bifurcation and 
the pulmonary trunk was 
greater than that in the ante-
rior region: 49.33% of nerves 
were located at a depth of 1 
mm away from the bifurcation 
in the posterior region of the 
bifurcation, and 50.94% were 
at a depth range of 2-3-mm 
away from the pulmonary 
trunk in the posterior region of 
the pulmonary trunk. 

An increasing number of stud-
ies have showed that sympa-
thetic nerve activity increases 
in PAH, with the severity and 
prognosis of PAH correlated to 
sympathetic nerve activity 
[12-14]. Although current PAH 
therapy focuses on reversing 
the imbalance between vaso-
constrictors and vasodilators, 
it does not significantly im- 
prove survival [6]. Further- 
more, the activities of sympa-
thetic nerves vary with dis-
ease conditions [7]. It would 
follow to question whether it 
might be possible to delay the 
progression of the pathophys-
iological state of PAH by 
removing the nerves of the 
pulmonary arteries. A recent 
study reported that the mean 
PAP of 21 idiopathic PAH 
patients was improved follow-
ing PADN at the main bifurca-
tion area of the pulmonary 



Nerve distribution of canine pulmonary arteries

372 Am J Transl Res 2016;8(2):365-374

monary trunk; we did not identify any vagus 
nerves. One explanation for this phenomenon 
is that the pulmonary artery may not be a neu-
ro-effector organ of the vagus nerves, as post-
synaptic sympathetic fibers primarily function 
to innervate all of the body’s vessels [15]. This 
explanation is in accordance with the theory 
that most human blood vessels are only inner-
vated by sympathetic vasoconstrictor fibers 
[16]. Furthermore, the nerves of plexuses 
around pulmonary arteries within the lung are 
exclusively innervated by postsynaptic sympa-
thetic fibers [17].  

PAH is a pulmonary vascular disease character-
ized by vasoconstriction and proliferative and 
obstructive remodeling of the pulmonary ves-
sel wall [18-20]. Moreover, the remodeling pro-
cess occurs in the distal pulmonary arteries 
[18]. Although the exact processes that initiate 
the pathological changes of PAH are still 
unclear, sympathetic activation may contribute 
to pulmonary arteriolar remodeling when the 
pulmonary vasculature is exposed to factors 
such as hypoxia, smoking and shear stress [1, 
21]. The pulmonary circulation is richly inner-
vated with sympathetic nerve endings derived 
from the cardiac plexuses, and anterior and 
posterior, pulmonary plexuses [15]. Norepine- 
phrine release from sympathetic nerves stimu-
lates α1-adrenoreceptors on pulmonary vascu-
lar smooth muscle cells by two different mech-
anisms to cause contraction and proliferation 
[21]. Compared with the proximal segments, 
there was a slight decrease in the number of 

nerves in the distal segments. In addition, the 
majority of nerves were greater than 300 µm in 
diameter in the distal segments. One potential 
explanation for this anatomic variation is that 
the distal segments are mainly supplied by the 
pulmonary plexuses, which are formed by a 
combination of sympathetic trunks and the 
vagus nerve [22]. Pulmonary plexuses are 
divided into periarterial and peribronchial plex-
uses after entering the lung. Periarterial plex-
uses are almost solely formed by the postsyn-
aptic sympathetic fibers, which innervate 
pulmonary vascular smooth muscle exclusively 
[17]. Vagus nerve innervates the branches of 
the bronchial tree [22]. Our data showed that 
the total number of nerves located in the poste-
rior region of the bifurcation and the pulmonary 
trunk was greater than that in the anterior 
region; this anatomic distribution characteristic 
may be related to the cardiac plexus. This inner-
vation is commonly described as lying on the 
anterior surface of the bifurcation of the tra-
chea, as it is at the posterior aspect of the bifur-
cation of the pulmonary trunk [15], which aligns 
with our findings. Moreover, 68% of nerves 
were greater than 300 µm and 65.10% of 
nerves were greater than 500 µm, lying on the 
posterior region of the bifurcation and the pul-
monary trunk, respectively. Our data showed 
that larger nerve bundles were located in the 
posterior region of the bifurcation and the pul-
monary trunk. Due to the location of the cardi-
ac plexus near the ostia of the bilateral pulmo-
nary artery, the nerves of the proximal segment 
may be derived from the branches of the plex-

Figure 7. Thermal energy could be focused on the posterior region of the bifurcation and pulmonary trunk, as well 
as on the initial portions and roots of the right and left pulmonary artery. A. Anterior. B. Posterior.
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us. In addition, the pulmonary and cardiac plex-
uses are connected [15, 17, 22]. Therefore, a 
large number of fibers may be located in the 
proximal regions of both pulmonary arteries, 
supporting our findings. 

The sympathetic nervous system is recognized 
as a target for the treatment of several disor-
ders, including arrhythmias, resistant arterial 
hypertension, and idiopathic pulmonary hyper-
tension [23]. Although PADN as a novel treat-
ment for pulmonary hypertension is under 
investigation, peri-arterial pulmonary nerve dis-
tribution has not been elucidated previously. 
Our results indicate that the application of ther-
mal energy could be focused on the proximal 
and distal segments, the posterior region of the 
bifurcation, and the pulmonary trunk (Figure 7). 
The present study may provide needed nerve 
distribution information for PADN. 

There were some limitations to our study. First, 
the number of samples was limited (n=6); sec-
ond, we only examined 4 to 5 mm of the peri-
arterial tissue around the pulmonary artery; 
and third, the anatomic characteristics of pul-
monary artery nerves in the canine model may 
not be sufficiently similar to those in humans. 
However, because this is the first study of the 
anatomic distribution of pulmonary arteries, 
valuable information can be retrieved from our 
findings. 

Conclusions 

In our study, we identified sympathetic fibers at 
a depth of 4 to 5 mm around the pulmonary 
lumen intima, with the greatest density of nerve 
endings located in the posterior region of the 
bifurcation and pulmonary trunk, as well as in 
the initial portions and roots of the right and 
left pulmonary arteries. The anatomic charac-
teristics of the nerve distribution of pulmonary 
arteries may provide useful information for the 
development of efficient PADN.
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